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PREFACE
The Koongarra uranium ore deposit is located in the Alligator Rivers Region of the Northern
Territory of Australia. Many of the processes that have controlled the development of this natural
system are relevant to the performance assessment of radioactive waste repositories. An
Agreement was reached in 1987 by a number of agencies concerned with radioactive waste
disposal, to set up the International Alligator Rivers Analogue Project (ARAP) to study relevant
aspects of the hydrological and geochemical evolution of the site. The Project ran for five years.
The work was undertaken by ARAP through an Agreement sponsored by the OECD Nuclear
Energy Agency (NEA). The Agreement was signed by the following organisations: the Australian
Nuclear Science and Technology Organisation (ANSTO); the Japan Atomic Energy Research
Institute (JAERI); the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC);
the Swedish Nuclear Power Inspectorate (SKI); the UK Department of the Environment (UKDoE);
and the US Nuclear Regulatory Commission (USNRC). ANSTO was the managing participant.
This report is one of a series of 16 describing the work of the Project; these are listed below:
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EXECUTIVE SUMMARY
Studies of natural geochemical systems can contribute to building an understanding
of the processes controlling the migration of radionuclides away from a radioactive
waste repository. They complement other experimental studies, such as laboratory
and field experiments, in that they give access to the long timescales that are
relevant to performance assessments of repositories.
At Koongarra, a weathering front has intersected a pre-existing uranium ore deposit
in steeply dipping schists. As a result, significant quantities of uranium have been
mobilised and a dispersion fan has been formed in the weathered zone. Secondary
minerals are found over a distance of 50 m downstream from the primary orebody,
and concentrations of uranium series radionuclides are elevated above background
for about 300 m downstream. The system can be divided into a number of zones.
In the original orebody at depth, the uranium is in the form of pitchblende and uranyl
silicates. In the weathered zone, uranium is known to be present in a number of
forms; these include uranyl phosphates, other uranium-rich minerals, uranium as a
minor component of other crystalline phases and sorbed uranium.
The system offers the opportunity for relatively sophisticated modelling, directed at
understanding the geochemistry of the system and the processes controlling the
extent of uranium transport. The aims of the transport modelling have been:
(a) to understand the processes that retard the migration of uranium series
radionuclides;
(b) to obtain bounds on the timescale over which the dispersion fan has been
formed and to compare these bounds with constraints emerging from
geomorphological studies.
The transport studies, reported in this Volume, have focused on the 2 3 8 U series, and
to a lesser extent on the 232 Th and 235 U series. Other radionuclides have also been
studied in the ARAP; these include 2 3 9 Pu, 1 2 9 I , " T c and 36CI, and this work is
reported elsewhere in this series. All the above radionuclides are found in
radioactive wastes, and so the Koongarra ore deposit can be regarded as an
analogue of a repository containing such wastes.
Modelling of the system is complicated by a number of uncertainties about the
evolution of the system with time. In particular, uncertainties in groundwater flow
patterns and flow rates over geological timescales present a major unknown.
Climatic variations could have resulted in substantial lowering of the water table so
that no horizontal uranium transport occurred. There is also uncertainty in the
evolution of hydrogeological parameters with time as a result of the formation of
clays, and in the rate at which the weathering front moved downwards. These
uncertainties have been addressed in qualitative terms, using models that use
mostly time-independent parameters to model the evolving system, and in
quantitative terms.
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The system is extremely heterogeneous; activity ratios and uranium concentrations
may vary greatly on scales of metres and less. Analytical data have been selected
from particular depth intervals that are believed to lie along one streamline and
various averaging procedures have been employed in order to account for these
heterogeneities.
In the dispersion fan, there are a number of processes controlling the amount of
radionuclides that are removed from the groundwater. These include equilibrium
sorption, which is sometimes modelled by a simple K<j approach and sometimes by
a more detailed model, chemical incorporation into iron oxides, uranium minerals or
other crystalline phases, and recoil transfer of daughter products resulting from
alpha-decay. It is observed that uranium in some of the crystalline phases is not in
isotopic equilibrium with the groundwater, whereas in other phases it is in isotopic
equilibrium. These are termed inaccessible and accessible phases respectively.
The system has been represented by one-dimensional models with a range of
complexity including simple one box models of the dispersion fan; models with
advection and equilibrium sorption; and models that represent both equilibrium and
disequilibrium processes. Some of the models are very similar to those used in
performance assessments. One of the models accounts for the precipitation of
uranium rich phases within the dispersion fan. It is believed that there are
preferential flow paths within the dispersion fan in superficial sediments and in the
lower weathered zone. Uranium movement in two dimensions has been modelled
using the radionuclide transport code, NAMMU, and by using a number of different
one-dimensional models to represent different horizons within the weathered zone.
Multi-phase models incorporating recoil processes are capable of reproducing the
observed differences in isotopic composition between the accessible and the
inaccessible phases and the separation of 2 3 8 U and 2 3 4 U isotopes, but employ a
number of poorly known parameters. Simulations require a very high proportion of
the alpha-emitting radionuclides decaying in the water-accessible phase to recoil the
daughter radionuclide to the inaccessible phase. Estimates of the proportion range
up to 40% and exceed estimates in many other systems. The timescale on which
uranium equilibrates between the groundwater and the inaccessible phase has been
constrained to be of the same order as the half life of 2 3 4 U . In this chemically
reactive system, partitioning of uranium into a crystalline phase is found to be an
important retarding process to uranium transport.
In the Koongarra system, 2 3 8 U in the bulk rock is progressively enriched over 2 3 4 U in
the direction of uranium transport. This is contrary to the findings in other systems
studies where progressive enrichment of 2 3 4 U over 2 3 8 U was observed, and
attributed to recoil of daughter 2 3 4 U atoms from the rock into groundwater or the
preferential dissolution of daughter 2 3 4 U atoms from the rock. Rocks with 2 3 4 U/ 2 3 8 U
activity ratios less than one have been interpreted as the result of leaching. This
explanation is not believed to apply to the Koongarra system where zones of
leaching are identified with high 2 3 4 U/ 2 3 8 U activity ratios and zones of uranium
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deposition with low 234u/238u activity ratios. The periodically undersaturated nature
of the Koongarra system and the large proportion of uranium in equilibrium with
groundwater are believed to favour partitioning of 2 3 8 U into the rock relative to 2 3 4 U.
This results in a progressive decrease of 234y/238(j activity ratios in the direction of
flow.
Another model developed to explain the relative separation of 2 3 4 U and 238 U
isotopes included the chemical partitioning of 234 Th into an unidentified mineral
phase as an important process.
A large number of models were used in the Alligator Rivers Analogue Project
(ARAP) to interpret the large database available from Koongarra of concentrations
of uranium series radionuclides in the groundwater and in the solid phases. Value
has been seen in the diversity of approaches used in the 13 models reported. The
age of the dispersion fan has been estimated to be in the range 0.5 to 3 million
years. These estimates are dependent on assumptions for the variation of the rate
of uranium addition to the fan with time, but are in accord with geomorphological
estimates of the rates of surface erosion over the Koongarra orebody, which have
suggested initiation of the dispersion fan between one and six million years ago.

IX

ACKNOWLEDGEMENTS
We gratefully acknowledge the financial support of the organisations which
sponsored the Alligator Rivers Analogue Project.

1 INTRODUCTION
It is important that confidence is built in the applicability of models used in safety
assessments for radioactive waste repositories. This process of building confidence
is often termed model validation.
Studies of laboratory experiments, field
experiments and natural analogues can all contribute to model validation. The great
advantage of natural geochemical systems over the other validation tools is that they
give access to the long timescales required for repository safety assessments.
However, it is often difficult to characterise the boundary conditions and timescales
over which natural analogues evolve and the environmental situation is often rather
different to that which would pertain around a deep disposal facility.
The Koongarra analogue is of particular interest in that significant quantities of
uranium have been mobilised and transported within the dispersion fan. The
resulting high levels of activity of a number of uranium series radionuclides make it
possible to study the physical and chemical processes controlling the extent of
uranium transport.
In this Volume, the Koongarra orebody and its associated dispersion fan are
examined as a geological analogue for the transport of radionuclides from waste
repositories. In part, this is achieved by using the same type of model to analyse the
data from Koongarra as is used in safety assessments of waste repositories. The
aim is to build a consistent picture of the transport that has been taking place in the
orebody and the important processes controlling the retardation of uranium series
isotopes and to test models of radionuclide transport. It is perhaps worth noting in
addition, that similar experimental techniques are being used to collect data in this
study as for safety assessments.
The main features that set Koongarra apart as a geologic analogue are that
transport of radionuclides has taken place over several tens of metres and the
transport has occurred within the weathered zone. This is, of course, not directly
relevant to the deep geological disposal of radioactive waste. There may be
particular parallels between the shallow disposal of uranium-contaminated wastes
and processes within the dispersion fan at Koongarra. Groundwater flow at
Koongarra is also distinctly different to that found in the type of environment being
considered for repositories in many countries. A particularly distinctive feature of the
Koongarra system is the strong seasonal dependence of the groundwater flow.
However, the Koongarra system is similar to a radioactive waste disposal system in
that mobilisation of uranium is taking place as a result of the infiltration of
groundwaters that are in gross chemical disequilibrium with the mineralogy of the
primary ore body.

Kinetic processes are potentially important in safety assessments because they
could substantially reduce the impact of certain key radionuclides. An example of
such a kinetic process is irreversible precipitation, which can result in radionuclides
being permanently retained in rocks that constitute the geological barrier around the
repository. There is still a long way to go to develop a complete understanding of
such processes, so that full account can be taken in safety assessments. It is
consequently of particular interest to examine the kinetics of geochemical processes
at Koongarra.
It is often the case in analogue studies that initial and boundary conditions are poorly
characterised and there may be a number of uncertainties about the evolution of the
site. For instance, it is clear from what is known about the climatic evolution of the
Koongarra region that the groundwater flow regime will have varied significantly over
the past few million years (see Volume 3 of this series).
There is also considerable uncertainty about the phase distribution of uranium within
the dispersion fan. Some uranium is associated with iron minerals, whereas
uranium minerals such as saleeite are also present. However, the relative
proportions of uranium in each form are not known. Most of the modelling
approaches detailed in this Volume assume that a substantial proportion of the
uranium is sorbed.
There are also uncertainties associated with the rate .at which the site has been
exhumed and the rate at which the weathering profile moved down into the ore
deposit. The formation of the weathered zone could conceivably have been a fairly
rapid geological event. Alternatively, the formation of the weathered zone could be
to a large extent contemporaneous with mobilisation of uranium. In the latter
interpretation, uranium would have been mobilised at progressively greater depths
with time.
The structure of the Report is as follows. In Section 2 the important processes that
have controlled the migration of uranium and its various daughters are discussed.
This includes a discussion of geological, geomorphological, hydrogeological and
geochemical aspects of the problem. The important processes controlling the
transport of uranium series radionuclides include sorption, recoil and chemical
exchange with a phas*e in which uranium is not in equilibrium with the groundwater.
In Section 3, a description of how the various processes are modelled is given,
along with the appropriate parameter values and boundary conditions. In Section 4,
various uncertainties in the evolution of the fan are considered. It may be noted
here that some aspects of these word pictures for the evolution of the deposit and
dispersion fan may be incorporated within the mathematical models described in this
Volume. Other processes are not amenable to modelling, but must be borne in mind
when interpreting the modelling results.
In many aspects, these Sections
summarise the conclusions from other Volumes in this series.

A number of models describing the transport of uranium series radionuclides have
been presented in the literature. Modelling approaches have been applied to other
natural analogues (eg. Chapman et al., 1991), in the study of rock-water interactions
in natural systems (Ku et al., 1992), and in research associated with other repository
research programs (eg. Latham, 1991) in order to simulate the transport of uranium
series radionuclides. This previous work is not summarised here, but is referred to
where appropriate in the text.
Modelling approaches applied to Koongarra before the current international Alligator
Rivers Analogue Project are summarised in Section 5. In Sections 6 to 9, transport
models that have been applied within the current Project are described. These
provide the basis for the Discussion and Conclusions, which are respectively found
in Sections 10 and 11.

2 IMPORTANT PROCESSES
Many processes have contributed to the development of the dispersion fan at
Koongarra. The purpose of this Section is to present a general discussion of those
that have been important. The discussion covers the geological, geomorphological,
hydrogeological and geochemical aspects of the system. Many of these are
covered in more detail in other Volumes in this series; appropriate cross-references
are made. The discussion includes both those processes that are treated explicitly
in the models presented later in this Volume, and those that are not. A
complementary discussion is presented in Section 3, where a description of the
ways in which the various processes are modelled is given, along with appropriate
parameter values and boundary conditions.
2.1 Geological and Geomorphological Aspects
The Koongarra uranium ore deposit (Figures 2.1.1 and 2.1.2) is located in the Lower
Proterozoic Cahill Schists. The development of a deep weathering profile in the
upper twenty to thirty metres of the Cahill Schists during the past few million years
has resulted in new mineral assemblages and the transport of uranium in the
direction of groundwater flow. The geology and geomorphology are discussed in
more detail in Volumes 2 and 3 of this series respectively.
The geological structure of the primary deposit and the dispersion fan is shown
schematically in Figure 2.1.2. The orebody is located close to the Koongarra Fault,
which coincides approximately with an escarpment that is a significant
geomorphological feature of the area. The fault juxtaposes the unmetamorphosed
middle Proterozoic Kombolgie Sandstone against the metamorphosed Cahill
Schists. Thin Quaternary sediments are present, overlying the Cahill Schists in the
region of the ore deposit. The schistosity and lithological layering in the Cahill
Schists dip approximately parallel with the Koongarra Fault. The ore deposit itself
consists of two distinct ore bodies separated by about 100 m of barren schists. Both
elongate bodies dip broadly parallel to the Koongarra Fault, which represents the
upper boundary of the uranium mineralisation. A sand cover to the primary deposit
and to the dispersion fan, a few metres thick, is thought to have developed from
erosion of the Kombolgie Sandstone, forming the escarpment. This sand sheet is of
significant age as 2 3 0 Th is in close to secular equilibrium with 2 3 4 U within it (see data
in Volume 8 of this series).
Weathering profiles of various ages are observed in the region.
Extensive
laterisation is thought to have occurred in the Tertiary. Latérites are also known to
be forming today. A 20 to 30 m thick weathered zone is now observed at
Koongarra. This is believed to be a consequence of Quaternary weathering (see
Volume 3 of this series).
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FIGURE 2.1.1 Koongarra site showing the locations of the exploration diamond drill and percussion boreholes. The diamond drill holes were
inclined (50° to the northwest; the percussion holes were drilled vertically. The original exploration grid, in feet, is shown.
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FIGURE 2.1.2 Schematic cross-section through the Koongarra No. 1 orebody showing the rock units of the mine sequence, the
weathered and transitional zones, and definitions of the ore zones.

Mobilisation of uranium from the primary orebody has occurred as a result of the
infiltration of oxidising groundwaters during the recent geological past. Uranium
bearing minerals within the primary ore deposit are not in equilibrium with such
groundwaters and therefore new mineral assemblages have been developed. Flow
of groundwaters that have partially equilibrated with uranium in the primary ore
deposit has resulted in the growth of a secondary dispersion fan, which extends for
50 to 100m downstream of the original ore deposit (see Volume 8 of this series).
2.1.1 Lithologies
The unweathered Cahill Schists around the ore deposit have been metamorphosed
under amphibolite facies conditions. Lithologically, they comprise a series of
metasediments including quartzofeldspathic rocks, mica schists that are sometimes
graphitic and minor carbonates. Amphibolites are also present, but are not believed
to form widespread and continuous layers (see Volume 2 of this series). The mica
schists typically have a primary mica-quartz-feldspar assemblage. In the region of
the orebody, these amphibolite facies metasediments have been strongly chloritised
as a consequence of hydrothermal activity accompanying formation of the primary
ore. Weathering in the top twenty to thirty metres of the Cahill Schists has resulted
in the generation of clay minerals and iron oxides in place of the primary mineral
assemblage. However, the extent of weathering is very variable within the
weathered zone. In some core samples, it is possible to distinguish the primary
schistosity; in others weathering has produced a clay-rich product with no detectable
primary structure.
2.1.2 Uranium mineralogy
The uranium mineralogy is described in Volume 2 of this series. The primary
uranium bearing mineral is pitchblende, which is present as veins and veinlets that
often crosscut the schistosity. Subsequent reactions have produced uranyl silicate
and uranyl phosphate bearing mineral assemblages. Uranyl silicates developed
under reducing conditions at depth whereas uranyl phosphates developed under
oxidising conditions in the zone of weathering (see also Volume 9 of this series).
In-situ formation of secondary uranyl silicates is the first stage of the alteration.
Typically uraninite is now intergrown with uranyl silicates, such as uranophane, or is
sheathed by rims of uranium-lead oxides, such as sklodowskite.
However,
sklodowskite and uranophane can also be found in fractures or along grain
boundaries in places far away from any original uraninite. The strongest in-situ
alteration of uraninite has occurred above the reverse fault breccia; and the degree
of alteration decreases in the direction of the high grade ore below the graphitic
schist hanging wall.
Later weathering of pitchblende and uranyl silicate bearing mineral assemblages
under oxidising conditions has resulted in the formation of a secondary uranyl
phosphate zone. The uranyl phosphate mineral saleeite occurs within the primary
deposit and within at least that part of the dispersion fan, closest to the primary zone
7

(see Volume 2 of this series). Sorbed uranium is present within both the primary
zone and in the dispersion fan. Uranium is also present as a minor component of
other crystalline phases. The relative importance of these different sites for uranium
within the dispersion fan is discussed in Section 2.3.
2.1.3 Geomorphological processes
Significant transport of uranium is likely to have commenced when large quantities of
oxidising groundwater penetrated to the top of the orebody. The time at which this
occurred is likely to have been a function of the progress of erosive processes
above the ore deposit and the depth of the water table. Geomorphological studies
suggest that transport of uranium began between 1 and 6 million years ago when
the progress of erosion first allowed oxidising groundwaters to penetrate to the top
of the orebody (see Volume 3 of this series).
The outcrop of the Cahill Schists is now characterised by a fairly flat topography
bounded by sandstone escarpments; the Arnhem Land Escarpment to the east and
the Mount Brockman escarpment in the vicinity of Koongarra. The outcrop of the
Kombolgie Sandstone coincides with the area above these escarpments. Below the
escarpment, the topography slopes gradually towards the Koongarra Creek. The
margin of the Mount Brockman escarpment is marked approximately by the
Koongarra Fault. It is considered that the Koongarra Fault essentially "forces" the
position of the escarpment as a consequence of the relative rates of surface
lowering in the Cahill Schists and the Kombolgie Sandstone (see Volume 3 of this
series). Retreat of the escarpment across the buried ore deposit was not
responsible for the initiation of secondary uranium transport. Rather, the location of
the escarpment is determined by the fault and the ore deposit was exhumed by
surface lowering of the Cahill Schists (see Volume 3 of this series). Estimates of
surface erosion range from 5 to 30 m per million years and the dispersion fan
therefore appears to have been initiated between 1 and 6 million years ago (see
Volume 3 of this series).
2.2 Hydrogeology
2.2.1 Outline of the hydrogeological system
Six hydrogeological units in the Koongarra area have been discussed in Volume 6 of
this series. They are as follows:
(a) Kombolgie Sandstone forming the Mount Brockman Massif and escarpment
The Kombolgie Sandstone of Mount Brockman is a water reservoir that recharges
the system and its elevation ensures that a significant hydraulic gradient exists.
Although there is an indication that this massive sandstone formation could be
permeable at depth (eg. the evidence for jointing and faulting), the direct slug tests
indicate a very low permeability of the rock (see Volume 5 of this series). This is
supported by other observations, for example the resistance to erosion evident in
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the formation of high cliffs, extensive and preferred rainfall discharge through runoff,
steeper groundwater gradients, suggesting lower transmissivities within the
formation. These observations are confirmed by laboratory testing of rock porosity,
permeability and hydraulic conductivities (see Volume 4 of this series).
It is concluded that the water flows through fractures in the Kombolgie Sandstone,
and to a much lesser extent along a small number of lithological boundaries.
(b) Koongarra Fault zone
This essentially consists of a debris-breccia, which offsets the Kombolgie Sandstone
and other units.
It is believed that the fault zone acts as a barrier or a partial barrier to the lateral flow
of groundwater (see Volume 6 of this series). However, it is possible that local
secondary fracturing has resulted in isolated areas of increased cross-fault
permeability.
(c) Quaternary surficial deposit
This mainly consists of sands and gravels, and is a zone of preferential groundwater
discharge because transmissivity values are much higher than those measured for
other units. In the current hydrogeological regime it is believed that the water table
moves within this unit and is near the bottom of the unit at the end of the dry season.
Most of the flow in the system at Koongarra passes through this unit; the proportion
that enters lower units is quite small (see Volume 6 of this series).
(d) Cahill Formation
This is a quartz chlorite schist, which is a fractured crystalline rock. Most of the flow
takes place through fractures which dominate the hydrogeological system. The
resulting permeability is low. It is believed that the main determinants of the
hydrogeological properties are the degree of weathering and the nature of the
fracture network, rather than the local detailed lithology.
(e) transition zone
These schists are partially weathered, although the fabric of the unweathered
schists largely remains. Evidence of the fracture network remains.
(f) weathered Cahill schists
These are highly weathered, and have a high kaolinite (clay) content. There is also
lateritic debris. In places the foliation remains, although the former fracture network
has deteriorated as a result of the weathering process. Consequently, as far as flow
is concerned, this unit acts like a porous medium. It is hydrogeologically distinctive,

and is characterised by high porosities and very low permeabilities. It can be
visualised as a partially confining layer.
A number of features are worthy of particular discussion:
(a) implications of schistosity
This is particularly important in the lower part of the weathered zone where fracture
flow is no longer dominant, but the rock is not so weathered that the original fabric
has been lost. The schistosity strikes NE-SW (045° - 225°) and dips 55° to the SE.
Variations of schistosity to drill core angles is noted, and this is interpreted as
indicating local small flexures (folds). This is discussed in more detail in Volume 4 of
this series. This schistosity acts as a flow directing structure, hence the permeability
in this part of the system is anisotropic. It should be noted that uranium phosphate
minerals in the weathered zone occur smeared along schistosity planes usually
accompanied by iron oxides, which confirms the above interpretation.
(b) implication of faults
The Koongarra Fault has already been discussed as a barrier to flow, but at the
same time it could have acted in the past as a conduit for groundwater recharge to
the weathered zone. It has been also suggested that the fault can act as a sink
during the dry season.
The following observations can be made about the role of the fault in providing new
oxidising groundwater:
the depth of weathering is greater near the fault,
the overall pattern of hematisation of the fault zone and the schists of the
unweathered zone immediately above the fault indicate the influx of oxidising
groundwaters, and
•

the presence of uranium silicate minerals replacing uraninites in the
unweathered schists between the fault and the primary ore zone also indicates
that oxidising groundwaters could at some stage in the development of the
system have been present at depth.

From these observations groundwater flow in and across the fault zone could be
inferred.
Apart from the main Koongarra Fault, the presence of other cross-faults were
identified in the deposit area. It can be speculated that they have an effect on the
development of groundwater zones of different chemical characterisation and
possibly on the eventual complexity of the dispersion zone.
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(c) spatial variability
Spatial variability is seen on a number of different scales. At the largest scale there
are differences between different lithological units. There is also variability within
units arising from fracture flow and from variations in the matrix properties. This can
be seen from the measurements tabulated in Volume 4 of this series.
This has a number of implications for modelling. First, as far as groundwater flow is
concerned, appropriate average properties should be chosen. Second, variability is
an important determinant of the amount of dispersion that takes place (see below).
Finally, it is important in determining what are reasonable comparisons between
experimental measurements and calculated values; the comparisons should not be
made at an inappropriate scale.
(d) temporal variability
The groundwater flow modelling that is described in Volume 6 of this series, which is
the basis of the radionuclide transport modelling presented in this Volume, focuses
mainly on the current day groundwater flow regime. However, there are a number of
factors that could have led to different patterns of groundwater flow in the past.
First, the climate has changed. At times in the past there could have been lower
rainfall leading to changes in the depth of the water table and to corresponding
changes in driving heads. In addition, erosion and deposition of the surface layers
would have been taking place. This could also have led to changes in driving
heads, and to changes in the position of the water table. These issues are
discussed in more detail in Volume 3 of this series.
There are also time variations on shorter timescales, arising from the climate cycle
during the year. This leads to the water table being significantly higher during the
wet season. Such variations have not in general been modelled, rather the average
flux of groundwater is considered. However, these changes could potentially have
implications for transport of uranium.
2.2.2 Radionuclide transport processes
Groundwater flow is the most important mechanism whereby the uranium series
radionuclides can be transported in the Koongarra system. The main physical
processes affecting transport of dissolved substances are advection, diffusion and
dispersion; these are discussed in turn. Geochemical interactions are the subject of
the next subsection.
(a) advection
The flow of water in rock pores or fractures has already been discussed in Volumes
5 and 6 of this series. This flow can transport dissolved substances through the
rock. In the groundwater flow calculations already described Darcy's equation was
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solved for the specific discharge or Darcy flux q. This is the volume flux of water
across unit surface area of porous medium. Although q has units of velocity, the
actual water velocity is rather larger because the flow only takes place in the pores
or fractures rather than over the whole area of the rock or porous medium. The
average water velocity is u = q/s, where s is the porosity.
In many rocks, not all the water is mobile, hence only the mobile fraction should be
considered in transport. Then s is defined as the proportion of the rock volume
taken up by mobile water, and is called the transport or flowing porosity. Examples
of such rocks are fractured rocks, where water in fractures is mobile and water in the
intact rock matrix is much less mobile, and clays, where water in the smallest pores
is again not as mobile as other water. Both rock types are found at Koongarra.
(b) molecular diffusion
Even when the pressure gradients are not sufficient for significant flow to occur,
radionuclides will still migrate through the porewater as a result of molecular
diffusion. The flux will be smaller than in free water, because of the restricted area
in the porous medium over which diffusion occurs and because of the tortuous
nature of the pores.
Flux per unit surface area of porous medium is linked to the concentration gradient
by Fick's Law, namely F = - Dj Vc , where Dj is termed the intrinsic or effective
diffusion coefficient (Lever et al., 1983) and c is the concentration of the radionuclide
in question. Dj can be related to the free water diffusion coefficient Do by (see for
example Neretnieks, 1980) by Dj = s ô Do / 1 2 , where Ô is termed the constrictivity,
and t the tortuosity. Again, not all the porosity may be taking part in the transport,
and s should be appropriately chosen.
Although the flux of radionuclides is reduced by the restricted surface area, the
distance that a radionuclide diffuses in a given time is not reduced. That distance is
only affected by the tortuous and constricted nature of the pores.
(c) hydrodynamic dispersion
When radionuclides are advected through a porous medium, they do not move with
a common velocity. Various processes act to spread the radionuclides about their
mean position, and these are collectively termed hydrodynamic dispersion.
The water velocity across a single fracture is not constant; for a parallel-sided
fracture it will be parabolic. Water at the centre moves faster than average, and at
the sides it is stationary. This spreads the concentration of radionuclide. Molecular
diffusion across the fracture tends to counterbalance these variations, making the
concentration more uniform. This effect was first examined by Taylor (1954).
Moreover, different paths through the porous or fractured media will have different
lengths and thus different travel times.
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Qualitatively, both these processes act in a similar way to diffusion. In practice, they
are usually modelled by a diffusion-like term, with the dispersive flux taken to be
proportional to the concentration gradient. The dispersion coefficient is taken to be
a tensor and is usually modelled by a "geometrical dispersivity" (Bear, 1987), where
the coefficient is the product of the velocity and a dispersion length. The dispersion
length is rather larger in the direction of flow than transverse to it. The length is
related to the length scale of heterogeneities in the medium, and it is often found to
be rather larger for migration over larger distances as the scale of inhomogeneities
is larger (Gelhar, 1987).
In fractured rocks, such as those found in the unweathered zone at Koongarra,
dispersion of dissolved species in water in the fractures will be dominated by the
fracture network. In more porous media, such as much of the weathered zone, the
variations of materials will probably be more important. It should be noted that the
materials in the weathered zone at Koongarra are very heterogeneous, with varying
particle sizes and compositions (see Volume 8 of this series).
It should be stressed that hydrodynamic dispersion is a very complex process, and
that this model provides a very simplified representation of reality.
2.3 Geochemical Processes
The fundamental processes responsible for the mobilisation of uranium have been
outlined in general terms in Section 2.1.
Sorption/desorption, dissolution,
precipitation and recoil are all significant processes in determining the behaviour of
uranium. This section discusses the broad geochemical processes affecting the
site; recoil processes are discussed separately in Section 2.4.
2.3.1 Nature of dispersed uranium
It is known that uranium is present in the dispersion fan, sorbed to mineral surfaces,
as a component of uranium-rich minerals and as a minor component in other
minerals (see Volume 8 of this series). Much of the uranium is believed to be
associated with amorphous iron oxides. However, the relative proportions of
uranium in each of these forms is largely unqualified. The modelling approaches
described in the latter part of this chapter generally assume that a substantial
proportion of uranium in the dispersion fan is not present in uranium-rich phases.
Snelling (see Volume 2 of this series) has defined a zone of saleeite occurrence
within the dispersion fan on the basis of optical microscopy, electron microprobe
analysis and direct observation of core samples. Saleeite has been clearly identified
within that part of the fan closest to the primary orebody, however, it has not been
identified within the outer part of the dispersion fan (Figure 2.1.2). This may reflect
its absence or the presence of very finely disseminated saleeite, coprecipitated
within iron oxide-rich areas.
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Recent textural work has indicated that uranium is closely associated with iron and
manganese oxides (see Volume 9 of this series). Aggregates of iron oxides result
from weathering of primary metamorphic minerals such as chlorite, biotite, pyrite and
garnet. Iron oxide phases present in the weathered zone include amorphous
ferrihydrite and crystalline goethite and hematite. The distribution of these iron
oxides is very heterogeneous and affects the distribution of uranium and uranium
series radionuclides within the dispersion fan. Goethite seems to be generally more
abundant than hematite, particularly in the dispersion fan. Hematite is dominant near
the Koongarra reverse fault and in the area of primary mineralisation. High uranium
concentrations are observed to be associated with concentrations of Fe 3+ minerals,
with MnO2 concentrations and with kaolinite associated with some of the MnC>2
concentrations.
Uranium that is associated with manganese oxides occurs in "hot spots" where a
cerium oxide or hydroxide phase is located (see Volume 8 of this series). It has
been suggested that the uranium may be located in a crystalline phase.
Although uranium rich phases are clearly present in the dispersion fan, the nature of
uranium associated with iron and manganese oxides and with kaolinite is unclear.
The uranium may be sorbed onto mineral surfaces or it may be coprecipitated (see
Volumes 8 and 9 of this series). Isotopic evidence that bears on the accessibility of
uranium to the fluid is discussed in the following subsection.
2.3.2 Isotope geochemistry
Activity ratios (ARs) of 238u, 234y a n c j 230jh have been measured from rock
samples throughout the site. These isotopes are all members of the 2 3 8 U decay
chain (see Section 2.4). Within the primary ore deposit 234y/238u a n c j 230jh/234u
activity ratios in the bulk rock are greater than 1.0 (in the range 1.0 to 1.4 and 1.0 to
1.6 respectively). However, in the secondary dispersion fan these activity ratios are
generally less than one (0.85 to 1.0 for 234u/238u a n c j 0.8 to 1.0 for 230jh/234u).
These data are discussed more fully in Section 3.3 and in Sections 5 to 9, where the
various modelling approaches adopted are described.
A partial separation of uranium in different chemical environments has been
achieved by treatment with Tamms Acid Oxalate (TAO) (see Volume 8 of this
series). Such treatment gives an "extractable" component believed to correspond
mainly to sorbed uranium and uranium associated with amorphous iron oxides. A
residual component of "non-extractable" uranium remains, which is believed to
reside in crystalline phases. Uranium in the extractable component is thought to be
in isotopic equilibrium with uranium in groundwaters, whereas the non-extractable
uranium component is not.
This extraction procedure does not give a distinct cutoff between the two types of
uranium, and any saleeite or hematite present in a sample will dissolve as a result of
the TAO extraction. Samples with obvious uranium mineralisation were therefore
avoided. However, the presence of small quantities of saleeite or other uranium
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minerals throughout the dispersion fan can not be discounted (see above). Although
saleeite is not expected to be in equilibrium with the fluid, uranium from saleeite
could be present in the extractable component. Hematite is present mainly in the
primary ore deposit and will contribute a component of the extractable phase, even
though it is considered to be out of equilibrium with the groundwater.
The extractable phase has 234(j/238u a n ( j 230jh/234|j ARs considerably less than in
the bulk rock (generally 0.6 to 1.0 for 234u/238u a n c j rj.3 to greater than 1 for
230jn/234|j). Uranium in the non-extractable phase has 234(j/238u (generally 0.9 to
greater than 1.3) and 230jh/234y (generally 0.95 to greater than 1.3) activity ratios
considerably greater than in the bulk rock (see Volume 8 of this series). The data
are described in more detail in Section 3.3.
The uranium concentration and isotopic data indicate significant heterogeneities
within the weathered zone. Activity ratios may vary widely on a very small scale.
For instance, a white heavy clay from 13m in M1 has 23O Th/2 34 U (AR) of 1.32
whereas a red weathered schist from the same depth has 230jh/234u (AR) of 1.07.
Three different colour samples from 13m in M3 have 23OTh/234U (ARs) varying from
0.5 to 1.3. Most local variations are considerably less than indicated by these data
which illustrate the extreme situation. However, it is clear that local rates of various
transport and chemical processes must be such that significant variations in isotopic
ratios may be preserved on a fine scale.
Spatial heterogeneity in the data may arise from preferential flow paths within the
fan, from differences in the sorption capacity of rocks within the dispersion fan and
from variable kinetics of fluid-rock isotopic exchange.
2.3.3 Hydrochemistry
The hydrochemistry of the site is described in Volume 7 of this series and is
summarised briefly here. Groundwaters at Koongarra have a neutral pH and
elevated concentrations of magnesium and bicarbonate ions. The hydrochemical
data is consistent with two sources of groundwater in the Cahill Schist:
(a)

the Kombolgie Sandstone and recharge in the region of the fault, and

(b)

downward infiltration of rainwater through the weathered zone.

These different groundwater sources are evident in the progressive isotopic and
geochemical modification of groundwaters downstream from the Koongarra Fault.
Shallow waters have acidic pH and high CO2 and SiO2 contents. In contrast, the
deeper waters have slightly alkaline pH, low CO2 and high HCO3- and magnesium
contents. This progression has been explained by the progressive reaction of acidic
rainwaters with chlorite bearing rocks (see Volume 12 of this series).
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Uranium concentrations are elevated in the groundwaters in the deposit by up to
four orders of magnitude relative to background concentrations (see Volume 7 of
this series). These elevated concentrations decrease over 200m to the downstream
side of the deposit. Uranium in solution is thought to be largely present in the U(VI)
form as uranyl carbonate complexes. Phosphate complexation is not thought to be
important although the phosphate mineral saleeite is present. Uranium associated
with colloidal particles is not thought to be significant. Thorium concentrations in the
groundwater are very low and it is therefore considered that thorium is effectively
immobile.
2.3.4 Reactions during weathering
Metamorphic and hydrothermal events produced a series of chloritised schists that
contain mineral assemblages consisting dominantly of feldspar, micas, quartz and
chlorite. Subsequent weathering has resulted in the development of clay and iron
oxide minerals. The end product of weathering is a kaolinite-rich rock. The net
reaction between unweathered schist and groundwater may be most simply
represented as:

Chlorite
AI 2 Si 2 0 5 (0H)4 + 5Mg 2+ + IOHCO3- + SiO 2
Kaolinite
neglecting solid solutions (see Volume 12 of this series). In deeper parts of the
weathered zone, vermiculite is present and reactions have therefore been proposed
that involve the conversion of chlorite to kaolinite via vermiculite (see Volume 9 of
this series).
During the weathering process an amorphous ferrihydrite phase is produced which
is later converted into a crystalline form. The amorphous ferrihydrite phase is
considered to contain uranium that is water accessible. Ferrihydrite can be
transformed to crystalline iron oxides through two competing paths resulting either in
goethite or hematite. Hematite forms through an internal rearrangement and
dehydration of the amorphous phase whereas goethite can recrystallise only after
initial dissolution of the ferrihydrite. Goethite may also be produced by precipitation
from solution under conditions where Fe 3+ is dominant. The nature of these
reactions will evidently affect the distribution of uranium series radionuclides
between these iron phases. It is considered that uranium in goethite and hematite is
water inaccessible.
The infiltration of oxidising fluids into the primary ore body has resulted in the
dissolution of uranium silicate and uranium phosphate minerals. Subsequent
precipitation of uranium minerals has clearly occurred in the dispersion fan.
Uranium located in uranium phases or as a minor component in other crystalline
phases is likely to exchange with the groundwater very slowly. Such exchange
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could take place by repeated dissolution and precipitation of uranium phases such
as saleeite.
2.3.5 Sorption
The sequential extractions have indicated that a significant proportion of the uranium
in samples from the Koongarra dispersion fan is extractable with reagents such as
Tamms Acid Oxalate (TAO) and Morgan's reagent. Hence, it was inferred that much
uranium is sorbed to mineral surfaces or associated with amorphous iron oxides
(see Volume 8 of this series). Experiments with natural substrates indicate that the
proportion of uranium easily exchangeable with uranium in a water phase
corresponds to the proportion extractable with TAO. Uranium isotopic equilibrium
was routinely observed between the TAO extractable uranium and dissolved
uranium in such experiments (see Volume 13 of this series).
2.3.6 Time-dependent effects
The treatment of time dependence is summarised in Section 4. Here a number of
time dependent aspects of the evolution of the geochemical system are considered.
While uranium was being transported from the primary ore deposit, chemical
reactions resulting in the production of fine grained mineral phases that are more
strongly adsorbent to uranium and thorium than reactant phases were occurring
within the weathered zone. For instance, chlorite has been replaced by strongly
sorbing clay minerals and fine grained amorphous iron oxide minerals have been
produced. The sorption capacity of any rock volume has therefore changed over the
period during which the zone of dispersed uranium was formed.
The rate of dissolution of the uranium bearing minerals in the primary orebody is
expected to have a major influence on the flux of uranium into the dispersion fan.
The chemical composition of the infiltrating groundwater will affect the rate of
chemical reactions in the primary zone and it is expected that this will vary as a
function of climate and the position of the water table. At long times, the rate of
dissolution will decline as reactants are used up and remaining reactants become
more isolated from each other by reaction products. The flux of oxidising
groundwaters through the system will obviously be of importance.
As further discussed in Section 4, the (chemical) form of uranium within the
dispersion fan may vary with time. For example, saleeite may only be stable under
relatively oxidising conditions above the water table, hence, being formed during
periods of low water table when transport is minimal and being dissolved during
periods of high water table and significant transport, as applies at the present day.
The progress of weathering reactions in the dispersion fan with time may
substantially change the hydrogeological properties of a given rock volume. The
development of clay rich zones may be particularly significant in this respect.
Individual rock volumes that initially behave as open geochemical systems may thus
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switch to closed system behaviour with time. This problem is linked to the way in
which flow paths change as a function of the changing hydrogeological properties of
the weathered zone and changing boundary conditions for groundwater flow.
2.4 Radioactive Decay and Recoil Processes
The radionuclides studied in this Volume are products of the decay series of two
parent uranium isotopes, 2 3 8 U and 2 3 5 U . Portions of the decay chains for these
radionuclides are shown in Figure 2.4.1. The fission products 1 2 9 I and " T c and
transuranics such as 239 Pu are considered in Volume 15 of this series. In the
analytical work described in Volume 8, data are presented mainly for the isotopes
238u, 234u, 230jh and 226Ra. Some data also exist for 2 3 i p a , 235|J and 2 3 2 Th.
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In cases where bulk uranium transport is under consideration, both the 2 3 8 U and
U parent isotopes can be treated as stable, since the timescale for the evolution
of the dispersion fan is short relative to their half-lives (4.47 x 10 9 and 7.04 x 10 8 yr
respectively). In models where the distribution of isotopes within the 2 3 8 U decay
chain is explicitly considered, radioactive decay must, of course, be incorporated
within the models.
235

The half-lives (2.45 x 10 5 and 7.70 x 104 yr respectively) of the daughter isotopes
234
U and 2 3 0 Th put a limitation on the timescale on which the system can be
modelled. In closed systems, where the measured activity ratios are a function only
of the initial activity ratios and radiogenic processes, events older than about one
million years cannot be dated as the radionuclides achieve secular equilibrium on
this timescale. In the system described here, age estimates have been derived by
making various assumptions about how the uranium has been added to the
dispersion fan over time.
2.4.1 Recoil processes
Alpha decay may result in the movement of daughter radionuclides through a
mineral phase over distances determined by the kinetic energy of the daughter
radionuclide. Where the volume occupied by a particular mineral is small relative to
these distances, such recoil may result in the transfer of daughter radionuclides
between phases. The creation of a damaged path may make the radionuclide more
susceptible to chemical leaching (see subsection 2.4.2) and alternatively the
daughter radionuclide may have an anomalous valence state leading to anomalous
chemical behaviour (see subsection 2.4.3); it is not always clear which of these
processes is the more important. Recoil has been shown to play an important part
in determining the distribution of uranium series radionuclides between different
minerals and groundwater. The relative importance of these different mechanisms
has been widely discussed in the literature (e.g. see Davidson and Dickson, 1986;
Kigoshi, 1971; Fleischer, 1982; Fleischer, 1988; Osmond et al., 1983; Petit et al.,
1985). The process may result in different transport rates for isotopes of the same
element. For instance, 238|j/234u activity ratios are known to depart significantly
from 1 in many hydrogeological systems and ore deposits (eg. Osmond et al., 1983).
In order to evaluate the probabilities of such recoil transfer it is necessary to
consider the geometry of the system, recoil ranges in the matrix, and surface areas
per unit mass of the respective phases. Only high energy alpha emission can
produce recoil energies that are capable of ejecting the nucleus across phase
boundaries.
2.4.2 Radiation damage
Alpha decay can result in the formation of a radiation damage path along the recoil
track of the new nucleus. This could increase the chemical activity of the decay
product and may result in its preferential mobilisation into the liquid phase. The area
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around the recoil track may also be structurally altered and thus be more susceptible
to water penetration and etching.
Similar radiation damage effects could be produced by the alpha particles.
Damaged sites in the lattice would increase the contact surface between the solid
and the liquid, hence, the daughter uranium would be more accessible to the
groundwater further enhancing the leach rates of daughter radionuclides.
2.4.3 Valence State of Decay Products
Alpha decay may also result in the production of daughter radionuclides having
anomalous valence states. For example,
238

U(VI) -> 234 Th (| V ) + alpha
238u(iv) -> 234Th(||) + alpha

Th(ll) is an unusual valence state for thorium, hence may rapidly change to Th(IV)
with subsequent rapid decay occurring as follows:
234

Th(IV) ->

234

™Pa(V) + electron ->

234

U(VI) + 2 electrons

Thus, uranium would reach the oxidised hexavalent state rather than the reduced
quadravalent state of the parent 238u. it has been suggested that such processes
can be a significant influence on the distribution of uranium series isotopes between
minerals and groundwater (Rosholt et al., 1963; Petit et al., 1985). It is also noted
that the extent of such oxidation is affected by radionuclide concentration. Detailed
analysis of hot atom chemistry is required to account for the possible effects of
nucleus-lattice interactions in uranium rich minerals as uranium oxidation can be
suppressed (Ordonez Regil et al., 1989).
2.4.4 Role of 234Th
There are two short-lived daughters between 2 3 8 U and 2 3 4 U which are often omitted
in uranium series modelling. However, it is postulated in Section 7.4 that the
chemical behaviour of the short-lived intermediary 2 3 4 Th is significant, leading to a
disequilibrium between 2 3 8 U and 2 3 4 U , hence, can explain the apparently greater
238
U mobility and reduced 2 3 4 U mobility in the weathered zone. It has been
proposed that a proportion of the 2 3 4 Th becomes permanently fixed in a solid phase
not in equilibrium with groundwater. This irreversible fixation of the radionuclide is
primarily the result of chemical processes. Uranium-234 produced by embedded
234
Th will be less susceptible to leaching by groundwater than 2 3 8 U . Therefore the
groundwater will have progressively lower 2 3 4 U/ 2 3 8 U activity ratios in the direction of
transport. This mechanism is alternative to the recoil processes discussed in the
preceding subsections. It is noted, however, that the mechanism is not capable of
explaining the progressive enrichment of 2 3 4 U/ 2 3 8 U in the groundwater in the
direction of flow, as is observed in many case studies (Osmond et al., 1983). The
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mechanism is not therefore universally applicable. It is considered in more detail
and modelled in Section 7.4.
2.4.5 Separation of 2 3 4 U and 2 3 8 U isotopes
The recoil and chemical processes discussed above may be used to explain the
different mobilities of 2 3 4 U and 2 3 8 U at Koongarra and elsewhere. However, the
relative mobilities of these two isotopes appear to be reversed at Koongarra
compared to most case studies. In most natural systems, it is believed that 234U is
preferentially mobile relative to 2 3 8 U (Osmond and Cowart, 1982; Osmond et al.,
1983). As most uranium resides in the rock rather than in the groundwater, the net
recoil flux of uranium daughter radionuclides is usually from the rock to the
groundwater, thus leading to ( 234 U/ 238 U) W * greater than one.
As discussed in Section 2.3, the primary orebody is characterised by ( 23O Th/ 234 U) r
greater than one (in the range 1.0 to 1.6) and the secondary dispersion fan by
(2307n/234u)r | e s s than one (in the range 0.8 to 1.0). Thorium is believed to be
immobile (Langmuir and Herman, 1980) and this is therefore interpreted as reflecting
uranium leaching in the primary ore deposit and uranium deposition in the secondary
ore body. It is also observed that ( 234 U/ 238 U) r is generally greater than one (in the
range 1.0 to 1.4) in the primary ore zone and less than one (in the range 0.85 to 1.0)
in the secondary ore zone. Thus 2 3 8 U is apparently more mobile than 2 3 4 U . Later in
this Volume, some models are examined which may account for the apparently
anomalous behaviour of 2 3 4 U and 2 3 8 U at Koongarra.

The notation (A/B) is used to denote the activity ratio of radionuclide A to B; subscripts r and w
indicate the rock and groundwater respectively.
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3 SUMMARY OF THE BASIS OF THE TRANSPORT CALCULATIONS
An explanation is presented of how the processes discussed in Section 2 are treated
in the modelling described in Sections 6 to 9. In addition, there is a discussion of
the appropriate ranges of parameters and boundary conditions for use in the
modelling of uranium transport modelling, and of the different simplifying
assumptions that could be made. There are four subsections, which complement
the four subsections in Section 2.
3.1 Geology and Geomorphology
It is noted that geomorphological studies suggest that secondary uranium
mobilisation was initiated between one and six million years ago. This constraint
has not been used as an input to the models. Rather, the modelling approaches
described below make estimates of the age of the dispersion fan based on various
assumptions for comparison with this constraint.
The calculations have been performed along the 6109 mN cross section indicated in
Figure 2.1.1. This was selected largely because of the more extensive dataset
available along this section. The shape of the dispersion fan in this section indicates
that there has been transport of uranium. However, it should be noted that the
groundwater chemistry study reported in Volume 7 of this series indicates that the
present groundwater flow direction is different.
The geological cross section along the direction chosen for transport modelling is
shown in Figure 4.6 of Volume 2 in this series. The lithologies present are
discussed in Section 2.1. Most of the modelling approaches presented in this
Volume assume that the geology has been constant with time. However, some
attention has been devoted to consideration of the downward movement of the
weathering front and to changing media properties within the weathered zone.
Models that consider the downward migration of the weathering front in some sense
represent the effects of continuing erosion. Significant erosion during evolution of
the fan would be consistent with younger uranium towards the base of the
weathered zone. However, as discussed in Section 4, it is not evident that uranium
at the bottom of the dispersion fan is younger than the uranium at the top of the
dispersion fan (see Volume 8 of this series). Seasonal variations in the water table
might in any case act to smooth out such variations through resulting in significant
vertical mixing.
Other assumptions relate to the hydrogeological parameters selected for modelling,
to the position of the water table during previous climate states, to the homogeneous
nature of the geological medium or to the geochemical evolution of the fan and are
discussed in Sections 3.2 and 3.3.
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3.2 Hydrogeology and Transport
An understanding of the groundwater flow system is a pre-requisite of radionuclide
transport modelling.
The detailed investigation of the hydrogeology of the
Koongarra site is described in Volume 5 of this series. Laboratory measurements of
the hydrogeological properties of the various rocks present have also been made
and these are described in Volume 4 of this series. Hydrogeological modelling using
a number of programs is described in Volume 6 of this series. In this subsection the
important conclusions are summarised to provide a basis for the radionuclide
transport calculations.
3.2.1 Groundwater flow
Six hydrogeological units were discussed in Section 2.2. The following conclusions
have been drawn from the modelling of current-day groundwater flow:
(i)

much of the groundwater entering the system passes through the Quaternary
superficial sediments and never enters the deeper hydrogeological units; for
this reason it has proved difficult to undertake a detailed water balance,

(ii)

much of the remaining flow passes through the weathered zone; the weathered
schists have a higher permeability than the unweathered schists,

(iii) the Koongarra fault acts either as a barrier to flow or as a partial barrier to flow,
(iv) fracture flow is important in the unweathered schists,
(v)

it is considered that the transition zone does not provide a high permeability
conduit for flow,

(vi) there is significant heterogeneity in the hydrogeological properties,
(vi) the current flow pattern shows significant seasonal variation between the wet
and dry seasons. In the dry season the water table is significantly lower,
whereas in the wet season it lies close to the surface, and
(vii) the groundwater flow is three-dimensional.
It is not practicable to consider as a starting point for the calculations a fully coupled
model of transport in which all the complexities of the flow are modelled along with
the complexities of the geochemistry. A number of simplifications has therefore
been made. They are as follows:
(a) dimensionality
Two- and three-dimensional models used in the ARAP groundwater flow modelling
are described in Volume 6 of this series. It has been demonstrated that the
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hydrogeological system at Koongarra is not a simple two-dimensional one and the
use of a two-dimensional cross section is a significant simplification. However, there
are preferred directions to flow, and consequently a two-dimensional simplification,
based on a vertical cross section, is able to retain the essential features of flow and
transport, though alternate cross sections could also be considered.
It is often desirable to undertake the transport calculations in a lower dimension than
that used for groundwater flow.
A two-dimensional model using a simple
representation of interactions between radionuclides in the water and on the rock is
presented later in this Volume. Some of the other methods use a simple
representation of vertical variations, and can consequently be thought of as being
quasi-two-dimensional. The other models use a one-dimensional representation of
advective transport in the weathered zone. The one-dimensional calculations are
not strictly intended to be interpreted as a Cartesian direction, rather it should be
interpreted as being along flowlines parallel to the direction of flow.
(b) choice of cross section
Much of the experimental data described in the other Volumes of this series has
been collected along the 6109 mN section of the Koongarra mining grid. Although
this is probably not in the direction of flow, it is broadly in the direction of flow, and
consequently its use is considered to be justifiable.
(c) porous medium vs. fracture-dominated flow
As discussed above, flow in some of the units at Koongarra is dominated by
fractures, whereas in others it is not. Most of the mobilised uranium is in the upper
weathered part of the Cahill schists, hence, this zone has been the focus of the
transport models. These rocks are highly weathered and it is believed that a fracture
flow treatment is not appropriate in this unit. Flow in many of the lower units is
dominated by fractures. However, it is their ability to provide water that is the
important parameter, and so an approximate treatment as porous media is believed
to be justified.
During the course of the ARAP there has been debate on the role played by the
transition zone. Although the final conclusions are that it is probably not significant,
the implications of it being a conduit are examined in one of the models. In addition
it is possible that its location has changed as the system has evolved. Fractures
could be significant in this unit If this is the case, it could be argued that
mechanisms such as diffusion act to smooth heterogeneities arising from transport
in fractures.
(d) treatment of heterogeneity
The models described in this Volume have not examined in detail the implications of
heterogeneity. Although the fact that the weathered zone acts as a porous medium
does not imply that heterogeneity is unimportant, it is believed that it was neither
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practicable nor justifiable to undertake more detailed representations on the basis of
information available to the ARAP. The approach taken was to minimise the impact
by an appropriate choice of samples for geochemical analysis (see Section 3.3).
One way in which heterogeneity is taken into account in the transport calculations is
through the dispersion coefficient, values for which are discussed below.
(e) treatment of temporal variability
In general, temporal variation is ignored in the modelling reported in this Volume.
This is believed to be justified as it is considered that it is the average velocities that
have been controlling migration over the timescales of consideration. However, it is
recognised that the variation in the level of the water table could be important as it
could lead to significant changes in geochemical conditions.
The possible
implications of variations arising from climatic changes are considered in the
discussions of some of the modelling approaches. As the current climate is wetter
than average, fluxes based on modelling of current-day conditions are expected to
be higher than average fluxes.
3.2.2 Recommended parameter values for transport calculations
(a) specific discharge
From the groundwater flow calculations, it is concluded that suitable values of the
specific discharge in the weathered zone are in the range 0.1 to 1.0 m yr 1 . Values
slightly beyond this range can be considered for sensitivity studies.
(b) porosity
The groundwater flow calculations give values of the specific discharge or Darcy
flux q. As far as transport calculations are concerned the quantity of interest is the
average water velocity given by q/s, where e is the porosity. From Volume 4 of this
series, the porosity of the weathered zone is believed to be around 0.16.
(c) dispersion
The amount of dispersion in the system is hard to quantify. In addition, it is not easy
in the modelling to uncouple the effects of dispersion arising as the radionuclides
migrate from the spreading of radionuclides resulting from gradual changes in the
source term. There is a further complication in that the amount of transverse
dispersion could be enhanced by the seasonal variations in water table.
Notwithstanding these difficulties, when dispersion is included in the calculations, a
value of between 3 and 10m for the longitudinal dispersivity is believed to be
appropriate, with the transverse dispersivity around a factor of 5 less. This is in
accord with values found in other systems (Gelhar, 1987).
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3.3 Geochemical Data
3.3.1 Bulk uranium data
The Koongarra uranium ore deposit is comprised of two distinctive elongate bodies
separated by a distance of 100m and dipping at 55 degrees parallel to the
Koongarra Reverse Fault. The No. 1 ore body partially protrudes into the top 30 m
of weathered schists. The width of the primary ore body varies between 30 and
100 m. The most extensive uranium mineralisation is located just beneath the
hanging wall (see Volume 2 of this series). On average, the uranium concentration
in this part of the deposit exceeds 1 wt%, and concentrations up to 30 wt% are
found in the unweathered ore zone. The total deposit covers an area of 1.6 x 0.5 km
to a depth of 200 m.
An extensive exploratory drilling program has provided a total uranium concentration
database obtained from 200 drillcores (Figure 3.3.1). The core material comes
either from 107 diamond drill holes that were generally angled at about 40-50% to
the surface, or from 140 vertical percussion drill holes.
Each 1.5m long piece of core has been geologically described and its uranium
content assayed. The core material from the diamond drill holes was usually intact
with the exception of material from the highly weathered zone. Pulp samples from
the percussion drill holes are usually less suitable for more precise uranium assay.
However, due to the highly heterogeneous uranium distribution, the poor quality of
percussion drill data presents few additional problems. The pulp data are often
more convenient to use in modelling due to the vertical orientation of the percussion
drill holes. For diamond drill holes, the surface sampling point may be shifted, with
respect to the bottom of the weathered zone sampling point, by 30m in the
horizontal plane. It is noted that although there are an impressive number of drill
points, there are a limited number of sample points along any one vertical section.
Tables 3.3.1 and 3.3.2 present bulk uranium concentrations in a vertical section
along 6109 mN of the Koongarra mining grid. The data can be used to evaluate the
extent of uranium mobilisation and investigate possible preferential horizontal paths
in the weathered zone (see Sections 7.2 and 8.1). The database indicates the
considerable heterogeneity within the system. Close examination of the rock along
a drillcore shows that the weathered rock matrix and its mineralogy are highly
heterogeneous. A 1.5m long piece of core may not therefore be representative of a
20-30m horizontal traverse.
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FIGURE 3.3.1 Koongarra uranium orebody area. Drilling diagram.

TABLE 3.3.1
URANIUM CONCENTRATION DISTRIBUTION IN THE WEATHERED ZONE.
CORE SAMPLES FROM THE SELECTED DIAMOND DRILL HOLES.
uranium concentration (ppm)
length (m)

DDH52

length (m)

0-0.6

820

0.6-1.2

DDH1

DDH2

DDH3

DDH4

1.5

310

285

75

450

3

600

295

55

3-3.3

150

4.5

815

225

75

4.3-4.9

75

6

605

310

10

5.9-6.3

135

7.5

1020

310

100

6.6-8.0

100

9

1255

500

480

8-9.9

335

10.5

1510

605

305

13-16

16-18.6

18.6-22

12

1770

1520

670

275

13.5

1910

2090

550

295

15

1400

940

295

730

16.5

1310

1000

180

815

18

1430

1070

145

1200

19.5

730

1460

1210

150

2620

21

700

915

1310

215

1150

22.5

790

1720

980

205

34

1485

1600

2040

200

1685

505

2340

615

490

22-25

1080

25.5

26-28

885

27

295

1400

-

28.5

260

1170

785

29-29.5

650

30

4805

30

910

715

29.5-31

535

31.5

2075

25

470

185

31-32.5

275

33

2570

100

70

115

incl.

45deg

incl

45deg

60deg

50deg

50deg
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TABLE 3.3.2
URANIUM CONCENTRATION DISTRIBUTION IN THE WEATHERED ZONE.
ROCK PULP SAMPLES FROM THE PERCUSSION DRILL HOLES.
depth
(m)

uranium concentration (ppm)
PH75 PH78 PH82 PH49 PH55 PH58 PH60 PH89 PH90 PH91 PH94
16

5

10

28

17

12

14

76

160

76

16

44

165

20

91

48

23

17

51

20

7

9

35

7

30

1.5

5

8

12

1000

118

36

17

3

3

10

4

1255

157

400

150

4.5

4

9

10

2070

52

157

6

5

10

8

2135

54

7.5

6

12

15

2710

34

9

3

15

14

2515

47

20

4

5

14

9

13

10.5

3

16

15

2765

118

22

4

4

3

1

12

12

2

20

12

2400

91

28

3

4

4

2

5

13.5

3

21

11

3320

55

26

3

5

4

2

5

15

4

12

9

13000 146

21

3

3

3

2

5

16.5

2

8

6

91

10

3

8

2

2

3

18

2

5

7

13845 220

10

3

4

2

1

4

19.5

2

5

9

10925 236

8

2

4

3

1

3

21

3

5

12

11

3

3

3

2

3

22.5

3

4

9

8

2

3

3

2

3

24

5

5

10

1200

150

5

9

2

3

3

3

25.5

5

2

14

9540

79

5

2

2

3

3

3

27

5

4

11

4655

36

6

2

2

4

22

3

28.5

5

2

18

3615

4

3

2

2

2

2

2

30

5

1

5

12300

3

4

2

1

3

2

3

5815

5345

197

49100 228
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Calculations on the mass balance of uranium are presented in Appendix 14.1. A
number of different cases are considered, and as a result of a number of
uncertainties, they are not totally conclusive. The calculations are sensitive to a
number of assumptions concerning the past distribution of uranium and the amount
of uranium present between the primary and secondary orebodies and the
Koongarra Creek. Although the calculations of uranium masses do not show a
balance, indicating that some uranium may have been lost from the system, it was
not possible to take account of the uranium dispersed downslope beyond the
economic grade ore in the dispersion fan. If the latter were included, then the
system would probably be close to balance, and consequently it could be concluded
that there has probably been no loss of uranium from the system via the Koongarra
Creek.
3.3.2 Uranium series results
Investigation of the relative distribution of the uranium series radionuclides in the
system can throw light on the evolution of the secondary dispersion fan.
The analytical program, reported in Volume 8 of this series, has yielded substantial
activity ratio data for whole rock samples and for individual mineral phases. The
activity ratios of interest are 234u/238u, 230jh/234u, 23i Pa /235u and 226 Ra/2 30 Th.
The radiochemical work used four approaches:
1.

digestion of the total sample, separation of uranium and thorium fractions and
then alpha-spectrometry,

2.

two-step dissolution, first of the accessible phase only, then total digestion,

3.

three-step extraction of the amorphous iron phase, the crystalline iron phase
and the clay/quartz residue, and

4.

five-step extraction, of soluble salts and exchangeable ions, then of amorphous
minerals, crystalline iron minerals, residual amorphous inorganic materials, and
finally of resistant minerals such as quartz and mica.

The chemical effects of each reagent in the multiple extractions were examined
using a number of techniques (see Volume 8 of this series). X-ray diffraction was
used to investigate the effect of TAO reagent on solids. Môssbauer spectroscopy
was used to analyse the distribution of iron mineral phases in the samples and
compare it with the results of sequential extraction procedures.
The isotopic data show a considerable spread of results for samples taken on the
metre scale. The main cause of the limited reproducibility of radiochemical
measurements is the high heterogeneity of the rock matrix.
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The radioanalytical procedures use relatively small (a few grams) samples that may
not always have been completely representative of larger rock samples. The
presence of small quantities of uranium minerals may also have an effect, although
samples associated with evident uranium mineralisation were avoided.
Measurement errors resulting from the radiochemical procedures usually have less
of an effect on data reproducibility than the heterogeneity of the rock matrix, at least
for uranium isotopes. Errors in the thorium analyses can be greater (see Volume 8
of this series). These errors may originate from problems with sequential extraction
methods, reliability of standards, counting statistics or intercalibration of the alpha
and gamma spectrometric techniques; counting statistic errors are usually not
greater than 0.1-5%.
The spatial distribution of the radionuclides in the weathered zone is complex. In
general, the bulk uranium concentration forms a sharp edged plume with an
extended tail of low concentration that approaches the background level at a
distance of 300-400 m from the primary orebody. The distribution of radionuclides in
the dispersion fan is uneven with depth. Preferential transport pathways can be
identified. This has led some modellers to select data from an individual horizon
which may correspond with one streamline. Figure 3.3.2 shows whole rock activity
ratios along Section 6109 mN. The activity ratios are separated into three sets of
data for shallow, central and deeper parts of the vertical section. In all cases, the
activity ratios exhibit minima near the edge of the dispersion fan. These minima
coincide with the a rapid fall off in uranium concentrations. Given these minima, the
traditional 2 3 4 U/ 2 3 8 U versus 23o Th/ 234 U graph (Figure 3.3.3) has to be interpreted
with care. Different modelling approaches have interpreted these minima in the
activity ratio profiles in different ways.
Figure 3.3.4 shows the percent of uranium that is in equilibrium with the groundwater
versus distance from the primary ore. The excess of daughter radionuclides in the
inaccessible phases is the effect of recoil processes. Figure 3.3.5 gives an example
of activity ratios trends in accessible and inaccessible mineral phases versus
distance and Figure 3.3.6 illustrates general trends in 234 U/ 238 U versus 23o Th/ 234 U
activity ratios. A complete summary of the isotopic data can be found in Volume 8 of
this series.
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FIGURE 3.3.2 a) ^ U / ^ U ; b) 23OTh/234U activity ratios in whole rock samples
plotted against distance from the 3000m East gridline. Location refers to the
position of the samples in the weathered zone (see Volume 8 of this series).
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FIGURE 3.3.3 ^ U / 2 3 ^ versus 23OTh/234U in whole rock samples. Data points
designated according to:
a) distance from primary mineralisation
b) depth
(see Volume 8 of this series).

33

100

100

150

200

250

300
350
distance (m)

400

450

FIGURE 3.3.4
Percent of total uranium in "accessible" phases (TAO
extractable) versus distance from the 3000 m East gridline. Location refers to
the position of the samples in the weathered zone (see Volume 8 of this
series).
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FIGURE 3.3.5 a) z3\)f38\J; b) 23oTh/234U activity ratios in "accessible" phases
(TAO-extractable), versus distance from the 3000m East gridiine ( R. Edis - private
communication, see also Volume 8 of this series).
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FIGURE 3.3.6 ^ U / ^ U versus 23OTh/234U for "accessible" phases (TAOextractable) for all samples excluding those from section 6109 mN (see Volume 8
of this series).
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3.3.3 Water chemistry
The composition of waters within the weathered zone evolve along flow paths as a
result of complex fluid-rock interactions. The water chemistry is dependent on
location and proximity to the recharge zone; either the Kombolgie Sandstone or the
zone adjacent to the Koongarra Fault.
Data from more than 70 boreholes are available on pH, redox potential, ionic
strength, temperature, concentration of complexing phosphates and carbonates and
major and trace element contents. However, only the newly constructed boreholes
(See Volume 2 of this series) have properly designed casings that allow pumping
and analysis of water from specific horizons using packers.
Recharge waters are slightly acidic (pH 5.5-6.0) and oxidising, causing local in-situ
alteration of the uraninite near the Koongarra Fault. It has been suggested that
these recharge waters originate in the Kombolgie Sandstone (see Volumes 5, 6 and
7 of this series). The pH of water in the primary ore deposit is higher, as is the
conductivity, which is twice as high as in the water from the sandstone. There is a
very high level of bicarbonate and magnesium ions. The magnesium concentration
decreases as waters move through the Cahill formation along strike and to the northeast of the deposit, becoming very low along strike to the south-west of the deposit.
To the south of the orebody, the chemistry is related to that in the primary area and
Mg and bicarbonate levels are high. The possibility of a close relation between
these waters is supported by pumping tests. The similarities between the
hydrochemistry of different zones are examined in detail in Volume 7 of this series.
Rain and runoff waters are acidic. The near surface flow contributes to the fast
dispersion of uranium brought up into the sandy surface layer. The water chemistry
can also be considered on a much longer timescale over which climatic effects are
important. However, such consideration must be speculative.
Radiochemical analysis of water samples confirms that the present day uranium
concentration in the groundwater is closely related to the local hydrochemistry and
uranium availability. The 2 3 4 U/ 2 3 8 U activity ratio in accessible phases of the rock
matrix and in the groundwater are generally comparable. Table 3.3.3 shows selected
data for groundwater sampled from groundwater and adjacent rock matrix. The
234(j/238y activity ratio is not always comparable (eg. W5 13m); and this may reflect
mixing of groundwaters from different sources. In general, the 2 3 4 U/ 2 3 8 U activity
ratios show depleted values in the top 25m zone along the whole dispersion fan and
definite 2 3 4 U excesses in the deeper strata (Figure 3.3.7).

37

TABLE 3.3.3
AVERAGED BULK ROCK 238U CONTENTS COMPARED WITH 238U
CONCENTRATIONS IN GROUNDWATERS FROM THE SAME DEPTH
Borehole/Depth

Bulk Rock
[

238

U]

Groundwater
[

238

U]

P *
(mL/g)

PH14 (20-26 m)

(M-g/g)
548

(M-g/g)
30.8

1.8 x 104

PH14 (20-22 m)

670

65.2

1.0 x 1 0 4

PH49 (28-30 m)

5,865

165.6

3.5 x 1 0 4

PH49 (44-46 m)

809

199.6

PH55 (26-28 m)
PH55 (40-42 m)

26

0.5

4

1.02

4.0x10'
5.8 x10 4
3.9 x 104

PH56 (26-28 m)

32

9.69

3.3 x 10'

PH56 (43-45 m)

7

7.09

9.9 x10 2

PH58 (25-27 m)

4

1.82

2.2x10'

PH58 (38-40 m)
PH61 (26-28 m)

3

0.76

8

3.44

3.9x10'
2.3x10'

PH61 (43-45 m)

6

3.47

1.7x10'

PH80 (17-20 m)

69
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this series).

234, ,,238,

U/

U in groundwater - projected cross section (see Volume 7 of

3.3.4 Best estimates of geochemical parameters
Most of the models have used a Kd concept and a simple sorption equilibrium
between solid and liquid phase. The distribution coefficient Kd is defined by the
following expression
d

_ amount of radionuclide adsorbed on solid / unit mass
~
amount of radionuclide in solution / unit volume

The distribution coefficient can be estimated in laboratory sorption experiments. The
distribution ratio (Rd) is used for cases when the sorption equilibrium might not be
readily obtainable.
The "field" equivalent of Kd is the partition ratio P, which is defined as the ratio of
field measurements of radionuclide concentration in water and in nearby rock matrix.
All the methods of representing nuclide distribution between liquid and solid phases
have their limitations. The in-situ approaches may possibly result in overestimation
of retardation in a given rock matrix (McKinley and Alexander, 1992a,b). The
partition ratio shows a substantial spread of values, which can reflect a variety of
circumstances, for example different extents of rock weathering, or varying local
water chemistry.
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The recommended (see Volume 13 of this series) Kd values for uranium are:
for total rock 0.1-2x10 4 mL/g
for accessible phase 0.5-2 x 103mL/g
The Kd values for thorium are on average 4 orders higher and thorium is considered
to be immobile.
Figure 3.3.8 presents a comparison of uranium concentrations in rock and in
adjacent water for selected sampling points in the weathered and unweathered
zones of Koongarra.
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FIGURE 3.3.8 comparison of uranium concentrations in groundwater and rock (see
volumes 7 and 8 of this series

The modelling approaches presented in this Volume have used the phase transfer
rate as a fitted parameter. Literature data on the phase transformation of iron
minerals quote a large number of physio-chemical conditions that effect the
transformation paths and rates. In laboratory conditions, the transformation normally
occurs in a few days. However, there are identifiable chemical inhabitants that can
stop transformation or effectively retard its progress (Cornell, et al., 1987, Cornell
and Giovanoli, 1985). The specific experimental conditions cannot be easily related
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to conditions in natural systems. Additionally, the transfer rate of the particular
radionuclide is not identical to the phase transformation rate and might be affected
by a number of other factors, eg. radionuclide concentration or the nature of its
inclusion in the amorphous phase.
Analysis of the activity ratio data for different phases and modelling conclusions
indicate that the phase transfer rate has to be comparable with the decay constants
of230Thand234U.
3.4 Radiogenic Processes
The process of radioactive decay is generally included in the transport equations of
all models. However, where only the mobilisation of bulk uranium is considered,
radioactive decay may be omitted because the half-life of 2 3 8 U is long relative to the
timescale of the evolution of the fan.
As discussed in Section 2.4, radioactive decay may result in a number of physical
and chemical processes that may retard or increase the transport rates of daughter
radionuclides. A short review of the treatment of these processes in the transport
models described in this Volume is given below.
3.4.1 Recoil
The different transport rates of 2 3 4 U and 2 3 8 U are consistent with the assertion that
recoil transfer of radionuclides from one phase to another is an important process at
Koongarra. Recoil transfer of radionuclides between the amorphous phase and the
groundwater requires no explicit treatment as it is assumed that the groundwater
and the amorphous phase are in chemical equilibrium. However, the crystalline iron
oxide phase is not in equilibrium with the groundwater. Recoil between the
crystalline iron oxide phase and other phases is therefore treated in many of the
modelling approaches described in this Volume. This may be done by assigning a
probability for the transfer of a daughter radionuclide to a different phase
consequent upon the decay of the parent.
As a result of 2 3 8 U decay, 234 Th is produced either directly or via the excited level of
234
Th. In both cases an alpha particle with energy of approximately 4.2 MeV is
emitted. To obtain the recoil energy of the 234 Th nucleus a simple calculation of
energy distribution during this process is required. The following equation may be
written:
E(N)/E(a) = M(a)/M(N)
where E, M are respective energies and masses of the nucleus and alpha particle.
Thus, the kinetic energy of the 2 3 4 Th recoil is estimated to be 0.07 MeV. The
ejection range of the nucleus recoiling with such kinetic energy is about 10-30 nm in
typical amorphous iron material. The probability of ejection across the phase
boundary and implantation in the crystalline iron phase depends upon the geometry
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of the system and the actual contact surface of these two phases. The surface area
of the iron minerals is of order of 0.3-2.0 x 10 3 m 2 g' 1 (Borggaard, 1982), whereas
typical weathered rock material at Koongarra has a surface area of 40 m2g~1. After
comparison of the respective Fe phase concentrations in the rock with the rock
densities, it can be estimated that the "iron mineral surface" in the rock accounts for
up to 100% of the total surface. The average "thickness" of the amorphous phase
layer can be then calculated. On this basis it is possible to predict (Section 7.1) that
up to 30-40% of the decay events will result in the product nucleus being transferred
across the phase boundary. Similar estimates of the 230 Th recoil transfer factor can
also be obtained.
The recoil mechanism is included in the transport equations, by means of a recoil
factor that accounts for the percentage of decay events resulting in daughter
radionuclide transfer between phases. The recommended range of the recoil factor
for the accessible/inaccessible transfer is 0.1-0.4 and for the inaccessible/accessible
transfer 0.00-0.05 (see Section 7.1).
3.4.2 Thorium-234 fixation
Another model presented in Section 7.4 assumes that 2 3 4 Th is important in
determining the distribution of 2 3 8 U and 2 3 4 U in the dispersion fan. This short lived
decay product of 2 3 8 U may be transferred to a phase not in equilibrium with the
groundwater by recoil or chemical processes. This irreversible fixation of thorium,
and hence its eventual daughter product, 2 3 4 U , was modelled using a fixation rate
estimated by the fit to the analytical data. Most of the calculations have used
fixation rates in the range of 1-40 y 1 .
3.4.3 Radiation damage.
As discussed in Section 2.4, radiation damage of crystalline phases affects the
ability of the nuclides to be leached by the groundwater. Daughter nuclides may be
located in damaged portions of the lattice or have anomalous oxidation states. They
may consequently be more liable to be leached than other isotopes of the same
element. This effect is included within the recoil factors used in some of the models
described below.
Extensive damage may be caused to the lattice of uranium rich minerals by alpha
particles. This may make older uranium rich minerals more prone to leaching than
younger uranium minerals. This effect is not treated explicitly in the modelling, but is
considered qualitatively in Section 9.1. The leach rate may be most simply
considered to be a linear function of time.
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4 UNCERTAINTIES IN THE EVOLUTION OF THE DISPERSION FAN
There are considerable uncertainties over the past evolution of the fan that are not
resolvable because of:
(a)

the intrinsic characteristics of natural systems; and

(b)

difficulties in assembling comprehensive data bases.

The purpose of this Section is first to discuss the difficulties in modelling the timevarying processes that control the system by principally time independent input
parameters and boundary conditions. It is clearly the case that some of processes
cannot be addressed explicitly in the numerical modelling, but they must be borne in
mind when interpreting the natural data and modelling results. In the second
subsection, some of the more important uncertainties concerning the time evolution
of the dispersion fan are considered. Many of these uncertainties are discussed in
more detail in other Volumes of this series. The implications of the more important
uncertainties are discussed in Section 10.
4.1 The Challenge of Modelling Transport in an Evolving System
The development of realistic conceptual models poses particular challenges when
large natural systems are being modelled.
In particular, exceptionally long
timescales have to be considered over which transport and retardation parameters
will vary. Furthermore, flow patterns could vary with time and flow might be
substantially reduced under some climatic conditions. Thus the modelling of natural
analogues is more challenging than the modelling of small-scale laboratory and field
experiments. On the other hand, analogue research provides an important means
of building confidence in our understanding of transport and retardation processes
and of the evolution of such systems.
The development of the weathered zone at Koongarra is complex, and the resulting
system is very heterogeneous. It is extremely difficult to visualise the temporal
changes in the hydrogeological system. Parameters derived from present-day
hydrogeological modelling have to be used with care in models of radionuclide
transport over timescales of millions of years. Nevertheless, they give a base or
qualitative framework for the formulation of a simplified model of the transport
system.
In practice, the modeller has to compromise in dealing with uncertainties in the
system evolution. Accordingly, the transport and retardation parameters may be
considered as representative and be treated as time invariant. Alternatively, a
number of the parameter sets may be used for a series of distinct periods in the
evolution of the system. The general approach adopted in this work was to treat
parameters as time invariant, but to consider in a qualitative manner how the system
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departs from such behaviour. Some models are also presented that allow some
input parameters to vary with time.
4.2 Important Uncertainties
4.2.1 Evolution of the weathered zone
The geomorphological evidence (Volume 3 of this series) indicates that the ore
deposit was exhumed by slow vertical erosion of the Cahill Schists and not by retreat
of the escarpment across the ore deposit. A range of erosion rates has been
estimated which indicates that the dispersion fan was initiated between 1 and 6
million years ago. However, it is not clear what the relative rates of erosion and of
downward movement of the weathering front were. The weathering front may have
arrived at its present position relatively early in the history of the secondary
dispersion fan; in which case erosion is now exhuming an old weathered zone.
Alternatively, the weathering front may be moving downwards at a similar rate to the
rate of surface lowering.
4.2.2 Implications of climate.
Variations in climate are likely to have had a considerable impact on the evolution of
the system. It is known that the climate during the past ten thousand years or so
has been much wetter than is typical for the past few million years (see Volume 3 of
this series). Rates of current processes cannot therefore provide a good guide to
the rates of processes throughout the evolution of the dispersion fan. In the
following paragraphs, some of the potential impacts of climatic variations are
discussed.
(a) on groundwater flow rates
The depth of the water table is likely to have been much greater during more arid
periods than at present. Horizontal flow within the unsaturated zone during such
periods may have been quite limited and hence uranium transport in a horizontal
direction might have been negligible. During drier periods, the water table might lie
as low as the current position of the weathering front, resulting in negligible
horizontal transport.
The permeability and porosity of the weathered zone may have changed as a
function of time. Clay rich zones within the weathered zone are likely to have
become more extensive as weathering proceeded. This might serve to reduce
substantially horizontal flow within the weathered zone as a function of time. Such
possibilities may be addressed within the modelling by performing calculations for
different fixed values of permeability and considering the outcome in qualitative
terms or by undertaking calculations with time-varying hydrogeological parameters.
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Many of the numerical models in this Volume assume that the groundwater flow
regime has been constant in time. This is unlikely to be true, given what is known
about climatic variations. However, the approximation may be reasonable provided
that representative values of the relevant parameters are selected.
The
approximation may be less reasonable if large variations in the uranium flux from the
primary ore deposit have occurred over the past hundred thousand years. Other
models attempt to represent the time-varying nature of some of the hydrogeological
parameters.
(b) on flux of mobilised uranium
The flux of uranium from the primary ore deposit may change as a result of changes
to the groundwater flow regime discussed above. It may also change as a
consequence of the varying kinetics of mobilisation of uranium from the primary
phases. The rate of dissolution of uranium bearing phases may vary as a function of
the chemical composition of infiltrating groundwaters and the extent of reaction.
These processes are also related to climatic variations. It is not feasible to predict
these variations and therefore the approach is to investigate the effect of varying the
input pulse of uranium to the dispersion fan. This exercise is presented and
discussed in Section 7.2.
The evolution of permeability and porosity within the weathered zone will also have
an impact on the extent to which current groundwaters interact with uranium already
present within the dispersion fan. Changes to the proportion of fracture to nonfracture flow might result and would have an impact on the kinetics of isotopic
exchange between fluid and the bulk rock. In one sense, parameters employed in
the numerical models to allow for the kinetics of fluid-rock isotopic exchange
incorporate some allowance for this effect. However, these parameters are time
invariant in the models. The models presented in this Volume also do not include
consideration of small scale isotopic heterogeneities resulting from these effects.
(c) on the stability of secondary uranium minerals
The stability of saleeite may vary as a function of climatic variations.
Thermochemical data on saleeite stability suggests that it generally forms in
oxidising conditions above the water table (see Volume 11 of this series). The
current high state of the water table might therefore have resulted in extensive
dissolution of saleeite. It is thus possible to envisage a situation in which saleeite is
precipitated during periods of low water table during which little uranium transport
occurs. Saleeite might then dissolve during periods when the water table is high
and uranium transport might then be more important.
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4.2.3 Nature of uranium in the dispersion fan
As has been discussed in Section 2, the nature of uranium within the dispersion fan
is unclear. Uranium may be present as (see Volume 8):
(a)
(b)
(c)
(d)

uranium sorbed to iron and manganese oxides,
uranium present within the crystal lattice of iron and manganese oxides,
saleeite, and
other uranium-rich phases.

There is a possibility that the state of uranium might have varied with time.
Variations in the chemistry of infiltrating groundwaters or in the extent of reaction in
the primary orebody might mean that saieeite is stable in the weathered zone at
some times, but not at others. The models in the following pages do not generally
consider the coprecipitation of uranium within saleeite or within any other phase. It
is evident that if a large proportion of uranium resides in saleeite or some other
uranium-rich phase within the dispersion fan, then further models would be required.
It may be remarked that a similar situation applies in the case of safety assessment
modelling for waste repositories, in that most assessments do not currently assume
the incorporation of radionuclides within crystalline phases in the geosphere.
4.2.4 Role of surface sediments in uranium transport.
The surface sediment across the dispersion fan appears to have been derived from
the Kombolgie Sandstone (see Volume 3 of this series). The presence of a
sedimentary cover to the dispersion fan may be particularly significant. Examination
of activity ratio data for these surface layers (see Volume 8 of this series) indicates
that the sand has been present for the order of hundreds of thousands of years,
assuming that thorium is immobile and noting the significant 2 3 0 Th ingrowth. The
zone of high uranium concentrations also persists further downstream in a nearsurface zone than at depth. These observations suggest that transport of uranium is
enhanced within this surface layer. This might result from its enhanced permeability
relative to the rest of the weathered layer or from actual transport of uranium within
or attached to particles of sediment. The importance of sedimentary transport of
uranium is hard to assess given the lack of data on the history of such transport
across the fan (see Volume 3 of this series). Enhanced rates of transport within a
near surface layer are considered in Section 8.1.

As stated above the implications of the uncertainties discussed in this subsection
are discussed in Section 10, in the light of the results of the transport modelling.
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5 MODELLING UNDERTAKEN BEFORE ARAP
A number of modelling attempts were undertaken before the ARAP, in an earlier
USNRC funded project (Airey et al., 1986a and b). They can be divided into two
groups: the first based on open system concepts and the second on transport
descriptions. At the time, the Koongarra data base was very limited, as was the
understanding of the system. Brief summaries of those modelling attempts are
presented in this Section. Modelling within the ARAP is described in Sections 6-9.
5.1

Open System Methods - One Phase Leaching/Deposition Model.

In this model, weathered zone rock was treated as a series of sampling points
where uranium leaching and deposition occurred, and the present day uranium
concentration distribution is linked by a common mobility event in one dimension
(Golian, 1988).
It was assumed that leaching and deposition rates were related to the uranium
concentration in the rock and in the water and the respective distribution
coefficients (Kd), e.g.
-dU 8 /dt = \ 8 U 8 + qipU8 -dU 4 /dt = (A4 + rqip)U 4 -

(5.1.1)
- A88UU44 W

(5.1.2)

-dTh/dt = AoTh - X 4 U 4
where

U 8 , U 4 , Th
X8, A4, XQ
ijj

r
q
w

(5.1.3)
238

U , 2 3 4 U , 230 Th respectively,
corresponding decay constants [ y 1 ] ,
leaching/ deposition rate [ y 1 ] ,
234
U/ 2 3 8 U AR of the leachate,
q(K d , rock porosity, rock density)
denotes water

This approach could be simplified further using the assumption that leaching and
deposition are first order processes (Hille, 1 979) i.e. the rate is proportional t o the
concentration of accessible uranium in the ore. Although this is a satisfactory
description for leaching, it also means that the rate of deposition is related to a
property of the substrate and therefore is valid only if there is good correlation
between the level of uranium in the rock and in the adjacent groundwater. Hence,
it can be argued that in the weathered region, the relevant property is the number
of accessible sites on the amorphous component of the iron.
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The model equations can then be written as follows:
-dU8/dt = A8U8
-dU4/dt = (X4 +

(5.1.4)
Ç

4

- A8U8

(5.1.5)

-dTh/dt = AoTh - A4U4

(5.1.6)

where Ç serves as the combined leaching/deposition rate ( + for leaching and - for
deposition).
To apply the model it is necessary to estimate the initial 234U/238U and 23OTh/234U
ARs in the rock matrix. Typically they are set to be 1.00 in the primary ore area and
in the dispersion zone the 234U/238U AR is the same as in adjacent groundwater
while 23OTh/234U is set to zero (Th immobile). The linear time/distance relationship
along the assumed dispersion path can be used as a constraint on the model free
parameter ranges.
Figure 5.1.1 shows the relationship between the calculated rate of
leaching/deposition and the position of the sample. In the region of the primary ore
body, leaching was generally predominant over the given timescale. However, in
the dispersion zone, as would be expected, the leaching/deposition rate is negative
indicating that deposition was, on average, the dominant process. The timescale
of the mobilisation of uranium in the weathered zone was not determined
unequivocally, but it was not less than 700 ky. The result of this model is always
a rate-time domain, the dimensions of which depend upon available modelling
constraints.
rate
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FIGURE 5.1.1 Average leaching/deposition rates along the dispersion fan.
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In this context, the advantage of imposing an age-distance relationship w a s clearly
demonstrated by substantially reducing the rate-time domain for individual samples.
Additionally, this restricted the derived value of the parameter r to the narrow range
of 0 . 8 0 - 0 . 8 5 , a value w h i c h was in satisfying agreement w i t h 2 3 4 u / 2 3 8 AR data for
modern local groundwaters.
5.2

Open System Methods - Multiphase Model

Extensive experimental evidence was used to construct a multiphase open system
model which described radionuclide fractionation between the amorphous iron,
crystalline iron minerals and clay/quartz phases of the weathered schists (Airey
et al., 1986a).
It appears that uranium of the amorphous, but not the crystalline iron, is directly
accessible t o groundwater. Radionuclides can be transferred between phases during
the phase exchange process and the recoil of the alpha emitting nucleus is
responsible for the accumulation of the daughter radionuclides in the crystalline and
clay/quartz phases; this is schematically presented in Figure 5 . 2 . 1 .
The fractionation of the 2 3 8 U , 2 3 4 U, 230 Th between the mineral phases can then be
described by the set of nine linear equations:
dN ia /dt = F U A I N M . » - (A, + r # N i a - x(N ia - Nix)

(5.2.1)

dN i x /dt = F M A I N M * " \ N i x + x(N ia - Nix)

(5.2.2)

dN icq /dt = F i . ^ N , ^ - (A, + r& q )N i c q

(5.2.3)

where

238

U,

230

=

Fi

=

Fi(R e 'S a x ,S a c q ,S x c q )

Re

=

recoil coefficient

S

=

contact surfaces [m 2 ]

Ï;

=

leaching/deposition rate [ y 1 ]

I

=

phase transfer rate [ y 1 ]

n

U,

234

K, (i = 1,3)

Th respectively,

1 , 234 U/ 238 U of the leachate, or 0
for 2 3 8 U , 2 3 4 U , 2 3 0 Th respectively.

Subscripts a, x, cq are for amorphous, crystalline, clay/quartz phases.
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This set of e q u a t i o n s is relatively easy t o solve analytically, a l t h o u g h t h e s o l u t i o n s
are very l e n g t h y . T h e s o l u t i o n s c a n be used t o calculate t h e d i s t r i b u t i o n o f A R s in
t h e phases, h o w e v e r , t h e m o d e l s u f f e r s f r o m an excess of f r e e p a r a m e t e r s and a
s h o r t a g e of available m o d e l l i n g c o n s t r a i n t s .
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FIGURE 5.2.1 Schematic diagram of the microscopic four-phase model of uranium
series nuclide geochemistry on the weathered surfaces of crystalline rock.
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5.3 One-phase Transport Model
The first model of the Koongarra system that combined the effects of transport by
flow and radionuclide interaction between the solid and liquid phases was developed
by Lever (1986a). This was a very simple one-phase model, which assumed a onedimensional groundwater flow with constant velocity and linear equilibrium sorption.
Other processes, such as the kinetics of leaching and deposition, non-linear
sorption, hydrodynamic dispersion and variation of properties along the path were
not included. The effects of a-recoil were modelled approximately by allowing
different members of the same chain to have different retardation factors, even for
different isotopes of the same element (238y a n c j 234u). This can be thought of as
accounting for the greater availability of some radionuclides as the decay products .
recoil into different phases of the rock.
Thus the concentration q in the groundwater of the ith member of the chain satisfies
the equation
R

i IT
dt

+ U

S"

+ RiXiCi = R

i-1*-i-1ci-1

<5-3-1)

dx.

where A.j and Rj are the decay constant and retardation factor for the ith member of
the chain, and the subscript i-1 refers to the parent of the ith member.
When certain assumptions are made, this model allows simple analytical solutions.
These assumptions are:
(a)

the different members of the 2 3 8 U chain are locally in what would be termed
secular equilibrium if flow were absent, and

(b)

the concentration of U in the porewater only varies slowly with distance.

In the original analysis, these solutions were used to interpret the available data to
give two estimates of the time that transport of uranium had been taking place in the
weathered zone:
(a)

based on the migration distance, an estimate of the groundwater velocity
(from preliminary groundwater flow simulations) and the elemental distribution
coefficient (from laboratory sorption experiments and from crude field
estimates), and

(b)

based on the disequilibria between
samples.
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238

U,

234

U and

230

Th on whole rock

The first of these gave the migration time to be
T = R238L/u,

(5.3.2)

whereas the second gave
T _(R238/Ri-1)
1
" (1-ai/a M )

L da238
a 2 3 8 dx •

«,«

^

6 à )

In these expressions T is the migration time, R238 is the retardation factor for 2 3 8 U , L
is the migration distance, a\ is the total activity of radionuclide i in the rock and in the
porewater, a238 is similarly the activity of 2 3 8 U . Equation (5.3.3) can be used to
develop two estimates, one from the ratio of 2 3 4 U to 2 3 8 U , and one for the ratio of
230 Th to 2 3 4 U .
Substitution of estimates available at that time of the various parameters suggested
that a consistent picture was being developed if the uranium had been migrating for
around 10 6 - 3 106 years. It was recognised that these estimates were very
preliminary, nevertheless they pointed to this approach being valuable for the
understanding of transport in the weathered zone. The data for uranium series
disequiiibria in that study were taken from Tables 15 and 17 of Airey et al. (1985).
The main differences between the set of data and those given in Section 3.3 are
that:
(a)

a much more extensive set of data is available now (many of the data for the
earlier study were on the upstream side of the ore body; the number within
the dispersion fan was very limited),

(b)

the old data were for whole rock samples, whereas an extensive data set for
the different rock phases is now available, and

(c)

there was a far more limited understanding of groundwater flow.

The data used in this analysis are shown in Figure 5.3.1, where the activity ratios
between 2 3 8 U to 2 3 4 U and 2 3 0 Th to 2 3 8 U on whole rock samples are shown. A
systematic trend is seen and the fit to the model is encouraging.
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FIGURE 5.3.1 Plot of activity ratios of whole rock samples, and fit to the original
model (Lever, 1986a).
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5.4 Two-phase Transport Model
One of the obvious shortcomings of the above analysis is that the rock was treated
as a single phase. The experimental evidence clearly shows that the activity ratios
are different for different phases of the rock, suggesting that they do not immediately
come into equilibrium. So the next development of the model (Lever, 1986b) took
this into account by having two solid phases: one in equilibrium with the porewater
and the other only coming into equilibrium after some time. This model has two
extra parameters: the sorption capacity of the second phase Ki and the relaxation
time Çj. Thus equation (5.3.1) is replaced by two equations
R

i %" +
(71

£

u

17
OX

AMSM

,

(5.4.1)

et

where Sj is the quantity sorbed per unit volume on the second phase of the rock, and
s is the rock porosity.
These equations no longer allow the simple solutions that could be obtained from
(5.3.1), and so a different solution technique has to be used. A partly analytical and
partly numerical technique that has been successful elsewhere (Hodgkinson and
Lever, 1983) was adopted. In this the Laplace transform of the equations is taken to
give ordinary differential equations that can be solved analytically. Then the
transform of the solution is inverted numerically using an algorithm due to Talbot
(1979).
Hydrodynamic dispersion was not included in the analysis, but it can be incorporated
in a straight forward manner using the same solution technique. However, nonlinear sorption cannot be included within this framework, as it is limited to linear
systems.
Some initial testing of this model was undertaken before the current ARAP project.
This was really to explore the behaviour of the model, rather than to undertake a
detailed comparison of modelling results with experimental data. The model is
discussed further in Section 7.2 below.
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6 ONE-DIMENSIONAL MODELS WITH SIMPLE LINEAR SORPTION
A.J. Baker and D.A. Lever, AEA Technology
In this Section, a number of models are presented in which there is a simple
representation of interactions between radionuclides in the water and in the rock.
The quantity in the water is assumed to be in equilibrium with the quantity
associated with the rock, with the ratio between the two independent of
concentration (linear equilibrium sorption). The rock is regarded as being a single
phase. Such models are the type that are often used in safety assessments.
6.1

Simple Models of the Growth of the Dispersion Fan

The models presented in this subsection may be used to examine in very simple
terms the processes that have given rise to the currently observed distribution of
uranium and thorium in the weathered zone at Koongarra; they may also be used to
give estimates of the age of the dispersion fan.
A major question to be addressed is whether any uranium has been lost from the
system via the Koongarra Creek. Such uranium might have been transported
through a now-eroded part of the weathered zone and little evidence of this transport
path might therefore exist today. Calculations on the mass balance of uranium are
presented in Appendix 1. A number of different cases are considered, and because
of a number of uncertainties, they are not totally conclusive. The calculations are
sensitive to a number of assumptions concerning the past distribution of uranium
and the amount of uranium present between the primary and secondary orebodies
and the Koongarra Creek. Although the calculations of uranium masses do not
show a balance, indicating some uranium may have been lost from the system, it
was not possible to take account of the uranium dispersed downslope beyond the
economic grade ore in the dispersion fan. If the latter were included, then the
system would probably be close to balance, and consequently it could be concluded
that there has probably been no loss of uranium from the system via the Koongarra
Creek.
6.1.1 Simple models based on the distance uranium has been transported
The simplest estimate of the age of the dispersion fan may be made from the
distance over which the initial uranium concentration profile has been displaced.
The age of the dispersion fan is given by R.L.s/q where R is the retardation, L the
distance over which the uranium has been transported, s the porosity and q the
specific discharge. A calculation may be performed on the basis of the assumption
of a constant uranium flux from the ore deposit to the dispersion fan. The
distribution coefficient for uranium for the bulk rock is estimated to lie between
5 x 103 and 2 x 104 mLg- 1 (see Section 3.3). The porosity of the weathered zone is
estimated to be around 0.15 except in clay rich zones (see Volume 4 of this series)
and the specific discharge is estimated to be of the order of a few m y r 1 (see
Section 3.2). For a dispersion fan with a width of about 75m along the cross section
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selected for modelling, this gives an age of at least a few hundred thousand years
for the secondary dispersion fan.
As a value for the retardation of uranium has been used that is consistent with the
currently observed distribution of uranium between groundwater and rock, it is
evident that this calculation is consistent with the total amount of uranium in the
dispersion fan.
A precise estimate of the age is hampered by gross uncertainty concerning the
specific discharge and how this velocity might have changed as a function of time
(see Volume 6 of this series). It is clear that the current climate has resulted in a
water table much higher than has been the case in the past. It may be that fluxes of
uranium were a lot lower in the past and were negligible during dry periods. This
might imply a much older age for the dispersion fan than the previous best estimate.
6.1.2 Simple estimates based on average activity ratios
The half-lives of 2 3 4 U and 2 3 0 Th are much shorter than the independent estimates of
the age of the dispersion fan gained from geomorphological considerations (see
Section 2.1 above). Therefore the isotopic system comprising the uranium series
isotopes 2 3 0 Th, 2 3 4 U and 2 3 8 U is not sensitive to events around the time the
dispersion fan was being initiated. However, the isotopic system is sensitive to
events within the past couple of hundred thousand years, and therefore apparent
ages may only be estimated if based on assumptions about the rate of uranium
addition to the fan and its variation with time.
The simplest modelling approach is to treat the dispersion fan as a single reservoir.
However, the data are not sufficient to make a precise estimate of the bulk isotopic
ratios at the present day within this reservoir, because of heterogeneities in the
system. The mean 230jh/234u activity ratio of the dispersion fan along the direction
selected for calculations has been estimated as around 0.95 based on a weighted
sum of the 2 30jh/ 2 34u values of samples from boreholes DDH1, DDH2, DDH3,
DDH4 and PH55. This estimate is evidently extremely uncertain due to the natural
variability of bulk uranium concentrations and activity ratios, and the small number of
sample points across the dispersion fan.
If 230 Th is assumed to be immobile, then all 230 Th in the dispersion fan has been
produced as a result of radioactive decay. Figure 6.1.1 shows the evolution of
23O
Th/ 234 U values with time for a constant rate of uranium addition for several
values of 234u/238|j. it can be seen that the estimated 230rh/234u of 0.95 implies an
age of greater than two million years. This estimate is insensitive to small variations
•m 234(j/238u O f the input flux. Figure 6.1.1 also shows the evolution of 230jh/ 23 4u in
the dispersion fan with a constant rate of uranium addition stopping 2 x 10 5 years
ago. This implies an age for the fan of about a million years. This scenario is
unlikely to be correct, but serves to illustrate the sensitivity of the currently observed
distribution of isotopes to changes in uranium flux during the past few hundred
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thousand years and the sensitivity of age estimates to assumptions about the input
flux of uranium.
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FIGURE 6.1.1 230jh/234l) activity ratios in the dispersion fan resulting from a
constant rate of uranium addition (234y/238|j = -j) versus the age of the dispersion
fan. It is assumed that there was negligible 2 3 0 Th present prior to uranium addition.
Curve A is for a constant rate of uranium addition to the present day. Curve B is for
a constant rate of uranium addition until 2 x 10 5 years ago.

The minimum age for initiation of the dispersion fan will be given by the time
required for a closed reservoir of uranium of specified 234u/238(j to produce the
amount of thorium observed in the dispersion fan. Figure 6.1.2 shows a plot
indicating the 230Tn/234y evolution of initially thorium free reservoirs with different
initial 234y/238y This implies an age of at least 2.5 x 105 years for the dispersion
fan, assuming 234y/238y of the input flux of uranium was equal to 1.25. Currently,
groundwaters are observed to have 234y/238y | e s s than 1 which implies a minimum
age for initiation of the fan of the order of one million years. However, the errors in
this estimate are considerable.
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FIGURE 6.1.2 Evolution of a closed, initially thorium-free, system with time for
different initial 234 U/2 38 U (=0.75, 1.0, 1.25).

It is helpful to consider a simple one-dimensional equilibrium model for the evolution
of the dispersion fan before proceeding to investigate models that either incorporate
kinetic processes or dispersion or model the evolution of the fan in more than one
dimension. This model may be represented by the Equation (5.3.1):

$ •

+

(5.3.1)

U

in which Rj is the retardation of the ith member of the decay chain, q the
concentration in the fluid, u the velocity of the fluid and \\ the decay constant. 2 3 4 U
and 2 3 8 U are assumed to travel with identical velocities and thorium is assumed to
be immobile. If the input flux of uranium to the dispersion fan is constant, then
230jn/234y o f a n y p ar t o f the fan is a function only of the time at which the uranium
front reached that element. This simple model is clearly incorrect in that kinetic
processes are known to be important because groundwaters are in isotopic
disequilibrium with the bulk rock. However, the model may be used to illustrate the
possible effects of varying the input flux of uranium with time.
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Figure 6.1.3 shows two possible profiles based on different assumptions about the
history of uranium addition to the fan. Curve A shows the evolution of isotopic ratios
within the dispersion fan when subject to a constant rate of uranium addition. Curve
B shows the distribution of activity ratios for constant addition of uranium to the fan
until two hundred thousand years ago when addition ceases and each segment of
the fan then undergoes closed system evolution. This could happen during an arid
period when the water table fell to lower levels within the weathered zone, it may be
observed that recent closed system behaviour may have a considerable impact on
activity ratio profiles.
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FIGURE 6.1.3 Variation of activity ratios across the dispersion fan for a simple
equilibrium model of uranium transport into the dispersion fan. Curve A is a constant
uranium flux until the present. Curve B is for a constant uranium flux until 2 x 105
years ago. The age of the dispersion fan has been adjusted to give a bulk
230Th/234u i n the dispersion fan of 0.95, equivalent to that at the present day.

It is noted that this simple equilibrium model predicts a narrow zone of significant
thorium depletion close to the uranium front.
However, observations of the
23O
dispersion fan indicate very few samples with bulk
Th/ 234 U < 0.8. This may be
the result of closed system evolution of the fan during the recent past, although
there are many other alternative models.
59

The development of clay rich zones within the dispersion fan might inhibit the influx
of groundwaters to parts of the fan and result in closed system evolution of parts of
the fan. Thus, the clay rich zones might acquire bulk isotopic activity ratios close to
one, perhaps represented by Curve B in Figure 6.1.3. Other parts of the dispersion
fan might behave in an open system manner, perhaps represented by Curve A.
When these zones are in close proximity, there may be considerable local
heterogeneity. Proper modelling of this heterogeneity would require data on the
heterogeneity of hydrogeological and chemical parameters that is not currently
available.
A number of conclusions may be drawn from these preliminary considerations. The
assumption of thorium immobility requires the fan to be at least of the order of a
million years old. If the uranium has been added to the fan at a constant rate, the
age at which the fan was initiated is estimated very crudely as about three million
years. It may also be noted that the current distribution of uranium series activity
ratios is relatively insensitive to processes which occurred before about half a million
years ago (e.g. see Figure 6.1.2). Therefore, any age is model dependent.
A simple model of uranium transport with a constant input flux of uranium illustrates
the great influence that recent periods of closed system behaviour can have on the
distribution of activity ratios within the dispersion fan. There are good reasons for
supposing that all or parts of the dispersion fan have behaved as a closed system
for parts of the recent past. The water table is thought to have been a lot lower
during past arid periods and clay zones within the dispersion fan are known to be
very impermeable. Such closed system behaviour may have a significant influence
on activity ratio profiles.
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6.2

Simple Box Model
Uranium series activity ratio development along selected regions of
the weathered zone.
Cezary Golian, ANSTO

Radiochemical assays of rock samples from the weathered zone have yielded a
substantial data base to model the development of the uranium series activity ratio (AR)
along the assumed direction of uranium dispersion. The major problem encountered is
in the large scatter of the data and the difficulty of determining overall trends. This
results from large variabilities in the system due to geological and hydrological
heterogeneities, and from the use of relatively small rock sampling volumes for the
radiochemical analyses. A possible means to reduce these problems is via careful
identification of the different vertical regions in the weathered zone.
In the modelling exercise reported here, activity ratio data were mainly selected from
the region of the assumed uranium transport pathway near the bottom of the weathered
zone. A simplified finite difference modelling approach was used with data either for
whole rock samples or for the accessible phase only.
6.2.1 Conceptual model
Possible trends in the dispersion fan were identified and tested assuming that uranium
transport occured along preferred horizontal pathways. Several distinctive horizontal
regions can be recognised by closely analysing the geological composition, hydrology
or probable flow patterns and the distribution of bulk uranium.
For this purpose, five regions were identified:
1.
2.
3.
4.
5.

the surface layer of sands etc,
a layer made up of a mixture of weathered sandstone and weathered schists,
an intermediate zone with lower uranium mobility,
a region near the bottom of the weathered zone (approx 18-25 m), where the
concentration of the dispersed uranium seems to be higher, and
the transition region between the weathered and unweathered rock.

To improve the consistency of the results the modeling was based on AR data for
samples from Regions 4 and 5.
The transport model is 1-D and describes radionuclide mobility in porous rock. The
rock/groundwater interactions are encompassed by two general processes - leaching
and deposition. The uranium concentration distribution between the rock and the local
groundwater is determined by a constant K^ factor; the precise mechanisms of the
retardation processes are not considered.
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The rock stratum is treated as one solid phase interacting with the groundwater. The
difference between 238U and 234U mobility is represented by a factor which relates to
their AR in the leachate and depositing material; thorium is considered immobile.

boxB(M)

boxB(l)

advecSon

boxB(l+1)

advection

C(i)

C(M)

mol, diffusion

C(l+1)

groundwater

mol. diffusion

FIGURE 6.2.1 Scheme for the Simple Box Model
The rock is represented by a series of 1-D boxes containing elementary rock volumes
(ERV). A separate equation for each radionuclide describes the leaching/deposition
processes inside each box. Box B| is filled instantaneously with flowing groundwater
which originates from the preceding box BM and is retained in box Bj for a time period
At. The generating equations are applicable only over that period, although they are
valid in the total time- space scale. During time At, new sorption equilibrium is
established; radioactive loss/gain of radionuclides pre-existing in the rock is taken into
account. The decay/ingrowth of radionuclides introduced by the groundwater is
described by a separate equation.
A computational technique was used to simultaneously transfer equilibrated uranium
groundwater concentrations to the next box along the 1-D scale. This "concentration
transfer" mimics advective transport and dispersion (molecular diffusion) which can
proceed in the direction of any concentration gradient.
6.2.2 Equations
The change in concentration (C) of the kth-member of the uranium series in box B|
containing the elementary rock volume is described by the following expression:
(6.2.1)

-dCk/dt = AkkC
Ckk -
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The concentration of the radionuclide brought into B| by groundwater is given as
Ckw(i,t) = Kd-1Ck(i-1,t)

(6.2.2)

and the change in concentration over time At is described by
-dC k w /dt = X k C k w -V 1 C k . 1 w

(6.2.3)

where
Ck - concentration of kth-member of the uranium series in the rock [^g/g]
Ckw - concentration of kth- member of the uranium series in the water [^g/ml_]
e - porosity [-]
p - rock density [yug/cm3]
L - block length [m]
w - denotes groundwater
u - flow velocity [m/y]
rk = rk(x,t) - activity ratio in the leachate; rk = 1 for238U;
rk = \4U4(x,t)/A8U8(x,t) for 234U; rk = 0 for 230Th
rkw = rkw(x,t) - activity ratio in deposited material;
rkw = 1 for 238U and 230Th and rkw = A4U4w(x,t)/A8U8w(x,t) for 234U
6.2.3 Solution
The equations are then solved individually for 238U, 234U and 230Th with the solutions
being presented as follows :

(6.2.4)

(6.2.5)

(6.2.6)
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where
w., = À8

w 3 = A4

w 2 = A8 + f8

w 4 = X4 + f4

w 5 = ÂQ
w 6 = Ao + f0

and
a , = a,,geU8w(0)
a 2 = A8iy8(0) - a ,
P, = a3,<a,. + gj>)

for ; = 1,3

3 4 = K4UA(0) - Y, P/
Y, = ag^; + goq)

for i = 1,5

Y6 = V77(O) - £ ) Y ,
where

ani =
-w,)

for i = 1,2

p3 = U4w(0) - P1
qi = 5iw3pi/(w5 - W|)

for i = 1,4

q 5 = -(q, + q3)
The above solutions are used to calculate the change in the radionuclide concentraction
inside any box B, overtime period At. The groundwater flow velocity, dimension of the
box and the time step chosen in the computational routine determines the effective flow
rate and the amount of radionuclide brought in to the box. The radionuclide
concentration in flowing groundwater is governed by the leaching/deposition equilibrium
established in the donor box. The transfer of radionuclide containing waters is achieved
through simultaneous transfer of newly equilibrated water volumes along the flow
direction. This transfer occurs at the end of an equilibration period considered to be
equal to the time step At chosen in the computing program and has to be related to the
expected averaged flow velocity.
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6.2.4 Data
A systematic radiochemical assay of rock samples has provided a substantial data base
on the distribution of activity ratios of uranium series radioisotopes in total samples, and
using sequential extraction techniques, the activity ratios in water accessible and
inaccessible mineral phases of samples from the weathered zone.
The amount of rock material used in such assays determines the representativeness
of any result to the given sampling area. As a consequence of the heterogeneity of the
rock stratum and of the whole analogue system, the problem of the representativeness
is of great importance. In practice a substantial scatter of the AR results is observed.
The rock samples used in the radiochemical measurements are, owing to the methods
used, small (of the order of a few grams, although some averaging of larger masses
after rock crushing and grinding is also possible). Thus, the large variability of the
chemical yields is not unexpected. Certainly, it is difficult to hope for consistency of the
results along any of the vertical fronts of the weathered zone due to substantial
variation in the rock matrix and groundwater flow with depth. It was assumed that the
evolution of activity ratios along the dispersion direction would form a more manageable
trend if the different horizontal regions were considered separately.
The majority of the AR data is from the 6109 mN section of the Koongarra mining grid.
Drilling in this section has provided not only core samples from the main secondary fan,
but also samples from the extended dispersion region.
Figure 6.2.2a shows the ^ U / ^ U and 23OTh/234U ARs in whole rock samples from
Regions 4 and 5 along this section. The portion of the two primary ore areas is indicated
schematically, as is the sharp concentration edge of the main dispersion front.
Both AR data exhibit clear minima at the dispersion fan edge. These characteristic
trends result from the two main competing processes. Leaching dominates in the region
close to the primary ore, while deposition and retention of the dispersed material is
more pronounced with distance. The absolute rate of bulk uranium transfer along the
weathered zone is a major factor in determining the evolution of the ARs. This is
particularly noticeable in the accessible phase (Figure 6.2.2b). The decrease of the ARs
with distance is faster and minimum values, especially for 23OTh/234U, are much lower.
Thus to sustain such low values of the ARs the uranium mobility has to be much higher
than can be deduced from the total sample data.

65

a) whole rock sample

activity ratios

0.7 0.6

100 120 140 160 180 200 220 240 260 280 300 320 340

distance (m)
•

U234/U238

+ TH230/U234
b) accessible phase only

activity ratios
1.11—

0

100 120 140 160 180 200 220 240 260 280 300 320 340

distance (m)
U234/U238

+

Th230/U234

FIGURE 6.2.2 ARs distribution with distance [a) whole rock sample; b) accessible
phase only].
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Although the AR data shows apparent trends in the development of the AR with
distance from the uranium source, they need to be simplified so that their main features
(Figures 6.2.3a and 6.2.3b) can be highlighted in conceptual modelling.
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FIGURE 6.2.3 General trends in distribution of ARs with distance [a) whole rock
sample; b) accessible phase only].
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6.2.5 Results
This modelling approach was subsequently applied to two sets of data, a) the ARs for
total samples, and b) with the ARs for the accessible phase only.
- whole rock sample
The experimental data for total samples (Figure 6.2.3a) show short plateaux, and then
a steady decrease of both ARs along the secondary fan, with minima at the end of the
steep concentration fronts.
By systematically applying various combinations of the model parameters we could
demonstrate that the required trends of both the ARs are only obtained for groundwater
flow velocities in the range 0.1-0.5 my"1 and relatively long mobility timescales, 2.2-2.5
My. The model responded very sensitively to the manipulation of these two parameters.
The deposition coefficient rw had to be greater than the 234u/238U ratio usually found in
the system groundwater; this was expected, since it was assumed that the total uranium
is interacting with the groundwater. The K^ value obviously determines the uranium
dispersion, but the 234u/238U AR is, in itself, much less affected.
Figure 6.2.4 presents three modelling results with different time and flow parameters.
The best fit was obtained for a time range 2.2- 2.5 My and a flow of 0.2-0.5 my 1 . Not
only does the general shape and trend of both calculated curves follow the
experimental data curves, but the spatial position of the minima of both ARs matches
the experimental results (Figures 6.2.4a and 6.2.4b). By shortening the timescale and
hence the V-shaped region, the AR curves tended to become deeper and the desired
minimum of 0.84 for both ARs could not be achieved with any fitted values of the other
free parameters (flow u and rw deposition ratio). For example, when time = 1 My the flow
velocity had to be increased to at least 1.0 my 1 to obtain a similar evolution of the two
ARs with distance (Figure 6.2.4c). The position of the minima is, however, shifted to the
left (a shorter distance from the source) and the minima are much lower, in the range
of 0.65-0.70.
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FIGURE 6.2.4 Modelling of the ARs distribution with distance. Results for whole rock
sample [a) u = 0.3m/y, time = 2.5My; b) u = 0.4m/y, time = 2.2My; c) u = 1.0m/y, time
= 1.0My].
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- accessible phase
The model was also used with data for the accessible phase only, however, the
presence of the inaccessible rock mineral phase containing uranium was taken into
account by a final "correction" of the calculated timescale. The simple correction factor
used for time increase was based on the assumption that uranium in the inaccessible
phase was formed through mass transfer during the phase change. Thus this uranium
was in the first instance deposited (sorbed) on the accessible mineral phase. If we
assume that the rate of sorption is constant in time, then the maximum time required
to deposit the uranium mass present in both the phases is proportional to the time
calculated for only the accessible phase data, ignoring the continuity of these phase
transfer processes.
This simplistic reasoning is as extreme in its treatment of the transport processes as
is the former case where the presence of inaccessible uranium was not considered.
Figure 6.2.5 presents three examples of the modelling using the accessible data set.
The fitting of the AR trends requires a much shorter timescale than in the case of the
whole rock data, and the flow velocity has to be substantially increased (to the range
1-3 my 1 ). The derived deposition factor rw is comparable with 234U/23a\J AR in
groundwater and this is in agreement with a basic understanding of the uranium
mobility.
Although the experimental curves were only modelled qualitatively the general shapes
of both the AR curves could be obtained. Figure 6.2.5a presents an example of the
modelling capability and Figures 6.2.5b and 6.2.5c show the effect of varying the time
and flow parameters on the calculated curves. After "correction" for the inaccessible
uranium, the estimate of the timescale for the whole dispersed uranium system was in
the range 0.6-1.0 My.
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FIGURE 6.2.5 Modelling of the ARs distribution with distance. Results for accessible
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6.2.6 Discussion
The calculated timescales could then be compared with results obtained earlier using
a one phase transport model. The basic one solid phase, advection only transport
equation was initially used by Lever (see subsection 5.3) to derive a simplified analytical
solution for the total travel time for mobilised uranium as:

RVRI

L

cfe8

(1-a/aM)A;. asdx

where a-x = eR^c, is radionuclide (i) activity, e = porosity and R = retardation factor and
L = length of the transporting system.
This was then used to calculate the timescale, with at first only limited AR data available
for a number of individual whole rock samples, and different estimates of the Kj values.
In the subsequent calculation, as in the present model, whole rock sample data and
accessible phase results were used; the R8/R| ratio for the whole system was calculated
to avoid the use of estimates of Kd. Results from modelling using this approach were
more consistent than for the original calculation.
Timescales estimated using the whole rock samples varied between 2.1-2.5 My for the
whole rock sample data while the accessible phase data yielded about 1.0 My.
The results from the simple box model confirm the earlier transport model finding that
whole rock sample data gives longer estimates of timescales. Indeed the calculated
timescales with both models are remarkably similar, raising concern at the inadequacy
of modelling the uranium dispersion fan at Koongarra with single phase data.
6.2.7 Conclusions
The work reported here shows the usefulness of presenting the AR data as a function
of distance, rather than in the traditional way, as a ^ u / 2 3 ^ vs ^^ThP^U graph.
Moreover, it indicates that the basic theory behind such a graph (Osmond and Cowart,
1981) is inappropriate for a system with the complex transport features of the
Koongarra dispersion zone. The AR versus distance figure shows definite trends which
can be generalised. There is no confusion of "out of sequence" data points as in the
traditional presentation. The experimental data suggests that this could be expected
from the overall mechanisms of radionuclide mobility, not only as a result of local
heterogeneities and experimental errors. Special care should, however, be taken to
select regions of the weathered zone so as to limit the variability of the data arising from
preferential or specific uranium transport pathways.
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The model has been able to represent the general trends of ARs spatial dependence,
but extensive fitting was not attempted when it became clear that the one solid phase
description was too restrictive, e.g. in order to model the total sample data set, much
higher values for rw had to be used than the normally expected range of the 234\J/236\J
AR in groundwater.
Nevertheless, the model was sensitive to changes in time and flow parameters and the
data fitting parameter ranges were easy to identify. The results for the total samples and
accessible phase sample data sets probably represent two extremes of the time
estimates. These are consistent with the earlier results which were for a basically similar
one phase transport model, but one that used very different computing methods.
Further development of this model to include the inaccessible uranium is described in
Section 7.1 of this Volume. Partition of the weathered zone into subzones near to, and
further away from the fault and selection of relevant sets of data will also be necessary
to account for the different hydrogeological conditions of regions far away from the ore
deposit (200-300 m from the primary source area).
However, even in this simple form the model allowed the effects of particular
radionuclide transport features, e.g. groundwater flow velocity to be investigated.
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6.3 Advection-Dispersion Model with Linear Sorption
Kristina Skagius, Fredrik Brandberg, Maria Lindgren, Karin Pers
Kemakta Consultants Co, Pipersgatan 27, S-112 28 Stockholm, Sweden
6.3.1 Methodology
Models and model systems used in performance assessment of radioactive waste
repository are often simple. To test the applicability of such models an advectiondispersion model has been used to simulate the dispersion of uranium and daughter
nuclides in the weathered zone of the Koongarra No. 1 orebody.
The intention was to carry out the modelling work in several iterations with increasing
level of complexity, where each iteration includes a review of available laboratory and
field data, selection of the system to be modelled and a suitable model, and a
comparison of modelling results with laboratory and field data. So far, two iterations
have been performed, but the work will continue.
In the first modelling attempt a very simple approach was applied. The system
considered was the part of the weathered zone located below the water table. The
basic assumptions were that this part of the weathered zone is homogeneous, and
that the system has been static at the present conditions over the time-scale
considered. Dissolved uranium (238U) is assumed to be transported with flowing
groundwater in the weathered zone, and the processes considered are: 1 -D advection,
hydrodynamic dispersion and sorption. Sorption of uranium to the solid phase is
assumed to occur instantaneously in proportion to the uranium concentration in the
groundwater (the Kd-concept). The solid concentration of uranium at different
distances from the source after migration during 2 million years was calculated and
compared with measured concentrations in solid samples from the weathered zone.
In the second iteration of the modelling work, the system was extended to also
include the transport of the daughter nuclides 234U and 230 Th. In addition to the
assumptions made in the first attempt, the process of radioactive decay and cc-recoil
were considered in a very simple manner by assigning a higher Kd-value to 234U than
to 238 U.
Calculated solid concentrations and activity ratios were compared with available field
data, primarily from Section 6109 mN, including the holes W 1 , DDH52, PH49, DDH1,
DDH2, DDH3, PH55, DDH4, PH58, W5, PH60, PH89, PH90, PH91, PH94 (see Figure
2.1.1).
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6.3.2 Mathematical model
The calculations were made using an advection-dispersion equation in one dimension,
which for the migration of nuclide / in a porous medium with instantaneous and linear
sorption is expressed as:

(6.3.1)

DL = a-u0 + DM-±-£

(6.3.2)

The retardation of nuclide /and parent nuclide /-1 is defined as:
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and the relationship between solid and liquid concentrations of the nuclides are
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(6.3.4)

concentration of nuclide/in the groundwater, [Bq/m3]
concentration of parent nuclide /-1 in t h e groundwater,
[Bq/m 3 ]
dispersion coefficient, [m 2 /year]
molecular diffusivity of nuclide in water, [m2/year]
distribution coefficient for nuclide /, [m3/kg]
distribution coefficient for parent nuclide / - 1 , [m3/kg]
concentration of nuclide /in solid, [Bq/kg]
concentration of parent nuclide /-1 in solid, [Bq/kg]
t i m e , [year]
length coordinate, [m]
groundwater flux (Darcy velocity), [m 3 /m 2 ,year]
dispersion length, [m]
constrictivity of flow paths, [-]
flow porosity, [m3/m3]
decay constant of nuclide/, [year 1 ]
decay constant of parent nuclide / - 1 , [ y e a r 1 ]
solid density, [kg/m 3 ]
tortuosity of flow paths, [-]
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The initial and boundary conditions applied were:
c, = 0
c,- = c0
c, = 0

for t = 0 and x > 0
for x = 0 and t z 0
for x = co and t ;> 0

In the first modelling attempt, for a 2 million year period, only the migration of 238U
was studied. Because of the very long half-life of 238 U, 4.47 x 10 9 years, the loss by
radioactive decay during 2 million years was negligible. In that case the two last terms
on the right hand side of Equation (6.3.1) were neglected.
6.3.3 Solution technique
The advection-dispersion equation was solved using the numerical codes TRUMP
(Edwards, 1972) and TRUCHN (Rasmuson et al., 1982), which is an extended version
of the code TRUMP. Both codes are based on an Integrated Finite Difference method
and solve for, in general, transient potential distributions in multidimensional systems
with advection, conduction and source terms. The spatial discretisation allows
complex geometrical configurations of volume elements. Material properties,
boundary conditions, and sources may all be a function of either time or potential. For
advancing in the time domain, a mixed explicit-implicit iterative scheme is followed
using a Point-Jacobi type method with an acceleration factor for iteration. The
extended version, TRUCHN, incorporates radionuclide chain decay.
6.3.4 Data
Parameters assigned a value were:
-

porosity and solid density in the weathered zone,
water flux in the weathered zone,
dispersion length and molecular diffusivity,
distribution coefficient, Kd, for the radionuclides in the weathered zone, and
concentration of the radionuclides at the source.

The porosity and solid density values were set to 30% and 2500 kg/m 3 , respectively.
This value of the flow porosity is about twice as large as the recently reported data
on effective porosity for matrix flow in the weathered zone.
The hydrology at the site is not very well known and a number of values of the water
flux has therefore been studied. The values chosen were 0.001, 0 . 0 1 , 0 . 1 , 1 and
10 m3/m2,year. With the assigned value of the flow porosity this corresponds to
transport velocities ranging from 0.0033 to 33 m/year.
The dispersion coefficient was calculated assuming a dispersion length of 1 or 10 m,
and a molecular diffusivity of the radionuclides of 6.3 x 10'2 m2/year ( 2 x 1 0 " 9 nr»2/s).
The dispersion lengths are representative for transport distances in porous media of
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10 to 100 m and 10 to 1000 m, respectively (Gelhar et al., 1985). In the calculation
of the dispersion coefficient according to Equation 6.3.2, any effects of constrictivity
and tortuosity of the flow paths on the diffusivity were neglected.
In the first modelling attempt, two values of Kd, the distribution coefficient for
uranium were used, 0.1 and 10 m 3 /kg. For the the second attempt, a value of 1 m3/kg
for uranium and values of 5, 10 and 100 m3/kg for thorium were chosen. To simulate
the effect of a-recoil in a simple manner, one calculation was performed with different
Kd-values for 238U and 234 U, viz 1 and 1.5 m 3 /kg, respectively. The Kd-values were
selected on the basis of batch sorption experiments performed within the ARAP and
on the relationship between concentrations of uranium and thorium in water and solid
samples from the same location at the site.
The concentration of uranium at the source was assumed to be constant in time at a
level of 10OOjjg/L, and the two uranium isotopes, 238U and 234 U, were assumed to be
in radioactive equilibrium with an activity content of 12 Bq/L, respectively. The
assumed concentration value is somewhat higher than the highest concentration
measured in groundwater samples from drill holes in Section 6109 mN, i.e. the same
section for which the simulation of solid concentrations had been made, but
somewhat lower than an estimate of the uranium solubility of 1200 fjg/L obtained in
a simple speciation calculation. This calculation was made with the geochemical code
EQ3 (Wolery, 1979; 1983; Wolery et al., 1990), assuming a groundwater
composition similar to that reported for water samples taken from hole PH49 in May
1988.
In the first modelling attempt, calculations were also performed assuming a uranium
concentration of 100 //g/L, which is somewhat lower than the mean concentration in
water samples from hole W 1 .
The concentration of 230Th in the groundwater at the source was assigned a value
based on the assumption that 230Th is in radioactive equilibrium with the uranium
isotopes at all times. This may not be the case initially when the mobilisation of
uranium and thorium starts, but the results of the calculations show that the migration
of thorium is not very sensitive to the thorium concentration at the source (see
below).
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6.3.5 Results
The results from the first modelling attempt are shown in Figures 6.3.1 to 6.3.4. All
are for a migration time of 2 million years and a dispersivity based on a dispersion
length of 1 m. The results are compared with observed uranium concentrations in
solid samples from depths between 10 and 20 m in Section 6109 mN.
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FIGURE 6.3.1 Predicted and observed uranium concentrations along the transection
6110 mN. Source located at the outer extension of the orebody and K^ = 0.1 rrrVkg. (Note:
logarithmic concentrations.)
The calculated solid concentration of uranium at different distances from the source
for a Kd-value of 0.1 m3/kg and water fluxes of 0.001 and 0.01 m3/m2,year,
respectively, is shown in Figure 6.3.1. The uranium source is assumed to be located
at 3100 mE, which approximately is where the outer extension of the orebody,
toward the fault, is found. With the lower water flux, neither the migration distance
nor the concentration level are near the measured values. With a water flux 10 times
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higher, the migration distance is rather well simulated, but the concentration level is
still too low. In order to obtain a concentration level in fair agreement with the
observed values a source concentration of about 1OOOOyt/g/L (10 mg/L) has to be
assumed. Changing the location of the source to 3150 mE, which approximately is
where the interface between the secondary uranium mineralisation and the dispersion
fan is found, does not improve the results to any great extent (Figure 6.3.2).
With water fluxes of 0 . 1 , 1, and 10 m3/m2,year, the concentration front moves more
than 200 m from the source during 2 million years when a Kd of 0.1 nrVkg is
asssumed.
The results obtained assuming a Kd of 10 nVVkg and the source located at the outer
extension of the orebody are shown in Figure 6.3.3. A water flux of 0.1 m3/m2,year
resulted in migration distances which are far too short after 2 million years. With a
water flux of 1 m3/m2,year, the migration distance is, however, rather well simulated.
This water flux in combination with a source concentration of uranium of 100/yg/L
also gives a concentration level of uranium in the solid phase which is in fair
agreement with that observed. A source concentration of 1000/yg/L overestimated
the concentration level in the solid phase. Moving the location of the source to the
interface between the secondary mineralisation and the dispersion fan did not
significantly improve the results for the case with a water flux of 0.1 m 3 /m 2 , year
(Figure 6.3.4). In this case, with a water flux of 1 m3/m2,year, the agreement between
the modelling results and the observed concentrations was not as good as when the
source was located at the outer extension of the orebody.
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FIGURE 6.3.2 Predicted and observed uranium concentrations along the transection
6110 mN. Source located at the secondary mineralisation - dispersion fan interface, and
Kj = 0.1 rrrVkg. (Note: logarithmic concentrations.)
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FIGURE 6.3.3 Predicted and observed uranium concentrations along the transection
6110 mN. Source located at the outer extension of the orebody and Kj = 10 rrrVkg. (Note:
logarithmic concentrations.)
With a Kd of 10 m 3 /kg, water fluxes lower than 0.1 m3/m2,year or higher than
1 m3/m2,year resulted in migration distances which were too short or too long,
respectively, compared to the observed data.
Figures 6.3.5 to 6.3.9 summarise the results from the second modelling attempt. The
calculations assumed a water flux of 0.1 m3/m2,year, a Kd of 1 m3/kg for uranium, and
a uranium concentration in the water at the source of 1 mg/L, since the results from
the first calculations indicated that this combination of parameter values would result
in both reasonable transport lengths and solid concentrations of uranium. The uranium
source was assumed to be located at the outer extension of the orebody (3100 mE),
and the results are to be compared with observed activity data in samples from depths
between 10 and 20 m in Section 6109 mN. A larger amount of observed data had
become available when this second set of calculations were carried out.
The two calculated concentration curves for 238U depicted in Figure 6.3.5, show the
influence of the dispersivity. A dispersion length of 1 m seems to better represent the
measured data than 10 m, however, near the source, both the calculations overpredicted the activity content in the solid phase.
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A dispersion length of 1 m also gave a better fit to the observed 234U activity data at
the concentration front (Figure 6.3.6). Good agreement with measured activities at
the front was also obtained when a-recoil was simulated by a higher Kd for 234 U than
for 238 U, however, the peak values obtained near the source by this approach cannot
be found in the field data. Comparison of the calculated and observed activity ratios
234
U/238U gives a somewhat different picture (Figure 6.3.7). Because of the higher Kd,
234
U will, compared to 2 3 8 U, be enriched in the solid phase close to the source,
resulting in activity ratios above 1, and delayed at longer distances from the source,
resulting in an activity ratio which decreases below 1. This trend can also be seen in
the measured data. However, at distances greater than 100-1 50 m from the assumed
location of the source, the observed activity ratios no longer decrease with distance
from the source as the predicted curve does. The observed activity ratios close to 1
at these longer distances may be due to the low concentrations of the uranium
isotopes. If both uranium isotopes are sorbed to the same extent, radioactive
equilibrium would be expected at each location and the activity ratio would be
maintained at a value of 1 (Figure 6.3.7).
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FIGURE 6.3.6 Predicted and observed 234U-concentrations at 10-20 m depth along
transection 6110 mN. (Note: linear concentrations and activity units.)
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transection 6110 mN.
In Figure 6.3.8 the calculated and observed activity of 230Th in the solid phase at
different locations in Section 6109 mN are shown. As for the uranium isotopes, the
steeper concentration front obtained with the lower value of the dispersion length is
more in agreement with the measured data. Transport of 230Th is very slow. The
transport distance after 2 million years is indicated by the front of the peak near the
source in the calculated curves. The main dispersion of 230Th is caused by the
migration and subsequent decay of uranium forming thorium which is strongly sorbed
where it is formed. Because of this, the calculated results are not very sensitive to the
thorium concentration at the source except at locations very close to the source.
Furthermore, the calculated results for longer distances are not sensitive to the choice
of Kd-value for thorium since the selected values are all are higher than the Kd-values
of uranium. This can be seen in the figure by the identical shape and location of the
concentration fronts obtained for the Kd-values 10 and 100 m 3 /kg. The somewhat
shorter migration distance obtained in the calculation with a Kd of 5 m3/kg is solely
dependent on the higher Kd-value of 234 U, 1.5 m 3 /kg, assumed in this calculation.
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The calculated and observed 230Th and 234U activity ratios are shown in Figure 6.3.9.
The assumption that secular equilibrium between 230Th and the uranium isotopes was
established in water at the source location before the start of migration of the
radionuclides, results in high 230Th to 234U activity ratios close to the source. This
trend is difficult to see in the observed data. The calculated decrease in activity ratio
with distance from the source can be seen in the observed data up to about 100 to
150 m from the source. Beyond this, the observed ratios, contrary to those
calculated, seem to increase with distance, and almost all values are above 1.
However, it should be noted that the concentrations of both uranium and thorium at
these locations are low.
The calculated uranium concentrations with distance from source have also been
compared with sample data from boreholes in two other sections of the site. The
calculated data previously shown in Figure 6.3.5 is plotted in mass units in Figure
6.3.10 together with measured concentrations in samples from depths between 10
and 20 m in the section at about 6200 mN (boreholes DDH62, DDH58, DDH60,
DDH87, DDH92, DDH98). This is parallel to Section 6109 mN and shows a similar
trend with a rather steep concentration front. The migration distance was quite well
simulated by the calculated curve (dispersion length = 1 m), but not the
concentration values at distances close to the assumed location of the source. The
third section used is oriented approximately in the NNE (hole DDH18) to SSW (hole
PH84) direction - see Figure 2.1.1 (Figure 6.3.11). In this case, the observed data
indicates a much more dispersed concentration decrease than in the other two
sections, and the calculated curve (assuming a dispersion length of 10 m) has a shape
which is more similar to the observed data. The largest discrepancy between
predicted and observed data was found at short distances from the source while the
data at longer distances matches rather well. However, the assumed location of the
source is very uncertain, and thereby also the agreement in predicted and observed
migration distance.
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FIGURE 6.3.10 Predicted uranium concentrations, Kd = 1 m3/kg and water flux
0.1 m/year, and observed concentrations at 10-20 m depth along transection 6200 mN.

FIGURE 6.3.11 Predicted uranium concentrations, 1^ = 1 m3/kg and water flux =
0.1 m/year, and observed concentrations at 10-20 m depth along a NNE to SSW
transection from hole DDH84to hole PH84.
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6.3.6 Discussion
The modelling approach used so far is very simple and the simplifications made
introduce uncertainties of different types. One type of uncertainties is associated with
the identification of processes, geometrical structures and other conditions which
have led to and influenced the mobilisation and dispersion of uranium and daughter
nuclides from the primary orebody. Because of our limited understanding of the
geochemical processes and conditions involved in the mobilisation of uranium from
the primary and secondary uranium mineralisation, solubility limited dissolution of
uranium and congruent dissolution of daughter nuclides was assumed. Another area
still poorly understood concerns the present and past day hydrology at the site; this
means that the assumptions made regarding flow directions and types of flow paths
are uncertain.
Another type of uncertainty is introduced by the use of a very simple mathematical
model and assumptions made in the calculations. For example, sorption was the only
geochemical process considered to influence transport through the weathered zone.
Uptake in amorphous solid phases with subsequent re-crystallisation and
incorporation in crystalline phases, and possibly also precipitation, may, however, be
important. Furthermore, sorption was modelled applying the Kd-concept which means
that sorption is assumed to be instantaneous, reversible and independent of the
composition of the water along the transport path. This approach may be insufficient
to describe the affect of sorption. Uncertainties are also introduced by the simplified
assumptions of constant conditions over the space- and time-scale of interest, that
these conditions are determined by the present day situation, and by assuming that
migration has been in progress during 2 million years.
A third type of uncertainty is associated with the data used as input to the model and
also with the data with which the model results are compared. In the first modelling
attempt, a range of parameter values was tested. On the basis of the results, a
combination of values that would give reasonable migration distances was selected
for the second modelling step. However, the uncertainty in some of the values, e.g.
in the water flux and in the concentrations of uranium and decay products at the
source, was such that other combination of parameter values could give similar
results. The uncertainty in the observed data used for comparison and evaluation of
the modelling results arises from the difficulty in assessing which data and in what
form, it should be used to best represent the process being modelled. For example,
until now the modelling results have been compared with concentrations and activity
ratios measured in samples from certain sections at a depth interval 10 - 20 m.
Possibly, an averaging of these data or of data from another depth interval would be
more representative.
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6.3.7 Concluding remarks
The outcome of the modelling performed so far can be summarised as follows:
- The modelling results are in fair agreement with measured uranium and thorium
concentrations in the solid phase of the weathered zone in the dispersion fan at
10 - 20 m depth. However, other combinations of the parameter values will give
similar results.
- The results obtained at short distances from the assumed location of the source do
not match the measured data.
- The shape of the concentration front at depths between 10 and 20 m in Section
6109 mN is better simulated with a dispersion length of 1 m than with a dispersion
length of 10 m.
- Due to the strong sorption of thorium, the transport of 230Th with moving
groundwater is very slow. The concentration of 230Th at longer distances from the
source is only dependent on the migration and decay of uranium.
- Calculated activity ratios are in fair agreement with those observed except at longer
distances from the assumed location of the source where large discrepancies are
found. The concentrations at these long distances are, however, very low.
- Using a somewhat higher Kd-value for 234U compared to 238U to simulate a-recoil,
gives a slightly better fit to the observed 234U/238U activity ratios except at longer
distances where the concentrations are low.
The overall aim of this work was to test and, if possible, validate simple models used
in performance assessment of radioactive waste repositories. Whilst noting the earlier
discussion of uncertainties, it is concluded that the model tested gave results that in
some aspects are comparable with the observed data. However, these results are
insufficient to conclude either that the model is validated nor that it is invalidated.
Alternative models and modelling approaches must be tested to find out if and to
what extent the results can be improved before any further conclusions can be drawn
on the applicability of simple performance assessment models. Examples of
refinements of the model and modelling approach could be: a more detailed
description of the source term for the migration, a better description of the hydrology
at the site considering periods of different climatic conditions, and inclusion of
radionuclide transfer between amorphous and crystalline solid phases. These
refinements would require an additional review and evaluation of both old and new
field data as well as input from the different hydrology and geochemical studies
performed within the ARAP.

88

7 ONE-DIMENSIONAL MODELS OF POROUS MEDIA TRANSPORT WITH
SIMPLE SORPTION

7.1 Two-phase Access Model. Interpreting the Uranium Series Activity Ratio
Development in Different Mineral Phases.
Cezary Golian, ANSTO
An early model to evaluate the uranium series activity ratios (ARs) distribution
along the assumed direction of the uranium mobilisation was presented in
Section 6.2. A set of selected radiochemical data for total rock samples was
used with the model. We also attempted to use the model with a separate AR
data set for the rock mineral phase which is in sorption equilibrium with
groundwater. The timescales calculated with these data sets were in general
agreement with the results obtained for the basic transport model when a similar
data treatment was adopted.
In the work reported here, the multiphase model has been further developed and
used with AR data for both groundwater accessible and inaccessible mineral
phases. A major difficulty in interpreting the overall trend in the development of
the AR with its distance from the primary uranium source, is the large variability
of the AR measurements. This problem can be substantially reduced by careful
analysis of the spatial, geological and hydrological characterisation of the
individual sampling points.
7.1.1 Conceptual description
The conceptual approach used in this model is affected not only by the spatial
heterogeneity of the modelled site, but also by the evolution of this
heterogeneity in time. Existing ambiguities in the history of the uranium
mobilisation and in the values of transport parameters over the entire timescale
suggest that a less orthodox treatment of the transport mechanisms is needed to
that usually used in transport modelling.
The region selected for modelling, near the bottom of the weathered zone, was
represented in the model by a homogeneous porous rock stratum. Present-day
petrophysics data were used as a guide to obtain an historically possible range
of rock porosity values. One dimensional uranium series transport along the
assumed main dispersion direction is assumed with the rock being represented
by a series of 1-D boxes (Figure 7.1.1).
The transport processes considered are divided into those which occur between
the 1-D boxes, e.g. advection or molecular diffusion, and the processes
described by equations which are valid only inside a single box, e.g. leaching or
phase exchange.
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FIGURE 7.1.1 Scheme of the two-phase access model.

a) advection, molecular diffusion
Uranium radioisotopes are transported by groundwater along the general
direction of the main plume (advection) or in a direction determined by the local
concentration gradient (molecular diffusion). Transfer between boxes is
instantaneous. Thorium is assumed immobile and can only be radiogenically
introduced.
The rate of advection is governed by the water flow velocity, which is constant
over the timescale considered. The flow direction used in the model coincides
with what is considered to be the principal direction of dispersion for mobilised
uranium and is currently seen as the "fossil" uranium dispersion fan.
The rock/water interaction can be described by two general processes of
leaching and deposition, the mechanism of which are governed by Kd sorption
equilibrium and linear kinetics, where
concentration in water = Krt'1 x concentration in rock.
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The amount of radionuclide leached from the rock is calculated for each
individual 1D box and then transferred (in an advection and/or molecular
diffusion model) to the neighbouring box where it is deposited and a new
water/solid equilibrium is established.
b) mineral phases
A 1D box is divided into two sub-boxes representing the different mineral
phases. One phase is accessible for groundwater to exchange the transported
radionuclides, while the other is water inaccessible. Groundwater occupies the
void space described by the semi-fitted parameter of rock porosity. Iron mineral
phases are strongly affiliated with the retention of uranium series radionuclides
and because of that they are considered to be the major components of both the
accessible and inaccessible phases.
Radionuclide phase transfer is envisaged during the crystallisation of the
amorphous iron phase, and this is shown schematically in Figure 7.1.2. Two
pathways are possible. Amorphous ferrihydrite can crystallise to haematite
through dehydration and a structural rearrangement, or through a dissolution
stage can form goethite (Cornell et al., 1987, Cornell and Giovanoli, 1985). The
amount of absorbed radionuclide transferred is expected to be dependent on the
particular pathway, and preferential inclusion of other nuclides, e.g. thorium, is
also possible. Hence we can expect these competing crystallisation pathways to
contribute to the local variability of the measured ARs.

(••'.'.

Fe III ions

i
i

ferrihydrite

goethite

FIGURE 7.1.2 Crystallisation scheme for iron minerals
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The same value of the phase transfer parameter will be assigned to all
radionuclides, however, the transport equations can be modified easily so that
individual phase transfer rates can be included.
c) recoil mechanism
An alternative process which results in large 234U and 230Th excesses in the
inaccessible phase is the recoil mechanism resulting from radionuclide decay. In
this process a nucleus can cross a boundary between the accessible and
inaccessible phases during the emission of an alpha particle. In many cases the
range of the mechanical recoil is long enough to transfer the decaying nucleus
from the amorphous iron phase to a crystalline phase (Figure 7.1.3).

ferrihydrite
goethite
hematite

alpha

FIGURE 7.1.3 Across mineral boundary transfer of the recoiling nucleus
following «-emission.

The recoil range in a particular stratum and the actual position of the
disintegrating nucleus with respect to the phase interface determines the
probability of nucleus transfer.
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In 2-D geometry, the probability that all recoiling daughters from radioncuclides
in a 2-D amorphous layer of thickness d will cross to the crystalline phase is
given by:

^
TT

(7.1.1)

T

where x is the distance to the phase boundary and T is the recoil range.
If we consider the two phases as adjacent layers of amorphous and crystalline
material, then the probability that all recoil products of radionuclides decaying in
a 2-D layer of thickness d crossing to the crystalline phase can be represented,
by following expression:
P'(layer) = -fP(x)dx
dJ

= -Lf-l C os -dx
dJ n
T

(7.1.2)

P'(layer) = ^ ( d ' c o s 1 — + T - yj^-d*)
TTd

(7.1.3)

T

where d = d' + d", and d' is < T.
For d">

T, P"(layer) = 0, hence total probability = P'(layer).

Surface area measurements of the Koongarra weathered rock were used to
estimate this probability. The surface area of a typical rock material from the
weathered zone was determined to be of the order of 40 m2g"1; the respective
rock density was 2-3 gem"3. The weathered rock can therefore be envisaged as
material with highly developed surface areas and an average distance (thickness)
between surfaces of the order of 10 nm. The surface area of iron minerals is
300-1800 m 2 g 1 (Borggaard, 1982), with Fe concentration in the amorphous
phase being of the order of 1-10 mg g"1 and in the crystalline phase of
50-100 mg g"1. Hence, it was estimated that the "mineral surface" in the rock
accounts for 30-100% of the total surface area.
On the basis of these estimates and the calculated total probability P, it was
concluded that up to 30-40% of daughter products of the disintegrating
radionuclides from the amorphous iron phase could cross into the neighbouring
crystalline phase.
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7.1.2 Equations
Four separate equations are formulated for each member of the uranium decay
series. The first equation refers to the change in radionuclide concentration in
the accessible phase of the box B(i) during the residence time At, and the second
to the simultaneous concentration change in the inaccessible phase over the
same time period. The third equation calculates the change in the radionuclide
concentration brought in by groundwater (advection) whilst the last one
describes the original radionuclide concentration in water as a function of the
radionuclide concentration in the preceding box B(i-1) (advection mode).
Changes in the radionuclide concentrations can be then described as follows:
dA
dt

(7.1.4)

(7.1.5)

where
A k = concentration of kth-member of the uranium series in the accessible phase
of the B(i) U/g/g],
X k = concentration in the inaccessible phase [jjg/g],
A k w = concentration in water [yc/g/mL],
u = water flow velocity [m/y],
L = box dimension [m],
e = porosity [-],
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p = rock density [g/cm 3 ],
rk = ratio of the kth and 1st radionuclides in water removed from box B(i)
during At,
rkw = the same ratio in groundwater brought into box B(i) during At,
fax;fxa = phase transition rates [y 1 ], with ax = accessible to inaccessible;
xa = inaccessible to accessible,

Bax î Bxa

=

recoil factors [-].

7.1.3 Solutions
Let
a

k1 - K

a

+

6

P

K

d

uL

~

r

k

+

f

ax

b

kl ~ K

+

f

xa

k5 ~

then Ak and Xk, the uranium concentrations in the accessible and inaccessible
phases, respectively, can be presented as -

for
and

n! = 3, n2 = 7, n3 = 1 1 ,
m, = 4 , m 2 = 8, m 3 = 12.
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where

(for *=1.2);

=0 {for k=

X

Ak-2

^

M

k

= (-Nk -

= aW6M -

a

k4bk3

Ak = A/,2 - AMk

If, now

a

k4b k2

f o r k = 2,3; i = 1,12,
and

"kji

and

= A?(0) - v,
= a^v^b^

+ x^

(for /=1 or 5): = 0 (for others)
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then, the respective coefficients can be presented as follows:
for

238

U

p 12 = [-(a,, + x3)AA(0) + a^(0)
p 13 = 4,(0) - Pn

- P12

q1(. = S 13/ p 1f
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Q14 = ^ i ( 0 )
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=
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/=1,9

- x3)

7.1.4 Data
There are important hydrogeological differences between the near surface and
deeper layers in the weathered zone. To minimise sample variability we have
divided the weathered zone into five regions:
1.

a surface layer of sandy (gravel etc.) materials,

2.

a transition layer, a mixture of weathered sandstone and weathered
schists,

3.

an intermediate zone with lower uranium mobility,

4.

the near bottom of the weathered zone (18-25 m), where uranium
transport seems to be higher, and

5.

a transition zone between the weathered and unweathered rock.

Regions 4 and 5, near the bottom of the weathered zone (in Section 6109 mN
of the Koongarra mining grid) were chosen as possibly the most homogeneous
transport environment for the mobilised uranium series radionuclides.
Figure 7.1.4a presents the 234U/238U and 23OTh/234U ARs in the groundwater
accessible and inaccessible rock mineral phases. It can be seen that the AR data
have easily identifiable trends along the direction of the dispersion fan with clear
and sharp minima observed at the edge of the main uranium plume. The
minimum for 23OTh/234U is particularly low, indicating a high uranium mobility rate
(at least on the scale of 230Th radio-decay). In general uranium deposition
dominates in the further away region of the plume, but the rate of uranium
deposition then rapidly decreases with the resulting AR values increasing quickly
to form a characteristic V-shaped AR curve.
Figure 7.1.4b presents the
simplified ARs curves obtained for both the mineral phases.
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7.1.5 Results and discussion
Transport parameters used in the equations can be divided into three groups.
First, experimentally determined parameters, such as Kd and porosity. Although
their present-day values are relatively well known, little is known of their time
dependence and a simple extrapolation of the present-day value through time
may have to be used. The second group is comprised of parameters such as
groundwater flow velocity and flow direction; currently, we have only a limited
understanding of their present-day values. These parameters are fitted in the
model, but we use a selected range of possible values based on associated
hydrology measurements and modelling. Parameters in the last group, such as
the phase transfer rate, are treated as fully free parameters.
A number of methods to constrain the model have been identified:
- simultaneous fitting of the four AR curves
This has been a very effective constraint in limiting the free parameter ranges.
The AR curves are inter-dependent in the sense that the mechanisms of phase
transfer and recoil affect the respective ARs in both phases simultaneously.
- total uranium concentration distribution and the accessible/inaccessible
uranium concentration ratio with distance
A comprehensive data base, based on bulk uranium assays and sequential
extraction results, for the distribution of uranium concentrations, is used to
determine uranium distribution trends in Regions 4 and 5. The model can
calculate the total uranium concentration which might be used to fit the
experimental trend (see Sections 3.3 and 8.1). Data for the distribution of bulk
uranium is particularly reliable since it is based on the measurement of very large
samples. The "calculated" bulk uranium distribution is obtained by totalling the
respective 238U concentrations in accessible and inaccessible phases.
A computer code was developed to derive the four activity ratio curves, total
uranium concentration distribution with distance and the ratio of uranium
concentrations in the accessible and inaccessible phases. The time steps used
could be varied in the range 0.1-1.0 ky. The spatial size of individual boxes was
determined by the distribution of the experimental sampling points; usually 40
boxes, each 10 m long were required to cover the total length of the dispersion
zone.
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The following examples of the modelling results illustrate the capability of the
model to simulate the distribution of ARs in the two phases and also to
demonstrate the model's sensitivity to the fitted parameters. In general, it was
found that the trends in the accessible phase ARs were relatively well
reproduced, however, the simultaneous solution of good fits to the respective
inaccessible AR curves was more difficult to achieve. Figures 7.1.5 and 7.1.6
present the model's response to change in the total transport time from 700ky
to lOOOky. The flow velocity (u) representing an average groundwater flow
velocity was kept constant at 0.2m/y in both cases. This flow value was
selected to obtain a general similarity between the trends in the experimental
data and the calculated ARs curves. Increase in transport time shifted the two
ARs in the direction of the transport, and in the accessible phase, the 234U/238U
AR corresponding to the main dispersion fan, decreased more slowly with
distance for a longer transport time. This effect could be seen more easily in the
23O
Th/234U AR as a result of the shorter decay constant of 230 Th. In fact, for the
same set of parameters, a longer time increased the minimum AR (the lowest
value in the V-shaped region). A similar affect was observed for the inaccessible
phase, where the longer time period allowed the transferred radionuclides to
equilibrate.
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FIGURE 7.1.5 ARs distribution with distance in two mineral phases.
Total transport time t = 700ky.
Kd = 4000mL7g,
Other parameters: u = 0.3m/y, f^ = 0.0023/ky,
f = 0, B^ = 0.4, Bxa = 0.05, e = 20%.
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FIGURE 7.1.6 ARs distribution with distance in two mineral phases.
Total transport time t = 10OOky.
K, = 4000ml_/g,
Other parameters: u = 0.3m/y, f^ = 0.0023/ky,
fxa = 0, B ^ = 0.4, B xa = 0.05, e = 2 0 % .
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350.0

Results presented in Figures 7.1.7 and 7.1.8 were obtained for different sorption
conditions with other parameters being preserved. Sorption represented by
Kd = 1 500mL/g (in previous examples = 4000mL/g) had a similar effect to that
found for a longer transport time, i.e. shifting and broadening the V-shaped
region. The effect was, however, more pronounced and the respective AR
values in the accessible phase are much higher, as are the region's minima. This
is a consequence of the difference between the relatively fast retention of the
transported uranium for the higher distribution coefficient producing a steeper
change in both the activity ratios, and the more effective transport (with a low
Kd) where the V-shaped region in the accessible phase AR curves is now shifted
and more broadly spread in the transport direction. In the inaccessible phase the
ARs were generally lowered by the rise in the absolute rate of the interphase
transfer due to the increase in concentration of radionuclides in the accessible
phase.
The examples of modelling presented so far give a good illustration of the
response of the model to the fitted parameters. Two different parameters may
produce a similar effect in one group of ARs curves, but at the same time may
differ with respect to the results for the other phase. The requirement for
simultaneous modelling of all four curves strongly constrains the ranges of the
fitted or semi-fitted parameters.
An advance of the dispersion front and a shift and slower decrease of the ARs
curves was obtained by increasing the groundwater flow velocity. Figures 7.1.9
and 7.1.10 illustrate the effect of increasing the flow velocity from 0.3m/y to
0.5m/y.
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FIGURE 7.1.7 ARs distribution with distance in two mineral phases.
Total transport time t = 700ky.
Kd = 1500mL/g,
Other parameters: u = 0.2m/y, f^ = 0.0023/ky,
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xa = 0. Bax = 0-3, Bxa = 0.05, e = 20%.
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FIGURE 7.1.8 ARs distribution with distance in two mineral phases.
Total transport time t = 1OOOky.
Kd=1500mL7g,
Other parameters: u = 0.2m/y, f^ = 0.0023/ky,
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FIGURE 7.1.9 ARs distribution with distance in two mineral phases.
Groundwater flow velocity = 0.3m/y.
Other parameters: time = 600ky, \<^ = 4000ml_/g,
f^ = 0.0023/ky, fxa = 0, B^ = 0.4, Bxa = 0.05, e = 20%.
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FIGURE 7.1.10 ARs distribution with distance in two mineral phases.
Groundwater flow velocity = 0.5m/y.
Other parameters: time = 600ky, Kj = 4000mL/g,
f^ = 0.0023/ky, fxa = 0, B^ = 0.3, Bxa = 0.05, e = 20%.
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Figures 7.1.11 and 7.1.12 show the effect of the phase transfer parameter. An
increase in the phase transfer parameter introduced a change in radionuclide
distribution between the accessible and inaccessible phases. The transfer
parameter was the same for all radionuclides involved, thus, the activity ratio
change arose from the addition of phase material with the parent phase's AR
imprint. This in turn was affected by the decay process. For example, ARs in the
inaccessible phase were lowered substantially by a higher transfer rate of
0.0034/ky {Figure 7.1.11), in comparison to the case presented in Figure 7.1.12
when fax = 0.0023/ky. This was due to a larger transfer of material with low
ARs from the accessible phase. However, the ARs curves in the accessible
phase were not affected as the transfer rate was applied equally to all the
radionuclides involved.
The distribution of ARs was affected differently by the transfer mechanism of
recoil of the daughter products during a-emission. In this case, the ARs in both
phases reacted to the change in the recoil coefficient. The ARs in the accessible
phase decreased with increase in the coefficient because some of daughter
radionuclides produced in the decay escaped from the phase, hence, lowered the
radiogenic equilibration. The 23OTh/234U AR minimum dropped from about 0.5 for
Bax = 0.2 (Figure 7.1.12) to below 0.3 for Bax = 0.4 (Figure 7.1.13). There was
a similar change in the 234U/238U AR. This loss in the accessible phase
contributed to the substantial rise of ARs in the inaccessible phase.
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FIGURE 7.1.11 ARs distribution with distance in two mineral phases.
Phase transfer rate f^ = 0.0034/ky.
Other parameters: time = 700ky, u = 0.2m/y,
Ka = 2000mL7g, fxa = 0, B^ = 0.2, Bxa = 0.05, e = 20%.
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FIGURE 7.1.12 ARs distribution with distance in two mineral phases.
Phase transfer rate f^ = 0.0023/ky.
Recoil coefficient EL, = 0.2
CIA.

Other parameters: time = 700ky, u = 0.2m/y,
^ = 1500mL7g, fxa = 0, B^ = 0.05, e = 20%.
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FIGURE 7.1.13 ARs distribution with distance in two mineral phases.
Phase transfer rate f^ = 0.0034/ky.
Recoil coefficient B^ = 0.4
Other parameters: time = 700ky, u = 0.2m/y,
Ka = 2000mL7g, fxa = 0, Bxa = 0.05, e = 20%.
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The examples presented illustrate not only the model's sensitivity to fitted and
semi-fitted parameters, but also show that strong constraints are available to
limit the parameter ranges. The fitting procedure was based on a visual
comparison of the modelled curves. Although some of the parameters produced
a similar response in all the ARs distribution curves, in many cases the curves
were affected in an unique way by changes in individual parameter values.
It must be noted, however, that the model was not capable of reproducing the
relatively high 23OTh/234U AR in the region far away from the dispersion fan
(Figures 7.1.4a,b). This region is characterised by very low uranium
concentrations in comparison to the main fan. Also, the complexity of the
present day hydrology and groundwater chemistry (see Volumes 5, 6 and 7 of
this series) suggest that the general conceptualisation of the flow streamlines
being used in this model may be far from reality in this part of the deposit area,
indeed the region may not be downstream of the high uranium zone.
7.1.6 Conclusions
Experimentally determined distributions of activity ratios in amorphous and
crystalline phases as a function of distance from the high uranium zone were
fitted simultaneously to calculated values and proved to be a very effective
constraint on the model's output; the AR distribution curves were very sensitive
to all input parameters.
Most of the results were obtained using a groundwater flow velocity in the
0.1-1.0 m/y range. The phase transfer rate was 0.001-O.OOSky"1 and the recoil
coefficient was in the 0.2-0.3 range, which agreed with the initial estimation.
Transport time was estimated to be in the range of 0.6-1.2 My.
The two-phase model investigated the water accessibility of different rock
mineral phases. The model confirmed that the mechanism of phase transfer is an
important transport retardation process in the weathered zone. Investigation of
this process may have substantial implications in understanding the long term
effect of radionuclides dispersion around nuclear waste repositories with similar
far field mineralogy or with a near field ferric environment e.g. container and
backfill material. The nucleus recoil mechanism is also an important transport
retarding mechanism for radionuclides which are daughter products in a-decay
events.
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7.2 Two Phase Modelling in One Dimension using a Laplace Transform Solution
Technique
A.J. Baker and D.A. Lever, AEA Technology
7.2.1 Model
The simplest one-dimensional model including the effects of advection was based
on the equation (5.3.1):
Ri

IT

where q is the concentration
groundwater velocity, Rj the
separation of 2 3 4 U and 2 3 8 U
the two uranium isotopes of
6.1.

+

U

S"

+

R

i ^ i ° i = R M Xi-1 C M

<5-3-1)

in the fluid of the ith member of the decay series, u the
retardation and X\ the decay constant. The observed
can be modelled by attaching different retardations to
interest. This model is discussed in Sections 5.3 and

However, the experimental evidence clearly shows that the activity ratios are
different for different phases of the rock, suggesting that they do not immediately
come into equilibrium. The model above was therefore developed to take this into
account by having two solid phases: one in equilibrium with the porewater and the
other only coming into equilibrium after some time. Initial studies with this type of
model, undertaken before the start of the ARAP, have been described in Section
5.4. This model has two extra parameters: the sorption capacity of the second
phase K\ and the relaxation time t\. Thus equation (5.3.1) is replaced by two
equations (5.4.1)
Ri f -

+ u |L

+ Rj X\ q = - Ci 8-1 (Kj q - Si) + R M A M CM

%• + A-jSj = Çj(KiCj-Sj) + A.MSM

(5.4.1)

where Sj is the quantity sorbed per unit volume on the second phase of the rock, and
s is the rock porosity.
These equations may be solved by a partly analytical and partly numerical technique
that has been successful elsewhere (Hodgkinson and Lever, 1983). In this, the
Laplace transform of the equations is taken to give ordinary differential equations
that can be solved analytically. Then the transform of the solution is inverted
numerically using an algorithm due to Talbot (1979).
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Testing of this model shows that it is not possible, with reasonable parameter
choices, to reproduce the significant differences in isotopic composition between the
two model phases. In an attempt to remove this discrepancy, the model has been
extended to include the effects of recoil rearrangements of the daughter
radionuclides between the amorphous and crystalline phases. This is achieved by
adding extra flux terms between the two equations (5.4.1) above. So they become

Ri

f"

+u

fr

+ Ri xi Ci=

|

- s s " 1 (Ki Ci "Si)+ (1+Bi) RM XM CM + s"1 B2 XM SM

+ Xi Sj = § (K}q - Sj) + (1 - B2) Xi_i s u + 8 B-i xi-1 CM

(7.2.1)

where Bi and B2 are the recoil factors between amorphous and crystalline phases
and vice versa. As the equations are very similar, the same solution technique
described above can be used to solve them.
Hydrodynamic dispersion is not included in the present analysis, but it could be
incorporated in a straightforward manner using the same solution technique.
However, non-linear sorption cannot be included within this framework, as it is
limited to linear systems.
As discussed in Section 6.1, there are a number of "scenarios" that may lead to
closed system evolution of the fan for some periods of time. During these periods,
there is no uranium addition to all or parts of the dispersion fan as a result of a
period of no flow. Such closed system behaviour can have a significant effect on the
observed activity ratio profiles. The possible effect has been examined by
calculating the effects of decay without transport on profiles calculated using the
numerical method described above. This has been done using an explicit Euler
timestepping scheme to solve equations (7.2.1) with a groundwater velocity of zero.
It was verified that the results were not sensitive to variations in the chosen time
step.
7.2.2 Data used
Activity ratio data (Section 3.3 and Volume 8 of this series) have been used from
along a section perpendicular to the direction of uranium transport inferred from the
geometry of the secondary dispersion fan. This section is along the 6109 mN site
grid line and starts from site grid reference 3240 mE 6109 mN.
Data on activity ratios is described in Volume 8 of this series. It may be noted that
the variability of uranium series activity ratio data is considerable. This variation may
arise from two sources; errors in determinations and spatial heterogeneity within the
dispersion fan. The former errors may arise from counting errors and errors arising
during the chemical separation of uranium and thorium. 234uy238u activity ratios are
thought to be accurate to within the quoted standard deviations of around 0.02 to
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0.03 whereas 230jh/234u activity ratios are subject to considerable uncertainty (see
Volume 8). Repeat measurements on the same crushed sample often show
significant variations in both 234y/238y a n c j 230j n /234|j.
For instance,
measurements at 10.2m in DDH52 have a range of 0.025 in 234y/238u (three
samples) and 0.12 in 230jh/234(j (two samples). At 16.3m in DDH3, there is a range
of 0.03 in 234u/238(j (fj v e samples) and 0.08 in 230jh/234u (three samples).
Spatial heterogeneity in the data may arise from preferential flow paths within the
fan, from differences in the sorption capacity of rocks within the dispersion fan and
from variable kinetics of fluid-rock isotopic exchange. Activity ratios may vary widely
on a very small scale. For instance, a white heavy clay from 13m in M1 has
230Th/234(j O f 1.32 while a red weathered schist from the same depth has
230jh/234u of 1.07. Three different colour samples from 13m in M3 have 230jh/234u
varying from 0.5 to 1.3. These variations are extreme, but serve to illustrate the fact
that considerable local variations are possible. Hence, individual analyses may not
be representative of the volume of rock around them.
Activity ratio data have been averaged over all depths within the fan for a given
borehole. The spatial distribution of data is shown in Figure 7.2.1. It may be seen
that there are considerable uncertainties in the data. Error bars attached to the data
represent one standard deviation for the data in the specified depth range. A lack of
error bars indicates that there is only one data point in that depth range. Selection
of data in this manner may be justified if vertical fluxes due to seasonal variations in
the position of the water table and due to recharge are large relative to horizontal
fluxes. In support of this procedure, it may be observed that there is little discernible
systematic change in activity ratio data with depth. An alternative procedure would
be to select data from one individual horizon within the dispersion fan in the hope
that the data have lain along one streamline that is invariant with time. Selection of
data from the 18-25m depth interval gives a similar picture to the data in Figure 7.2.1
with rather larger uncertainties.

117

TAO phase
1-0 c

Z> 10

-

O

O
CO
«VI

100
Distance (metres!
FIGURE 7.2.1 Uranium and thorium activity ratio data for the whole of the
dispersion fan along the "normal" direction. Curves are the results of calculations
using the data in Table 1. The dashed lines are for 23 0Th/ 234 U activity ratios and the
solid lines for 234u/238|j activity ratios.
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The form of the trends shown in Figure 7.2.1 is of interest. It may be noted that
230rh/234(j a n c j 234y/238u n a v e a minimum near the edge of the "dispersion fan"
and then rise again within a region of very low uranium concentrations.
The origin of the trends to higher 234u/238y a n c j 230jh/234|j j n the area of low
uranium concentration is unclear. Some samples in this region have an excess of
230
Th relative to 2 3 4 U which implies the operation of leaching processes. Such
leaching might occur as a result of recharge by uranium poor rainwaters in this
region of the fan. Another possibility is that transport of this uranium might involve
transport within the near surface layer of sands followed by downwards movement
as a result of the seasonal variation in the position of the water table. Yet another
possibility is that this zone is part of a low uranium halo around the primary ore
deposit produced prior to the onset of weathering. Given the low uranium
concentrations, the high standard deviations of activity ratios and the uncertainty
about the processes involved, no attempt has been made to reproduce this part of
the profile using the numerical model. It is expected that the model would be
incapable of reproducing the "minimum" in the trends unless major leaching of
uranium was taking place within parts of the dispersion fan.
The model can accept input pulses of uranium series nuclides of the form tP e"zt. For
this exercise values of z and p have been selected to supply an essentially constant
flux of uranium and thorium to the dispersion fan. The initial boundary condition was
that uranium and thorium isotopes sorbed to the phase in equilibrium with the
groundwater were in secular equilibrium at the input boundary.
Other data have been obtained from the sources listed in Table 7.2.1, which also
indicates parameters that have been obtained by empirical fit during the course of
the modelling. The velocity was fixed arbitrarily within the range of possible values.
The time at which the dispersion fan was initiated was fixed within a range of
possible values, consistent with estimates of the bulk 230jh/234u o f the dispersion
fan (see Section 6.1).
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TABLE 7.2.1
PARAMETERS USED IN THE MODELLING
Parameter
R238
R234
R230

K
e
u
X

B1

B2
to (initial time)

Value
1.4 10 5
1.4 10 5
1.4 10 9
[1]
0.15
3.6 m y r 1
2.6 10-6 y r 1
0.4
0
3.85 10 6 yr

Reference
within range of values
recommended in Volume 7
as R238
as R238

fit to data
value chosen from weathered zone
range given in Volume 4
arbitrarily fixed
fit to data
fit to data
fit to data
see text

[1] Equal amount of nuclide in each phase per unit volume at chemical equilibrium.

7.2.3 Results
Example results from the application of equations (7.2.1) are shown in Figure 7.2.2
plotted on an activity ratio diagram. In common with other attempts at modelling, a
reasonable fit to the data may be obtained by adjustment of appropriate model
parameters.
Figure 7.2.1 shows the spatial predictions of the model. It may be observed that the
model predicts reasonably the experimental data within the zone of high uranium
concentration. The worst fit is obtained to the 23O Th/ 234 U activity ratio in the first
amorphous phase. It is however noted that errors may be larger in the analytical
data for thorium and that 230jn/234y activity ratios in the amorphous phase are
much higher in the primary ore deposit than in the dispersion fan. Lower 230Tn/234u
activity ratios could be obtained if there was a period of very recent uranium addition
to that part of the fan.
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FIGURE 7.2.2 Plot of activity ratios for amorphous (+) and crystalline oxide (O)
phases. The curves represent model calculations for the amorphous (A) and
crystalline oxide (B) phases with recoil terms Bi = 0.4, B2 = 0. B and E denote the
beginning and end of the leaching/deposition process.

Figure 7.2.3 shows the prediction of variations in bulk uranium concentration and the
relative amounts of uranium in the two different model phases. There is
considerable uncertainty about the variation of these parameters in the dispersion
fan, largely as a consequence of spatial heterogeneity. However, it may be
observed that there is crude agreement between the model and observations. It is
noted that the model predicts a very low proportion of uranium in the residual phase
in the outer part of the dispersion fan, contrary to observation.
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FIGURE 7.2.3 Calculated relative uranium concentration and ratio of uranium in the
accessible phase (A) to uranium in the inaccessible phase (I) versus distance across
the dispersion fan.

7.2.4 Sensitivity analysis
A sensitivity study has been performed to examine the different parameter ranges
capable of producing the observed profiles. Variation of input activity ratios, input
pulses, recoil parameters and the relaxation time are discussed below.
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Different input pulses are shown in Figure 7.2.4 together with the resultant activity
ratio profiles for the extractable phase. It can be seen that large variations in the
input pulses can have relatively little effect on profiles. However, extensive leaching
and large thorium excesses can occur when the pulse has substantially moved
through the system. Clearly, this has not happened at Koongarra.
TAO phase

50
Distance (metres

100

c
o

c
a>
o
c
o
o
a;
CD

50
230

Time before present (Half lives of
Th)
FIGURE 7.2.4 Effect of different pulse shapes on activity ratio profiles for the
extractable phase. The constant input has been used to produce the curves in
Figures 2, 3, 5 and 6. Calculations for the other two pulse shapes are shown in this
Figure. The dashed lines are for 230jh/234u activity ratios and the solid lines for
234U/238U activity ratios.

123

Different assumptions about the degree of secular equilibrium at the input boundary
have little effect on the profiles except near the input boundary, unless the
timescales for growth of the fan are shorter than a few half lives of 230 Th and 2 3 4 U.
Variation of velocities and times has been examined for cases where the distance
over which uranium has migrated is held constant. Results for an example are
shown in Figure 7.2.5. Shorter times lower 230jh/234u ac tj v jty ratios, but increase
234u/238(j activity ratios in both phases, whereas longer times have the reverse
effect.

TAO phase
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Residual

50
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100

FIGURE 7.2.5 Effect of different times and velocities on activity ratio profiles across
the dispersion fan. The two curves are for initiation of the dispersion fan 5 and 50
half lives of 2 3 0 Th ago. Velocities have been selected to keep the width of the
dispersion fan constant. The dashed lines are for 230j|1/234u activity ratios and the
solid lines for 234 U/2 38 U activity ratios.
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Changed values for the recoil parameters Bi and B2, can have significant changes
on the activity ratios of the two solid phases. As observed above, negligible recoil
fluxes result in little difference in isotopic composition between the two phases. If
recoil is dominantly from the non-equilibrium phase to the equilibrium phase rather
than in then reverse direction, it is evident that the non equilibrium phase will be
enriched in 2 3 8 U rather than 2 3 4 U .
Variation of the relaxation constant for transfer of radionuclides between the two
model phases is constrained by the observational data to result in chemical
equilibration on timescales of a few half lives of 2 3 0 Th. Low values of this
parameter, and hence long times for equilibration, result in lower amounts of
uranium, that is more enriched in 2 3 4 U , in the non-equilibrium phase.
The effects of a period of no uranium transport are shown in Figure 7.2.6. Each
individual element of the dispersion fan then behaves as a closed system with recoil,
transfer between the two model phases and radioactive decay continuing. It may be
seen that a relatively short period of no uranium transport can have a significant
effect on observed activity ratio profiles.
Given the large number of parameters within the model and the significant
uncertainties in observational data, there are large ranges of parameters that can
provide a reasonable fit to the data. For instance, an early time for initiation of the
fan may predict similar curves to late initiation of the fan coupled with a recent period
of no uranium transport.
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FIGURE 7.2.6 Effect of a period of no flow and hence no uranium transport on
activity ratio profiles in the phase in equilibrium with the groundwater. The period of
no flow has lasted for two half lives of 2 3 0 Th. The starting activity ratio profiles are
taken from Figure 1. The dashed lines are for 230jh/234(j activity ratios and the
solid lines for 234|j/238(j activity ratios. Curves A show the starting profiles at time
zero. Curves B show the profiles after two half lives of 2307h j n e effect on the
activity ratios in the non-equilibrium phase is small.
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7.2.5 Relative velocities of uranium-238 and uranium-234
The parameters used here predict the apparent faster movement of 2 3 8 U relative to
234
U (i.e. the progressive enrichment of 2 3 8 U in the fluid in the direction of flow),
although this is contrary to the relative velocities that have been previously observed
in case studies of groundwater flow (Osmond et al., 1983). It is apparent that the
general model can also predict 2 3 4 U velocities greater than 2 3 8 U velocities for
appropriate parameter choices. The ranges of parameter choices giving rise to
reversal of the velocities of these two uranium isotopes have been examined using
the numerical model. It is observed that shortly after the uranium front first reaches
a given point, partitioning of 2 3 4 U is strongly into the phase out of equilibrium with
the rock. This is because there is so little uranium in the phase out of equilibrium
with the rock that the net recoil flux of uranium daughter radionuclides is towards the
non-equilibrium phase. The partitioning of 2 3 4 U into the rock leads to progressive
enrichment of the groundwaters in 2 3 8 U in the direction of flow. This may lead
eventually to groundwaters with 234u/238(j less than one.
As 2 3 8 U in the non-equilibrium phase increases due to chemical processes, the
recoil flux of 2 3 4 U from the non-equilibrium phase to the groundwater increases until
it exceeds the recoil flux in the reverse direction. Once the recoil flux to the
groundwater exceeds that from the groundwater, there will be progressive
enrichment of 2 3 4 U in the groundwater in the direction of flow. This leads to
234u/238y jn the groundwater greater than one.
The relative sizes of the zones, in which 2 3 4 U and 2 3 8 U are progressively enriched in
the groundwater, vary as a function of a number of parameters. It may often be, for
instance, that the zone where 2 3 4 U travels more slowly than 2 3 8 U is sufficiently small
that it is not significant and is not likely to be sampled in field studies. In rocks with
small quantities of uranium in the groundwater and large quantities of uranium in
crystalline phases out of equilibrium with the groundwater, the frontal zone with
faster 238 U transport is likely to be very small. The recoil flux from the groundwater
to the crystalline phases of uranium daughter radionuclides will always be very
small. However, in a rock with a large proportion of uranium in sites in equilibrium
with the groundwater; either in a reactive phase or sorbed to accessible mineral
surfaces, it would be expected that the net recoil flux from phases in equilibrium with
the groundwater or in close to equilibrium with the groundwater would be much more
significant.
The transport of uranium in redox frontal systems has been considered by Osmond
and Cowart, (1982) and Osmond et al., (1983) who assume that the apparent
transport velocity of 2 3 4 U is always greater than 2 3 8 U . The model employed here
suggests that there are some systems in which this assumption does not hold.
Prediction of the precise behaviour of any system requires a knowledge of transport
velocities, rate constants, equilibrium uranium contents and recoil factors for the
various phases and isotopes concerned.
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7.2.6 Discussion
A one-dimensional radionuclide transport model has been developed that gives
reasonable agreement with observations in the Koongarra dispersion fan. The
model has been compared with available data on activity ratio variations, uranium
concentrations and amounts of uranium in the residual and extractable phases.
Refinement of data and further testing of the model would require additional
observational data.
An uncertain aspect of the system of equations is the representation of chemical
transfer of uranium between the two model phases.
A more complicated
representation is not justified on the basis of available data. However, it is likely that
the quantity of crystalline iron oxide is increasing continuously at some rate as
amorphous iron oxides recrystallise.
The base case calculation presented in Figure 7.2.1 assumes a recoil factor of 0.4
for transfer from the amorphous to the crystalline phase and 0 for transfer in the
reverse direction. It is not clear whether these values are realistic. However, the
geometry and undersaturated nature of the Koongarra system could be consistent
with such values (see Section 9.1).
An age for the dispersion fan of the order of three or four million years is consistent
with the numerical model. However, this age is arbitrary and is based on the
assumption that the flux of uranium from the primary ore deposit to the dispersion
fan has been constant with time. Much younger ages are possible if there has been
a period of no flow in the recent geological past. No definitive conclusions may be
drawn concerning the age of the fan until further data on the hydrogeological,
geochemical and geomorphological evolution of the fan become available.
The sensitivity of the model to a number of different input parameters and boundary
conditions has been examined. The following variants have been considered:
(i)

different shaped input pulses,

(ii)

varying ages for the dispersion fan while keeping constant the distance over
which uranium has travelled constant,

(iii)

the effect of a period of no uranium addition to the fan,

(iv)

varying recoil parameters,

(v)

varying input activity ratios, and

(vi)

varying relaxation constants.
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Varying these parameters sometimes had considerable effects on the predicted
activity ratio profiles. In particular, the system is sensitive to recent periods of
reduced flow during dryer periods.
Development of future models could benefit from consideration of a number of
additional features of the system. It is evident that spatial heterogeneity is of
importance. Thus, present day groundwater velocities vary throughout the system.
The situation is complicated by the fact that this spatial heterogeneity is likely to
have changed with time. This would require some data about the length scales on
which different parameters vary. There is also a need to understand more fully the
geochemical processes leading to the fixation of uranium and how groundwater flow
has varied over the period during which uranium has undergone secondary
remobilisation.
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7.3 One-Dimensional Advection-Sorption-Fixation Model
T. Ohnuki and T. Murakami
This model calculates uranium concentration fractions in mineral species, and thus,
can show the uranium fractionation between the weathered products formed by
chlorite weathering which is described in Volume 9 of this series. The results
obtained from the calculations can be compared to those observed by the sequential
extraction (see Volume 8 of this series). As in Section 5.1 of Volume 9 of this series,
we assume that 50% quartz and 50% chlorite rock is a primary quartz-chlorite schist,
and the change of mineral composition with time by weathering is the same as that
in Figure 3.54 of Volume 9 of this series. The assumptions and results shown in that
figure are effective for this model. Quartz is assumed to remain unchanged (i.e.,
50% in content before the weathering) and chlorite is weathered to vermiculite,
kaolinite, ferrihydrite, goethite and hematite, releasing some cations.
7.3.1 Conceptual model
Figure 7.3.1 shows schematically the model of mineral alteration, chlorite weathering
used in the present study. The solid and liquid phases, and associated nuclides
considered in the model are as follows:

1.
2.
3.

Liquid phase - water;
Solid phases - Clay I (chlorite), Clay II (vermiculite), Clay HI (kaolinite), A-Fe
mineral (amorphous iron mineral, i.e., ferrihydrite), and C-Fe mineral (crystalline
iron minerals, i.e., goethite and hematite); and
Associated nuclides (uranium) - dissolved in water, sorbed reversibly by Clay I,
sorbed reversibly and irreversibly by Clay II, sorbed reversibly and irreversibly
by Clay III, sorbed reversibly and irreversibly by A-Fe mineral, and sorbed
reversibly and irreversibly by C-Fe mineral.
C21

ki C11

Clay II

Clay I

Clay III

>rCi2

C-Fe mineral

A-Fe mineral

FIGURE 7.3.1 Mineral alteration from primary to thirdly through secondary minerals. Iron
minerals are produced during weathering, k,, rate constant of Clay i to Clay i+1(1/y); C»,
probability of production of Clay i+1 by weathering of Clay i(-), Ci2, probability of production
of A-Fe minerals by weathering of clay i(-); and KFa, equilibrium constant between C-Fe
minerals and A-Fe minerals (-).
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The assumptions made are:
1.
2.
3.
4.
5.
6.
7.
8.

Clay I is weathered to Clay II and A-Fe mineral,
Clay II is weathered to Clay lil and A-Fe mineral,
a-Fe mineral is crystallised to C-Fe mineral;
the rate constants of weathering of Clay I and Clay II are a function of time,
the reaction from A-Fe mineral to C-Fe mineral tends to equilibrium, i.e. the
content ratio of A-Fe mineral to C-Fe mineral (1 : 5) is constant,
a daughter nuclide is located at the same phase where the parent nuclide
decayed,
the distribution coefficients of the C-Fe mineral are five times higher than that
of the A-Fe mineral (see ferrihydrite in Table 8.2.2), and
the reversible sites of all mineral species provide the uranium extracted with
Morgan's solution; the irreversible sites of A-Fe minerals that with the TAO
reagent; the irreversible sites of C-Fe minerals that with the CDB solution; and
the irreversible sites of Clays I, II and III, uranium extracted with 6 M HCI (see
Volume 8 of this series for a description of the extraction procedure).

Note that uranium at reversible sites can move to the water phase but uranium at
irreversible sites cannot move.
The redistribution of nuclides during the weathering processes is schematically
shown in Figure 7.3.2.
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F I G U R E 7.3.2 Schematic diagram of redistribution of nuclides during weathering process. K^,
distribution coefficient of nuclide between water and a clay mineral (ml«g-1); K ^ c distribution
coefficient of nuclide (mhg-1); py, probability of redistribution of nuclide from phase i to j during
weathering process; 2^=1.0. The subscripts indicate the following phases; 0, water phase; 1, Clay I
(reversible); 2, Clay II (reversible); 3, Clay III (reversible); 4, Clay II (irreversible); 5, Clay III
(irreversible),
A,
A-Fe
mineral;
C,
C-Fe
mineral;
R,
Residual.
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7.3.2 Mathematical Model
Deriving Equations
Notation

m

Pmn.N

'"mn.N

concentration of N-th nuclide (in water mol/cm3, in solid mol/g)
density of n-th phase (g/cm3)
rate constant of n-th clay mineral (1/y)
probability of production of clay n by weathering of clay m (-)
probability of redistribution of nuclide from phase I to j during the
weathering process (-)
rate constant of N-th nuclide between the m and n phases (1/y)
decay constant of N-th nuclide (1/y)
probability of nuclide fixation by ct-recoil (-)
distribution coefficient of N-th nuclide between the m and n phases
subscripts m and n show the phases where the nuclides are located

The concentration of the minerals are derived from the following equations:
AF., = -k1F1

7.3.1

A F 2 = -k

7.3.2
le F

7.3.3

A F 3 = C2 1 K 2 r 2
AFFe = c

7.3.4

C2 2 k2F 2

(F Fe = F A + F

7.3.5

F c = KF-

On the other hand, the redistribution of nuclides during weathering is derived from:

7.3.6

7.3.7
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\S'2,Nr2) ~

~ A N U 2,N' 2

- K2Lf2 HJP2

A (C 3>N F 3 )

= -A-NC3NF3

" P23>NK2C 2 ,NF2

V W N ' 2 / — -AfjV/4 ^ " 2

+

A

'N-1^2,N-1r2

"•" P i 2 N"^1 N' 1

+

A, N .-,C 3N .iF 3

+

P43,NK2C4,NF2

=

-^NC5,NF3

7.3.9

"*" A[\j.-(V_r4 N-1' 2

< 1 C 1iN F 1

(C5,NF 3 )

1.0.0

7.3.10

+ ^N-I^N-iFs

7.3.11

(CA.NFA) ~

"^-NCA,NFA

7.3.12

7.3.13

7.3.14

By substituting Equations 7.3.7, 8, 9, 12 and 13 in Equation 7.3.7, Equation 7.3.6
takes the form:

(C 0iN F 0 ) + A (C1iNF.,) + A (C 2iN F 2 ) + A (C3,NF3) + A (C A , N F A )
+ À
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T NF1

P2F,Nk2^"'2,N' 2 "** P4F,NK2^'4,NF2

7.3.15

Sorption Equilibrium
When the interaction between the nuclides in water and those at the reversible
sorption site is considered to be in equilibrium, the relationship between the
concentration of the nuclides in the water and at the reversible sorption site can be
expressed as:
1,N ~ ^ a 1,N

W,N

=

Kd AC Kd F C ,
0 N
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Thus, Equation 7.3.15 takes the form:
A [ (F a +Kd 1 , N F 1 +Kd 2 , N F 2 +Kd3, N F 3 +Kd F , N (1+Kd Ac , N K Fa )F A ) C0,N ]
= -

^C 0 , N (F e) +Kd 1iN F 1 +Kd 2)N F 2 +Kd3, N F3+Kd FiN (1+Kd AC , N K Fa )F A )

+ ^N-IC 0 I N-I (Fg+Kdi ,N-iFi+Kd 2N . 1 F 2 +Kd 3N . 1 F 3
+Kd FiN . 1 (1+Kd AC , N K FA )F A )
~ QFR^-N-1 K d A C N K F a F A C 0 N
- (k-|Kd 1N F 1 + k 2 Kd 2 N F 2 ) C 0 N
F! + p 2 3 N k 2 Kd 2 N F 2
d-! NF-| + p2F,Nk2Kd2|NF2) C 0 N
+ (P43,N + P4F,N) k 2 C 4 , N F 2

7.3.16

Expanding the terms of partial differential functions, Equations 7.3.16, 10, 11 and 14
may be expressed as follows:
(F 0 +Kd 1 , N F 1 +Kd 2iN F 2 +Kd3, N F 3 +Kd F , N (1+Kd AC , N K Fa ) FA)
+ C 0>N [Kd 1 , N AF 1 +Kd 2 , N AF 2 +Kd 3)N AF3+Kd F , N (1+Kd AC , N K Fa ) A F J
= -

^NC 0 ,N(F 0 +Kd 1iN F 1 +Kd 2|N F 2 +Kd3, N F 3 +Kd F , N (1+Kd A c, N K Fa )F A )
0 ,N-I

(F 0 +Kd 1 N .iF 1 +Kd 2 N . 1 F 2 +Kd 3 N .iF 3
+Kd FiN . 1 (1+Kd AC , N K FA )F A )

NF1

+ k 2 Kd 2N F 2 ) C 0 N
2N F 2

C0N
(P43,N+P4F,N)

- k2C4NF2

k 2 C4,NF 2

7.3.17

+

Pi^Kd^N^

7.3.18

P45,Nk2C4NF2

7.3.19

AC 5 , N %F 3 + C 5 ) N A F 3

0 NF2

+
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ACRN%FR
gN^FA

7.3.20

The driving equations for the redistribution of nuclides during weathering are now
obtained:
Minerals weathering:
AF 1 = - k ^

7.3.21

AF 2 = -k2F2 + c11k1F1

7.3.22

A F 3 = c21k2F2

7.3.23

A F A = (c12k1F1 + C22k2F2) / (1 + KfA)

7.3.24

Redistribution of nuclides during alteration:
A C 0 , N % (Fe+KdLNF^Kd^NF.+Kds^Fs+KdF.NCI+KdACNKFa) FA)
= - C0>N [ - K d 1 N k ^ i + K d ^ N (-k 2 F 2 + c ^ F O + Kd3iNc21k2F2
(1+K fa )]
L

.

C

FA)

gN.-! (F0+Kd-| N . 1 F 1 +Kd 2 ,N.iF2 + Kd3 N . 1 F 3
+ Kdp.N^ (1+KdAc,NKFa) FA)

C0N

kiKd-| N F 1 + p2p,Nk2Kd2 N F 2 ) C 0 N
(P43,N + P 4 F,N)

k 2 C 4iN F 2

+

Q

7.3.25

AC 4 > N %F 2
= - C 4jN (-k 2 F 2

- k2C4,NF2

+

p 14iN k 1 Kd 1 C 0 , N F 1

136

7.3.26

AC 5 , N %F 3

0 N

F2

+

P45,Nk2C4iNF2

7.3.27

cj F R À N .iKd F N .-|C 0 N. 1 F A

7.3.28

N%pR

- A, N C R N F R

+

7.3.3 Results
Using the distribution coefficients given in Table 8.2.2, calculations were carried out.
for three pathways:
1.
2.
3.

reversible sites of chlorite -» reversible sites of vermiculite -» reversible and
irreversible sites of kaolinite,
reversible sites of chlorite -» reversible and irreversible sites of vermiculite -»
reversible and irreversible sites of kaolinite, and
reversible sites of chlorite -» reversible sites of vermiculite -> reversible sites of
kaolinite.

In other words, kaolinite is the only mineral which has uranium fixation sites in
pathway 1, vermiculite and kaolinite have uranium fixation sites in pathway 2, and
there are no fixation sites in the clay minerals in pathway 3.
Figure 7.3.3 shows results calculated at the end of the reaction from chlorite to
kaolinite, e.g., at about 20 m deep near the DDH3 core hole (see Volume 2 of this
series). In pathway 3, there is no uranium in the 6M HCI extraction (Figure 7.3.3a),
hence, this pathway cannot occur (compare the observed data shown in Figure
7.3.4). The calculated patterns for pathways 1 and 2 (Figure 7.3.3 b and c,
respectively) are similar to those observed (Figure 7.3.4) when p25 = 0.4 for pathway
1, and pi4 = 0.4 and p45 = 0.1 for pathway 2. The expression, p25 = 0.4, means that
40% of the uranium at reversible sites of vermiculite moves to irreversible sites of
kaolinite or is fixed to kaolinite during the reaction even though the reaction itself is
that of decomposition. The expressions, pi4 = 0.4 and p45 = 0.1, mean that 40% of
the uranium at reversible chlorite sites moves to the irreversible sites of vermiculite
and 10% of the uranium at the irreversible sites of vermiculite moves to irreversible
sites of kaolinite during the weathering processes. The results suggest that
variations in the mineral compositions of rocks with time will affect the uranium
redistribution between the coexisting minerals, and nuclides change sorption or
fixation sites with time during weathering.
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FIGURE 7.3.3 Calculated fractions of uranium (%) in extracted phases at the end of
the reaction of chlorite to kaolinite for pathway 3 (a), pathway 1 (b), and pathway 2
(c). The calculated conditions are p25 = 0.4 for pathway 1, and p14 = 0.45, p45 =
0.1 and p25 = 0 for pathway 2.
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FIGURE 7.3.4 Observed fractions of uranium (%) in extracted phases in and near
the secondary ore deposit in the 6109mN section (see detail in Volume 8).
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The calculated distributions in the transition (vermiculite-present) zone for pathways
1 and 2 are given in Figs. 7.3.5 and 6, respectively. Although the distribution at the
end of the reaction from chlorite to kaolinite (at 4 x 105 years) is similar for pathways
1 and 2, there are some differences. Uranium in the 6 M HCI fraction increases with
time or with increase in kaolinite content, uranium in the Morgan's solution
decreases with time, and uranium in the CDB solution is approximately 50% for
pathway 1 (Figure 7.3.5). On the other hand, for pathway 2, uranium in the 6 M HCI
fraction is very high when the vermicuiite content is high (at 1 x 105 years in Figure
7.3.6) and uranium in the CDB solution is lower than that for pathway 1 (Figure
7.3.6). However, although the calculated patterns in the transition zone vary
markedly with time, there is insufficient sequential extraction data for the transition
zone to allow a comparison with the calculated data.
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FIGURE 7.3.5 Calculated fractions of uranium (%) in extracted phases in the
transition zone for pathway 1. The calculated condition is p25 = 0.4. See Fig. 3.55
of Vol. 9 of this Series for the mineral compositions against years.
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7.3.4 Conclusion
The modelling has considered the effect of uranium fractionation between coexisting
minerals during chlorite weathering, on the uranium redistribution. The results
suggest that the uranium fractionation is affected by the sorption-fixation behaviour,
i.e. the extent of reversible and irreversible sites of the three clay minerals, although
uranium is mainly associated with the iron minerals.
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7.4 Role of

234

Th fixation in disequilibria

T. Ohnuki, JAERI
The objective of the work was to elucidate the migration behaviour of
uranium series nuciides at Koongarra. Previous studies of the disequilibria of
activity ratios of uranium series nuciides have revealed that the mobility rates of
the nuciides are in the order 2 3 8 U> 2 3 4 U> 2 3 0 Th (Ohnuki et al., 1990). This is
inconsistent with migration rates such that 234U > 238 U, which have been
reported for other natural systems (Lively et al., 1978, Lively et al., 1979, Eyal
and Fleischer, 1965a,b) where alpha-recoil effects and preferential leaching of
the decay product were considered.
In quartz-chlorite schist, the host rock at Koongarra, quartz remains unchanged
during weathering but chlorite is weathered to vermiculite, then kaolinite,
goethite, and hematite are formed. In the Koongarra dispersion fan (Snelling,
1980) uranium concentrations have been shown to be directly related to the
extent of the chlorite weathering (Murakami and Isobe, 1991). This suggests
that the migration of uranium series nuciides might be related to the weathering
of chlorite and the conversion of the minerals may change the sorption
characteristics of uranium series nuciides. The weathering process is shown
schematically in Figure 7.4.1.

( Chlorite

{Vermiculite]

Kaolinite)

Crystallisation

FIGURE 7.4.1 Schematic presentation of the weathering process.
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Because the half life of 234Th is much shorter than those of 238U and 234 U, the
effects of 234Th have normally been ignored in studies of radionuclide migration.
It is well known that thorium is much more strongly adsorbed to materials than
uranium. In the present study, we have assumed that some of the 234Th was
irreversibly fixed to the rock during weathering of chlorite to kaolinite, and 234U
resulting from the decay of the fixed 234Th was also located at these fixation
sites.
The role of 234Th fixation during chlorite weathering is examined in the modelling
study reported here.
7.4.1 Concept
Figure 7.4.2 presents, schematically, the migration behaviour of the uranium
series nuclides during the weathering of chlorite, a major mineral in the host rock
at Koongarra. We have assumed that there are three phases in the medium
where the uranium series nuclides are found. The first is a liquid phase where
the uranium series nuclides migrate due to water flow and dispersion (the first
line in Figure 7.4.2). The second is a solid site S where the nuclides are
accommodated reversibly by, for example, surface adsorption (the second line in
Figure 7.4.2); these nuclides may be easily desorbed. The third is a solid site F
where the uranium series nuclides are accommodated irreversibly, by for
example, fixation in crystallographic sites (the third line in Figure 7.4.2); these
uranium series nuclides cannot be desorbed.
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FIGURE 7.4.2 Conceptual model of the migration of uranium series nuclides.
W,S,F are, respectively, the water phase, loosely sorbing site, and tightly fixed
site.
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We assumed, that water induced weathering of the chlorite resulted in the
formation of vermiculite and amorphous iron minerals and transported uranium
series nuclides were sorbed on the chlorite, vermiculite and the amorphous iron
minerals (S site).
It was also assumed that a fraction of the uranium series
nuclides, which were sorbed by the primary and/or secondary minerals could be
tranferred from S sites to F sites during alteration to secondary and/or tertiary
minerals. A daughter nuclide exists at the site where the parent nuclide was
originally located.
The model can be simplified by the removal of the 238 U, 234U and 230Th S to F
site transfer pathways, which would not affect the relationship between
234
U/238U and 23OTh/238U ARs in the solid.
This can be justified by the
observation that the presence of the fixation mechanism does not change the
relative content of the two chemically indentical sorbed urania isotopes, 238U and
234
U. On the other hand 230Th is effectively immobilised in Site S by the very
high sorptive capacity of the rock (high Kd(Th)), and this produces a similar
effect to the immobilisation in the fixation site.
The significant transfer
mechanisms included in the modelling are therefore shown in Figure 7.4.3, and
are discussed below.
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FIGURE 7.4.3 Simplified scheme of radionuclide migration.
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7.4.2 Mathematical expressions
The deriving equations of uranium
following equations:
d
"^

series

nuclides

are expressed

by the

V j)_
W,U8~ ~R ~^
U8

W,U8 UB W.UB

(7.4.1)

\j4 ox

riT4

(7.4.2)

(7.4.3)

*

"

•" "

•

•-» ~

(7.4.4)

U4

(7.4.5)

—.CTO-K4CF,U4+RU4^U4CW,U4~^T0CT0

(7.4.6)

where
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and

: concentration of 238U in the W site (mol cm"3),
concentration of 238U in the S site (mol cm"3),
^S,U8
concentration of 238U in the F site (mol cm"3),
^F,U8
decay constant of 238U (y"1),
Vj8
rate constant of 234Th from the S site to the F site (y 1 ),
: rate constant of 234U from the F site to the W site (y 1 )
rate constant of 234U from the F site to the S site (y 1 ),
FS
Kd(U8) : distribution coefficient of 238U (ml g"1),
water velocity (m y 1 ),
V
water content (-),
e
bulk density
(g cm 3 ),
p
distance
(m),
X
time
(y),
t
^W,U8

Subscripts U8, T4, U4 and TO denote 2 3 8 U,

234

Th,

234

U and 230 Th, respectively.

The aim of the study was to estimate nuclide migration over a period of a few
million years, which corresponds to the weathering timescale of the area.
Consequently, a time step greater than one year had to be used in the
calculation procedure. Because the half life of 234Th is much shorter than this
time
step, we could not directly obtain the distribution of the nuclides
concentrations by solving Equations 7.4.1-6. However, if we assume that 234Th
in the groundwater moves a negligible distance in a time comparable to its halflife, then

T4

dX

It should be noted, that this assumption was used in all the other models. The
generating equations for 234Th migration could then be expressed by ordinary
differential equations and a time step (1 year) was considered to be infinitely
long with respect to the 234 Th decay process. We then substituted the solutions
of Equations 7.4.2 and 7.4.3 for CWT4 and CFT4 in Equations 7.4.4 and 7.4.5 to
derive the following equations:
a

dt

(7.4.7)

RU8 dX

145

^^CW,U4~^U4CW,U4+kFWCF.U4+(fW+QCW,U8
ox

(7.4.8)

KU4

—.CF,U4-~(^U4+kFV^CF,U4+^T4ff^U8CW,U8

(7.4.9)

.CT0^U4CF,U4U4^U4CW,U4^T0CT0

(7.4.10)
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7.4.3 Data
To examine the effect of the 234Th fixation rate constant on the 238U and 234U
migration velocity, we calculated the concentration profiles of the uranium series
nuclides and the relationship between the 234U/238U and 23OTh/238U ARs.
We assumed that the uranium series nuclides were in secular equilibrium when
released at time 0 from the initial position; the distribution coefficients of 238U
and 234U were the same, and equal to 1000 ml_ g"1; the water velocity was 1 m
y"1; the bulk density of rock was 2.0 g cm"3; and the water content was
0.1 cm 3 cm"3. The calculation was carried out for fixation rate constants of
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12 y 1 , 24- y 1 , 36.5 y 1 and 3.65 x 10 2 y 1 ,
calculations are shown in Table 7.4.1.

Other parameters used in the

To investigate the sensitivity of the model to the fixation mechanism, the
calculations were repeated using an initial 234U/238U activity ratio greater than 1
at the initial position. Such ARs would correspond to the assumption of 234U
preferential leaching, as often reported for other natural systems (Lively et al.,
1978, Lively et al., 1979). Activity ratios (234U/238U) of 2 (Case 1) and 5 (Case
2), and fixation rate constants of 8.3 y"1 to 1 x 10 5 y"1 were used in these
calculations.
TABLE 7.4.1
PARAMETERS USED IN THE CALCULATIONS
Parameters
Distance
Mesh number
Time
Time step

Value
200 m
40
1 x 106y
20 y

7.4.4 Results
Figure 7.4.4 shows the relationship between the 234U/238U and 23OTh/238U ARs
(later referred to as the ARs relationship) 1 million years after the release. In
this case (the "basic case"), the fixation rate constant of 234Th from sites S to F
was zero. The figure shows that both 238U and 234U migrated with the same
velocity, which was faster than that of 230 Th. Note that the ARs relationship is
represented as a straight line with the 234U/238U ARs being 1. These results are
inconsistent with those observed around the Koongarra ore deposit, where the
234
U/238U and 23oTh/238U ARs are positively related (Figure 7.4.5).
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FIGURE 7.4.5
Distribution of experimental AR data for the shallow and
intermediate layers (Volume 8 of this series).
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Figures 7.4.6a and 7.4.6b show the calculated concentration profiles of the
uranium series nuclides and the ARs relationship, respectively, when the fixation
rate constant of 234Th was 12.0 (y'1). The concentration profiles show that the
migration velocities of 2 3 8 U, 234U and 230Th were in the order of 2 3 8 U, 234U and
230
Th.
The ARs relationship indicates a positive linear correlation, and is
different from that of the basic case. In Figure 7.4.6b the upstream 234U/238U
ARs are greater than those downstream, in agreement with the trend observed
in the Koongarra ore deposit (Figure 7.4.5). Thus, the inclusion of the 234Th
fixation process in the model can cause the apparent migration velocity of 234U
to be reduced relative to that of 238 U, and 230 Th.
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FIGURE 7.4.6 Concentration profiles and activity ratios at time = 1 My,
fixation rate constant = 1 2 y \
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234

Th

An increase in the fixation rate constants resulted in an increase of the 234U/238U
AR with respect to the 23OTh/238U AR (Figure 7.4.7), as well as a higher
migration velocity of 238U relative to that of 234 U. Interestingly, this effect on
the migration velocity of 238U and 234U was observed even when the fixation rate
constant was much smaller than the decay constant of 234 Th.
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FIGURE 7.4.7 Distributions of activity ratios at "IMy for different
rate constants.

234

Th fixation

The ARs relationship showed a similar trend to that in the basic case when the
Kd of 234Th was 10 times greater than that of 234 U, and the fixation rate constant
of 234Th was 0 (y~1). Preferential migration of 238U was not obtained when 234Th
sorption was included in the model and 234Th fixation was omitted.
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Figure 7.4.8 illustrates an increase in the ARs relationship's gradient with time.
A transport time of about 1 million years, equivalent to at least four 234U half
lives (2.5x10 5 y), was required for the gradient to attain its maximum value.
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FIGURE 7.4.8 Plots of activity ratios for different travel times and fixation rate
constant = 12y"\
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A desorption rate constant, kFW, greater than 10'3 y'1 did not result in apparent
delay of 234U migration (Figure 7.4.9), while for k ^ less than 10' 7 y \ no effect
of the desorption of the fixed 234U was observed. The apparent delay of 234U
was probably reduced if the desorption rate constant was greater than the decay
constant of 234U (2.8x10"6 y'1). Thus, desorption of the fixed 234U to water
cancels the apparent delay in the 234U migration.
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FIGURE 7.4.9 Plots of activity ratios at 1 My for different
constants (kpw).

234

U dissolution rate

Figure 7.4.10 shows the ARs relationships at 1 million years when the initial
U/238U ARs were 1, 2 and 5, respectively.
The gradient of the ARs
234
238
relationship increased with decrease of the initial U/ U ARs. Thus, inclusion
of the process which allowed the initial 234U to be preferentially leached, reduced
the effects of the 234Th fixation. However, even if the initial 234U/238U ARs was
5, the gradient was still positive. These results indicate that even such strong
preferential leaching of the initial 234U does not preclude retardation of the 234U
with respect to the 238U migration.
234
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7.4.5 Discussion
Although we are not certain which minerals are responsible for the 234Th
fixation, possible candidates could be the clay and/or iron minerals (the
weathering process of chlorite to kaolinite is schematically shown in
Figure 7.4.11). In such a case, possible S and F sites are the surfaces and the
interlayers of vermiculite and smectite, respectively.
However, no data is
available for the diffusion rates of thorium from surfaces to the interlayers.
Shirvington (1983) has suggested the possible incorporation of 234Th into the
octahedral sites of clay minerals.
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FIGURE 7.4.11 Sorption and fixation of uranium and thorium on minerals
formed during weathering of chlorite to kaolinite.
If the iron minerals are responsible for the fixation, then the transfer of 234Th
from the S site to the F site may be a result of the transformation of the
amorphous iron (ferrihydrite) to crystalline iron minerals (goethite and hematite).
Uranium in the ferrihydrite is accessible to the groundwaters (Airey et al, 1986b)
and thorium is less desorbed from ferrihydrite than uranium, therefore,
ferrihydrite surfaces are possible S phases, while the crystallographic sites
and/or impurities of goethite and hematite are possible F sites. The half
conversion of ferrihydrite to goethite and hematite takes 112 days at pH 7 and
24 °C (Schwertmann and Murad, 1983) corresponding to a rate constant of
2.3 y~\ Groundwaters at Koongarra have pH values of 6.5-7.2 (See Volume 7
of this series) and the average monthly temperature is 25 - 29 °C. If 234Th is
fixed to the crystalline iron minerals with the rate equal to this conversion rate,
then a positive gradient of the ARs relationship could be expected (see
Figure 7.4.7).
In a series of sequential extraction experiments using samples from downstream
sites in the Koongarra primary and secondary ore zone Yanase et al. (1991) (see
also Volume 8 of this series), measured higher 234U/238U and 23OTh/234U ARs in
the CDB extraction phases than in the TAO extractable phases (a factor of 1.2 1.8). They noted that ferrihydrite was dissolved by TAO solution, while goethite
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and hematite were not dissolved by the TAO solution, but by the CDB solution.
It seems that thorium is preferentially associated with crystalline iron minerals,
and as a result 234U is preferentially accommodated in the crystalline iron
minerals relative to 238 U.
Hence, this data can be used to support the
mechanism proposed in this model, that: 234Th on the surface of ferrihydrite (an
S site) can be accommodated in the crystallographic sites and/or impurities of
goethite and hematite (F sites) after phase transformation, and 234U produced
from 234Th at the F sites will be more tightly bound to the crystalline iron
minerals than the 238U and 234U in the W and S sites.
The timescale of the formation of the secondary uranium zone has been
estimated to be 1-3 My (Section 5.3 and Lever, 1986b). If we assume 2 My to
be the total timescale, and estimate the respective chlorite to kaolinite
weathering time to be 400 000 years (see Volume 9 of this series), then
amorphous iron minerals would be continuously formed during this weathering
period. A proportion of the 234Th sorbed on amorphous iron minerals could be
fixed to the crystalline iron minerals during the chlorite to kaolinite conversion
period. The 234U produced by the decay of the fixed 234Th would then be tightly
associated with the crystalline iron minerals with the fixation of 234Th as well as
234
U being completed during the chlorite to kaolinite conversion period.
Subsequently, a fraction of the fixed 234U could be released into solution with
the dissolution of crystalline iron minerals, the amount of the 234U released into
solution being a function of the time available for the iron minerals to be
dissolved. If this were the situation, then a slower apparent 234U migration
should be observed in the subsurface zone. The experimental data appear to
support the case as is illustrated in Figure 7.4.5 by the lower gradient of the
ARs relationship for the subsurface zone.
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8 QUASI-TWO-DIMENSIONAL AND TWO-DIMENSIONAL MODELS
8.1 Preferential Pathways Model
Simplified 2-D model describing the preferential uranium pathways
in the Koongarra weathered zone.
Cezary Golian, ANSTO

A close examination of vertical cross-sections of the uranium concentration data
base resulting from the exploratory drilling of the Koongarra deposit reveals that
the bulk uranium is distributed along preferred paths in the weathered zone. This
has resulted in the double-tongue appearance of the uranium dispersion front
which can be seen in the cross-section shown in Figure 2.5 of Volume 2 of this
series. Variations in the geology and a fluctuating water table are assumed to be
the prime causes of the preferential mobilisation of uranium in the surficial
weathered sandstone layer and in the transition layer of the partially weathered
schists at the bottom of the weathered zone.
The model proposed here, describes the transport of uranium in the surface and
deeper horizontal layer of the weathered zone. Most of the other Koongarra
models use the activity ratios distribution of uranium and its daughter products
to determine the timescale of the dispersion zone. This model attempts to search
for time characteristics in the formation of two distinctive dispersion fronts and
investigates the interdependence of these parallel flows and time constraints
resulting from fluctuations of the water table or due to different flow velocities.
Hopefully, this can compensate for the lack of the usual constraints present
when modelling the radioactive chain-decay members.
8.1.1 Conceptual description
The model is quasi-two dimensional in that it describes the transport in a 2 D
vertical cross section. This section is represented by two transport facilitating
1-D pipes which are separated by an intermediate zone where no horizontal
(lateral) transport is considered. Vertical transfer of uranium from the bottom
pipe to the surface layer across the intermediate layer is allowed (Figure 8.1.1 ).
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FIGURE 8.1.1 Conceptualised groundwater flow and uranium transport.

The top surface layer consists of weathered sandstone, gravel, loam, etc. and is
characterised by high permeability. The second layer near to the bottom of the
weathered zone, contains weathered and partially weathered fractured schist
rock.
The primary uranium source is located in the bottom layer and does not
protrude to the top layers. Fluctuation of the water table determines possible
"communication" pathways between the two 1-D pipes. This assumption
follows the general understanding of groundwater recharge and flow pattern
suggested by Snelling (1980) and investigated by others.
Changes in the water table can be considered in different timescales. In the first
case long dry, desert like conditions over long geological periods can be
envisaged followed by wet possibly monsoonal climate periods. In the dry
conditions, at least the top layers were continuously above the water table in
unsaturated conditions. Uranium transport was restricted mainly to the deeper
zones of the system. On a much shorter, annual timescale a similar scenario is
produced by the wet and dry seasons of the present sub-tropical climate.
Indeed, the long term hydrographs and rainfall data (Figure 8.1.2) show, that the
present water table fluctuation can be modelled as follows:
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a) Dry season. Pipe S above the water table, no communication
between S and B, no lateral flow in Pipe S and flow in Pipe B;
b) Wet season, Pipe S above the water table, no communication
between S and B, flow in Pipe B, surface run-off and sub-surface
lateral flow in Pipe S;
c) Wet season, water table near the surface, lateral flow in Pipe S,
lateral flow in Pipe B and vertical connection between B and S
(uranium transfer possible).
500

FIGURE 8.1.2 Examples of rainfall and water table records.
In general these can be simplified and described by two different transport
periods:
i) No interaction between S and B, flow in B; and
ii) Full interaction between B and S and lateral flows in both the pipes.
The shorter transport time for Pipe S can be modelled using a time factor t f
parameter which, in the second scenario, is estimated from the standing water
levels data (SWL) (Figure 8.1.2).
transport time = t { * time
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Vertical upward water flow and uranium transfer from Pipe B to Pipe S through
the intermediate zone, is assumed. A transfer factor w (a fitted parameter) is
used to describe the amount of uranium "lost" into this zone. Thus uranium
withdrawn from Pipe B multiplied by this factor is the uranium transferred to S.
The rock matrix is presented as two mineral phases. The first is in sorption
equilibrium with water and contains water accessible uranium. The second
phase is inaccessible to water; the contained uranium was transferred by the
phase exchange process described in Sections 2.3 and 3.3. The effect of such
transfer is expressed by the phase transfer rates fax, fxa.
8.1.2 Equations
A simple divided box model (see Figure 8.1.3) is used and two sets of equations
are formulated, one set for each transporting pipe. The equations describe
adsorption/desorption mechanisms in the water/accessible phase interaction and
account for uranium transfer into the inaccessible sites via the phase exchange
process. Radioactive decay is included in the equations but can be easily
removed since its effect is insignificant on a 106y timescale.

box B(i-1)

boxB(i)

box B(i+1)
advection

advection

I
AO-1)

A

AM

m

mol. diffusion

A

V

V

phase
transfer

phase

mol. diffusion

A
V ~~
phase
transfer

transfer
Xft-1)

I

A.^l~ 1 )

X(D

FIGURE 8.1.3 Scheme of the Preferential Pathways Model
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Let A and X be the concentrations of accessible and inaccessible uranium in the
box(i); X is the decay constant; uB , u s - Darcy flow in the pipes; fax, fxa are phase
transfer rates, ax, A to X; xa, X to A; and the total uranium concentration
C = A + X.
A set of equations can be written for each transporting pipe Z (Z = S(surface) or
B(bottom layer) to express the change in both forms of uranium in box i over
time At.
dA

XA

f

—

dt

^K^^'A

^ X

f

A

f

X

(8.1.1)

--Mz-Wz + ^z

(8.1-2)

= X/Uw

(8.1.3)

z

(8-1.4)

(8.1.5)

where
us'
uB'

=
=

us
(1 + v)u B , and

A
=
X
=
w
A
=
e s , eB =
p
=
L
=
u
=
i
=

uranium concentration in the accessible phase [fjg/g]
uranium concentration in the inaccessible phase [//g/g]
uranium concentration in groundwater [yt/g/mL]
porosities [-]
rock density [g/cm 3 ]
length of the 1 -D box [m]
groundwater flow velocity [m/y]
box number

Kd
v
w

distribution coefficient [mL/g]
vertical portion of the flow [-]
loss coefficient [-] (the part of the vertical flow which
entered the pipe S flow)

=
=
=
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The model equations are only valid within a box, hence are solved in the timespace frame At and B(i).
The total uranium concentration C in Box(i) in pipes S or B is then given by the
following expression:
c

= £a,<F/+1)exp(x# + (X(0) - £F,a,)exp(x4*)

(8.1.6)

where the respective set of solution coefficients are calculated separately for
each transporting pipe
x t = -A

x 2 = [-(a + p) + /A]/2
x 3 = {-(a + p) - VAI/2
x 4 = -P
for
a = A + ep-1Kdu'l_-1 + fax ;

p = A + fax ;

A = (a + P)2 - 4(a3 - f«f J
and
a, = (p - A)ep-1u'L-1Aw(0)/(A2 - A(a + p) + aP - faxfxa)
a2 = ( ai (x 3 + A) - (a + x3)A(0) + fxaX(O) + ep-1ufL"1Aw(0)/(x2-x3)
a3 = A(0) - a, - a2
F, = f ax /( Xj + 3)
A w is assessed at the computational phase. It is assumed that A w is the amount
of uranium leached from the rock in box B(i-1) and transferred to B(i). The
transfer occurs instantaneously, but once in B(i), the uranium A(i) can undergo
decay during the residence time At . Thus the model equations are valid and
solved in the time-space frame of At and B(i).
The eventual extension of the model to a general time-space frame is achieved
during the computational procedure which imposes the formalism of
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hydrodynamic transport modelling. The uranium concentration calculation in B(i)
is transferred to another B(i + 1 ) by a method resembling advection and
dispersion (molecular diffusion) transfer of the uranium. In this approach the
precise nature of the rock/groundwater interaction is not expressed in the model
equations but was presented as the result of generally defined
leaching/deposition processes. Advection and dispersion (molecular diffusion)
processes are represented in computational stages by simultaneous transfer of
leached uranium from one elementary volume to the next along the flow
direction (advection) and/or along the concentration gradient (dispersion).
8.1.3 Data
The two transporting 1-D pipes model the uranium mobility in two distinctive
transport environments:
(a) a surface layer (Pipe S), consisting of porous weathered
Kombolgie sandstone cover (sand, loam, etc), and
(b) the deepest layer of the weathered zone (Pipe B), consisting of
weathered schists and bordering the crystalline rock.
Experimental data were compiled from the exploratory drill core logs for Section
6109 mN (Table 3.3.1). The surface layer (Pipe S) was identified from
descriptions in the geological logs, e.g. laterite-sand-loam, alluvium, etc. The
general depth of this layer was 1.5-9 m (in 1.5 m units). The representative
uranium concentration for a given location was calculated by averaging the
concentration over a 1.5 m core unit. Similarly the bottom layer (pipe B) was
identified by determining the weathered-unweathered zone boundary, again
using a 1.5 m core unit.
Sixteen drill core logs are available along this section of the uranium deposit.
Since it was also intended that the uranium distribution in the "upstream" water
flow direction be investigated, the reference point for distance was chosen to be
in the vicinity of the reverse fault. Thus the data used was taken from the
drillcore logs of PH75, approximately 43 m from the reference point, to that of
PH94 about 410 m away (see Figure 2.1.1). The primary ore body position is
located at about the 150 m point. Figure 8.1.4 shows the uranium distribution in
the dispersion fan along the two horizontal pathlines. The bottom layer curve
shows a shoulder (50-60 m long) followed by a sharp fall in concentration to
near background levels. The S pipe curve has a much smoother and continuing
fall which indicates that the surface transport disperses uranium more readily.
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FIGURE 8.1.4 Uranium concentration distribution along the dispersion fan, S - in
the surface layer, B - in the bottom layer of the weathered zone.

Figure 8.1.2 shows annual rainfall histograms and standing water levels (SWL)
recorded at four sampling points. The regular and substantial water table
fluctuations are a result of the monsoonal climate.
The top surface layer of the weathered zone is for part of the year (4-6 months)
above the water table. Consequently there is a discontinuity in the groundwater
flow which causes a periodic suppression of the advective transportation of
uranium. Furthermore, careful analysis of the rainfall histograms showed that at
the onset of the wet season when the water table is still low, surface run-off
and sub-surface flow would occur. This might result in dilution of the adsorbed
uranium (and efficient removal).
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8.1.4 Model application
We assume that the amount of radionuclide brought into box B(i) by the water is
instantaneously deposited into the rock and a new sorption equilibrium
{determined by the Kd) is established. After time At, the equilibrated ground water
is simultaneously moved along the pipe from box B(i) to B(i+1) (in advection
mode only) and also to B(i-î) (in advection and dispersion [molecular diffusion]
mode). This description is valid for independent flow in both the surface and
bottom pipes.
Two separate sets of parameters, each able to be divided into 2 broad groups
are selected for each pipe. The first can be calculated from hydrological and
geochemical data, e.g. water flow velocity u; the leaching/deposition rates are
interdependent, the time factor can be calculated from the SWL, data for
porosity, and Kd values for the weathered zone are available. The second set of
parameters have to be fitted; these include the phase transfer rates fax, fxa and
the initial concentrations of the accessible A(0) and inaccessible uranium X(0) in
the source (primary ore).
The concept of simple sorption equilibrium relates actual uranium concentration
in the rock strata with the respective concentration in pore water. There is a
relatively large amount of information available on the distribution of uranium in
the Koongarra system. However, several difficulties must be considered. First,
as discussed in Sections 2.3 and 3.3, the use of Kd is controversial as is its
method of estimation (e.g. distribution coefficient Rd, partition coefficient P)
(McKinley and Alexander, 1992a,b); some data is available for the estimation of
these coefficients. Second, temporal variability, e.g. should the value of Kd be
related to the weathering of the rock with time? Kd will also vary spatially, e.g.
for the primary ore, and the surface (S) and bottom (B) layers. Third, the
existence of water accessible and inaccessible adsorbed uranium has to be
considered.
These difficulties are not easily solved and present-day values have to be used,
at least as pivoting points around which a Kd range can be tested. In practice Kd
is considered as a quasi-free parameter and for simplicity the same value is used
for both the S and B pipes. The value of Kd reflects uranium concentration in the
accessible phase rather than that in the total rock and is less than half of the Kd
value for the total rock.
Flow rate is expressed as the number of total water volume exchanges in box
B(i) per time step used; for the 1-D geometry of the pipe, this depends on the
water flow velocity u, the length of the 1-D box B(i) and the time step At.
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Water flow estimates of 0.01-1.0 my"1 in the deeper weathered zone, and values
up to 10 my"1 for the surface zone, have been reported. An individual box B(i)
length of 25 m was chosen since the total length of the region modelled is of
the order of 400 m and this would give 16 experimental sampling points along
the span.
The vertical transfer rate was estimated by considering the differences in vertical
and horizontal permeabilities in the weathered zone (up to 2-3 fold higher
permeability in upward direction). Measured values were used to impose
maximum and minimum limits on the vertical flow rate, which is considered to
be greater than the horizontal flow rate in B.
The surface layer has two separate sources of water, upwards flowing
groundwater and fresh meteoric water, with the rainwater component having a
diluting effect on the uranium brought into the surface with the upwards flowing
recharge water.
The activity ratio data for uranium series radionuclides shows markedly different
234
U/ 238 U, 23OTh/234U activity ratios in water accessible and inaccessible mineral
phases of the rock. The presence of uranium and thorium isotopes in the
inaccessible phase is a result of the transfer of radionuclides during the
crystallisation process and their subsequent radioactive ingrowth/decay. The
phase exchange rate is such that high disequilibria can be built up and
maintained in the inaccessible phase. Hence, the range of the free parameter fax
was restricted to values comparable with the decay constants of 234 U.
The uranium orebody protruding into layer B which contains weathered and
leachable uranium mineral phases (A) and water inaccessible phases (X),
provides the source of uranium for dispersion, however, its leaching is limited by
the solubility factor and water accessibility to the orebody. Thus the rate of
uranium release F(t) is:
F(t) = vAB(t)
where AB(t) is the water accessible time-dependent inventory of uranium and y is
a constant leach fraction per unit time.
A number of constraints which can be sequentially incorporated into the
computing regime are provided by the conceptual frame of the model:
the present day uranium mass distribution between the primary,
surface and deeper dispersed zones,
the uranium concentration ratios between the content of the
accessible and inaccessible mineral phases of the rock,

166

the inter-dependence of the uranium concentration distribution in Pipes S
and B, and
the uranium concentration in groundwater.
To eliminate the effect of the increased heterogeneity on the peripherals of the
system, the spatial region where these constraints were considered was limited
to the centre of the dispersion zone (i.e. between 160 and 260 m from the
reference point).
Experimental estimates of the uranium mass balance in the vertical cross section
selected for modelling can be used to control the calculation of the present day
values of uranium in the primary deposit (P), in the selected surface layer (S) and
the deeper layer (B). The estimation of mass distribution in this particular
geometrical configuration was based on averaging the uranium concentration at
the sampling points and taking them to be representative of a particular region in
2D geometry. The accuracy of this method is determined by the density of the
sampling points in all three areas (P, S and B). Although the 3-D database was
not used directly to enhance the calculation of the mass balance in the 2-D cross
section, it was used to determine the contours of the zones. The proportion of
uranium in the P, B and S zones was 45, 37 and 18 percent of the total
respectively.
The ratio of the uranium content in the accessible (A) and inaccessible (X) rock
phases depends on local geochemical conditions which determine the extent of
the crystallisation of the ferrihydroxide into hematite or goethite (Cornell, et al.,
1987), (Cornell and Giovanoli, 1985). Uranium atoms embedded in the crystal
lattice are effectively isolated from water activity. It is, therefore, very difficult
to estimate the rate of crystallisation in any natural system as this is affected by
the heterogeneity of the mineral assemblage and differences in water chemistry
along the spatial scale and is further complicated by the evolutionary alteration
of the rock strata in time. Careful analysis of the radiochemical data indicated
that the rate of phase exchange has at least to be 10'5 y'1, because it can affect
the activity ratios of 234 U/ 238 U, 23OTh/234U on the system timescale.
The distributions of uranium concentration with dispersion distance (shown in
Figure 8.1.4 for the B and S layers) exhibit characteristic and individual shapes.
Curve B has an "elbow" region close to the primary deposit which is followed by
a sharp dispersion front; curve S has a much slower and extended decrease. The
modelling must simultaneously derive both curves, hence, any model fitting
procedure is controlled by the interdependence of uranium spatial distribution in
these t w o layers.
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The experimental data for uranium concentration in groundwater can also be
used as a constraint when calculating the uranium content of the accessible
phase as this is related through the Kd concept with the local uranium
concentration in groundwater.
8.1.5 Results and Discussion
In the example described, Kd in the B layer was varied to test the response of
the calculated concentration curves with the other parameters being fixed.
Figure 8.1.5 presents the results obtained for Kd(B) = 2000, 3500, and 5000
mL/g . As could be expected, with an increase in Kd(B), a greater amount of
uranium was transported and dispersed over a greater distance. Although Kd(S)
was fixed, both concentration curves responded to the change in Kd(B). The
interdependence of the curves' shapes is demonstrated by the fact that any
fitting procedure for curve B affects the shape of curve S and vice versa. This
effect was observed for all free parameters and therefore, could be utilised as a
strong constraint in testing value ranges for free parameters.
Figure 8.1.6 shows a set of uranium concentration curves resulting from three
different flow values. As in the previous example, the other free parameters
were fixed. In curve (a) the groundwater flow velocity in B was 0.5 my'1 and the
resulting uranium concentration distribution in S was excessive. An increase of
flow to 2.0 my"1 reversed the trend, however, the uranium transport in S lagged
unacceptably behind the transport in B. Thus, increasing the flow rate by a
factor of 4 caused a total change in the uranium distribution in both the
transporting pathways.
Due to the complexity of the system hydrology, the present day water flow
velocity estimates are spread over a wide range of values. It is also difficult to
speculate on the evolution of the flow pattern in time, hence, the flow parameter
is considered as a fully fitted parameter constrained mainly by the modelling
procedure, and is not derived directly from hydrological estimates.
Figure 8.1.7 shows the effect of four different vertical transfer rates on the
amount of uranium distributed in S. In case (d), the uranium source in layer B
was exhausted and transport in B was strongly suppressed. The primary ore
concentration is less than the concentration levels in S, and after 1 My it was
unable to effectively supply both the uranium transporting pathways. Any
continuation of such a transporting scenario beyond 1 My would result in an
extensive dispersion of uranium in S.
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The present day mass distribution between the primary ore zone and the B and S
layers can be effectively used to monitor the calculation of the evolution of
uranium distributions with time. The model assumes that uranium leached from
the primary zone is dispersed in the B layer, transferred to the S layer, or lost in
the intermediate layer. The amounts of uranium in the B and S zones are related
through the values of the vertical and horizontal permeabilities in the weathered
zone. The model calculates the concentration distribution along the dispersion
direction, but it can also be easily adapted to provide a total mass balance
development with time.
Figures 8.1.8 and 8.1.9 show calculated total uranium mass in the three zones
over the period up to 3 My for different flow rates in B, and phase exchange
rates. All other parameters were fixed, but the vertical and S flow rates were
affected by the rate in B through fixed coefficients,
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Figure 8.1.8a gives the mass distribution for uB =0.25m/y and a phase transfer
rate fax = 0.0017ky"1. Curve P represents the primary ore mass, which was
leached out with a half-time of about 2 My. The relative ingrowth of the
dispersed uranium in B (curve B) and S (curve S) was equally fast. For a short
time period (less that 0.2 My), all three curves passed through the required
combination of relative masses (e.g. primary = 0.45, B = 0.37 and S = 0.18
of total). This situation occurred at about 2 My, but could not be repeated later.
Increase in the phase transfer rate (to 0.0025ky"1) changed the distribution of
the uranium masses (Figure 8.1.8b). More of the uranium was retained in zone B
due to its transfer to the inaccessible phase and the increase in S uranium was
so slow that the present day Koongarra uranium distribution could not be
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achieved. This is a convincing example of the efficacy of the mass distribution
constraint.
Increase in the groundwater flow in B by 100 per cent (to 0.5m/y) resulted in
fast dispersion and uranium mass transfer (Figure 8.1.9a). There is marked
improvement in the fit, especially in mass transfer to zone S. The desired mass
distribution occurred at around 1 My, but this could not be repeated at any later
time. With a further increase in the flow in B to 1 .Om/y, the primary ore was
very quickly leached (with a half-life of about 0.6 My) and the required
combination of the distributed masses could not be achieved (Figure 8.1.9b).
TABLE 8.1.1
TIMESCALE AS A FUNCTION OF FLOW VELOCITY USING
P:B:S MASS RATIO AS A MODEL'S CONSTRAINT
Calculated Masses

Parameters
u(m/y)

T(ky)

P

B

S

0.12
0.25

0.37

0.50

1000

0.52

0.33

0.16

1200

0.37

0.37

0.18

1400

0.40

0.40

0.20

800

0.53

0.30

0.17

1000

0.43

0.36

0.21

800

0.46

0.33

0.21

0.37

0.18

Experimental estimates

0.45

Table 8.1.1 presents the results of varying the flow velocity parameter in the
restricted region of the weathered zone. The respective distributed uranium
masses were allowed to differ by a ±20% margin from the experimental data;
time freely varied by At steps of 0.2 My while other parameters were fixed.
These conditions effectively restricted the time range to between 0.8 and 1.4
My while those for individual flow velocities were even shorter. With an increase
in the flow velocity, there was a systematic reduction in the permitted range of
time values which could satisfy the model constraints, e.g. for 0.12 my"1 there
was no time when the P:B:S mass ratio could be obtained. For 0.25 my"1 the
time range was longest (1-1.4 My) and with further increase in flow to 0.5 my'1
the time was limited to 0.8 My. Table 8.1.2 presents similar results for
variations in the phase transfer parameter.
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TABLE 8.1.2
TIMESCALE AS A FUNCTION OF PHASE TRANSFER RATE
USING P:B:S MASS RATIO AS A MODEL'S CONSTRAINT

Calculated Masses

Parameters

T(ky)

P

0.0017

1000

0.47

0.34

0.19

0.0025

1000

0.47

0.35

0.18

1200

0.41

0.38

0.21

1000

0.47

0.35

0.18

1200

0.41

0.39

0.20

1000

0.49

0.34

0.17

1200

0.42

0.39

0.19

1400

0.36

0.43

0.21

1000

0.49

0.36

0.15

1200

0.43

0.40

0.17

1400

0.37

0.44

0.19

1200

0.45

0.40

0.15

1400

0.39

0.44

0.17

experimental estimates

0.45

0.37

0.18

fax(ky1)

0.0034

0.0056

0.0084

0.0140

B

S

Four calculated A/X concentration ratios in the B zone are compared with the
observed database in Figure 8.1.10. The evolution of A/X along the dispersion
fan in layer B is seen to be strongly affected by the phase transfer rate fax. All
curves rise sharply in the primary zone area and in the dispersion region there is
another maximum before the ratio decreases with distance. Comparison with the
experimental results is promising and gives some credibility to the general model
assumptions. A phase transfer rate between 0.0017 and 0.0025 ky'1 seems to
model the experimental result most closely.
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A/X uranium ratio
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fax=0.0025/ky
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fax=0.0008/ky

fax=0.0034/ky

FIGURE 8.1.10 Effect of fax - phase transfer parameter on the A/X - uranium
concentration ratio of accessible to inaccessible phase. Comparison to the
experimental data.

Figure 8.1.11 illustrates the development of the uranium concentration with
increase in the transport time e.g. 0.3, 0.9 and 1.5 My; a continual change in
the relative configuration of the S and B curves can be observed. The 0.3 My
curves show early development where transport in the surface layer lags behind
the uranium dispersion in the bottom zone. The characteristic "elbow" in the B
curve has not yet developed, though it can already be seen in the 0.9 My curves
where the uranium in S is also dispersed further than in B. This trend continues
in the 1.5 My curves. These calculations provide confirmation of the expected
result that the S curve shape and its position on the distance axis is
interdependent of the evolution of curve B.
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oisTcm-

FIGURE 8.1.11
Calculated uranium concentration distribution along the
dispersion fan. Test of the model sensitivity to t - total transport time parameter;
a) t = 0.3My; b) t = 0.9My; c) t = 1.5My

The database of uranium concentrations in Koongarra groundwater (see
Volume 7 of this Series) shows a large spread in the data. However, an
averaged curve (Figure 8.1.12) along the section being considered provides a
characteristic pattern which can be investigated using some of the features of
the present model. The calculation of uranium concentration in groundwater is
based on the assumption that groundwater uranium is in instant
sorption/desorption equilibrium with the accessible mineral phases of the rock.
Figure 8.1.12 also presents an example of the calculated uranium concentration
in groundwater of the deeper zone. This can be used as an additional model
constraint and provides a means to investigate whether a single Kd value can be
used for whole weathered zone.
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FIGURE 8.1.12 Uranium concentration in groundwater.

8.1.6 Conclusions
In contrast to the activity ratio databases which are based on analyses of
relatively small samples, that for the bulk uranium was obtained by averaging
over relatively large samples (1.5-9.0 metre long, 6 inch drill cores). Such data
provides a reliable basis for identifying present day trends in the distribution of
uranium in the different zones of the weathered rock.
Of particular concern for this type of modelling is the variability of transport and
retardation parameters with time. The model is based on a number of free and
quasi-free parameters. Quasi-free parameters are experimentally determined, but
because of system heterogeneities and time effects are sometimes treated as
free parameters; their present day values are often used as points around which
a range of values are allowed. The use of free parameters is effectively
controlled by a number of modelling constraints.
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The results from this model support the experimental estimates of distribution
coefficient value as being between 0.35-1.5.10 4 mL/g. Water flow velocity,
also considered to be a "quasi-free" parameter was found to be in the range of a
few m/y. The mineral phase exchange rate was such that uranium accumulation
in the accessible phase was in the range of the 234U decay constant. The age of
the present day dispersion fan was estimated to be in the range of 1 -2 My.
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8.2 One-Dimensional Advection-Dispersion-Sorption Model
H. Kimura and T. Murakami, JAERI
Rock forming minerals are changed chemically and structurally over long, geologic
timescales as groundwater reacts with the minerals; these water-rock interactions
occur commonly near the earth's surface. Chlorite weathering has influenced uranium
redistribution, as shown by the mineralogical study of the relationship between
weathered minerals and uranium distribution (see Volume 9 of this series). A modelling
study was carried out to understand quantitatively the effect of chlorite weathering on
uranium isotope concentrations in rocks. This was based on the results obtained in
Sections 3 and 4 of Volume 9 of this series, i.e. the mechanisms and kinetics of chlorite
weathering.
8.2.1 Data and assumptions resulting from chlorite weathering
The present model considers two important factors resulting from the weathering of
chlorite with time, viz. changes in distribution coefficients and porosity of the rocks. We
assume that the primary quartz-chlorite schist is 50% quartz and 50% chlorite, and the
change in mineral composition with time by weathering is the same as that in Figure
3.54 of Volume 9 of this series. The assumptions that were the basis of the results in
Figure 3.54 of Volume 9 of this series, as well as the results themselves, are also
made in this model. Quartz is assumed to remain unchanged (i.e. 50% in content
before weathering) and chlorite is weathered to vermiculite, kaolinite and goethite
releasing some cations.
We assume 2.6% porosity for the primary rock (the apparent porosity for the
unweathered zone reported in Volume 3 of this series). Porosity changes with time as
the mineral composition changes. The porosity increases rapidly for the first 60,000
years from the beginning of the weathering, and remains rather unchanged after that
time (Figure 8.2.1). The porosity change is inversely related to that of the chlorite
content (Figure 3.54 of Volume 9 of this series). The densities of relevant minerals are
given in Table 8.2.1.
TABLE 8.2.1
DENSITIES (g cm3) OF MINERALS
Density (g cm-3)

Mineral
Chlorite
Vermiculite
Kaolinite
Ferrihydrite
Goethite
Quartz

2.90*
2.756
2.62
3.96
4.28
2.655

Average of clinochlore (2.70 g cm'3) and chamosite (3.19 g cnr3). All data are from Nickel and
Nichols (1991).
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FIGURE 8.2.1 Change in calculated porosity (%) of rock with time resulting from
weathering.
The distribution coefficients of minerals used in the calculations are given in Table
8.2.2 (from Volume 13 of this series). The distribution coefficient of the rock at a given
time is calculated on the basis of the constituent minerals. Thus, the distribution
coefficient of rock changes will change with time as the mineral composition alters; the
distribution coefficient of quartz is excluded from the calculations. The distribution
coefficient of uranium increases with decrease in the chlorite content and continues to
slowly increase when chlorite has disappeared (Figure 8.2.2a); the later slight increase
corresponds to the increase in the goethite content. The distribution coefficient of
thorium also increases with decrease in chlorite content, but decreases after about
60,000 years (Figure 8.2.2b). This is due to the difference in the Y^s of goethite and
the clay minerals, though this is less than that for uranium (Table 8.2.2), and also to
the slight increase in the goethite content with time (Figure 5.54 of Volume 9 of this
series).
TABLE 8.2.2
DISTRIBUTION COEFFICIENT (Kd)
Mineral
U

Kaolinite
Chlorite
Vermiculite
Ferrihydrite*

4.1X103
4.5x103
5.8x103
3.0x105

Kd (mL g1)
Th

6.6x10"
3.3x10"
1.4x10'
1.9x10'

" Assuming that goethite has the same Ky as ferrihydrite.
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Conditions
pH Temp.

6.2
6.7
7.2
6.6

20°C
20°C
20°C
20°C

8.2.2 Conceptual model
The assumptions used for the modelling are:
1.
2.
3.
4.
5.
6.

Groundwater flow is a one-dimensional pipe-flow type with a constant flow rate
to a depth of 25 m.
The porosities of rocks increase with chlorite weathering (the groundwater velocity
changes with time as a function of weathering)
A radionuclide migrates in one dimension at a given depth.
The retardation factors of nuclides change with time as a function of weathering.
^ U is released from the secondary ore deposit at a constant concentration until
the end of weathering.
238
U, 234U and 230Th are in radioactive equilibrium in the secondary ore deposit.
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FIGURE 8.2.2 Changes in calculated distribution coefficients (ml/g) of uranium (a) and
thorium (b) with time resulting from weathering.
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8.2.3 Mathematical model
The governing equation for a radionuclide transport c a n be written as:

Rd =

p
(8.2.2)
(8.2.3)

where
Rdk
Ck
D
v
Ak
e
p
Kdk
C'k

:the retardation factor of radionuclide k (-) (See Figure 8.2.3)
: the concentration of radionuclide k in the groundwater (kg/m 3 )
: the dispersion coefficient (m 2 /s)
: the groundwater velocity (m/s)
: the decay constant of radionuclide k (1/s)
: the porosity o f rock (-)
: the density o f rock (kg/m 3 )
: the distribution coefficient of radionuclide k (m 3 /kg)
: the concentration of radionuclide k in the solid phase (kg/m 3 )

The initial condition of this model is

C^z.O) = Ck(z)

(8.2.4)

and the boundary conditions used are

Ck = Ck

onH

<8-2"5)

qn = - D | f

onT2

(8.2.6)

on T3

(8.2.7)

^

183

^

o

-

—

-

1

1

1 1

1

1

1 1

4

ID
O

^

CE

0

1

1

1

t

1

1

0

1

1

1

1

1

1

1

2
Time (yrx 10"5)

3

2.0
:

£1.5

-

jE 1 . 0
»*-

V

V

-——-—»
""**"

" MO.

"

S 0.5 i

0
0

i i i

i

1

i

1

i i

1

1 1

2

3

Time(yrx10" 5 )
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8.2.4 Numerical solution
The Bubnov-Galerkin finite-element method is employed for the equation of
radionuclide transport. For an arbitrary value of 6C k , the following equation must be
satisfied from Equation 8.2.1.

'

"

at

az

az

(8.2.8)

By using the divergence theorem this can be rearranged into the form of integrals plus
a boundary term.
k

-k

5C k Rd k —- dz -

'5Ck

-vCk

Zl

at

ÔCkRdkÀ.kCk dz

t

5CkRdk.Ak.iCn dz +

Ô C k ^ p ^ p Ck dz = 0

(8 2 g)

The concentration of a radionuclide is assumed to be the linear combination of known
shape functions Ni(z) or weighting functions wi(z). The up-stream weighting function
wi(z) are used for the convective terms of Equation 8.2.9.

( 8 2 1 0 )

or = X 8Ck(t) ©i(z)
(for convective term)

^8 2 12)

'

Substituting equations (8.2.10), (8.2.11) and (8.2.12) into Equation 8.2.9, the following
equation is obtained.

M + {[A] + [U] + [S]}{Ck} + {Q} + {d} = 0
at
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(8.2.13)

where

(8.2.14)

(8.2.15)

(8.2.17)
(8.2.18)
d

'

"

""*

"""•

'

(8.2.19)

The shape functions and up-stream test functions of a linear line elements are given
as follows.
Ni = 1 - z/L
N2 = z/L

(8.2.20)
(0<z<L)

(8.2.21)

coi = 1 - z/L - 3a(l - z/L)z/L

(8.2.22)

o>2 = z/L + 3a(l - z/L)z/L

(8.2.23)

where L is the length of the line element, and "a" is an up-stream weighting factor; "a"
is computed taking appropriate values of the local Reynolds number. The parameter
a is computed taking appropriate values of the local Reynolds number.
A set of equations can then be obtained from Equation 8.2.13, when the CrankNicholson method is adopted for the discretisation of time; these are solved by the
SOR method with the pointer matrix schemes.
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8.2.5 Numerical results and discussion
The numerical simulations were performed the following initial and boundary
conditions.
Ck(z,0)=0

(8.2.24)

Ck(0,t) = C&l - 6(t-tb)]

at inlet boundary,

(8.2.25)

at outlet boundary.

,Q ~ y~\

A 600 line finite element grid was used to represent the 6109 mN mining section
through the Koongarra uranium ore deposit (modelled length = 300 m). To reduce
numerical dispersion, the grid size was chosen to be smaller than the dispersion length
of 1.0-3.0 m expected from the migration length of 300 m. The up-stream weighting
parameter "a" was also set to 0 as a fine grid was being used. The model was then
tested using a dispersion length of 1, 2 and 3 m. In all cases a specific discharge or
Darcy flux, ev, of 0.9 m3/m2.y and an initial concentration of 238U in the
groundwater = 0.5 ug g"1 were used.
Calculated values of 238U, 234U and 230Th in solid phases (ie bulk rocks) were compared
with measurements of uranium concentrations and ^ T h / ^ U activity ratios from the
6109 mN section; the measured data are from Volume 8 of this series.
The results for the three cases were not significantly different, hence only Case 2 is
given as an example. Figure 8.2.4a shows calculated uranium concentration contours
through Section 6109 mN to a maximum depth of 25 m, whilst Figures 8.2.4b to h
compare the calculated and measured uranium concentrations as a function of depth
for each drillhole in the section. Figures 8.2.5 a to h are similar for the 23OTh/234U
activity ratio. The calculated uranium concentration is a maximum at a depth of
17-20 m at each position (Figure 8.2.4a) and this trend was also seen in the sample
measurements (Figures 8.2.4b to h). The best example is seen in the DDH3 core hole
where the calculated uranium concentrations are in good agreement with those
observed (Figure 8.2.4e), however, some of the observed data differ markedly from the
calculated curves (see, for instance, 82300 in Figure 8.2.4c). A possible reason for the
inconsistency of the data points is discussed below.
Acicular contours at a depth of 20 m, parallel to the surface is of characteristic of the
23ojn/234|j ac tivity ratio pattern (Figure 8.2.5a). It should be noted that vermiculite
disappears at a depth of 20 m and kaolinite and iron minerals are major weathered
products in shallower depths, however there is insufficient observed data to verify this
characteristic. In some drillholes, there is good agreement with the calculated
distributions but in others, such as DDH3, the agreement is not as satisfactory. The
results suggest that the transition zone (a vermiculite dominant area) plays an
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important role in the uranium series disequilibrium at Koongarra, hence the weathering
sequence chlorite - vermiculite - kaolinite is also assumed to be significant.
Observed values of the uranium concentrations and ^ T h / ^ U activity ratios which
deviated from those calculated may result from partially high flow rates and/or
statistical errors in the measurements. A 2-D groundwater flow simulation is needed
to better explain the partially high flow rates, and more data points to understand the
statistic variations in the measurements.
For comparison purposes, calculations were also carried out assuming that chlorite
had not been altered with time, i.e. the rocks in the weathered and unweathered zones
had remained unchanged for the last couple of million years. Values of porosity (0.142)
and the U and Th distribution coefficients (36,000 and 41,000, respectively
corresponding to the last stage of weathering were used (see Figures 8.2.1 and
8.2.2). An initial uranium concentration of 0.05 ug g 1 in the groundwater and a
specific discharge of 5.0 m/y gave a best fit between calculated and observed data
(Figure 8.2.6), however, there was a major inconsistency in that the high uranium
concentrations in the secondary ore deposit were not reproduced in the calculations.
In addition, the initial uranium concentration assumed was very different to presentday values, 0.3-0.5 ug g'1 in the secondary ore deposit (see Volume 7 of this series).
Hence, we concluded that the uranium concentration distribution at Koongarra could
only be reproduced when time-independent chlorite weathering is considered

8.2.6 Conclusions
The model has considered the effects of changes in distribution coefficients and
porosity resulting from weathering, on uranium redistribution and migration. The good
agreement found between the calculated and observed results suggests that uranium
migration at Koongarra has been affected by chlorite weathering. More importantly, it
may be possible with this method, to predict uranium migration for long periods, at
least for a few millions of years.
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8.3 Model with an Evolving Transition Zone
A. J. Baker and D. A. Lever, AEA Technology
8.3.1 Model
As discussed in Section 4, it is clear that there are a number of processes that might
lead to the geometry of the fan evolving with time. The position of the surface may
have changed as the result of erosion and the base of the weathered zone is likely
to have moved downwards as a function of time. Thus, uranium at the deeper levels
of the dispersion fan might have migrated for a shorter period of time than uranium
at the top of the dispersion fan. It has also been suggested (see Section 3.2 and
Section 4) that at any one time, flow is concentrated in the deeper parts of the
weathered zone, largely as a consequence of the decreasing permeability of the
weathered zone with time.
The aim of the modelling described in this section is to represent the twodimensional evolution of the fan by a series of one-dimensional models. In each of
the one-dimensional models, advection of uranium bearing fluids through the
dispersion fan occurs over different periods of time. It is hypothesised that along
any horizontal line in the cross section, uranium transport begins when the
weathering front reaches that depth and continues until some time when the
development of clays impedes further groundwater flow through that layer. In these
circumstances, 230 Th and 2 3 4 U might be closer to secular equilibrium in the upper
part of the dispersion fan compared to the lower part of the dispersion fan.
The downward movement of the weathering front and the progress of weathering
reactions within the weathered zone could result in a number of situations.
Weathering may lead to a change in hydrogeological properties such that flow
increases or decreases as the weathering progresses. If the permeability increases,
then uranium transport will be concentrated in the upper part of the weathered zone
relative to the transition zone (zone of incipient weathering) for two reasons, namely
the flow will have been taking place for the longest time, and secondly at any time
the flow will be strongest there. If flow decreases as weathering progresses, then
uranium transport will be concentrated in the transition zone. The distribution of
uranium in the weathered zone would therefore be more uniform, but vertical
variations in the activity ratios would be expected.
The possibility that flow is concentrated in the transition zone is examined in this
section. An extreme situation of zero flow in the upper part of the weathered zone is
also considered. This is probably not realistic, but it serves to bound the range of
possibilities.
The evolution of the dispersion fan, described in the previous paragraphs, has been
modelled as follows. It is assumed that over the timescale of interest the position of
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the land surface has not altered. Furthermore it is assumed that the weathering
front is moving downwards at a constant rate. The parameters defining the system
are the depth D of the dispersion fan, the thickness d of the transition zone, and the
age T of the dispersion fan.
Then for a given depth z, there are the following flow regimes:

0 < t < -p- :

no flow - the weathering front is above this depth,

75- < t < -—j=j-^— :

flow and addition of the uranium to the system

D

'

<t <T :

no flow - the weathering front is below this depth.

The system is treated as a series of one-dimensional traverses to which uranium is
added for a specified period. The equations used to represent the system are the
same as those described in Section 7.2. The most elegant solution of the problem
addressed there is to solve equations (7.2.1) for varying groundwater velocities
using a Laplace Transform technique. A simpler approach is adopted here. For the
period that flow is taking place, activity ratio profiles for a constant flow velocity have
been calculated using the Laplace Transform solution technique described in
Section 7.2. The resulting distribution is taken, and an explicit Euler time-stepping
scheme has then been used to solve the same equations with a groundwater
velocity of zero, to enable the effects of decay without uranium transport to be
examined. It was verified that the results were not sensitive to the time-step chosen.
8.3.2 Results and discussion
Results for two runs are shown in Figures 8.3.1 and 8.3.2. Figure 8.3.1 shows a
series of one-dimensional calculations for d of 15m and Figure 8.3.2 for d of 5 m.
Other data used in the calculation are shown in Table 7.2.1. The section
represented is along the 6109N site grid line and starts from site grid reference
3240 mE 6109 mN. As might be expected, secular equilibrium is rapidly achieved
once flow has ceased. When the depth over which uranium transport is occurring is
small, there is very little variation in activity ratios throughout the fan except within
the bottom few metres.
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FIGURE 8.3.1 Cross section of the dispersion fan contoured for activity ratios.
Calculations were performed for d = 15 m.
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FIGURE 8.3.2 Cross section of the dispersion fan contoured for activity ratios.
Calculations were performed for d = 5 m.
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It should be noted that these calculations are illustrative of the effects of a changing
geometry rather than a precise fit to observational data. It is noted that the models
predict significant vertical variations that are not apparent in the measured data.
This could reflect very rapid growth of the weathered zone or it might result from
significant vertical homogenisation of the fan resulting from seasonal variations and
recharge.
It is clear that the model of the dispersion fan developed in this section is not an
accurate representation of the system. Some uranium transport is taking place at
the present time in all levels of the dispersion fan. In addition, data on
hydrogeological properties suggest that no clearly identifiable impermeable layer is
present in the upper part of the dispersion fan (see Volume 4 of this series), A more
realistic representation of the system would involve completely time-varying twodimensional flow through the system. However, data are not available to attempt
such a complex approach.
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8.4 Two-dimensional Transport Modelling with NAMMU
L.D. Connell and D.A. Lever, AEA Technology
Models representing groundwater flow at Koongarra have been presented in Volume
6 of this series. A number of modelling packages were used, including the NAMMU
model (Atkinson et al., 1989). The groundwater flow modelling undertaken using
NAMMU has now been extended to include the transport of 238 U, including a simple
representation of sorption. This is the subject of this subsection.
The earliest NAMMU model of Koongarra is presented in Section 3.5.1 of Volume 6
of this series. This model incorporated the information then available on the
hydrogeology and considered a range of possible permeabilities for the Koongarra
fault. It was shown that this feature could have a major impact on the flow within the
region and in particular, within the weathered Cahill schists where the Koongarra
orebody lies. A difficulty is that no direct measurements are available on the
hydrogeological properties across the fault, however other observations suggest that
it may have a low permeability or act as a partial barrier to flow (see Section 3.5.1 of
Volume 6 of this series). The early NAMMU modelling considered three different
scenarios for the Koongarra fault, where it was highly impermeable, where the fault
was highly conducting and where it had the same properties as the surrounding
materials.
For a highly impermeable fault there was a significant flow downwards in the vicinity
of the position of the orebody. For a conducting fault and a fault with similar
properties to the surrounding materials, flow was mostly horizontal within the
weathered zone. This work implies that the fault was not highly impermeable since
observations on the dispersion fan from the Koongarra orebody suggest that the
majority of flow has occurred in the horizontal direction, ie. that the fault was more
likely to allow some flow across it.
Another conclusion from the original NAMMU modelling was that the relative
permeabilities between the weathered and unweathered Cahill schists determine the
proportion of the flow that occurs in these materials. If the weathered schists have a
lower permeability then flow tended to be greater within the unweathered schists
and that flow was mostly vertical within the weathered material. From the
knowledge of the dispersion fan it would be expected that the majority of flow within
the weathered zone would have to be horizontal.
In this section an update of the original NAMMU model is presented, including
information on the hydrogeological properties of the various materials that has been
collected as part of the ARAP. In addition, it presents an explanation of the
transport of uranium from the orebody and considers the effect that various fault
scenarios have on that transport. It should be noted that the calculations are still
based on the same 2-D cross section. The groundwater flow modelling that has
been reported in Volume 6 of this series has shown that the groundwater flow
regime is intrinsically three dimensional. However, the 2-D cross section has been
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retained because that is the one on which most information is available and it allows
comparison with the other modelling approaches reported in this volume. Moreover,
it is believed that the conclusions drawn will be more generally valid.
8.4.1 Updated groundwater model
The finite-element grid and the spatial distribution of rock types used in the original
model are presented in Figure 8.4.1 (see Volume 6). In this analysis the boundary
condition on the upper surface was an imposed pressure head equivalent to
atmospheric pressure at the surface. The other boundaries to the domain were
assigned as no flow.

(a)

(b)

FIGURE 8.4.1 Finite element grid (a), spatial distribution of rocks (b).
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The changes to the groundwater flow model presented here relate to
hydrogeological properties only, the geological interpretation of the site remains
unchanged. The information on the hydrogeological properties comes from both
borehole hydrogeological measurements as well as laboratory measurements. Of
importance for the development of a groundwater model is knowledge of the
hydrogeological properties within the geological units (making the assumption that
there is some uniformity within each unit). For borehole measurements this means
that packer tests are required, since open hole tests will not yield the resolution of
information required. Laboratory measurements will estimate the matrix and small
fracture properties but larger features may be missed. In addition, since laboratory
measurements are performed on relatively small, possibly disturbed samples, their
representativeness of the field situation can be questioned. Table 8.4.1 presents
estimates of hydrogeological properties obtained from a field based program and the .
laboratory measurements (taken from Volume 4 of this series).
TABLE 8.4.1
HYDRAULIC PROPERTIES OF KOONGARRA
Zone
Weathered Cahill (A2)
Transition (B)
Unweathered Cahill (C)
Kombolgie Ss

Porosity %
16
13
2.1
2.3

Laboratory (xKT^rrï 2 )
6.67
3.93
0.238
0.357

AGCfield(x10" 14 m i! )
1.9
4.77
1.2
1.2

Table 8.4.1 quotes permeability for the A2 weathered Cahill formation, it is assumed
this is the dominant material within the weathered zone.
It can be seen from Table 8.4.1 that the laboratory measurements of permeability
are in reasonably good agreement with the field measurements. The contrast in
permeability between the laboratory measurements of the weathered, transitional
and unweathered Cahill schists support the observation that most of the flow that
has gone to form the dispersion fan has occurred in the weathered zone. The
contrast in permeabilities as measured in the field program would imply that a
significant component of flow will be in the transitional materials. Transport velocities
within the unweathered Cahill schists could also be high (due to the low porosity and
similar permeability to the weathered zone), in conflict with the conditions under
which the dispersion fan is expected to have formed.
In this study the laboratory measurements of permeability are used in the modelling,
since they are in reasonable agreement with the field measurements but more in line
with the expected contrast in permeability.
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8.4.2 Hydrogeological scenarios
Accepting the hydrogeological properties in Table 8.2.1 still leaves the properties of
one important feature unknown, namely the Koongarra fault. The modelling work
reported in Section 3.5.1 of Volume 6 of this series showed the importance of this
structure on the groundwater flow pattern. The results suggested that the fault had
to be at least partially permeable to allow for horizontal flow within the weathered
zone. Indirect field observations implied that the fault was a possible barrier to flow.
In this study, three scenarios are investigated for the fault's hydrogeological
properties; highly impermeable (k x = 1 x 10"21 m2), moderately impermeable (kx = 1 x
17
2
1 5 2
10" m2) and conductive (kx = 1 x 10'15m2). Figure 8.4.2 presents (a) a vector
diagram of water pressure and (b) a graph of the pressure contours for a highly
impermeable fault. From this it can be seen that the fault acts as a flow divide. An
important result of this analysis is the flow direction in the vicinity of the fault, water
flowing up on the Kombolgie sandstone side of the fault and down on the Cahill
schist side. Although the direction of flow in the weathered zone away from the fault
is mostly horizontal, in the vicinity of the fault there is a significant downward
component. This reiterates the original findings.
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FIGURE 8.4.2(a) Vector diagram of predicted groundwater pressure for a highly
impermeable fault.
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FIGURE 8.4.2(b) Contour plot of groundwater pressure for a highly impermeable
fault.

The flow pattern for a conductive fault is presented in Figure 8.4.3. For this situation
there is a significant vertical flow up through the weathered zone, particularly in the
region where the orebody is located.
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FIGURE 8.4.3(a) Vector diagram of groundwater pressure for a fault of similar
permeability to the surrounding material.
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FIGURE 8.4.3(b) Contour plot of groundwater pressure for a fault of similar
permeability to the surrounding material.
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Figure 8.4.4 presents the flow pattern for a fault which is an interpolation of the two
previous examples. With this scenario the vertical downwards component in the
Cahill schists is reduced, allowing the majority of flow in the weathered zone to be
horizontal, including in the vicinity of the orebody. The transport velocity in the
weathered zone in the vicinity of the orebody is 1 m yr'1, with a specific discharge of
0.16 m yr"1. This is in reasonable agreement with the transport velocities used in the
1-D modelling (see Section 7.2).

(II

I I
i%
!I

i/

\

\

I i.

"V

/ '/ »

^

/

s /

FIGURE 8.4.4(a)
impermeable fault.

. • '

/

/

' ! :

Vector diagram of groundwater pressure for a moderately
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FIGURE 8.4.4(b)
impermeable fault

Contour plot of groundwater pressure for a moderately

8.4.3 Transport no adsorption - fault scenarios
The portion of the Koongarra orebody that is of interest in this study lies
approximately 100 m from the fault, occupies a region extending roughly from just
below the surface to the base of the weathered zone, and is 40 m long. In terms of
the transport model this was implemented as a source region, where groundwater
flowing through acquired a nominal radionuclide concentration of 1.0. As a first
approximation this was designated constant for the duration of a simulation. In
reality it would be expected to decrease with time as mobile radionuclides are
removed.
Another modification necessary to model groundwater flow and transport, was to
add significant extra refinement to the finite-element grid for the weathered zone.
Transient calculations, such as a transport simulation, are more numerically
demanding than a steady-state calculation, requiring more elements to retain
accuracy.
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Figure 8.4.5 presents a prediction for radionuclide transport, where adsorption is not
included, after 100 years. This calculation significantly overestimates the rate of
transport from the orebody, indicating the importance of adsorption on the migration
process.

FIGURE 8.4.5 Contour plot of 238U concentration after 100 years for a moderately
impermeable fault when there is no adsorption.

Figure 8.4.6 presents a prediction of radionuclide concentration contours after a
simulation of 100 years duration where the fault is highly impermeable. Although the
amount of transport in the horizontal direction is very similar to Figure 8.4.5, there is
also a significant vertical component, roughly parallel to the fault. This result is in
conflict with observations of the dispersion fan, providing further evidence for the
hypothesis that the fault is at least partially permeable. It is recognised that an
alternative explanation would be to have far stronger interactions between
radionuclides in the water and on the rock, for example by having stronger sorption.
This would compress the contours. However, the implications of this for the
downward migration of the weathering front have not been examined.
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FIGURE 8.4.6 Contour plot of 238U concentration after 100 years and no adsorption
for an impermeable fault.

8.4.4 Long-term transport scenario
The previous discussion and modelling has indicated that a moderately impermeable
fault would provide the appropriate conditions for the formation of the dispersion fan.
For this situation, the fault has a permeability that is still significantly less than the
surrounding material, but allows some water to flow across. Therefore the
conceptual model used in the long-term transport predictions presented in this
section involves a fault with a permeability of 10 m2.
Adsorption of radionuclides is an important physical process and for this study a
distribution coefficient of 10 m3 kg"1 was used. This is very similar to the value used
in Section 7.2; and is consistent with the values given in Volume 7 of this series.
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Figure 8.4.7 presents a simulation of one million years duration. Although there has
been some movement of radionuclide down below the orebody, most transport has
been within the weathered zone, away from the fault. In this calculation a
longitudinal dispersion length of 10 m and a transverse dispersion length of 2 m was
used. Figure 8.4.8 shows the result of a 1 million year simulation, performed with a
slightly smaller source approximately 50 m further from the fault. In this simulation
dispersion lengths of 80 m and 10 m were used. The predictions presented in
Figures 8.4.7 and 8.4.8 demonstrate the sensitivity of the transport calculation to the
dispersivity. The dispersion lengths used in the calculation of Figure 8.4.7 yield
predictions that are more in keeping with the rates of movement expected for the
formation of the dispersion fan.

FIGURE 8.4.7 Contour plot of 238U concentration after 1 x 106 years for a fault of
moderate impermeability, where adsorption is included.
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FIGURE 8.4.8 Contour plot of
U concentration after 1 x 106 years for a
longitudinal dispersion length of 80 m and a transverse dispersion length of 10 m.

Figure 8.4.9 presents a simulation of two million years duration. The observed
position of the dispersion fan compares favourably with the results presented in this
figure.
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:238

FIGURE 8.4.9 Contour plot of

U concentration after 2 x 1 0 years.

8.4.5 Conclusions
The modelling presented in this Section has suggested the hydrogeological
conditions under which the dispersion fan formed. Namely that the Koongarra fault
has been a low permeability feature, but not a flow divide, for the duration of the
period of the dispersion fan formation. If the Koongarra fault is a leaky structure,
flow is forced to be predominantly horizontal within the weathered zone. Another
plausible scenario was the fault being a flow divide, however, this promoted vertical
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flow in the vicinity of the fault, precluding the flow pattern required for the dispersion
fan to form. A conductive fault also promoted vertical flow within the weathered
zone, in this case it was upwards through the weathered zone.
A weathered zone that has a relatively higher permeability than the surrounding
materials allows a flow pattern that would encourage the formation of the dispersion
fan. If the weathered zone was an aquitard, flow would be forced into the transition
zone and unweathered Cahill schists, thus promoting a different pattern for the
dispersion fan than that observed. The conceptual model employed here was for
the dispersion fan to act as an aquifer.
The dispersion lengths were shown to be important parameters in the modelling,
significantly effecting the rate of migration. Since no direct information was available
on these parameters at Koongarra they were estimated by comparison with similar
studies. The process of adsorption was also shown to be important to radionuclide
transport, the rate of migration being dramatically retarded. The dispersivities and
sorption parameters used gave predictions for radionuclide transport after two million
years that compared favourably with the dispersion fan.
In conclusion, bearing in mind the uncertainty in some of the important parameters
that were used in this modelling, the dispersion fan may have formed over a period
of two million years.

210

9 OTHER APPROACHES
9.1 Dating Secondary Uranium Minerals.
Interpretation of uranium series ARs data for samples of the saleeite
crystals.
Cezary Golian, ANSTO

The distribution of the secondary uranium mineral saleeite (magnesium uranyl
phosphate) in the weathered zone of Koongarra deposit (and in the nearby Nabarlek
and Ranger uranium ore deposits, Airey et al., 1986a) has been studied to estimate
the timescale of the formation of the secondary uranium mineralisation deposit. This
secondary mineralisation occurred in the presence of a local source of phosphorus
and weathered magnesium-rich chlorites. A leaching/deposition modelling concept,
based on measurements of authogenic and allogenic changes in the activity ratios
(ARs) of 238U and 235U series radionuclides, has been used to determine ages of
saleeite samples. This approach assumes that it is possible, under certain
conditions, for saleeite crystals to survive for long periods isolated from contact with
g round water.
9.1.1 Conceptual frame
Uranyl phosphates are a predominant secondary uranium mineral in the weathered
zone of the Koongarra deposit (Snelling 1980). The saleeite crystals
(Mg(UO2)2(PO4)2.8H2O) are formed in supersaturated groundwater containing
phosphate in the weathered magnesium-rich chlorite environment; the saleeite can
form from solution containing 0.2 mg/L of uranium and 0.03 mg/L of phosphorus.
Three alternative sequences in the formation and survival of the saleeite crystals
have been considered. In the first, a crystal is formed in a short single event, then
behaves as a system closed to groundwater activity; in this case a simple closed
system dating model can be used. In the second, crystal development comprises of
two or more discrete events resulting from changing uranium availability or local
variability in the geo- and hydrochemistry, eg sudden release of phosphate from
weathering rock. The third assumes there is a continual exchange of uranium
between the solid phase and solution.
This dating model is based on the first option. We assume that a saleeite crystal
can, in some circumstances, become isolated from water activity, for example when
a fracture in which precipitation occurred is subsequently blocked and separated
from a general flow network. The crystal could also have attained some form of
mineral coating which protects it from direct contact with groundwater.
In such cases, the saleeite crystals would have been able to survive for a
considerable amount of time as virtually closed systems. Nevertheless, with time
the crystal and its immediate surroundings could deteriorate due to high radiation
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density and be more accessible to groundwater flow. This would result in exchange
or removal of uranium from the crystal. We have also assumed, that some of the
227
Ac produced in the 235U series decay chain might have been removed from the
crystal due to the combined effect of nuclear recoil and high chemical reactivity.
The 231Pa^35U AR are determined from an "equivalent" ^ T h / ^ U AR due to relative
ease of determining ^ 7 Th in an alpha spectrometry measurement of the thorium
fraction. However, this equivalence may in certain circumstances not be valid.
Consider the two decay series schemes:

234

recoil

no recoil
strong
adsorption

no recoil

JJ
recoil
strong
adsorption

and

2351 I

> 231-i-u
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>

231

no recoil
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adsorption

Pa

> 227Ar
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no recoil
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>

227
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strong
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There is a significant difference between the 230Th and 227Th production paths and
their subsequent adsorption due to the presence of the intermediate product 227Ac. It
is possible that the recoiling 227Ac (T,/2 = 22 y) is not as readily readsorbed as thorium
and remains for a considerable time in a relatively unstable, prone to chemical
reactivity, environment created by the recoil process. In this case, the 227Ac/235U
activity ratios might be reduced.
9.1.2 Mathematical framework
Assuming that the leaching (or deposition) is a first order process, the system
equations can be written as

À8U8 + ÇU8

(9.1.1)

-dU4/dt = À4U4 + sÇU4 - X8U8

(9.1.2)

-dTho/dt = AoTho - A4U4

(9.1.3)

and
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+ ÇU5

(9.1.4)

^dt = A,Pa1 - A5U5

(9.1.5)

where
U8, U 4l U5, ThOl Pa1 are concentrations of 238 U, ^ U , 235 U, 230Th, 231Pa respectively,
Am are respective decay constants [y 1 ]
Ç is leach (deposition) rate [y*1]
s is ^ U / ^ l l AR in the leachate (or in the depositing material)

During the closed period the rate of uranium mobility is zero and the initial value of
the ratio 23OTh/234U = 0, the solution of the equations can be presented as
®

= 1 + (:

T77 ( 0 ) " 1 > e x P("M

1

(9.1.6)

X4U4

(9-1.7)

where À4, AQ - decay constants of 234U , 230Th.

These equations can also be presented in the well known, reduced form:
=

^XP(-W

+

_A_

_

1

)(1

_ exp(VAo)0

(9.1.8)

To compare the data for radionuclides from the 238U and 235U series, the Z3OThP3^Pa
AR term was derived from the model equations and the known 235U to 238U isotopic
ratio in the present day uranium ores.
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The difference between chemical activity of 227Ac and 230Th and its effect on the
discrepancy between ^ P a / ^ U and ^ T h / ^ U AR can be evaluated by inclusion of
the additional 227Ac equations:

-tf -T)À1Pa1

(9.1.10)

where T is a removal factor which accounts for the part of 227Ac lost from the crystal.
These model solutions can be reduced to give direct expression for the removal
factor

(9.1.11)
1-exp(-\10

9.1.3 Data
Uranyl phosphate minerals occur extensively throughout the 30 m deep weathered
zone of the deposit originating apparently both from in situ alteration of the primary
pitchblende and from deposition of mobilised uranium. Measurements of the
234y/238y a n c j 230jn/234y ac f IV jty ratios were made on crystals from several locations
and these are shown in Table 9.1.1. In some cases the 231Pa/*35U activity ratios are
also quoted. It can be seen that some crystals showed large deviations from secular
equilibrium. When several crystals from the same location were measured, their
23O
Th/234U ARs tended to vary, while ^ u / 2 3 ^ ARs were more consistent and are
significantly below the secular equilibrium state for samples in the dispersion fan.
The experimental evidence indicates that throughout the weathered zone uranium
had been mobilised in a state of 234U depletion.
9.1.4 Results
The experimental results for DDH 64 samples (Figure 9.1.1) show a trend which can
be extrapolated in the direction of the point of equilibrium. This could be fitted using
a value of 0.76 for the ^ U / ^ U AR (at t=0).
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FIGURE 9.1.1 DDH 64 samples. Development of activity ratios. The fitted curve
was obtained for initial ^ U / ^ I K O ) = 0.76 (in closed system).

Calculation of ages of the individual crystal samples from this location yielded a
spread of results 20-118 ky with the average age of 50 ky. However, when the age
calculation used the ^"Pa/^U activity ratios, eg DDH 64 (26.5 m) a, b (Table 9.1.1)
significantly lower results were obtained.
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TABLE 9.1.1
URANIUM SERIES ACTIVITY RATIOS IN SELECTED
SALEEITE CRYSTAL SAMPLES
[U]
SAMPLE

234 U / 2 3 8 U

230 T h / 234 U

227Ac/235u

(wt%)
DDH52 (19.7m) a

53

1.006(.015)

0.965(.030)

b

50

0.999(.005)

1.234(.O17)

c

44

1.001 (.008)

0.992(.027)

DDH84 (29.0m) a

35

1.002(.002)

1.050(.026)

b

1.001 (.034)

1.005(.007)

DDH65 (29.0m) a

40

1.075(.011)

0.840(.020)

b

41

1.029(.007)

0.871 (.016)

c

46

1.078(.010)

0.827(.010)

DDH65 (35.4m) a

49

1.091(.010)

0.799(.024)

0.700(.025)

DDH64 (26.5m) a

48

0.785(.008)

0.334(.009)

0.517(.036)

b

52

0.795(.009)

0.416(.012)

0.635(.021)

c

44

0.785(.010)

0.143(.005)

d

53

0.839(.010)

0.677(.017)

e

0.771(.012)

0.244(.012)

f

0.807(.005)

g

0.790(.006)

DDH64 (29.0m) a

48

0.844(.010)

0.632(.015)

b

>22

0.768(.012)

0.265(.016)

Ranger 1

51

0.941(.017)

0.908(.026)

2

51

0.967(.008)

0.785(.027)

3

42

1.027(.011)

0.945(.020)

50

0.965(.011)

0.798(.015)

Nabariek

0.887(.030)

0.79(.04)

0.908(.026)

(a), (b), (c) and (d) indicate measurements of different crystals from the same depth.
(1), (2) and (3) indicate samples from different locations within the same ore deposit.
Crystals from Ranger and Nabariek deposits were located within weathered zone.
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Figure 9.1.2 shows the evolution of the 23OTh/227Th activity ratio with time, for several
initial ^ U P U ARs, while the insert details the position of the measured ARs for
samples a and b.
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FIGURE 9.1.2 Development of 23OTh/231Pa activity ratios with time for different initial
urania ratios: ^ U P ' U f O ) = 0.75, 1.00, 1.25.
Insert - modelled ^ h / ^ P a ARs for initial ^ U ^ U f O ) = 0.76, and the experimental results
for DDH 64a, b.
We will now attempt to estimate the value of the leaching enhancement factor (T), ie
the proportion of the decay product (227Ac) which escapes from the crystal and
thereby causes the experimentally measured decrease in the 227Th/235U ratio.
Table 9.1.2 presents the T values compared to crystal weight and complexity
(number of single crystals).
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TABLE 9.1.2
REMOVAL FACTORT
SAMPLE

Number of
Crystals

Weight
(mg)

Factor
T

Age
(ky)

DDH65/29/b

1

6.1

0.11

225

DDH65/35/a

1

3.6

0.28

180

6.0

0.16

45

6.0

0.12

60

10.0

0.13

114

68.0

0.07

170

DDH64/26/a
DDH64/26/b
DDH64/29/a
Ranger/2

several
2
several
1

The following observations can be made:
(a) Three single crystals 65/29/b, 65/35/a, Ran/2. The value of T decreases with
increase of the crystal weight. This is in concordance with the fact that the 227Ac loss
is related to the nucleus recoil which is directly related to the surface/volume ratio of
the crystal.
(b) Samples 65/29/b, 64/26/a, 64/26/b - similar weights, T increases with the
increase in the number of single crystals in the sample, thus with an increase in
surface/volume ratios.
(c) Samples 64/26/a and 64/29/a which formed multicrystal structures, T decreases
with crystal weight.
Each of these trends provides qualitative support for the assumptions used in this
modelling approach.
Figure 9.1.3 presents the evolution of activity ratios as a function of 234U/238U(0) for
crystals of the deposited uranyl phosphate. The DDH 65 crystals are relatively young
since the 23OTh/234U ARs are well out of equlibrium in all cases. The sampling location
is near the weathering horizon with limited availability of local phosphate up to recent
times and the effect of surface aquifers is limited compared to possible fracture flow
originating in the deep primary orebody. This could explain the high value of 1.14
calculated for the initial 234u/*38U AR for all samples except (b), for which the initial
ratio cannot be easily interpreted. The calculated ages for the crystals are in the
region of 180-225 ky, with an average of 201 ky.
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FIGURE 9.1.3 Development of activity ratios in the closed system with different
initial activity ratios.
Samples obtained from DDH 52 and DDH 84 (parallel locations with respect to the
general direction of the secondary zone development) present an additional
interpretation problem. The urania activity ratios indicate secular equilibrium, while
the 23oTh/234U ratios either confirm this equilibrium or in the case of one sample
(sample (b)) show an excess of 230Th. Since this region is thought to comprise the
original upward extension of the primary orebody, it is not clear whether the saleeite
was formed through in situ mineral alteration or by accumulation of mobilised
uranium. The thorium excess in sample DDH 52(b), can be explained by loss of
uranium from the crystal due to increased radiation damage and the subsequent
ageing process of the crystal. The saleeite mineral contains an impressive
concentration of uranium (about 50%) and the very high radiation density may, with
time have produced substantial changes in the crystal structure. It is interesting to
note', that the ^ A c / ^ U ratio has reached a value of 1.00 ± 0.03, whilst the model
stipulates (assuming there was no loss of uranium) that 221kcFZ5U = 1 - T < 1.00.
This, however supports the assumption of a gradual loss of uranium from a
degenerated crystal structure.
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The eventual leaching rate of an aged crystal will be a function of deterioration in its
crystallity and thus also a function of the radiation density to which the crystal was
subjected. It is relatively easy to calculate the radiation density in a crystal and relate
it to the degree of structure deterioration. However, detailed studies of such samples
would be required for a precise determination of the evolution of uranium
susceptibility to leaching. The initial (each rate of uranium will most probably
increase very slowly in time until major cracks and surface deterioration develop.
The consequent sharp increase in the rate would level off by a self-repair
mechanism. On a longer timescale, the total initial loss of uranium is probably
negligible in comparison to the loss in the latter stage. In general, the leach rate can
be described by a step function.
The quasi-closed system modelling approach has determined general ranges of
crystal ages at various locations along the second dispersion deposit. Samples from
DDH 52 and DDH 84 samples indicated that the mineralisation started at least
450 ky ago. The DDH 65 samples gave an apparent age of about 200 ky, and ages
of about 50 ky were derived for the samples from DDH 64.
The spatial relationship between these drillholes (Figure 3.3.1) was then used to
estimate the rate of uranium mobility, assuming that the arrival of uranium coincided
with the onset of saleeite mineralisation. On this basis the uranium front
advancement was estimated to vary between 0.10 m/ky near the primary deposit, to
0.20 m/ky further down-field, with an average value of 0.15 m/ky. This variability in
the advance of the uranium mobilisation front is consistent with other modelling
investigations. Hence, if the total length of the secondary mineralisation zone is
about 120 m, the timescale of its development is estimated to be of the order of
0.8 My.

9.1.5. Discussion
Crystallisation of the uranium mineral, saleeite, and the evolution of activity ratios of
the uranium series radioisotopes have been used to estimate the timescale for such
events along the secondary uranium orebody; quasi-closed system conditions were
postulated. The model assumed that crystallisation is completed in a relatively short
time, with no further significant deposition or leaching during the "younger" stage of
the crystal's existence. Loss of ^ A c through a recoil-related process is, however,
permitted, as is uranium leaching from radiation-damaged structure in "older"
crystals.
The data base is very limited and many more sampling points are required to build a
consistent modelling case, however, there is one relatively comprehensive set of
results for a location within the deposition region (DDH 64). The general trend of
change of activity ratios indicated the presence of only a radiogenic type of process
(Fig 9.1.1), hence, on this basis the ages of the younger (unequilibrated) crystals
were calculated. However, the significant age differences of crystals from locations
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near to one another, suggests that the crystal formation can be spread in time due
possibly to fluctuations in the local geochemical conditions.
Although it is difficult to exclude other scenarios and conceptual assumptions, the
quasi-closed system is supported by the following observations:
(a) Any significant continuous uranium deposition will further lower the 23/aThPZAU
value, tending to equilibrate the urania ratio in crystals with those in groundwater
which would perturb the concording trend in the development of 23OTh/234U and
234y/238y w ^ n i\me y n j s j s n o j O b s e r v e c | although the DDH 64 samples are young
and the radiogenic increase of ^ u / ^ l l is small, thus difficult to evaluate.
(b) Non-contradictory results are obtained using the quasi-closed system approach.
(c) It is known that a fluctuation in the local supersaturation (eg increase of uranium
concentration) to a level which can facilitate rapid crystal growth may result in the
formation of new small crystals rather than increasing the size of existing crystals.
The case of DDH 64 samples supports such a production scenario. If, however there
is a continuous (or periodical) growth of the crystal and addition of new uranium, the
crystal's age would be underestimated by the model and the apparent age would be
a minimum value.
(d) If the crystal is always accessible to water a number of possibilities can be
considered. Uranium may be leached preserving the 234\JI236\J AR and 230Th remains
in the structure of the crystal. In such a case the model would overestimate the age.
However, it is probable that the dissolving crystal matrix would liberate the thorium
which may preferentially be adsorbed on other mineral phases. In this case the
model could be used effectively, since all the ARs are apparently preserved. The
uranium could also be exchanged between saleeite and water, and in this case the
234yy238y ^R might be comparable with that in the local water. In general, the
experimental data show similar trends in both AR results, eg higher 23OTh/234\J
accompanied by an increase in 2S4\j/23S\J AR.
(e) The assumption of an 227Ac escape mechanism is supported by the presence of
Ac on colloids and its apparent higher than Th mobility.
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The estimation of the timescale for the whole secondary mineralisation zone is
currently restricted by the conceptual simplification which relates to the initiation of
crystallisation with in-flow of uranium, but it does not consider the different timescale
for phosphate availability and maintenance of an appropriate chemical environment.
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9.1.6 Conclusions
The evolution of uranium series activity ratios in saleeite crystals has been
investigated to understand the mechanisms responsible for the formation and
preservation of, at least, some crystal structures over long time periods. It was
concluded, that a simple quasi-closed system approach is useful in interpreting the
results.
The estimated timescale for the secondary deposit (0.8 My) is within the range of
previous findings. However, this study, which has been based on the growth of
saleeite crystals may have added new insights into the modelling of uranium
transport in geological strata. In particular, it has highlighted the complexity of
radionuclide transport in fracture flow on a geological timescale.
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9.2 One-dimensional Coupled Chemical Transport Modelling
D. Bennett and D. Read, W.S. Atkins
This Section describes coupled chemical transport modelling of the Koongarra
system. The work presented and discussed follows on closely from the review of
thermodynamic data described in Volume 10 of this series and the geochemical
modelling studies of Volume 12.
A brief summary of salient features of the site is given below to provide a
background to the modelling studies. This is followed by the aims of the work
undertaken, the modelling studies themselves and finally, a discussion covering
aspects of radionuclide transport at the site and difficulties encountered in
quantifying the dominant processes.
The aims of the present work were:
(a)

to gain an understanding of the processes governing transport of uranium and
its daughter nuclides in the near-surface environment at the Koongarra deposit,

(b)

to make predictions of the spatial and temporal distributions of uranium and its
daughter nuclides through the system, based on a simplified conceptualisation
of the site and a one-dimensional coupled chemical transport model, and

(c)

to highlight the relative successes and shortcomings of the model, especially
with respect to physical processes currently not addressed.

9.2.1 Background to coupled chemical transport modelling
The approach taken in modelling the transport of radionuclides through the
Koongarra system is based on the one-dimensional coupled chemical transport code
CHEMTARD (Bennett et al., 1992).
CHEMTARD is a computer program designed to model the migration of reactive
chemical species through saturated porous media. It has been developed from the
Lawrence Berkeley code CHEMTRN (Miller, 1983) principally for use within the
UKDoE radiological risk assessment program (Liew et al., 1989). It is capable of
modelling one-dimensional or radial transport of aqueous chemical species by
advection and/or diffusion, while accounting for radioactive decay, precipitation,
dissolution, and equilibrium sorption by ion exchange or surface complexation.
CHEMTARD employs the method of direct coupling (Yeh & Tripathi, 1991) in which
the partial differential equations representing transport and the non-linear algebraic
equations representing equilibrium chemistry are combined and solved
simultaneously. Following discretisation in time and space, the resulting set of finite
difference equations are solved using a modification of the method of Hindmarsh
(1977), with convergence achieved by Newton-Rap hson iteration. This approach
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results in a strong interaction between the chemical and transport processes. The
method is thermodynamicaliy rigorous, facilitates the modelling of sharp
geochemical interfaces, and has been shown to be appropriate for the simulation of
a wide range of chemical transport problems.
9.2.2 Model formulation
For modelling purposes a simplified conceptual model of the Koongarra system has
been developed and is described below. The reader is referred to Figures 2.1.1 and
2.1.2. Appropriate parameters for input to the model have been derived from field
and laboratory observations and measurements, and, in the case of certain generic
data, from published sources. These are specified in the following section. A series
of scoping calculations have been made for the relatively uncertain hydrogeological
parameters of average groundwater velocity and dispersivity.
Figure 2.1.1 shows a plan view of the site and the locations of boreholes from which
groundwater samples were collected during May 1989. The compositions of these
waters are given in Table 9.2 1. Also given is a classification of their positions with
respect to the zones shown in Figures 2.1.1 and 2.1.2 for modelling purposes.
Aqueous uranium concentrations decrease away from the primary ore zone by
approximately two orders of magnitude (eg. compare water W1 and W4 with W7,
Table 9.2.1). This observation, and the spatial distribution of the uranyl phosphate
and dispersed zones which imply that uranium has migrated towards the south or
south east (Figure 3.3.1), suggests that it may be possible to model the system by
using the composition of water W1 as a "typical ore zone water" or "source term"
and tracing its evolution as it flows into the rocks and waters of "regional background
composition", down stream of the ore zone. This conceptual model of groundwater
flow is from left to right in Figure 2.1.2. The formation of the uranyl phosphate zone
is discussed in Volume 11 of this series in which it is postulated that the uranyl
phosphate minerals typical of the zone may have formed under hydrologically
unsaturated, near-surface conditions as a result of evaporative and weathering
processes. The model developed here is applicable to the formation of the zone of
dispersed uranium to the south east of the orebody and the uranyl phosphate zone.
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TABLE 9.2.1
THE COMPOSITION AND MODELLING CLASSIFICATION OF KOONGARRA GROUNDWATERS COLLECTED FROM «25 m
DEPTH AT THE SITES SHOWN IN FIGURE 9.2.1
Concentrations are mol/dm3

Sample

N3

ro
en

W1

M1

PH49

Location

Primary Ore Zone

Classification
for Modelling
Purposes

"Source Term"

W4

C9
Uranyl
Phosphate
Zone

W7

W5

M4

Non-Mineralised Zone

"Regional Background"

Na

1.7e-04

4.8e-05

5.2e-05

7.8e-05

5.7e-05

8.7e-05

8.3e-05

6.1e-05

K

5.6e-05

1.36-05

1.6e-05

2.0e-04

2.9e-05

4.5e-05

1.9e-05

1.2e-05

Ca

5.1e-04

6.3e-05

7.7e-05

5.0e-05

4.8e-04

5.2e-05

3.0e-04

1.4e-05

Mg

3.6e-04

9.0e-04

8.4e-04

9.9e-04

7.3e-04

6.16-04

3.9e-04

1.7e-04

Fe

4.1e-07

1.36-07

1.7e-05

3.4e-06

5.5e-05

5.3e-05

2.3e-07

5.0e-07

Sr

5.3e-07

2.9e-08

6.6e-08

3.6e-08

2.2e-07

1.0e-07

1.8e-07

1.5e-07

Si

2.16-04

1.5e-04

3.0e-04

2.9e-04

3.9e-04

4.8e-04

5.8e-04

4.5e-04

1.96-03

2.7e-03

2.3e-03

2.7e-03

2.3e-03

1.86-03

1.36-03

8.5e-04

1.8e-05

3.5e-06

1.8e-06

3.3e-06

2.0e-04

1.06-06

1.0e-06

1.4e-05

2.16-04

1.66-04

8.6e-05

1.2e-04

2.3e-04

9.3e-05

2.7e-04

5.5e-05

4.1e-06

4.2e-07

1,8e-06

8.4e-07

1.3e-06

3.2e-06

5.7e-06

4.5e-06

Ph

6.9

6.8

7.0

6.8

6.7

6.9

6.8

7.2

Eh (Mv)

245

200

80

133

95

130

185

220

1.06-06

5.4e-07

4.5e-07

1.8e-06

1.16-07

1.76-08

1.3e-08

1.1e-08

CO 3 2

so;

2

CI

PO;

U

3

Speciation calculations presented in Volume 11 of this series indicate that the
predominant aqueous uranium species in the waters of Table 9.2.1 is UO2(CO3)22'The strong association of uranium for mineral surfaces (eg. iron oxides) is well
known (eg. Hsi & Langmuir, 1985) and the sorptive properties of both individual
mineral phases and bulk samples from Koongarra for uranium are described in detail
in Volume 13 of this series. In this study therefore, uranium has been modelled as
UO2(CO3)22" and its transport considered simultaneously with its equilibrium
sorption onto iron oxides using the Triple Layer Model (TLM) representation of the
sorbing surface (Davis et al, 1977), incorporated within the CHEMTARD code.
Although the TLM employed in CHEMTARD is well suited to the treatment of
competitive sorption (ie. the effects of several solutes interacting with the sorbing
surface simultaneously) initial static speciation-sorption calculations, for the waters
of Table 9.2.1, suggest that the concentrations of uranium sorbed are not likely to be
greatly affected by the sorption of the major ions in the system (eg. magnesium).
Consequently in the transport calculations presented here the effects of competitive
sorption have been neglected. In deciding to simulate the retardation of uranium in
the dispersed zone by sorption on to iron oxides, it is important to bear in mind that
in reality there is some doubt as to the ultimate sink for uranium in this zone (eg. the
possible association of uranium for certain rare earth minerals; Koppi & Klessa,
1992).
The TLM and its data requirements are discussed fully in Volume 10 of this series.
Data for its parameterisation in this work have been taken from Hsi and Langmuir
(1985) and are shown in Table 9.2.2. Estimation of the surface area of the substrate
available for sorption and the total number of sorption sites has been made using
the BET surface area determinations described in Volume 13 of this series for "fines"
from sample W2 (52.3 m 2 g- 1 at 7.7 weight % abundance). Together with estimates
of the average porosity of 20% and density of 2.6 g cm- 3 of the matrix, these yield
the estimates of surface area number of sites shown in Table 9.2.2.
TABLE 9.2.2
DATA USED IN THE TRIPLE LAYER MODEL REPRESENTATION OF THE
SORPTION OF URANIUM. DATA FROM HSI & LANGMUIR (1985).
Equilibria

pK

sony = SOH + H*

'4.5

SOH = SO" + H*

"12.5
2

SOH + H* + UO2(CO3)2 - = SOH2-UO2(CO3)2-

•-13.0

Surface Properties
Inner Layer Capacitance

'140 uFcm"2

Outer Layer Capacitance

" 20 nFcm' 2
5x10 5 m2drrr3 solution

Surface Area

1.5 eqdm' 3 solution

Number of Sites
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In formulating the model to include uranium series disequilibria the simplified decay
series 2 3 8 U => 2 3 4 U => 2 3 0 Th discussed in subsection 2.4.1 has been considered.
Owing to the estimated age of the deposit and the relatively recent period over
which weathering is thought to have occurred, it has been assumed that the rocks
surrounding the primary ore body were in secular equilibrium at the onset of
weathering. In order to best represent the 234y/238u activity ratios observed at the
site, the 234u/238u activity ratio of the ore zone water has been set equal to 0.7, a
value close to the measured values for both the rocks and groundwaters (eg. W1) of
samples from the ore zone-dispersed zone boundary at «25m depth (see below).
Throughout the modelling study all isotopes of an element have been treated as
having chemically identical behaviour. Thus both 2 3 4 U and 2 3 8 U carbonate species
are sorbed in the same way, with no fractionation effects.
To represent the relatively immobile nature of Th in the natural environment (eg.
Ivanovich & Harmon, 1982), 2 3 0 Th, produced by the decay of 2 3 4 U , has been
assumed to precipitate as ThO2(s) following the equilibrium:
ThO2(s) + 2H 2 O Th(OH)4(aq)

Ksp = -9.6

(Lemire & Tremaine, 1985).
This limits the elemental solubility of Th to
10
3
approximately 2.5 x 10' mol dnr .
9.2.3 Model assumptions
Thus formulated, a series of model calculations have been performed and the
results are presented below. Before describing the results however, it is important to
emphasise the main assumptions and simplifications involved. These are listed and
discussed in point form below:
(a) One-dimensional homogeneous porous flow
Strictly, the model is only valid for the one-dimensional flow of groundwater through
homogeneous isotropic media. In reality, however, even though the dispersed zone
at Koongarra is extensively weathered, it is somewhat anisotropic (relict
metamorphic schistosity) and spatially inhomogeneous (compositional layering subperpendicular to the assumed direction of flow). Its friable nature is such that
groundwater flow may reasonably be approximated as being through a porous
medium, however the possible effects of flow through discrete fractures is discussed
in subsection 3.2.1. Finally, the influence of significant vertical recharge and dilution
of groundwaters along the assumed flow path has been identified (Volume 11 of this
series) and points to potentially important deviations from the one-dimensional
conceptual model.
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(b) Continuous steady transport
It is assumed for modelling purposes that the transport of radionuclides has occurred
at a constant average rate. However, the climatic variation experienced at
Koongarra during the last 3 years and, for example, the falling and rising water
tables, strongly suggest that transport would have been episodic. Periods of
transport in wet conditions may have been separated by periods of precipitation and
static decay in drier times. The use of time averaged flow velocities may be justified
but the results of transport modelling must be viewed with this caveat in mind. This is
especially the case for predictions of time and space dependent phenomena such
as radionuclide chain decay along the flow path. In simple terms, in predicting
uranium series activity ratios it matters where the decay occurs along the flow path.
This requires accurate calculation of the abundances (absolute masses) of the
uranium series nuclides along the flow path at any time. In reality the occurrence of
periods in which transport occurs at rates significantly different from the average,
means that the model fails to accurately predict their spatial distributions. Because
radioactive decay continues regardless of the changing flow velocity, the errors
introduced into the model because of the incorrectly predicted spatial distributions of
the uranium series nuclides, compound with those introduced by the occurrence of
decay at the "wrong" locations. Consequently the prediction of uranium series
activity ratios, and indeed their development in the real environment, is very
sensitive to variations in groundwater flow velocities.
Finally, it is also important to note that fixed boundary conditions are assumed
throughout the period modelled. This assumption may not be justified if the
composition of the water flowing away from the ore zone alters with time for any
reason.
(c) Local equilibrium
The aqueous concentration and mobility of thorium have been assessed making the
assumption of the equilibrium precipitation of ThO2(s). This results in a realistic
elemental solubility limit for thorium. In reality thorium may actually be fixed by other
processes such as co-precipitation with iron-oxides or other solid phases.
The retardation of uranium is treated as an equilibrium sorption phenomenon. No
account is taken of the effects of substrate ageing (increasing crystallinity) and its
possible effects on the reversibility of sorption. Data presented in Volume 13 of this
series suggest that the ageing of amorphous iron oxides, associated with their
transition to more crystalline materials (goethite and hematite), acts to reduce
desorption rates and may result in higher sorbed concentrations.
(d) No isotopic fractionation
As implied above, no isotopic fractionation effects have been considered in the
numerical modelling presented here. This is consistent with the ideas of classical
isotope geochemistry which suggest that the effects of the differences between the
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masses of the isotopes of an element are negligible for elements with masses above
that of sulfur (Z=32) (O'Neil, 1986). Physical processes which may lead to isotopic
fractionation of elements with higher atomic masses (eg uranium), have been
proposed, eg alpha-recoil (Kigoshi, 1971; Osmond & Cowart, 1982) and preferential
leaching (eg. Ivanovich et al., 1991) however, for modelling purposes these have not
currently been considered. As it stands the model described here represents a
rigorous hydrogeochemical model in which the effects of important processes such
as speciation, precipitation, dissolution and sorption are included. From the point of
view of attempting to develop a comprehensive rigorous numerical model to
describe the migration and behaviour of uranium series nuclides in the natural
environment, it is important to compare this approach with models which include
processes such as alpha-recoil but neglect the standard geochemical phenomena.
Inclusion of physical fractionation processes such as alpha-recoil into the
CHEMTARD model would be a logical next step in developing such a
comprehensive model.
The model assumptions highlight the difficulties involved in modelling complex
geological systems. Despite these difficulties the model developed here is
thermodynamically rigorous and is designed to be a reasonable and pragmatic first
approximation of the Koongarra system.
9.2.4 Model results
Sample results from the model are presented here in graphical form. To
demonstrate the effects of different values for some of the uncertain parameters
input to the model, comparisons are drawn between the results of scoping studies
on velocity and dispersivity.
(a)

Groundwater flow rates and the timescale for the formation of the dispersed
zone.

Figure 9.2.1 shows the predicted distributions of uranium and thorium in the solid
phase along the flow path, after flow at 0.01 m/year for 0.5 and 1 My. It can be seen
that the model predicts greater mobility of uranium than thorium and that thorium
builds up to progressively higher concentrations at the beginning of the flow path
with time, rather than migrating significantly along it. The differential transport of
uranium over thorium is enhanced by longer flow times and higher flow velocities.
Maximum predicted concentrations of sorbed uranium fall in the range 400 to
450 ppm (Figure 9.2.1). These compare well with the results of PIXE analyses of
uranium in samples of the weathered rocks from the dispersed zone which He in
range 100 to 600 ppm (Figure 25, Appendix 5, Volume 8 of this series).
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My for a velocity of 0.01 m/year and a dispersion of 50 m.
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Figure 9.2.2 illustrates the effect of varying the flow velocity on the distributions of
uranium and thorium in the solid phase. The absolute distances of uranium transport
calculated suggest that transport at the Koongarra site, where the zone of dispersed
uranium extends away from the orebody for a distance of approximately 100 m
(Volume 2 of this series), may have occurred for a combination of time and velocity
equivalent to between 0.5 and 1.0 m/year for 0.5 to 1 My.
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The effects of varying the dispersivity input to the model are illustrated in Figure
9.2.3. Results for the concentrations of uranium and thorium in the solid phase are
plotted for three dispersivities representing 1,10 and 20% of the length of the flow
domain. The differences between the results shown in Figure 9.2.3. suggest that the
level of uncertainty in the dispersion length is likely to be of less importance than
those associated with other factors such as velocity and the timescale over which
transport has occurred.
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(b) Uranium series disequilibria
Figure 9.2.4 (upper) shows predicted 234(j/238u activity ratios as a function of
distance after flow for 500000 years at a velocity of 0. 1 m/year, with a dispersion of
50 m. The predicted ratios increase from 0.7 at the ore zone to «1.0 over the
distance for which transport of uranium has occurred. No chemical fractionation
processes have been considered, the gradual change in the activity ratio
representing the progressive mixing of the ore zone waters with those of the regional
background further downstream. The lower plot (Figure 9.2.4) shows predicted
234u/238u activity ratios as a function time for a point «4 m along the flow path. As
would be expected, the activity ratio rapidly decreases from its initial value of 1.0,
representing secular equilibrium, to a value close to that of the ore zone water
flowing through the point.
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234(j/238u activity ratios measured for "accessible phases" in the rocks of samples
from the weathered zone at Koongarra scatter widely between approximately 0.6
and 1.0 (Figure 9.2.5; see also Volume 8 of this series). With the exception of the
shallowest samples, data for the rocks of the ore zone lie in a narrower range
between approximately 0.75 and 1.0 (Figure 9.2.5). 2 3 4 U/ 2 3 8 U activity ratios
measured in Koongarra groundwaters are shown in Figure 9.2.6 (see also Volume 7
of this series). Within the dispersed zone, general trends of increasing 234(j/238(j
activity ratios are apparent in the rocks with distance away from the SE edge of the
orebody (Figure 9.2.5), and in the groundwaters with increasing depth (Figure 9.2.6).
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Comparison of the model results with the observed 234u/238u activity ratios leads to
the following observations;
(i) The model adequately reproduces the general trend observed in the rocks of the
dispersed zone, of increasing 234u/238u activity ratios with increasing distance from
the ore zone. That a similar trend is not observed in the groundwaters may be a
result of the oscillating depth of the water table, with flow at different levels leading
to the smearing out of a simple pattern over time. The concentration of uranium and
associated elevation of 234u/238u activity ratios with increasing depths towards the
boundary with deeper, less weathered and therefore more reducing rocks may be
explained by the processes envisaged by Ivanovich et al. (1991).
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(ii) The differences between the model predictions and the observed activity ratios
may be related to physical processes not accounted for, as well as the modelling
assumptions outlined above. These include the uncertain estimates of the length of
time over which transport has occurred and the choice of initial and boundary
conditions. The choice of a 234y/238u activity ratio <1.0 for the ore zone waters in
the modelling calculations was critical in representing the relatively large spread of
observed data from the site. In reality such low groundwater 234y/238|j activity ratios
may result from a variety of physical processes including the preferential leaching of
234
U over 2 3 8 U, and alpha-recoil.
(iii) Much greater scatter is apparent within the observed data than is predicted by
the model. This scatter is particularly notable within the samples from the ore zone
rocks (Figure 9.2.5) and consequently it is not surprising that greater variation is
observed in the rocks of the dispersed zone than is predicted by the model.
Predicted 23O Th/ 234 U activity ratios for the dispersed zone are shown in Figure 9.2.7
after flow at 0.01 m/year for 500000 and 1000000 years. As with the predicted
234(j/238u activity ratios, the absolute magnitudes of the calculated 23o Th/ 234 U
activity ratios are dependent on the initial conditions assumed for the ore zone and
the regional background, as well as the particular time-distance snapshot taken, and
the modelling assumptions discussed above. The model predictions rise from 1.00 at
the ore zone to a peak corresponding to the maximum concentration of precipitated
ThO2(s) and then fall away to lower values at greater distances from the ore zone
(Figure 9.2.7). The observed 23O Th/2 34 U activity ratios for the rocks of the dispersed
zone (Figure 9.2.5) scatter widely between approximately 0.25 and 1.75, indicating
the complex processes and interactions occurring at the site.
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9.2.5 Conclusions
A quantitative, geochemically rigorous, one-dimensional coupled chemical transport
model has been devised in an attempt to describe the transport of radionuclides in
the dispersed zone at the Koongarra uranium deposit, Northern Australia. The
development of the model necessitated consideration of the geochemical processes
likely to be of importance at the site, a review of the thermodynamic data used to
quantify some of these processes, and consideration of the geological features and
setting of the deposit itself. It also highlighted the many uncertainties in our
understanding of the site and the difficulties involved in making numerical
simulations of the behaviour of complex geological systems.
The model is based on the retardation of uranium (VI) carbonate species during
groundwater flow, by equilibrium sorption onto iron oxides. This process has been
approximated using the Triple Layer Model representation of the sorbing surface
(Davis et al, 1977), together with laboratory measurements and thermodynamic data
from the literature, to describe the properties of the surface itself. Calculated levels
of sorbed uranium are in accordance with those observed in the dispersion fan at
the Koongarra site.
Bearing in mind the many modelling approximations and assumptions, predicted
distances of uranium transport suggest that the formation of the zone of dispersed
uranium, downstream of the primary orezone and secondary uranyl phosphate zone,
probably occurred during radionuclide migration over a combination of time and
average groundwater velocities equivalent to between 0.1 and 0.5 m/year for 0.5 to
1.0 Ma. However, allowing for periods of dry conditions in which little transport may
have occurred, the overall time for the formation of the dispersed zone may be
greater than these estimates suggest.
Predictions of 234U/238U activity ratios fall between 0.7 at the ore zone and 1.0, and
increase over the distance for which the transport of uranium has occurred.
Measured 234 u/ 238 U ratios for rock samples from the weathered zone at Koongarra
scatter widely between approximately 0.6 and 1.0, and generally increase with
distance from the orebody. Thus the model reproduces the observed trend on the
basis of the mixing between ore zone waters with low 234U/238U activity ratios,
possibly developed as a result of the preferential leaching of 234U over 238U and
alpha-recoil processes, with shallow regional groundwaters initially in secular
equilibrium.
Refinement of the model presented here for the formation of the zone of dispersed
uranium and the development of an understanding of the relationships between this
zone and those of secondary uranyl phosphate and silicate mineralisation, will
require further detailed mineralogical study of the sinks for the radionuclides of
interest and their spatial distributions.
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10 DISCUSSION
10.1 Comparison of approaches
The modelling approaches developed have had to deal with a number of
uncertainties in representing the Koongarra Site. These include uncertainties in the
hydrogeology, the affect of climatic variations, and the heterogeneity of the
weathered zone. As a consequence of these uncertainties, it was found that there
are a number of models that fit the available data and it was not therefore possible
to conclude that one particular model was correct and others incorrect. Rather, it
has been possible to identify and investigate the nature of the important processes
affecting uranium transport and then to apply a broad variety of modelling
approaches. A number of models incorporating different assumptions and different
concepts were applied to the growth of the secondary dispersion fan. These are
summarised in Figure 10.1.1.
It is convenient to divide the one-dimensional models into three types: the first
involving partitioning of uranium between groundwater and one solid phase; the
second involving partitioning between groundwater and more than one solid phase
and the third involving a more realistic representation of the geochemical processes
determining partitioning between groundwater and rock.
The first type of model is similar to simple models often used in performance
assessments and is easy to represent mathematically. The transport equation
usually contains a simple equilibrium sorption term that relates to the whole rock
matrix. The distribution coefficient Kd describes the radionuclide equilibrium
distribution ratio between the whole rock matrix and adjacent groundwater.
However, it is not consistent with analytical measurements for the site, which have
shown that most of the radionuclide in the rock is not directly accessible to
groundwater and therefore cannot be treated as sorbed. A simple Kd based on the
total amount of uranium in the rock can therefore be much too high. It is relevant to
note that these simple models are capable of crudely representing the system. As
far as performance assessments are concerned, sorption coefficients should be
chosen by considering only those phases in equilibrium with the groundwater. The
neglect of crystalline phases will overestimate the rate at which such radionuclides
are transported.
Proper consideration of kinetic processes leading to the
incorporation of these radionuclides into crystalline phases would result in slower
transport.
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The second type of transport model considers separate groundwater accessible and
inaccessible mineral phases in the rock. This type of model is more consistent with
available analytical data. However, it is more complicated mathematically, has more
free parameters and requires more data on the system. A variety of assumptions
are possible. Different models reported here have incorporated recoil processes
and kinetically limited chemical exchange between groundwater and a crystalline
phase. To achieve anything more than a very crude representation of the processes
controlling and retarding radionuclide transport at Koongarra, it is necessary to use a
model with at least this degree of complexity. Models with more phases have been
attempted (see Section 7.3), although it is hard to obtain estimates of many of the
relevant geochemical parameters.
A number of modelling attempts have sought to concentrate on data from specific
horizons. This procedure was adopted for two reasons. First it was hoped that this
would minimise problems arising from heterogeneity and secondly there is some
evidence for preferential flow in some layers. Data selected from one depth interval
may, therefore, correspond to flow along one streamline and the data may be less
heterogeneous. However, restricting analytical data to one depth limits the available
data and does not allow a full assessment of the effects of heterogeneity.
Some models have considered flow to be concentrated in the lower part of the
weathered zone. These models are not able to represent precisely the evolution of
the weathered zone as the data are not sufficient to constrain the model. However,
it is possible to construct a two-dimensional picture of the dispersion fan over time
using a number of one dimensional models (see Sections 8.2 and 8.3). Other
evidence indicates that flow may be concentrated in the surface layers and a quasi2-D model has been constructed from two one-dimensional models with a
connection between them (see Section 8.1). These models serve to illustrate
possible histories of the dispersion fan in a qualitative manner. However, at this
stage it is not possible to unequivocally calibrate these models in a quantitative
manner.
As there are many uncertainties in the system, 1-D modelling is generally adequate
at present. However, 2-D models constructed out of a number of 1-D models offer
some potential to explore possible histories for the dispersion fan.
Two-dimensional modelling in a vertical cross section was carried out with the multidimensional groundwater flow and radionuclide transport code, NAMMU, to explore
the shape of the radionuclide plume and its evolution with time (Section 8.4). This
enabled the choice of hydrogeological parameters to be evaluated by comparing the
shape of the calculated uranium profile with the current shape of the dispersion fan.
The model is particularly sensitive to permeability contrasts between the weathered
zone and the unweathered Cahill Schists. However, full data for a complete
calibration of the model are currently lacking. In particular, the way that the
geometry of the system has changed with time is poorly understood.

240

A simplified dating model has been applied to saleeite crystals to derive a distancetime relationship for the secondary dispersion fan (see Section 9.1). It was assumed
that these crystals were to a large extent isolated from groundwater. This approach
is different to the other modelling attempts, but is subject to uncertain assumptions
concerning the geochemical behaviour of the saleeite crystals subsequent to growth.
Partitioning of uranium into a crystalline phase in which uranium is not in equilibrium
with the groundwater is of great importance in determining the concentrations of
uranium in solution. The rate of radionuclide transfer from one phase to another
was in general treated as a fitted parameter. The rate of transfer was shown to be
comparable to the half-lives of 230 Th and 2 3 4 U . Recoil transfer of alpha decay
products within the 2 3 8 U decay chain into this crystalline phase or phases is also of
considerable importance. It was found that high recoil factors of up to 0.4 were
required in order to explain analytical data (ie. up to 40% of decays resulted in
transfer of the alpha decay product to the crystalline phase). A recoil factor of this
order was estimated on the basis of some simple 2-D calculations of probabilities for
a given nucleus to cross a phase boundary as a result of the recoil (see Section
7.1). These recoil factors are rather high compared to those assumed in many
studies. However, a direct comparison is probably inappropriate because in those
situations the recoil is believed to be from a solid phase to the groundwater,
whereas at Koongarra, it is believed to from one solid phase to another.
An alternative model to those incorporating recoil was proposed in Section 7.4. This
invoked the chemical partitioning of 2 3 4 Th into an unidentified phase rather than the
recoil of alpha decay products into phases where the daughter radionuclides were
not in equilibrium with the fluid. The model has two phases: one accessible to the
groundwater and the other inaccessible. However, the inaccessible phase does not
correspond to the residual phase in the uranium series isotope extractions, but to
some, as yet, unidentified phase. This mechanism differs from that usually
proposed to explain the behaviour of uranium series radionuclides in rocks.
Both the 234 Th and recoil models are able to explain the decreasing 234u/238y
activity ratios in rocks in the direction of transport. Models including recoil are also
capable of explaining an increase of rock 234y/238|j activity ratios in the direction of
flow, as found in many other case studies (Osmond et al., 1983), with different
parameter choices. However, the 234 Th model is not able to explain the progressive
enrichment of 2 3 4 U/ 2 3 8 U in the groundwater in the direction of flow.
One-phase models incorporating equilibrium sorption cannot explain the differential
transport of the two uranium isotopes except by assigning different retardations to
each isotope. The origin of the 2 3 4 U/ 2 3 8 U variations at Koongarra are further
discussed in Section 10.2.
Nearly all the models assume constant groundwater flow parameters with time
though it is known that this assumption is not correct. However, the assumption is
not of serious concern if the period of climatic oscillations is fairly small compared to
the half lives of 2 3 4 U and 2 3 0 Th. Some models have been run to simulate the end of
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uranium transport some hundreds of thousands of years ago and it is clear that such
fluctuations can have a considerable effect on activity ratio profiles (see Sections 8.2
and 8.3).
The quantitative, geochemically rigorous, one-dimensional coupled chemical
transport model, CHEMTARD, was also applied. The development of the model
necessitated consideration of the geochemical processes likely to be of importance
at the site, a review of the thermodynamic data used to quantify some of these
processes, and consideration of the geological features and setting of the deposit
itself. It also highlighted the many uncertainties in our understanding of the site and
the difficulties involved in making numerical simulations of the behaviour of complex
geological systems. The model is based on the retardation of uranium (VI)
carbonate species during groundwater flow, by equilibrium sorption onto iron oxides.
This process has been approximated using the Triple Layer Model representation of
the sorbing surface, together with laboratory measurements and thermodynamic
data from the literature, to describe the properties of the surface itself. Calculated
levels of sorbed uranium are in accordance with those observed in the dispersion
fan at the Koongarra site.
The investigation of the present-day groundwater flow regime has confirmed the
complicated nature of the hydrogeological system. Most of the models used a timeaveraged flow in a N-S direction although there is evidence for present-day flow in
another direction (see Volume 7). The activity ratio profiles show some minima 50 to
100m from the primary orebody (see Section 7.1). Different choices of data have
been adopted in the various modelling approaches. One choice (for example,
Section 7.1) was to employ all the data, whereas other modelling approaches used
only data from the region of the fan characterised by high uranium concentrations.
Dispersion was omitted from many of the models, since it was considered to be of
much less importance than advective transport. However, there is some evidence
for back flow of waters from the dispersion fan towards the Koongarra Fault at
certain times (see Volume 6 of this series). This could be accounted for by
incorporating dispersion in the models. Dispersion was included in several simple
box models by allowing a component of the radionuclide transport to proceed in the
direction determined by the local concentration gradient. Dispersion was also
incorporated in the 2D NAMMU modelling. There is, however, some difficulty in
separating the effects of dispersion from other processes and uncertainties in the
models. If a large number of processes are represented in the modelling, the
number of free parameters becomes very large. Matrix diffusion was not considered
to be a primary mechanism in the formulation of the dispersion fan, consequently it
was not included in the modelling.
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There are other models describing uranium transport with recoil, sorption,
precipitation and dissolution. One developed by Ku et al (1992) again introduces a
number of solid phases, and incorporates rock dissolution and precipitation. The
solutions adopted correspond to a form of steady state. However, for the Koongarra
system, such an assumption seems to be inappropriate.
In summary, a number of models have been shown to be capable of representing
different aspects of the system. The more complex models are more realistic, but
require more data than is currently available, in particular concerning the
geochemistry of uranium within the dispersion fan. The simpler models are capable
of representing certain features in the system and have the advantage of requiring
less data.
10.2 Transport of 2 3 4 U and 2 3 8 U at Koongarra
In this Section the distribution of uranium series radionuclides in the dispersion fan is
discussed. Rocks in the primary orebody are characterised by ( 23O Th/ 234 U) r * ARs
greater than one (in the range 1.0 to 1.6) and in the secondary dispersion fan by
( 23O Th/ 234 U) r less than one (in the range 0.8 to 1.0). As thorium is believed to be
immobile (Langmuir and Herman, 1980) this is therefore interpreted as reflecting
uranium leaching in the primary ore deposit and uranium deposition in the secondary
ore body.
It is also observed that ( 234 U/ 238 U) r is generally greater than one (in the range 1.0 to
1.4) in the weathered primary ore zone and less than one (in the range 0.85 to 1.0)
in the dispersion fan. The obvious conclusion to be drawn is that 2 3 8 U is apparently
more mobile than 2 3 4 U . However, modelling work on other systems have reported
that 2 3 4 U is preferentially mobile relative to 2 3 8 U (Osmond and Cowart, 1982;
Osmond et al., 1983). As most uranium resides in the rock rather than in the
groundwater, the net recoil flux of daughter radionuclides of 2 3 8 U is usually from the
rock to the groundwater, thus leading to ( 234 U/ 238 U) W greater than one. At
Koongarra, ( 234 U/ 238 U) W is less than one in the weathered zone (see Volume 7). A
number of models were developed to account for the apparently anomalous
behaviour of 2 3 4 U and 2 3 8 U in the weathered zone at Koongarra; these are
discussed below.
A ( 234 U/ 238 U) r AR less than one can arise when 2 3 4 U preferentially leaches into the
groundwater. 2 3 4 U is then lost relative to 2 3 8 U from the system via groundwaters
with high ( 234 U/ 238 U) W . Clearly, uranium deposition and not leaching is the net
process operating in the Koongarra secondary dispersion fan. However, the
hypothesis that recent leaching has occurred in the secondary dispersion fan should
also be considered. Initial mobilisation of uranium from the weathered primary ore
zone would lead to a depositional zone with high ( ^ U / 2 3 8 ^ and a weathered
primary zone with low ( 234 U/ 238 U) r . Subsequent leaching of uranium in all areas of
The notation (A/B) is used to denote the activity ratio of radionuclide A to B. Subscripts r and w
indicate rock and water respectively.
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the deposit would lead to progressive decrease of ( 234 U/ 238 U) r . One model
predicted a zone of relatively high ( 234 U/ 238 U) r to the downstream side of the system
that would have resulted from the interaction of rocks with uranium bearing fluids
resulting from this leaching. No such zone is currently visible. However, it could be
argued that uranium loss occurred through now eroded weathered schists or surficial
sands. Progressive decrease of ( 234 U/ 238 U) r towards the upstream side of the
deposit is also predicted. However, this appears to be contrary to observations. In
summary, it is hard to reconcile this model with high ( 234 U/ 238 U) r in the weathered
primary ore deposit.
It is noted that selective leaching of a low (234u/238u) phase could explain
(234y/238(j)w less than one.
However, it is still necessary to explain why
234
238
( U/ U) r is less than one in the secondary dispersion fan.
Other models include the preferential incorporation of 2 3 4 U or other 2 3 8 U daughters
into the rock relative to 2 3 8 U . It is observed that a large proportion of uranium in the
weathered primary ore zone and in the secondary dispersion fan resides in a phase
or phases that have much higher (234u/238u) than the groundwater. The remainder
of the uranium resides in a phase or phases with similar ( 234 U/ 238 U) to the
groundwater. Partitioning of uranium into such a phase in the depositional region of
the system would be expected to lead to 2 3 8 U being more mobile than 2 3 4 U . The
variation of ( ^ U / 2 3 8 ^ between the upstream and downstream parts of the deposit
and the presence of a high (234u/238u) phase out of equilibrium with the
groundwater are consistent with 2 3 8 U being generally more mobile than 2 3 4 U in the
Koongarra weathered zone.
Many of the models described above predict a greater mobility of 2 3 8 U than 2 3 4 U for
some parameter choices. Other published models have also predicted greater
mobility of 2 3 8 U in some circumstances. For instance, Davidson and Dickson (1986)
have modelled the transport of uranium series for a steady state solution of
equations similar to 4 and 5 in Section 7.2. At long times, they found that the
minimum expected (234U/238U)W was 0.5. This depletion of 2 3 4 U relative to 2 3 8 U in
the groundwater arises from the recoil of daughters of 2 3 8 U into the interior of
mineral phases. The parameter ranges and circumstances giving rise to a greater
mobility of 2 3 8 U than of 2 3 4 U are examined further in Section 7.2.
It is possible to identify qualitatively a number of circumstances that could favour a
greater mobility of 238 U compared to 2 3 4 U (see Section 7.2). These include:
(a)

Groundwater and phases in equilibrium with the groundwater occupying a
small fraction of the volume. The effective net recoil flux would therefore tend
to be from the groundwater to the rock.

(b)

A large fraction of uranium being present in phases in equilibrium with
groundwater; this would result in an effective flux from groundwater to rock as
a result of recoil.
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Both (a) and (b) appear to apply at Koongarra.
Another model examined in this Volume involves preferential partitioning of 2 3 4 Th
into a mineral phase (see Section 7.4). Given the short half-life of 2 3 4 Th, such
partitioning would have to occur very rapidly and the daughter products of 2 3 4 Th
would have to be largely out of equilibrium with the groundwater, ie. transfer of
uranium to the groundwater is extremely slow relative to the transfer of thorium to
the rock. If this thorium-bearing phase were found at Koongarra it could explain the
apparent higher mobility of 2 3 8 U , however it has not yet been identified.
The fact that most of the uranium has moved only of the order of 50 to 100 m over a
timescale of the order of millions of years suggests that the uranium is not very
mobile even in a system with relatively high groundwater flow. However, some
uranium has moved up to 400 m, and it is possible that some uranium bearing fluids
have been lost from the system.
10.3 Summary of results
10.3.1 Range of timescales
In most models the timescale has been treated as a fitted parameter. By assuming
that the groundwater flux is constant and making an assumption about the boundary
condition concentration, it is possible to arrive at an age estimate of the fan. These
results are summarised in Figure 10.2 and show a range from about 0.5 to 3 million
years. Best estimates of erosion rates seem to agree broadly with the general range
of the transport model estimates (see Volume 3). The geomorphological evidence
suggests that the dispersion fan is between one and six million years old. However,
as discussed in Section 6.1, these estimates are subject to possible changes to the
groundwater flow regime that may have occurred in the recent past.
10.3.2 Range of scenarios for the formation of the dispersion fan
On the basis of the modelling, the range of possible "scenarios" that may be used to
explain the evolution of the fan can be examined. However, the evolution of the fan,
its geometry, its hydrogeology and the geochemical processes occurring within it
over the past few million years remain somewhat uncertain.
One major uncertainty (discussed above) is the hydrogeological evolution of the fan.
It is clear that the flux of groundwater and hence of uranium into the dispersion fan
must be sufficient to explain the observed mass of uranium in the dispersion fan.
Thus the models can be used to constrain the time-averaged Darcy flux. The shape
of the dispersion fan as predicted from 2-D radionuclide transport modelling can be
used to constrain the permeability contrast between the weathered and
unweathered zones.
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The geometry of the dispersion fan could have changed over time as a result of
downwards migration of the weathering front and erosion of the surface or
deposition. These changes in geometry may also have been accompanied by
changing hydrogeological properties.
Such changes over time with active
weathering have been investigated with a series of 1D models which had flow
restricted to the region around the migrating weathering front. However, it was not
possible to reproduce the uranium data using this model (see Section 8.3). It was
therefore concluded that uranium has continued to be added at all levels of the
dispersion fan within the recent past.
In general, the modelling undertaken for this Volume has not enabled a preferred
"scenario" to be selected, however, it has illustrated the possible consequences of
different processes and parameter ranges that are consistent with the analytical
data.
10.3.3 Outstanding issues and uncertainties
There are a number of data requirements that would enable further progress to be
made in radionuclide transport modelling. These are:
(a)

a better quantification of climatic effects,

(b)

improved characterisation of the current and past hydrogeology,

(c)

further consideration of the evolving geometry of the site as a result of
geomorphological processes, eg. the relative positions of the surface and the
base of the weathered zone,

(d)

additional information on the form of uranium within the dispersion fan and the
nature of the processes resulting in the incorporation of uranium in crystalline
phases, and

(e)

statistical information on heterogeneity.

Given the availability of appropriate data, the following approaches may be
beneficial:
(a)

precipitation and dissolution to be added to the current equations,

(b)

a proper coupling of transport and geochemical models,

(c)

a more sophisticated treatment of sorption,

(d)

better representation of the mineralogical processes accompanying the
fixation of uranium in crystalline phases,
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(e)

improved 2D models to constrain changes in the geometry and hydrogeology
of the system with time, and

(f)

additional 2D sections of the site should be considered.

10.4 Implications for Performance Assessment Modelling
Assessments of the long-term performance of geological repositories for radioactive
wastes are being undertaken in many countries. In some countries, these
assessments are for repositories that are either in operation or being built; in others
they are for potential repositories that are being planned or considered. Four
pathways have been identified internationally as being of importance in returning
radionuclides to the biosphere: transport in groundwater; natural disruptive events;
release of radioactive gases; and human intrusion into the repository.
The main pathway to which an analogue such as Koongarra is relevant is return by
groundwater flow. It is therefore appropriate to consider the relevance of modelling
of radionuclide transport in the Koongarra system to similar modelling undertaken for
groundwater flow paths from proposed repositories. As noted already, performance
assessment modelling is generally undertaken with simple modelling assuming
equilibrium sorption and no interaction of radionuclides with crystalline phases. Most
of the models used in this study are more complex than these assessment models.
It should be noted that there is a fundamental difference between modelling natural
systems and assessing future performance of a waste repository. In the first the
natural complexity of the system has to be addressed, whereas in the other scoping
or bounding assessments may be sufficient.
However, insights into natural
processes may be gained from modelling the complexities of the analogue. Such
insights may justify the simplifications in the performance assessments, or
alternatively they may point to areas where more detailed modelling is required.
Many radionuclides have been studied in the ARAP. These include 2 3 8|j, 235y a n c j
Th series radionuclides and 2 3 9 Pu, 1 2 9 I , " T c and 36 CI. The modelling reported
in this Volume has focused on 2 3 8 U and its daughters. Studies on 2 3 9 Pu, 1 2 9 I , 99 Tc
and 36 CI are reported in other volumes. All these radionuclides are found in
radioactive waste repositories, and can also be good analogues of other relevant
radionuclides. In this sense the estimates of radionuclide mobility obtained in this
study are of relevance to performance assessment modelling.
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There are a number of significant differences between the Koongarra site and
proposed radioactive waste repositories. The most striking feature of the uranium
ore deposit at Koongarra is its shallow depth. Some repositories are rather deeper
than the Koongarra system, but shallow repositories either exist or are planned. The
shallow situation of the Koongarra site means that there is likely to be a greater flux
of groundwater through the orebody and geochemical conditions will be far more
oxidising than in a deep repository. Uranium transport at Koongarra is taking place
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in a zone of active weathering. This is atypical as far as many waste repositories
are concerned.
Uranium transport in the secondary dispersion fan has taken place over fairly short
distances during a timescale of the order of millions of years. However, it is not
possible to exclude the loss of some uranium bearing fluids from the system along
flow paths through now eroded rocks. The fact that most of the uranium has moved
only of the order of 50 to 100 m over a timescale of the order of millions of years
suggests that the uranium is not very mobile even in a chemically active system with
relatively high groundwater flow.
Studies of the Koongarra system have emphasised the importance of partitioning of
radionuclides into crystalline phases during transport. This process is not at present
incorporated into performance assessment models, which often only include
retardation by linear equilibrium sorption. If the sorption coefficients are chosen
appropriately by considering only those phases in equilibrium with the groundwater,
then the neglect of crystalline phases will overestimate the rate at which such
radionuclides are transported. Proper consideration of the kinetic processes leading
to the incorporation of these radionuclides into crystalline phases would result in
slower transport.
Recoil is an important process affecting radionuclide transport at Koongarra, in that it
can affect the distribution of radionuclides between phases in equilibrium with the
groundwater and crystalline or inaccessible phases. Recoil is not currently
incorporated into performance assessments.
The difficulties with heterogeneity of the Koongarra weathered zone mirror those
encountered in assessing radionuclide transport in all geological systems.
It is clear that the Koongarra System requires non-steady state models and that a
representation of the influence of climate on hydrogeological and geochemical
processes is required to develop a detailed understanding of the system. The
Koongarra System is close to the surface and is particularly sensitive to such
changes. However, this observation is illustrative of the need to consider climatic
variations in performance assessments.
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11 CONCLUSIONS
There are considerable differences between the Koongarra uranium orebody and a
radioactive waste repository, particularly a deep waste repository. The Koongarra
system is shallow, affected by seasonal hydrogeological changes as well as climatic
variations on a longer timescale and transport is taking place in a zone of active
weathering. Some of these features make the Koongarra system harder to
characterise than a deep repository. However, there are nevertheless many
analogies between the processes occurring at Koongarra and those occurring
around a deep or shallow waste repository.
A number of different models have been shown to be capable of representing
different aspects of the system. The more complex models are more realistic, but
require more data than are currently available. The simpler models are capable of
representing the important features of the system and have the advantage of
requiring fewer data.
The Koongarra system is heterogeneous and this has led to difficulties in selecting
data for modelling. Some approaches have been adopted to minimise such
uncertainties; for instance by selecting data from only one depth interval. The
difficulties encountered because of the heterogeneity of the Koongarra weathered
zone mirror those to be addressed in assessing radionuclide transport in repository
systems.
Recoil processes are believed to be of considerable importance in controlling the
ratios of different radionuclides in solution. This process is not usually incorporated
into performance assessments. However, in some circumstances it may significantly
affect activity ratios of radionuclides in solution.
Considerable amounts of uranium are fixed in a phase where the uranium is
inaccessible to the groundwater. Such fixation is not generally considered in safety
assessment modelling, but is clearly sometimes important. To some extent,
Koongarra may be atypical in that it is more chemically reactive than the geosphere
through which radionuclides derived from a deep repository would move.
The Koongarra system is unusual in that 234(j/238y activity ratios in rock samples
from the dispersion fan decrease in the direction of groundwater transport, whereas
in many other systems it has been reported that 2 3 4 U is preferentially mobile relative
to 2 3 8 U (Osmond and Cowart, 1982; Osmond et al., 1983). As most uranium
resides in the rock rather than in the groundwater, the net recoil flux of uranium
daughter radionuclides is usually from the rock to the groundwater, thus leading to
(234(j/238u)r less than one. The unusual situation at Koongarra may be explained
by the models presented above. Models involving recoil can explain the unusual
trend at Koongarra; other models explain the observations by invoking the presence
of a phase in which 234 Th is irreversibly fixed.
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Estimates of the timescale for the evolution of the dispersion fan, assuming a
constant Darcy flux of the groundwater, result in estimates for the age of the
dispersion fan of the order of 0.5 to 3 million years. These estimates are in
agreement with best estimates of the age of the dispersion fan from erosion rates
(Volume 3 of this series). These estimates suggest that the dispersion fan is one to
six million years old. Over this period, it appears that the dispersion fan has moved
some 50 to 100 m downstream in the predominate direction of groundwater flow.
However, it is not known if some uranium bearing groundwaters have been lost from
the system. Uranium transport in the secondary dispersion fan has therefore taken
place over fairly short distances over a timescale of the order of millions of years.
There are a number of influences on the system that have not been fully
represented in the modelling. It is clear that modelling of the Koongarra System
requires a representation of the influence of climate on hydrogeological and
geochemical processes. The approach adopted here is to attempt to estimate the
present day values of relevant parameters and assume that they have been
constant in time. This assumption is reasonable provided that the timescale for
climatic fluctuations is short relative to the radionuclide half-lives of interest.
Further progress in radionuclide transport modelling of the Koongarra natural
analogue would require additional data on the hydrogeological system and its
variation with time, on the form of uranium within the dispersion fan and on the
heterogeneity of the system. It is particularly important to establish the proportion of
uranium in the dispersion fan contained in uranium rich phases. Additional
modelling approaches could include, data permitting, some representation of
heterogeneity of the system, a better representation of the evolving hydrogeology of
the system and coupling between geochemical and transport codes.
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APPENDIX 1
KOONGARRA NO. 1 OREBODY
WEATHERED ZONE MASS BALANCE CALCULATION
Andrew Snelling
The Noranda EIS (1978) figures for ore reserves, tonnages and grades have been
used as they are the most detailed data available.
The Noranda EIS lists the ore reserves (a) Weathered

(cut off grade 0.018% U3O8)
(specific gravity 2 tonnes/m3)
640,000 tonnes at 0.37% U3O8
740,000 tonnes at 0.110% U3O8
120,000 tonnes at 0.143% U3O8

Unfortunately, no subdivisions into weathered primary and dispersion fan ores were
given.
(b) Unweathered

(cutoff grade 0.018% U3O8)
(specific gravity 2.7 tonnes/m3)
3,440,000 tonnes at 0.353% U3O8

Thus the total uranium content of the weathered ore is 640,000 tonnes x 0.037% U3O8 = 236.8 tonnes U3O8
740,000 tonnes x 0.110% U3O8 = 814.0 tonnes U3O8
120,000 tonnes x 0.143% U3O8 =171.6 tonnes U3O8

CASE A
If we estimate that the leached/weathered primary ore represents 10% of the
weathered ore, then the dispersed secondary ore represents 90%. Thus these two
sub-zones contain weathered primary
dispersion fan

122.24 tonnes U3O8
1,100.16 tonnes U3O8

However, the weathered primary ore used to be unweathered ore, so what quantity
of U3O8 is contained in a volume of unweathered ore similar to the volume
represented by this 10% of the weathered ore, here assumed to be weathered
primary ore?
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10% of the weathered ore is 150,000 tonnes
Volume

= 150,000 tonnes/2 tonnes per metre3
= 75,000 metre3

Thus 75,000 metres3 of unweathered ore would contain
75,000 metres3 * 2.7 tonnes/metre3
= 202,500 tonnes
The average grade of this unweathered ore is 0.353% U3O8, so 202,500 tonnes of
this ore would contain
202,500 tonnes * 0.353% U3O8
= 714,825 tonnes U3O8
Thus the volume that is now weathered primary ore could have originally contained
714,825 tonnes U3O8. Let us call this quantity WP 0 (weathered primary originally).
Today the weathered primary ore contains 122.24 tonnes U3O8. Let us call this
quantity WPT (weathered primary today). The difference between these quantities
thus represents the amount of U3O8 that has been weathered or leached and
dispersed from the weathered primary ore zone. That is,
Dispersed Uranium (DU)

=
=

WP0 - WP T U3O8
714.825 -122.24 tonnes U3O8
592.585 tonnes U3O8

However, the dispersion fan today contains 1,100.16 tonnes U3O8.
Conclusion
There is more than enough uranium in the dispersion fan to have accumulated from
weathering of the weathered primary ore zone, and thus no uranium has been
completely "lost" from the system to, for example, Koongarra Creek.
CASEB
We start with the same estimates 10% weathered ore

=

90% weathered ore

=
=

weathered primary
122.24 tonnes U3O8
dispersion fan
1,100.16 tonnes U3O8
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This weathered primary zone will still be equivalent to 202,500 tonnes of
unweathered ore (following the same calculations). However, this time let us
assume that the weathered primary mainly represents weathered high grade ore
from just below the hanging wall graphitic schist. This is not unreasonable since the
position of the weathered primary zone is the up-dip extension of the high grade
unweathered ore just below the hanging wall graphitic schist. So let us assume a
grade twice the average, that is, twice 0.353% U3O8 or 0.706% U3O8. (Note that
Denison's planned estimated average grade is 0.44% U3O8, with a high grade
component at 0.795% U3O8.)
Thus 202,500 tonnes of unweathered ore at a grade of 0.706% U3O8 contains
202,500 tonnes * 0.706% U3O8 = 1,429.65 tonnes U3O8
This is then WP0 ie WP 0
and WP T

=
=

So Dispersed Uranium (DU)

1,429.65 tonnes U3O8
122.24 tonnes U3O8
=
=

WP0 - WP T U3O8
1,429.65 -122.24 tonnes U3O8
1,307.41 tonnes U3O8

However, this dispersion fan today contains 1,100.16 tonnes U3O8.
Conclusion
There is less uranium in the dispersion fan than that which must have been
weathered from the weathered primary ore zone, and thus some uranium has been
"lost" from the system (dispersed further down-slope and perhaps into Koongarra
Creek). However, this does not rule out the possibility that 200 or so tonnes "lost" to
the system may represent just the quantity dispersed down-slope and still in the
weathered zone.

CASEC
Now if we estimate that the weathered primary ore represents 12.5% of the
weathered ore, then the two sub-zones contain weathered primary
dispersion fan

152.8 tonnes U3O8
1,069.6 tonnes U3O8

The volume of weathered primary ore is now
187,500 tonnes/2 tonnes per metre3 = 93,750 metres3
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and the equivalent unweathered ore tonnage is
93,750 metres3 * 2.7 tonnes/metre3 = 253,125 tonnes.
At an average grade of 0.706% U3O8 this 253,125 tonnes of unweathered ore would
contain
253,125 tonnes x 0.706% U3O8 = 1,787.063 tonnes U3O8
So WP0 =
andWP T =

1,787.063 tonnes U3O8
152.8 tonnes U3O8

Thus DU =
=
=

WP O -WP T U 3 O 8
1,787.063-152.8 tonnes U3O8
1,634.263 tonnes U3O8

However, the dispersion fan contains only 1,069.6 tonnes U3O8.
Conclusion
If we retain our estimate that the weathered primary ore represents 12.5% of the
weathered ore, but this time assume that the weathered primary contains all of the
highest grade weathered ore, then the two sub-zones contain weathered primary (WPT) has 187,500 tonnes
with 120,000 tonnes at 0.143% U3O8 or 171.6 tonnes U3O8
and 67,500 tonnes at 0.110% U3O8 or 74.25 tonnes U3O8
dispersion fan has 976.55 tonnes U3O8
Now WP0 will still be 1,787.063 tonnes U3O8
So DU

=
=
=

WP O -WP T U 3 O 8
1,787.063 - 245.85 tonnes U3O8
1,541.213 tonnes U3O8

But the dispersion fan now contains only 976.55 tonnes U3O8.
Conclusion
There is still much less uranium in the dispersion fan than that which must have
weathered from the weathered primary ore zone, and thus some uranium has again
definitely been "lost" from the system.
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CASEE
If we go back to the original estimate that 10% of the weathered ore is weathered
primary, but this time again assume that the weathered primary contains all of the
highest grade weathered ore, then the two sub-zones contain weathered primary (WPT) has 150,000 tonnes
with 120,000 tonnes at 0.143% U3O8 or 171.6 tonnes U3O8
and 30,000 tonnes at 0.110% U3O8 or 33.0 tonnes U3O8
that is 204.6 tonnes U3O8
dispersion fan has 1,017.8 tonnes U3O8
Now WP 0 will again be 1,429.65 tonnes U3O8 (that is, the equivalent tonnage of
unweathered ore but at twice the average grade as in Case b).
So DU

=
=
=

WP 0 - WPT U3O8
1,429.64 - 204.6 tonnes U3O8
1,225.05 tonnes U3O8

But dispersion fan here contains only 1,017.8 tonnes U3O8.
Conclusion
There is still less uranium in the dispersion fan than that which must have weathered
from the weathered primary ore zone, but as in case B the amount apparently "lost"
to the system could be the uranium dispersed down-slope in sub-economic
amounts.

SUMMARY
Case A

Case B

*

Weathered primary 10% of weathered ore and contains 10% of
contained U3O8.
Original grade of weathered primary is average grade of
unweathered ore
Result
dispersion fan » U3O8 leached from weathered
primary
Weathered primary 10% of weathered ore and contains 10% of
contained U3O8
Original grade of weathered primary is twice the average grade of
unweathered ore (ie equivalent of high grade unweathered ore)
Result
dispersion fan <; U3O8 leached from weathered
primary
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Case C

*
*
*

CaseD

*
*
*

Case E

*
*
*

Weathered primary 12.5% of weathered ore and contains 12.5% of
contained U3O8
Original grade of weathered primary is twice the average grade of
unweathered ore
Result
dispersion fan « U3O8 leached from weathered
primary
Weathered primary 12.5% of weathered ore but contains all the
highest grades of U3O8
Original grade of weathered primary is twice the average grade of
unweathered ore
Result
dispersion fan « U3O8 leached from weathered
primary
Weathered primary 10% of weathered ore but contains all the highest
grade of U3O8
Original grade of weathered primary is twice the average grade of
unweathered ore
Result
dispersion fan <; U3O8 leached from weathered
primary

DISCUSSION
Case A is clearly untenable since there cannot be more uranium in the dispersion
fan than that weathered from the weathered primary zone. Thus the assumption
that the original grade of the weathered primary ore was twice the average grade of
the unweathered ore, because the former represents the up-dip equivalent of today's
high grade unweathered ore, appears to be both reasonable and valid, and gives
tenable results in cases B-E.
So in cases B-E there were basically only two variables that were changed - the
grades in today's weathered primary ore, and the percentage of the weathered ore
that is weathered primary. In the matter of the grades, it appears to make no
difference whether we assign the average grade or the highest grades of weathered
ore to the weathered primary zone, since cases B and E, and C and D where this
variable only was changed give essentially the same result. That leaves the
percentage factor as the variable that makes the difference, 10% for the weathered
primary giving results that are close to a balance, while 12.5% for the weathered
primary gives results that indicate uranium has probably been completely "lost" from
the system.
So which is the better estimate of the percentage of the weathered ore that
constitutes weathered primary? Unfortunately, neither Noranda nor Denison have
divided their calculated tonnages of weathered ore into the categories of weathered
primary and dispersion fan, so we have no way of "guesstimating" apart from the
available cross-sections. On more than half of those the inferred weathered primary
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zone probably represents at least 12.5% of the weathered ore, so I would have to
conclude that 12.5% is probably the better estimate.
However, those cross-sections where the weathered primary percentage is at least
12.5% of the weathered ore, the weathered primary zone also includes some of
what originally must have been medium-low grade unweathered ore. This would
have reduced the amount of contained uranium in the original weathered primary
zone available for dispersion. If this were then taken into account in cases C and D,
then the amount of uranium in the dispersion fan today would be much closer to the
estimate of the amount of uranium dispersed from the weathered primary zone in
cases B and E.
Thus the discrepancy between the calculated dispersed uranium and the actual
amount in today's dispersion fan may still be accounted for in the dispersed uranium
down-slope of the (arbitrary) economic cutoff. Indeed, if the average "grade" of this
sub-economic dispersion fan were only 50 ppm U3O8, then 200 tonnes of U3O8 (the
"discrepancy" in cases B and E) would be contained in only 4,000,000 tonnes of
weathered schist, less than three times the economic weathered ore tonnage.
Given the volume of this sub-economic dispersion fan this is not an unreasonable
expectation. If this is so, then no uranium has probably been lost completely from
the system via Koongarra Creek. It is thus worthwhile noting that in their stream
sediment survey of the Koongarra area, Foy and Gingerich (Journal of Geochemical
Exploration, vol. 8, 1977, pp. 357-364) did not find any anomalous uranium in the
stream sediments in Koongarra Creek down-gradient of the Koongarra orebodies
(only some anomalous radon).
CONCLUSION
While the calculations of uranium masses do not show a balance, indicating some
uranium may have been completely "lost" from the system, these do not take into
account the uranium dispersed down-slope beyond the economic grade dispersion
fan. If the latter could be included, then the system would probably be close to
balanced, meaning no probable loss of uranium via Koongarra Creek.
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APPENDIX 2
THE ORIGINS OF DISEQUILIBRIUM BETWEEN 234U AND 238U
The questions addressed is in this appendix are "What are the origins of disequilibrium
between 234U and 238U?" and "For what range of equations is the ^ u / ^ U activity ratio
equal to 1 an acceptable solution?" A simple example is taken as a start and then the
complexity is increased. The following standard notation is adopted:
Subscript -,
A,
q
S|
a,
b|
u

refers to radionuclide (i=1 for 238U, i=2 for 234U);
is the decay constant;
is the concentration in porewater;
is the concentration on the rock;
is the activity in the porewater, taken to be given by at= Aç (neglecting
the constant);
is the activity in the rock, given by bi= K,s{,
is the transport velocity.

No rock/water interactions, no transport
The most basic system is no rock/water interactions, no transport. Then

- ^ = -K2c2

+

X iCi ,

(2)

or expressed in activity terms
da
s,

-M,

—^ = - A ^ + A ^ ,
or
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(3)

(4)

There is a solution of the form a2(t) = E a^t) if

The constant is not identical to 1. For 234U and 238U it is about 1.000055.
Linear equilibrium sorption
The equations can be extended to include linear equilibrium sorption
—1 + —1 = -\.c, - K,s.
1 1
1 1
dt
dt

dt

v

(6)
'

dt

or expressed in activity terms
da
1 + _ L = -A
sf

fli

- A,/),

1 1

1 1

(8)
v

J

With linear equilibrium sorption
*/ = KP

(10)

and as 238U and 234U are chemically identical K, = K2. Then equations (1) to (4) are
recovered, and again, the following is a solution
a« =

a(0
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Linear equilibrium sorption and transport
The equations can be extended to include transport
—l + —± = - u—± - \.c. - K.s.
at

dC2

at

dS2

(12)

1 1

v

'

dC2

—- + —- = -u—
at

1 1

dx

dt

- A-c, - A-s, + Ax. + K.s. ,
*2 2

9x

«2 2

1 1

1 1 •

(13)
v

;

or expressed in activity terms
^1 +^ 1 =-u^l- A^ - A^
dt

9a,

dt

9£>,

1 1

dx

(14)

1 1

ôa,

—- + —- = -u—- - \,a~ - A-ô, + A-a. + \J). .
dt

8t

^2 2

ôx

^2 2

«2 1

2 1

(15)
V

/

Including linear equilibrium sorption with R = 1 + K these become

_ si^

=

+

dx

*

2

1 1

v

'

or expressed in activity terms
da.

-^3f

da.

= -u—1 - RA,a
1
5x
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(18)
'

v

= -u—1 - RA,a, + RA,a, .
1 1
dx
dx
* 2

dt

v

(19)
'

Again, the following is a solution
-. /A

_

*2

(20)

Dispersion
The arguments can be extended to include hydrodynamic dispersion and molecular
diffusion. The analysis is analogous to the one presented above, and is therefore not
presented.
Non-linear sorption
The arguments can be extended to non-linear sorption. Because the isotopes of
uranium are identical the non-linear equation relates the total uranium concentration on
the rock to the total uranium concentration in the porewater

)

(21)

and, as no mechanism has been introduced to separate the isotopes

s, = = F(£c) - A .
1

or

Si

= GÇ£c)c,. .

E°

(

'

'

It is worth noting that with such an equation s2l§, = c^q. Again there is the solution

a2(x,0 = - A - a i ( x , Q , b2(x,f) = -^-b,(x,f)
A

2~ A 1

.

(23)

^"^1

A particular form of (22) is one that represents saturation of groundwater by uranium
c =

s ct
^

•
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(24)

When c and s are very small, c = s/K (recovering (10)); when s is large, c = csat (giving
saturation).

Kinetics
Finally the equations can be extended to include kinetics:
—L + —1 = - u—L - Ax, - K,s.
1 1
1 1
dt
dt
dx

v

_ 1 + __2 = -u—* - L c , - X,s2 + X1c1 + À.S,
3t

dt

9X

-2 2

«2 2

1 1

1 1

(25)
'

(26)
V

/

(27)

or expressed in activity terms
^ 1 + -^1 = - u ^ l - K,a, - \,b,
dt

^

+

^2

dt

=

_ w ^f2 _ ,

(28)

dx

_ ,

b

+

x a.

+

u>

(29)

(30)
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The parameter Ç is the same for 234U and 238U, as they are chemically identical. As in
the previous cases considered if

«2 "A J

Ao ~ A A

are substituted into (29) and (30), then (28) and (30) are recovered.
Conclusions
The above arguments show that, for the cases considered, secular equilibrium, with
activity ratios approximately equal, is a solution of the equations. Therefore if there is
disequilibrium between 238U and 234U, then it could only arise from:
• initial conditions (i.e. the system is initially out of equilibrium);
• boundary conditions (i.e. groundwater enters the system out of equilibrium);
• other processes not included in the arguments above, such as recoil, or a chemical
process affecting a daughter between 238U and 234U.
This list encompasses the types of processes included in the modelling studies
described in this report, which examine and interpret the disequiiibria measured.
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