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Summary

The Koongarra Uranium Deposit in the Alligator Rivers Region in the Northern Territory
of Australia is a natural analogue beeing investigated with the aim to contribute to the
understanding of the scientific basis for the long term prediction of radionuclide migration
within geological environments relevant to radioactive waste repositories. In the beginning
of 1990, the Swedish Nuclear Power Inspectorate (SKI) contracted Kemakta for a project
focussing on the application of performance assessment methodology for evaluation of the
Koongarra Analogue. The objective of the project was to use the Koongarra Analogue to
test and evaluate models and concepts used in performance assessment of radioactive
waste repositories. This work was carried out as a part of the international Alligator Rivers
Analogue Project (ARAP).

The main orebody (No 1) at Koongarra has a strike length of 450 m and persists to 100
m depth. The primary ore consists of uraninite veins that crosscut a quartz-chlorite schist.
In situ alteration and oxidation of uraninite have formed secondary uranium minerals,
mainly uranyl silicates. From near surface down to a depth of 25-30 m the schist is
weathered, and in this weathered zone a tongue-like fan of secondary uranium minerals,
mainly uranyl phosphates has been developed. In the tail of the fan uranium is dispersed
in the weathered schist and adsorbed onto clays and iron oxides.

The dispersion of uranium and decay products in the weathered zone has been modelled
with a simple advection-dispersion-reversible sorption model and with a model extended
to also consider a-recoil and transfer of radionuclides between different mineral phases
of the rock. The first model assumes that the partitioning of radionuclides between
groundwa» *r and rock is the result of sorption only. The second model is based on the
assumptii ...» that radionuclides in the groundwater are sorbed to accessible phases of the
weathered rock (amorphous iron oxides and clays) and that sorbed radionuclides are
further included in inaccessible crystalline phases of the rock by recoil effects and
recrystallisation of amorphous iron oxides and clays.

The modelling work was carried out in several iterations, each including a review of
available laboratory and field data, selection of the system to be modelled and suitable
model, and a comparison of modelling results with field observations. In addition,
interpretations and modelling results from other groups within the ARAP were considered
as well as information from a scenario development study which was carried out in
parallel with the modelling work.

Uranium concentrations in bulk rock calculated with the simple advection-dispersion-
reversible sorption model were in fair agreement with observed data using parameter
values within ranges recommended based on independent interpretations. It was not
possible to improve the match between calculated and observed uranium concentrations
in bulk rock by also introducing a-recoil and radionuclide phase transfer between
accessible and inaccessible mineral phases. Adding only a-recoil gave similar results as
the simple advection-dispersion-reversible sorption model, while the introduction of phase
transfer gave results that were less in agreement with observed data. The observed
decrease in activity ratios (234U/238U, 23oTh/234U) in bulk rock along the flow direction
was fairly well simulated by both models, but to be able to predicted a decrease in
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234U/238U activity ratio with the advection-dispersion reversible sorption model a higher
retardation of 234U relative to 238U had to be assumed.

The advection-dispersion-reversible sorption model is a large simplification of the system
among other things because the partitioning of radionuclides between water and solid
phase is described with a sorption equilibrium term only. The advantage with the model
is the small number of parameters that is needed as input to the model. The extended
model which also considers a-recoil and transfer of radionuclide between different phases
of the rock gives a description of the system which is more consistent with what is
observed. However, the number of free parameters is larger, and more data on the system
are required compared to the more simple model. This may be one explanation to the
difficulty in improving the simulation results with the extended model.

Although the results from this study not are enough to validate simple performance
assessment models in a strict sense, it has been shown that even simple models are able
to describe the present day distribution of uranium in the weathered zone at Koongarra.
Furthermore, the results support the conservatism in these models when parameter values
in the conservative end of the recommended ranges are chosen.



- Ill -

List of Contents

Summary

1 Introduction l
1.1 Background 1
1.2 Objectives 2

2 Description of the Koongarra uranium deposit 3
2.1 Overview 3
2.2 Geology 4
2.3 Hydrology 5
2.4 Groundwater chemistry 5
2.5 Site characterisation studies 7

3 Validation issues in performance assessment
covered by ARAP 9

3.1 General 9
3.2 Validation issues covered by ARAP 9
3.2.1 Conceptual models 10
3.2.2 Calculation models 12
3.2.3 Input data 13

4 Strategy for testing the applicability of
performance assessment models 14

5 Data review IS
5.1 General IS
5.2 First review of groundwater chemistry data and solid uranium

concentrations IS
5.2.1 Groundwater chemistry 1S
5.2.2 Uranium concentration in solid phase 22
5.2.3 Outcome from first data review 24
5.3 3-D view of observed uranium concentrations in solid phase 24
5.3.1 Introduction 24
5.3.2 Kriging theory 24
5.3.3 Kriging of Alligator Rivers data 25
5.3.4 Results of kriging 29
5.4 Uranium concentrations in small samples and in 5 m cores

in different directions 35
5.5 Review of radiochemical data 40
5.5.1 Bulk rock samples 40
5.5.2 Individual mineral phases 44
5.5.3 Variation of uranium concentration and activity ratios with depth 51
5.5.4 Outcome of review of radiochemical data 57



- IV -

6 Modelling of uranium and thorium migration 58
6.1 Conception of uranium leaching and migration 58
6.6.1 Initiation of uranium mobilisation 58
6.1.2 Uranium leaching and migration 58
6.2 Calculations with the advection-dispersion model with

linear sorption 59
6.2.1 Assumptions and model description 59
6.2.2 Data 61
6.2.3 Results 62
6.3 Calculations with the advection-dispersion model with linear

sorption and chain decay 65
6.3.1 Assumptions and model description 65
6.3.2 Data 66
6.3.3 Results 67
6.3.4 Influence of migration time on activity ratios 68
6.3.5 Influence of alternating periods of flow and no flow on activity ratios 69
6.4 Calculations with the advection-dispersion model with linear sorption,

chain decay, a-recoil and phase transfer 75
6.4.1 Introduction 75
6.4.2 Assumptions and model description 75
6.4.3 Data 77
6.4.4 Results 78
6.5 Summary of results 84

7 Discussion and concluding remarks 86
7.1 Discussion 86
7.2 Concluding remarks 87

References 89



-1 -

1 Introduction

1.1 Background

In performance and safety assessment of nuclear waste repositories, models and
combinations of models are used to predict the long-term behaviour of a complex system
of natural and engineered barriers. Validation of performance assessment methods and
models are presently of high concern among organisations responsible for nuclear waste
disposal programmes and regulatory authorities.

One procedure used for validation is to compare model predictions with experimental
observations. Here, information from laboratory experiments, field experiments and
natural analogue studies is needed. Laboratory and field experiments yield information on
relatively short time scales. Natural geological systems have, however, developed over
longer time scales and can therefore provide important information regarding the
behaviour of radionuclides overtimes that is more relevant to radioactive waste repository
assessment.

The Koongarra Uranium Deposit in the Alligator Rivers Region in the Northern Territory
of Australia is a natural analogue beeing investigated with the aim to contribute to the
understanding of the scientific basis for the long term prediction of radionuclide migration
within geological environments relevant to radioactive waste repositories. The
International Alligator Rivers Analogue Project (ARAP) was set up in 1987. The project
is sponsored by the OECD Nuclear Energy Agency with participation of 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 Environment (UKDoE) and the US Nuclear Regulatory Commission
(USNRC).

The Koongarra uranium mineralisation occurs in two distinct orebodies separated by a
barren gap. The main orebody (No 1) has a strike length of 450 m and persists to 100 m
depth. The primary ore consists of uraninite veins that crosscut a quartz-chlorite schist.
Alteration and oxidation of uraninite within the primary zone have produced secondary
uranium minerals, particularly uranyl silicates. From near the surface down to a depth of
25-30 m the schist is weathered, and in this weathered zone another secondary uranium
mineralisation, uranyl phosphates, forms a tongue-like fan. In the tail of the fan uranium
has been dispersed in the weathered schist and adsorbed onto clays and iron oxides. The
dispersion fan of ore grade material extends down-slope for about 80 m.

A comprehensive experimental and modelling programme has been carried out within the
Alligator Rivers Analogue Project. A substantial amount ofinformation has been collected
on geology, hydrology, geochemistry and radionuclide migration processes. This
information and the results from modelling of hydrology, geochemistry and radionuclide
migration have been presented in a final report series consisting of 16 volumes [ARAP,
1993].

The Alligator Rivers natural analouge is also one of the test cases in the INTRAVAL
project. The INTRAVAL project is an international project, managed by SKI. The main
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objective of this project is to increase the undnstanding of how various geophysical,
hydrogeological and geochemical phenomena of impoitaiice forradionuclide transport in
the geospherc can be described by mathematical models developed for this purpose. The
work carried out on the Alligator Rivers test case during phase 1 of INTRAVAL is
documented in a technical report (Duerden, 1992) as well as in the summary report of
intraval phase 1 [INRAVAL, 1993].

1.2 Objectives

In the beginning of 1990, the Swedish Nuclear Power Inspectorate (SKI) contracted
Kemakta for a project focusing on the application of performance assessment methodology
for evaluation of the Koongarra Analogue. The objective of this project was to use the
Koongarra Analogue to test and to evaluate models and model systems used in
performance assessment of radioactive waste repository concepts with focus on the
Swedish situation. The work was performed in two steps:

1. A review of validation issues in the Swedish performance assessment programme
which are covered by ARAP. This step resulted in proposals for calculations.

2. Model calculations using the data collected within ARAP.

This report presents the identified validation issues in performance assessment covered by
ARAP as well as subsequent calculations of uranium migration in the weathered zone at
Koongarra. The calculations were performed in three main steps, starting with simple
scoping calculations which evolved to more complex calculations including a-recoil and
effects of weathering.

Integrated with this validation study, Kemakta has together with SKI applied a scenario
development method to formulate scenarios for the evolution of the dispersion fan at
Koongarra. The primary objectives were to establish a systematic description of the
analogue, i.e. a description of how different processes have contributed to and caused the
development of the dispersion fan, and to derive several alternatives for the conditions that
have to be considered in modelling the evolution of the analogue. The result of the
scenario development study is published as a separate report (Volume 16) in the ARAP
Final Report series [Skagius and Wingefors, 1993J.
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2 Description of the Koongarra uranium deposit

2.1 Overview

The Koongarra uranium deposit is located 225 km east of Darwin, the capital city of the
Northern Territory. Australia, in the area known as the Alligator Rivers Region. It is one
of four major uranium deposits discovered in the region. The Koongarra deposit is located
close to a prominent fault, the Koongarra Reverse Fault, in a quartz-chlorite schist of the
tower member of the Cahill Formation. The fault approximately coincides with an
escarpment, the Kombolgie Formation, which is a significant geomorphoiogical feature
of the area. The Koongarra Fault constitutes the boundary between the Kombolgie
sandstone and the Cahill schist.

The natural uranium mineralisation occurs in two distinct, but clearly related orebodies.
separated by approximately 100 m of barren schists (see Figure 2.1). Both orebodies are
elongated and dip 55° broadly parallel to the Koongana Reverse Fault. This fault zone
forms the lower boundary (or footwall) to the uranium ore zone. A thin layer of quartz-
chlorite schist that also contains large amounts of graphite forms a distinctive upper
boundary or hanging wall unit. The deposit is covered by a few meters thick layer of sand,
thought to have been developed from erosion of the Kombolgie sandstone. The more
southwesterly of the two orebodies. orebody No I. has been subjected to in-situ alteration,
oxidation and weathering leading to dispersion of secondary uranium. The upper extension
of orebody No 2 is located below the base of weathering. Consequently no weathering of
this orebody has occurred and there is no known mobilisation of uranium. Orebody No 2
has therefore not been studied further.

fault

graphite
schist

orebody2

dispersion fan

quartz-chlorite schist

Figure 2.1 View of the Koongarra orebodies, projected to the surface.
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23. Geology

Orebody No I has a strike length of 450 m and persists to a depth of about 100 m. From
the surface down to a depth of 25-30 m. the schist is weathered. In this zone,
decomposition and leaching of the primary ore has resulted in the formation of a tongue-
like dispersion fan. Away from the tail of the fan. uranium is dispersed in the weathered
schist and adsorbed onto clays and iron oxides (see Figure 2.2). The dispersion fan of ore
grade material extends downslope for about 80 m to the southeast.

surface

secondary uranium
mineralisation

primary uranium
mineralisation

pitchblende,
uranium silicates Iuranium

phosphatesyly: sandstone

Figure 2.2 Transecrion of the Koongarra No I orebody.

Igraphite
schist

quartz-chiorite
schist

The primary mineralisation zone is largely confined to quartz-chlorite schists immediately
above the fault zone. The width of the primary ore zone averages 30 m at the top of the
unweathered schists, tapering out along strike, and down dip to about 100 m below
surface. The strongest mineralisation, with most assay values in excess of 1 <*• uranium
has a thickness of several meters just below the graphitic hanging wall schist unit. The
primary ore consists of pitchblende (or uraninite - uranium oxide) veins and veinlets which
either follow or crosscut the layering in the schist. Associated with the high grade ore are
minor amounts of scattered sulphidic minerals but also some rare native gold.

Oxidation of the primary uranium mineralisation has resulted in the formatun of
secondary minerals, uranyl silicates and phosphates. L'ranyl silicates are found within the
top of the primary zone just below the base of weathering and in the primary zone along
and just above the fault. These have been formed by in-situ oxidation of pitchblende.
Uranyl phosphates minerals occur in the weathered zone as well as in the tail of the
dispersion fan. Intersection of the zone of surface weathering with the top of the primary
zone has resuked in the leaching and decomposition of both pitchblende and uranyl
silicates. Together with phosphate from weathering of apatite uranium has formed
secondary uranyl phosphate minerals in the weathered zone. In the weathered zone



- 5 -

dissolved uranium has been dispersed by the moving groundwater and included in. or
adsorbed to. minerals formed by the weathering of the quaitz-chiorite schist. The dominant
weathering products are iron oxides, vermkulite. kaou'nite and smectite.

2 3 Hydrology

Koongara. in common with much of northern Australia, has a monsoonal climate with
almost all rainfall occurring in the wet season, which is between November and March.
This causes fluctuatioco in the water table, and the difference in water table between wet
and dry season is approximately S-IO m.

The timing of the onset of the present monsoon climate of the region is not clear. Studies
indicate periods of welter climate than present, but also that extreme reduction in
precipitation coincided with glacial maxima. From the evidence now available it has been
concluded that precipitation levels similar to that of today bas prevailed in the area for the
last 10 000 years [Wyrwoll. /99J/. During the last 700 000 years, the climate has probably
alternated between drier glacial periods lasting for about 100 000 years and interglacial
periods, lasting for about 10 000 years, with conditions similar to the today prevailing.

Interpretation of the present hydrology at the site indicates that recharge of groundwater
to the weathered Cahill schists occur via downflow parallel to. and in close proximity to
the reverse fault in both underlying Komboigie sandstone and the schists [Duerden. 1992].
Although the fault zone breccia was found to be practically impermeable, some water
flows from the Komboigie sandstone into the schists via cross fractures which offset the
fault. Once in the schist groundwater flow is towards the south and south-cast, away from
the sandstone cliffs behind the deposit.

The unweathered quartz-chlorite schist is a fractured crystalline rock where most of the
flow takes place in fractures. As a result of weathering processes, the fracture system
becomes less prominent and the flow characteristics change from being fracture dominated
to more matrix dominated. The weathered schist thus acts as a porous medium with high
porosity and low permeability. The weathered zone appears to limit downward circulation
of water and more of the water entering the system flows through the weathered zone than
through the unweathered schist. However, the preferential groundwater discharge seems
to occur in the surficial deposit of sand and gravel because of much higher transmissivity.
The proportion of flow that enters deeper hydrogeological units is quite small, and this
flow mainly passes through the weathered zone [Townley, 1993].

2.4 Groundwater chemistry

The major sources of groundwater entering the flow system of the uranium deposit are
direct infiltration from the surface, and movement across the fault from the foot wall
aquifer in the Komboigie Formation. Based on analyses of groundwater samples, the
Koongarra area can be divided into zones with different characteristic groundwater
chemistry (Figure 2.3).
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The groundwater chemistry changes as the groundwater moves from the Kombolgie (Zone
1) into the orebody (Zone II) and to the northeast and southwest of the No 1 orebody
(Zones HI, FV(E) and FV(W)). The chemistry of these groundwatcrs is similar to Zone II,
but does not have greatly elevated uranium concentrations. The uranium dispersion fan in
the weathered zone appears to be towards the southeast (Zone VI), although groundwaters
from this zone have a different character from those of the orebody. The chemistry of
groundwaters from Zone V is very similar to the orebody and suggests a more southerly
direction of the groundwater flow. The possibility of groundwater movement from Zone
II to Zone V is supported by data from pumping tests and helium levels in the water, and
by concentrations of uranium and magnesium in the groundwater [Duerden, 1992].

2.5 Site characterisation studies

An extensive experimental programme, including both field and laboratory investigations,
has resulted in a large number of data characterising the site. A compilation is given below
of the tests that have been carried out and the type of data acquired.

Hydrogeology

Hydrogeologic data were obtained from drawdown and recovery tests, water pressure tests,
aquifer tests and slug tests. In addition, petrophysical properties were measured in the
laboratory on core samples from different locations.

The tvpes of data available from different hydrogeological investigations are:
climatologic data, including precipitation and temperature,
surface water measurements, including stream flow,
location, elevation, geologic logs, casing and perforation details of all test holes and
wells,
map showing test holes and wells as well as land-surface contours,
aquifer test results including water-level drawdowns, discharge measurements and
water quality of discharge,
periodic water-level measurements which show seasonal fluctuations and regional
gradients,
results of geophysical surveys and back-hoe pits which show thickness of surface
deposits,
results of packer tests in upper part of the bedrock, and resistivity traverses,
results from porosity and permeability measurements on drillcore samples.

Hydrochemistry

An extensive set of data on groundwater chemistry has been obtained from sampling in
more than 70 boreholes. All recent data are from packed off sections at different depths
in the boreholes, both in the weathered and unweathered zone. Earlier data are from
pumping and sampling over the entire depth of the holes. In addition, groundwater colloids
and fine particles have been sampled and their physical nature and radionuclide content
investigated.
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Hydrochemical data available are:
pH, Eh, electrical conductivity and temperature in groundwaters,
groundwater concentration of:
• cations (Mg, Na Al, Si, S, K, Ca, Ti, Mn, Fe)
• anions (F, HCO3\ SO4, Cl, PO4)
• trace metals (Cd, Cr, Cu, Pb, Mn, Mo, Ni, Zn, etc.)
• uranium series nuclides (U, Th, Ra, Rn, Pb)
• isotopes (3H, 14C, 513C, ^Cl/Cl, 129I),
elemental and radionuclide content in colloids and particles,
size distribution of colloids and particles,
mineralogy of colloids and particles.

Mineralogy and radiochetnistry

Mineralogic data are based on mineralogic and uranium assay logs of 140 percussion holes
and 107 drillcores in the immediate vicinity of the uranium deposit. The distribution of
uranium, thorium and radium isotopes has been determined in the different mineralisation
zones at the site. In addition, selective extraction procedures have been used on rock
samples to determine the distribution of uranium, thorium and radium between
"amorphous" and "crystalline" phases of the rock. Moreover, laboratory sorption
experiments have been carried out using rock samples from the site, and distribution
coefficients have been measured on natural particles extracted from the groundwaier.

Mineralogy and radiochemistry data available are:
mineralogic composition of rock samples,
results from chemical analyses of core samples in terms of concentrations of Al, Si,
Mg, K, Ca, Ti, Fe, Mn, etc., and U and Rare Earth Elements,
uranium concentration distribution assay (247 drilling locations) in core pulp and
soil samples,
uranium series radioisotope activity ratios for selected samples in the ore zone,
concentrations and activity ratios of uranium and thorium in crystals of secondary
uranium mineral,
concentrations and activity ratios of uranium, thorium and radium in different
mineral phases,
concentration of 1291,36C1, "Tc and 239Pu in rock samples,
results from sorption studies on well-defined mineral phases conducted over a
range of solution pH, ionic strength, carbonate content, adsorbent and adsorbate
concentrations, and in the presence of uranium complexants and potentially
competing adsorbates such as phosphate and fluoride.
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3.1

Validation issues in performance assessment
covered by ARAP

General

One of the main objectives of a validation exercise should be to provide a measure of
the actual degree of validation or, in other words, to provide a measure of the
uncertainties involved. In a performance assessment uncertainties play an important role.
An evaluation of a natural analogue considers similar processes as a performance
assessment of a repository concept, but in the former case the results are available and
in the latter a prediction of the results must be made.

There are different classes of uncertainties involved in a performance assessment, which
will influence the overall uncertainty.

1. Scenarios, uncertainties associated with the combinations of external conditions
and other phenomena that will influence the performance and safety of a
repository over long time and large geometrical scales.

2. Conceptual Models, uncertainties associated with the identification and
description of processes, geometrical structures and other conditions that will
influence the performance and safety of a repository over long time and large
space scales.

3. Calculation Models, uncertainties introduced by the simplifications that have to
be made

in the transformation of conceptual models to mathematical models,
due to lack of input data,
due to limitations in computer capacity.

4. Input Data, uncertainties associated with the method used to measure or to extract
the data, and uncertainties in the representativeness of the data.

One method to estimate and successively reduce the uncertainties in Scenarios is to
continuously perform a systematic scenario development. Site investigations and
evaluation of natural analogues and well designed field and laboratory experiments are
methods used to try to quantify and reduce the uncertainties in Conceptual and
Calculation Models as well as in Input Data.

3.2 Validation issues covered by ARAP

The geological environment considered in Sweden for radioactive waste repositories is
different from the situation in and around the Koongarra uranium deposit. Also external
conditions that may indirectly influence the performance of a repository in Sweden, are
different from those that have had impact on the evolution of the Koongarra deposit.
Despite these differences an evaluation of Koongarra can contribute to meet some of the
needs of validation in performance assessment.
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The pathway for the release and transport of radionuclides from spent fuel stored in
canisters in the repository to the intake of nuciides by man is schematically depicted in
Figure 3.1. Based on this flow sheet and a first brief review of the ARAP
documentation, some validation issues concerning conceptual models, calculation models
and input data were identified. These are discussed in the following subsections.

3.2.1 Conceptual models

The main validation issue on the conceptual level is to
increase the understanding of how processes and
geometrical structures under long time influence the
mobilisation and migration of radionuclides. The
advantage in using a natural analogue in this sense is the
possibility to study processes in a natural system that
have been active over long times. This could give
evidence for the importance or unimportance of
processes identified in laboratory and field experiments,
and also provide understanding how to extrapolate from
small scale experiments to the large scales in time and
space that are relevant in performance assessment.

Canister failure

The spent fuel will be stored in canister in the
repository Failure of the canisters may be caused by
corrosion and/or mechanical effects. An increased
understanding of phenomena which may lead to canister
failure is a validation issue, but could not be covered by
ARAP.

Figure 3.1 Radionuclide
release from a repository by
the groundwater pathway.

Fuel dissolution

Dissolution of the fuel will start when groundwater has penetrated the canister. The
spent fuel consists of uranium dioxide and the Swedish groundwater contains silicates
and phosphates. In contact with groundwater uranium dioxide may be oxidised by
oxidants generated by a-radiolysis of the water. In Koongarra the primary uranium
mineral, uraninite, has been oxidised and secondary uranium minerals such as uranyl
silicates and uranyl phosphates have been formed. A validation issue in this context
could then be to increase the understanding of the uranium chemistry in a system
comprised of oxides, silicates and phosphates.

Nuclide transport in engineered barriers

Dissolved radionuclides will migrate out through the failed canister and further out
through the bentonite backfill surrounding the canister. If canister failure is caused by
corrosion, the corrosion products may constitute a barrier to migrating nuciides. To
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increase the understanding of the processes and geometrical structures determining the
migration rate in the corrosion products is here identified as a validation issue. With
copper as canister material, this aspect is not covered by ARAP. However, if steel is
chosen as canister material, it may be of interest to study the interaction between
uranium (and decay products) and iron oxides which are present in the weathered zone
in Koongarra, both in amorphous and crystalline form.

Validation issues related to nuclide migration in the bentonite backfill are similar to
those mentioned above for the canister corrosion products, i.e. to increase the
understanding of the behaviour of the clay barrier over long times in terms of transport
properties and chemistry. Clay materials, vermiculite, kaolinite and smectite, formed by
the alteration of chlorite, are present in the weathered zone in Koongarra. A study of the
interaction between uranium and these clay materials in Koongarra may contribute to
the understanding of the mechanisms of interaction between radionuclides and the
bentonite backfill in a repository.

Nuclide transport in the geosphere

Radionuclides released from the bentonite surrounding the canister will be transported
away from the repository by groundwater flowing in fractures in the rock. A validation
issue in this context is to increase the understanding of the nature of the flow paths in
the fractured rock. This is a basic requirement since the nature of the flow paths has
implications on the conceptual understanding of migration processes such as advection,
dispersion and matrix diffusion. In addition, more has to be learned about the
mechanisms of sorption and of colloidal transport of radionuclides.

The nature of the groundwater flow in a geological environment is site specific, and the
flow situation at Koongarra is likely to be different from what could be expected in a
fractured rock in Sweden. However, similar processes will be important for the
migration of radionuclides away from the source. An evaluation of the transport
mechanisms active in Koongarra could then contribute to an increased understanding of
the transport processes considered to be potentially important for Swedish conditions,
i.e. advection-dispersion, sorption, matrix diffusion and colloid transport.

In addition to this, the experience gained during the field work aimed at characterise the
hydrology in Koongarra may be valuable input for future hydrological investigations of
potential repository sites in Sweden.

Nuclide transport in the biosphere

Radionuclides released from the geosphere will eventually reach man via transport in
the biosphere. This transport is either determined by the hydrology or by features
specific for the biosphere. For the transport determined by hydrology, considerations of
conceptual uncertainty are similar to those of the transport in the geosphere, i.e.
uncertainties associated with the transport properties of the biosphere and transport
processes such as advection-dispersion, diffusion and sorption. In addition, conceptual
uncertainties associated with flow and transport under unsaturated conditions have to be
considered.
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Examples of biosphere features which affect the transport in the biosphere are soil
turnover due to water and wind erosion and bioturbation of soil and sediments. Here an
increased understanding is needed of how these features actively contributes to the
transport of nuclides in the biosphere.

Among the above mentioned validation issues regarding the biosphere transport those
connected to transport by water flow may be covered by ARAP since the transport
processes in this case are the same as in the geosphere. Also the validation aspect of
transport in unsaturated media could be covered by ARAP since the surface part of the
weathered zone is unsaturated during the dry season.

3.2.2 Calculation models

A major part of a performance assessment of a nuclear waste repository is concerned
with the estimation of the amount and rate of movement of radionuclides in different
environments. For this purpose three main types of calculation models are used;
hydrology models, geochemical models and transport models. These models are most
often used one by one, but coupled models in particular geochemistry-transport, are
more and more applied.

Calculation models can be divided into research models and assessment models.
Research models are detailed, complex models by which single phenomena or a
combination of few phenomena is studied, with the attempt to obtain a relatively
accurate representation of reality. Performance assessment models are used to study the
whole repository system considering combinations of processes and geometrical
structures of importance for the mobilisation and migration of radionuclides. Assessment
models need therefore to be rather simple in order to allow for numerous calculations
within a realistic time. Another reason for applying simplified assessment models is the
limitation in input data available.

One important validation issue in this context lies in the level of detail that processes
and geometrical structures must be considered in performance assessment in order to
achieve acceptable results. One example of this concerns the process of sorption. In
assessment models sorption is typically modelled using the Kd-approach. The validation
aspect in this case then is whether this approach is sufficient enough or if a more
detailed mechanistic modelling is needed to assess the effects of sorption. Another
example concerns processes where kinetics may be of importance, for example in
dissolution/precipitation reactions, which in performance assessment usually is treated
with thermodynamic models. The change in geometrical structure and other properties
of the barriers with time and space is an additional example of events that normally not
are considered in performance assessment models.

By applying performance assessment models in evaluating the migration of uranium and
its decay products in the weathered zone at Koongarra it may be possible to assess the
effects of using simplified descriptions of processes involved in the transport, for
example the Kd-approach, and also to get an indication of the uncertainties introduced
by averaging variations in transport properties over time and space.
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323 Input data

Data acquisition is a very important task in performance assessment since without high
quality* data models can neither be developed nor properly applied. Data can be site-
specific or system-specific. For example, data describing the geometrical structures in
the rock surrounding a repository are specific for that location, while data describing the
chemical interaction between radionuclides and rock are defined by the composition of
the water and the composition of the rock.

Validation issues in this context concern both methods to derive the necessary data and
the representativeness of the acquired data for the desired application. These aspects
have been covered by ARAP for certain types of system-specific data. An example is
to compare results from laboratory experiments studying the distribution of uranium (and
decay products) between Koongarra water and iron oxides and/or clay material
representative for the site, with concentrations in porewater and in iron oxides and/or
clay matenals sampled in the weathered zone in Koongarra. A study of the geochemistry
in Koongarra has also been valuable in terms of checking existing thermodynamic data
and also for indicating the need for addition of new data to existing thermodynamic
databases [Bennett and Read ,1993].

In order to be able to model the radionuclide transport in Koongarra some site-specific
data are needed. These data are not representative for repository locations in Sweden.
However, the methods used in collecting those data are similar and applying those
methods at Koongarra may make it possible to evaluate and decrease the uncertainties
associated with field and laboratory measurements.
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4 Strategy for testing the applicability of
performance assessment models

Based on the review of validation issues covered by ARAP it was decided to focus the
model validation exercise on calculations of the dispersion of uranium and daughter
nuclides in the weathered zone at Koongarra. The aim was to test the applicability of
simple models generally used in performance assessment of radioactive waste repositories.

The modelling work was carried out in several iterations with increasing level of
complexity. Each iteration included 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 field observations. In addition, interpretations and modelling results
from other groups within ARAP have been considered as well as information from the
scenario development study which was carried out in parallel with the modelling work
(Skagius and Wingefors, 1993J.

In total three iterations have been performed. In the first modelling attempt, a simple one-
dimensional advection-dispersion model including linear sorption according to the Kd-
concept was used to simulate the dispersion of uranium in the weathered zone.

In the second iteration, the system was extended to include also the transport of the
daughter nuclides 234U and 23MTI. In addition, an attempt was made to consider a-recoil
in a very simple manner by assigning a higher Kd-value to U than to U. Furthermore,
the sensitivity of the results to different combination of groundwater flux and migration
time was studied, as well as the effects of alternating periods of flow and no flow.

In the final iteration, the model was further extended by also taking into account transfer
of radionuclides between different phases of the rock. Furthermore, a more detailed model
description of a-recoil was used.

The results of the data review and the different modelling attempts are described in the
following chapters. To facilitate the documentation of the data review, all results are
compiled in one chapter despite that the work actually was carried out as a part of each
iteration step.
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5.1

Data review

General

A large number of different data characterising the Koocgarra area are available, and it
has not been possible to thoroughly examine all data. The review has therefore primarily
been focused on data required for selection of the system to be modelled. As an
introduction to the following sections, the most recent map with all boreholes in the area
is shown in Figure 5.1.

5.2 First review of groundwater chemistry data and solid
uranium concentrations

5.2.1 Groundwater chemistry

The groundwater chemistry data that were reviewed are from sampling performed in
May 1988, November 1988, March 1989, May 1989, June 1989 and October 1989. All
data have been distributed on floppy disc except the data from sampling in October 1989
which are reported by Payne [November 1989]. After this review was carried out,
additional sampling and analyses of groundwater have been done. These later data are
quality assured and the project management (ANSTO) has recommended the use of this
latest data set. The results given below can therefore to some extent deviate from this
latest view of the groundwater chemistry.

Uranium concentration

The data show large variations in uranium concentration depending on sampling
occasion. In addition, no clear trend with increasing or decreasing concentration with
depth can be seen. The highest uranium concentrations are found in samples from holes
Wl, PH49 and W4, which all are located in the zone of the orebody at approximately
6100 to 6150 mN (see Figure 5.2). The minimum, maximum and mean concentration
in water samples from these holes are given in Table 5.1.

Table 5.1 Uranium concentrations in water samples taken from hole Wl, PH49
and W4.

Hole Depth (m) Uranium concentration (mg/nr)
Mean Max Min

Wl
W4
PH49

10-30
10-30
20-30

210
292
155

755 (May 89)
577 (Oct 89)
265 (May 88)

4.3 (Oct 89)
10.4 (Mar 89)
94 (Nov 88)

In holes located in the dispersion fan and outside the dispersion fan in direction from
the fault the uranium concentrations are lower. In hole W2, located in the dispersion fan,
the mean value of the measured uranium concentration in samples from depths ranging
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Figure 5.1 Plan view of the site showing surface projections of the orebodies and borehole locations.
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3231 mE

PHS4

Figure 5.2 Upscale of the area from which groundwater chemistry data and
uranium concentrations in solid are reported.

from 10 to 30 metres is 29 mg/m3 and in hole PH5S, also located in the dispersion fan,
the mean value in the depth interval 20-30 metres is 0.S3 mg/m3. The mean
concentration in hole W5, located outside the dispersion fan, is 4.6 mg/m3 at depths
ranging from 10 to 30 metres and in hole PH94, located farther away from the
dispersion fan, the mean value at depths from 20 to 30 metres is 0.20 mg/m3.

Uranium concentrations are also reported for samples taken from some holes located in
the sandstone at the other side of the fault. In holes C10 and KD1 the concentrations are
low. In C10 sampling by pumping over the entire depth of the hole resulted in a
concentration of 0.7 mg/m3 (May 1989). Uranium concentrations in samples taken in the
depth interval 40-42 metres in hole KD1 are 4.6 mg/m3 (May 1988) and 0.S mg/m3

(November 1988). In hole W6, however, remarkable high uranium concentrations are
reported, 128 mg/m3 in samples from 13-15 metres depth and 44 mg/m3 in samples
from 23-25 metres depth (June 1989).
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The minimiim and maxinauin uranium concentrations in different depth intervals in holes
located along the transect 6110 mN are shown in Figure 5.3, with the holes ordered in
the direction of the water flow. The concentrations in the ore zone seems to be of the
order of 100 mg/rn3. The difference in concentration between the ore zone and the
dispersion fan is shown by the sharp drop in concentration between holes PH49 and
PH55.

-4-8 8- -o o-t
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Figure 5.3 Linear (upper) and logarithmic (lower) uranium concentrations in
groundwater at different depths in holes along transect 6110 mN,
ordered in the direction of groundwater flow.
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Since carbonate and phosphate are important for the speciation of uranium these
concentrations were examined. The variation in carbonate concentration between
sampling occasions is not that large while a larger variation in the phosphate
concentrations can be found. The concentrations show no clear dependence with depth.

Carbonate concentrations in samples taken at different depths from 20 to 50 metres in
holes Wl, PH49. PH55. PHI4 and PH15. all located in the ore zone or in the dispersion
fan, range from about 107 g/m3 to 160 g/m3. Carbonate concentration in samples from
hole PH58. PH56 and PH61. located just outside the dispersion fan, also falls into this
range. Somewhat lower values. 81-92 g/m3. are reported for samples from holes W5 and
PH80 located farther away from the dispersion fan. and also for samples from KD1.
located at the other side of the fault, 70-80 g/m3. The lowest concentrations, 38-66 g/m3.
are reported for samples from holes PH94 and PH96. located furthest away from the
dispersion fan.

In addition to carbonate concentrations, phosphate concentrations have been reported for
all the above mentioned holes. No trend in phosphate concentration can. however, be
seen when moving away from the uranium mineralisation and the dispersion fan. All
values reported lies in the range 60 - 685 mg/m3. where values given for PH58. PH55.
PH15, WS, W7, Wl. PH56. PH80 and PH92 lie in the upper pan of the range (>300
mg/m3). and values given for PH94, PH96. PH61. PH88. PH14. W2 and W4 lie in the
lower part of the range (<300 mg/m3). The only exception is the concentration measured
in hole KD1. located at the other side of the fault. Here the concentration is reported to
be equal or less than 10 mg/m3.

Measured carbonate and phosphate concentrations in holes located along the transect
6110 mN are shown in Figures 5.4 and 5.5, respectively. The observed difference in
uranium concentration between hole PH49 in the ore zone and hole PH55 in the
dispersion fan is not reflected in the carbonate concentration (Figure 5.4). However, the
measured phosphate concentrations seem to indicate an increase moving from the ore
zone to the dispersion fan (Figure 5.5) along the transect 6110 mN.

EhandpH

Eh and pH values have been reported for the May, 1988 and November, 1988 sampling
occasions. The Eh values range from +45 mV, measured in hole PH61 at a depth of 26-
28 metres, to +280 mV, measured in hole PH49 at a depth of 44-46 metres. Somewhat
unexpectedly, higher Eh-values have been reported for samples taken at larger depths
in the same hole. In Figure 5.6, the measured redox potential is plotted versus the
measured pH for samples taken in different depth intervals. For reference, the Eh-pH
relationship for a system in equilibrium with the atmosphere, and for systems where the
redox potential is determined by the equilibrium Fe(IT)/Fe(III) (magnetite/hematite) or
by the equilibrium with H2(gas) with a partial pressure of I atmosphere, are also shown
in the figure. The reported Eh-values for Koongarra indicates a rather oxic system with
higher redox potential at larger depths, which is somewhat dubious.
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The pH-values at depths larger than 20 meters range from about 5.8 to 7.3, with most
of the values between 6.5 and 7.
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Figure 5.4 Carbonate concentrations in holes along transect 6110 mN, moving in
the direction of groundwater flow.
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Figure 5.5 Phosphate concentrations along the transect 6110 mN, moving in the
direction of groundwater flow.
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Uranium concentration in solid phase

Solid uranium concentrations have been reported in various ARAP Progress Reports.
The data which here are referred to are from a compilation made by Edghill [August
1989], from Sekine et al [November 1988], from Yanase [August 1988], from
Nightingale [April 1988] and from Yanase [April 1988]. These data are from analyses
of small samples, approximately 1 g in weight, which must be considered in assessing
how representative these data are for the large system studied.

Most data are available from the transect including holes DDH52, DDH1, DDH2,
DDH3, PH55, DDH4, PH58, PH60, PH89 and PH90 (- 6110 mN in Figures 5.1 and
5.2). Bulk uranium concentrations in samples from 10 to 20 metres depth and from 20
to 30 metres depth in this transection are plotted versus sample position in metres East
in Figure 5.7.
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Observed uranium concentrations in solid samples from 10-20 m and
20-30 m depth in the transect -6110 mN.

In the depth interval 10-20 metres, the concentrations lie within 500 to 1000 mg U/kg
up to about 3200 mE where it drops down to 1-10 mg/kg. A peak with concentrations
up to 4000 mg U/kg is found at 3120 mE, which is in the secondary mineralisation, but
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near the outer extension towards the fault. The concentrations in the depth interval 20-30
metres are more scattered. This may be due to variations in the depth extension of the
secondary mineralisation and the dispersion fan.

To find out if trends in the solid uranium concentration exist in other directions at the
site all data that have been reported in Progress Reports were compiled, and for each
hole the mean concentration for the depth intervals 0-10 m, 10-20 m and 20-30 m were
calculated. These values are given in Figure 5.8. In the depth interval 0-10 m (a in
Figure 5.8) the highest concentrations are found in holes DDHl and DDH68 which are
located in the dispersion fan, near the interface to the secondary uranium mineralisation.
From this area, the concentration seems to decrease in all directions. A similar trend can
be found for the other depth intervals, 10-20 m and 20-30 m (b and c, respectively in
Figure 5.8). The highest concentrations are found in the area around the interface
secondary mineralisation - dispersion fan at about 6110 mN. From here the
concentration seems to decrease in all directions.

2987 mE

3231

ta: 50
b:72
c:80

Figure 5.8 Concentration of uranium, ppm, in solid phase at different depths,
a = 0-10 m,b = 10-20 m, c = 20-30 m
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Two additional findings from the first study of the data are worth pointing out. Firstly,
the concentrations in the holes along the 6200 mN line, DDH8S located in the
secondary mineralisation and DDH58 and DDH60 in the dispersion fan, are much lower
than in the parallel transect at 6110 mN. Secondly, the concentrations in holes DDHS4,
PHS6 and PH73, located along the line at about 3170 mE, are higher compared to the
concentrations in holes DDH4, PHS8, PH60 and PH90, located along the line at about
6110 mN. This indicates dispersion of uranium in a direction more to the south, in
addition to the south-east dispersion fan shown in Figure 5.2. This latter finding is also
consistent with interpretations of groundwater chemistry which shows that the direction
of the present day groundwater flow is more towards the south than south-east.

5.23 Outcome from first data review

The uranium concentration in both groundwater and solid phase seems to be highest in
the area including holes Wl, W4, DDH65, DDH1, DDH68, PH49 and DDH52. From
this part, both solid and groundwater concentrations seem to decrease in all directions.

Due to the large variations in the concentration data for uranium in groundwater and the
somewhat strange Eh values reported, it was decided to focus on the data on solid
uranium concentrations, and to use them for comparison with results from modelling of
uranium migration in the weathered zone. Since most data reported are from the transect
-6110 mN, it was decided to simulate the migration in this direction in the first
modelling attempt.

5.3 3-D view of observed uranium concentrations in solid phase

5.3.1 Introduction

It is very difficult to get a detailed picture of the actual size and extension of the
orebody and the dispersion fan in all directions from the data collected and reported
within ARAP. However, a large data set of average uranium concentrations over 5 m
drillcore sections are available from the exploratory drilling made by a mining company.
By krigirg these data it was possible to obtain a 3-D representation of observed uranium
concentration levels in the Koongarra area.

5.3.2 Kriging theory

Kriging is generally used as a tool for estimating various magnitudes which possess a
high variability, but have a certain spatial correlation. It is a linear estimator where the
estimate ZQ is found by a weighted sum of all the available observations according to:

where X'o is the weight and Zt is the observation.
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Thc various steps involved in kriging are:

1. Arrange the observations in pairs and calculate the distance, h, between the
observation points.

2. Lump the pairs into a finite number of classes of distances between the
observation points, each class defining a distance span.

3. Determine an experimental variogram by calculating the average squared
difference between the observations and the average distance for each class
according to:

= 0.5-E{[Z(x+A)-Z(x)]2},

where:
E = expected value
Z = observed value
x = location of observed value
h = distance between two observation points
Y = the variogram function.

Fit a variogram model to the experimental variogram. There are various analytical
functions that satisfies the requirements of a variogram. The most commonly used
are: spherical, exponential, Gaussian and cubic.

Minimize E[(ZQ - ZQ) ], and together with the two earlier equations and the
analytical variogram fitted to the experimental an equation system,?-: X̂  = yjo,
is achieved from which the weights, X ,̂ can be solved.

53.3 Kriging of Alligator Rivers data

The uranium concentrations from the exploratory drilling where divided into four
different parts depending on the location of the observation. All concentrations in the
area south-west of the transect 6000 mN (see Figure 5.1) were assigned to group Ul,
concentrations in the area between the transects 6000 mN and 6300 mN to group Li 2,
concentrations in the area between transects 6300 mN and 6600 mN to group U3 and
concentrations in the area north-east of transect 6600 mN to group U4. Kriging was
done using the log-transform of the observed uranium concentration (with an offset of
1.0, corresponding to a log-value of zero). A short summary of the data used for each
part is given in Table 5.2.

The experimental variogram for each part of the data set was defined by 10 classes, each
with a length of 8.66 m. A spherical variogram model was found to give the best fit to
the experimental variograms. The fitted and experimental variograms are shown in
Figures 5.9 to 5.12. The numbers in brackets in the figures denote the number of data
pairs in each class. The individual analytical variograms are indicated in the figures. The
notation ?[h] = eo-SphJh] means that the variogram is spherical with a sill (the asymtotic
value in the diagram) of (o and a correlation length (the distance at which the variogram
reaches its asymtotic value) of a.
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Summary of data used for kriging

U
Ippm]

coordinate
mN

coordinate
mE

Depth*
AHD+1000m

Log(U+l)

Ul (N coordinate < 6000 mN)

Min:

Max:

Average:

StdDev:

0.00

2460.0

45.7

163.4

5498.1

5989.3

2802.3

3369.6

967.9

1027.6

0.00

3.39

0.79

0.79

U2 (6000 mN <= N coordinate < 6300 mN)

Min:

Max:

Average:

StdDev:

0.00

140610

1586.2

7780.6

6017.3

6292.0

3031.8

3398.5

972

1028.4

0.00

5.15

2.03

1.17

U3 (6300 mN <= N coordinate < 6600 mN)

Min:

Max:

Average:

StdDev:

0.00

22620

567.2

1980.7

6300.7

6598.6

3074.8

3219.7

972.1

1028.0

0.00

4.35

1.63

1.15

U4 (N coordinate >= 6600 mN)

Min:

Max:

Average:

StdDev:

0.00

156.0

3.8

12.7

6627.5

7268.1

3078.5

4267.2

971.9

1037.7

0.00

2.19

0.33

0.45

Number
of data

651

679

337

364

* AHD = reference level on topographical map

The kriging was done by ordinary block kriging using a search radius corresponding to
the correlation length of the individual variograms. The kriged grid was made up of a
10 by 10 by 20 grid in the N-, E-, and depth-directions, respectively.
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Figure 5.9 Experimental and fitted variograms for part Ul with 651 data points.
The numbers in brackets denotes the number of data pairs in each
class. A correlation length of 30 m is obtained.
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Figure 5.10 Experimental and fitted variograms for part U2 with 679 data points.
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5.3.4 Results of kriging

The kriging results are shown in Figures 5.13 to 5.16 as 3-D views of uranium
concentration in solid phase. The location of the block depicted in the figures is shown
in Figure 5.13.

Figures 5.13 to 5.15 shows the uranium concentration in plan view at different depths.
Close to the surface (Figure 5.13) the highest uranium concentrations are found in an
area around 6100 - 6200 mN, close to the boundary between the ore zone and the
dispersion fan. Higher concentrations are also found in the north-east part of the ore
zone at about 6300 - 6380 mN. In the figure these areas with higher concentrations are
separated by a thin violet area where the concentrations cannot be predicted because the
closest observation points are not within the calculated correlation length. In reality, it
seems likely that the above mentioned areas with higher concentrations are connected
by an area with lower concentrations.

Uranium is also found close to the surface south-west of the orebody. Unfortunately, this
area is not so well characterised, which is reflected by the appearance of violet areas
where the uranium concentration cannot be predicted from the observed concentrations.
However, elevated uranium concentrations seems to extend as far as to the row of holes
at 5865 mN (Figure 5.13).

Uranium concentrations in the planes at 12 m and 21 m depths are shown in Figure
5.14. The area with higher concentrations in the centre of the orebody is larger at these
depths compared to the surface layer. The impression of a separated area with high
concentrations in the north-east part of the block is also at these depth most likely an
artifact caused by the lack of data in this part of the site. The dispersion of uranium in
the south-westerly direction is more clearly seen at these depths than in the surface
layer.

At a depth of 30 m (Figure 5.15) the uranium concentration in the centre seems to be
lower than closer to the surface, and the area with elevated concentration is not as broad
as at smaller depths. At still larger depths, 39 m (Figure 5.15) the shape of the zone
with elevated concentrations is similar as at 30 m depth. The weathering front is located
at approximately 30 m depth. At this depth and below essentially no dispersion of
uranium has taken place. The area with elevated concentrations is therefore more narrow
than at depths above 30 m where the rock is weathered and uranium dispersion has
occurred. The south-westerly dispersion plume seems also to vanish at depths below 30
m.

The dispersion of uranium in the weathered zone above 30 m depths is more clearly
seen in Figure 5.16, which depicts the uranium distribution in a NW to SE cross-section
at about 6110 mN and in a NE to SW cross-section at about 3160 mE. In both cross-
sections the area with elevated concentrations is more extended above 30 m depth than
below. In the NE to SW cross-section a violet band is present which once again only
reflects the lack of observations at this location. It is most likely that the uranium
concentrations in this part is similar to the concentrations in the surrounding parts. The
lack of data in the north-eastern part of the orebody is the cause of the violet area
separating the most north-eastern part of the orebody from the rest. In reality, this two
areas are most probably connected. In the north-eastern part of the orebody no obvious
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difference can be seen in the extension of the zone with higher uranium concentrations
between weathered and unweathered rock.

In summary the results from kriging of observed uranium concentrations show that
uranium dispersion has occurred in the weathered zone in a direction from the fault
towards south-east. In addition, the results support the earlier indications of uranium
dispersion also in a south-westerly direction in the weathered zone.
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Figure 5.13 Location and size of 3-D block where uranium concentrations are depicted (upper), and plan view of uranium
concentrations, ppm, in the surface layer (lower) according to the colour scale.
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Figure 5.16 Uranium concentrations, ppm, in a vertical cross-section at about 6110 mN (upper) and at about 3160 mE (lower) according
to the colour scale.
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5.4 Uranium concentrations in small samples and in 5 m cores
in different directions

The large data base from the exploratory drilling includes average uranium
concentrations in 5 m long sections of drill cores, but no information on the distribution
between uranium isotopes or the concentration of thorium. This type of information is
only available from radiochemical analyses of very small samples. To investigate the
representativeness of the data from small sample analyses, uranium concentrations from
these analyses were compared with the data from the exploratory drilling.

The observed uranium concentration in solid phase in the transect -6110 mN (see Figure
5.1) from small sample analyses and from the exploratory drillcore logs are shown in
Figures 5.17 (linear concentration scale) and 5.18 (logarithmic concentration scale). The
general trend is quite similar for small sample concentrations and average concentrations
over 5 m cores. The small sample analyses indicate a somewhat higher concentration
level at depths above 20 m in the ore zone and the dispersion fan (Figure 5.17). Both
types of data give the same picture of the shape and location of the concentration front
(Figure 5.18). From this it can be concluded that the concentration in solid phase in this
transect is equally well represented by both types of data.

A corresponding comparison between small sample data and larger sample data in a
direction deviating -45 degrees from transect 6110 mN towards south, is shown in
Figures 5.19 (linear concentration scale) and 5.20 (logarithmic concentration scale). In
this direction the large sample data indicates a higher concentration level in the ore zone
at depths between 10 and 20 m than the small sample data (Figure 5.19). Both types of
data give a similar view of the shape and location of the concentration front. At longer
distances from the ore zone the large sample data indicates a higher concentration level
than the small sample data, but the number of large sample data at longer distances is
also considerably larger (Figure 5.20).

The main difference between the observed uranium concentration versus distance in the
two studied directions is the concentration level at distances longer than 200 m from the
upstream boundary of the ore zone (3100 mE). In the transect 6110 mN, i.e. in the SE-
direction, this concentration level is approximately 10 times lower than in the S-direction
(see Figures 5.18 and 5.20). This indicates that uranium has migrated a longer distance
in the S-direction than in the SE-direction.
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5.5 Review of radiochemical data

A large number of radiochemical data are available from analyses of bulk rock samples
and individual mineral phases. The samples analysed are small, and may not always be
representative of larger parts of rock. Most data are from the section along the 6110 mN
gridline. The relative distribution of uranium series nuclides may give information on
the evolution of the dispersion fan. In the following sub-sections activity ratios in bulk
rock samples and individual mineral phases are presented at different locations along the
transect 6110 mN and at different depths.

5.5.1 Bulk rock samples

The uranium concentration and activity ratios 234U/238U and 23*Th/234U along transect
6110 mN in different depth intervals are shown in Figures 5.21 to 5.23. Between surface
and 10 m depth the 234U/238U activity ratio is approximately 1 independent of distance
from the upstream boundary of the ore zone except close to the upstream boundary
where a few values are higher than 1. This indicates a selective leaching of 238U or an
enrichment in the rock of 234U compared to 238U close to the upstream boundary of the
ore zone. The 23ftTh/234U activity ratios of 1 to 2 close to the upstream boundary are
probably the result of a selective leaching of uranium over thorium. Moving away along
the transect the activity ratio seems to decrease with distance to values below 1. This
indicates a more recent deposition of uranium further away from the upstream boundary
of the ore zone. When the uranium concentration drops to very low values the Th/U
activity ratio increases to values well above 1. This can again be the result of selective
leaching of uranium over thorium, but the concentrations this far away from the ore
zone are very low and possibly the uncertainty in the data are large.

At depths between 10 and 20 m both 234U/238U and 23(>Th/234U seem to slightly
decrease with distance from the upstream boundary of the ore zone (Figure 5.22). Close
to the upstream boundary Th/U activity ratios above 1 may indicate selective leaching
of uranium. At longer distances where the uranium concentration is low several of the
Th/U activity ratios at depths between 10 and 15 m are well above 1. Again this may
be due to selective leaching of uranium or due to uncertainties in data at such low
concentrations.

The activity ratios at depths between 20 and 25 m also decrease with distance until the
uranium concentration drops (Figure 5.23). However, this trend is not seen at depths
between 25 and 30 m, but the zone with enhanced uranium concentrations is not so
extended in the studied direction at these depths as closer to the surface. The Th/U
activity ratio is close to the upstream boundary of the ore zone do not indicate
preferential leaching of uranium over thorium in the depth interval 25 to 30 m.
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5.5.2 Individual mineral phases

Uranium and thorium concentrations and activity ratios have been determined in
"amorphous" and "crystalline" phases of drillcore samples by the use of selective
extraction procedures [Duerden, 1992]. The amorphous material was defined as poorly
ordered material, such as ferrihydrite, accessible to and in approximate equilibrium with
groundwater. This phase is in the following referred to as the accessible phase. The
crystalline phases were highly ordered materials such as hematite, goethite, clays and
quartz with contained species inaccessible to the groundwater. This phase is in the
following referred to as the inaccessible phase. Species adsorbed to the surfaces of
crystalline phases, mainly iron oxides and clays, are accessible to groundwater and is
therefore considered to belong to the accessible phase.

Observed uranium concentrations and 234U/238U and 23OTh/234U activity ratios in
accessible and inaccessible phases along the transect 6110 mN are shown in Figures 5.24
to 5.29. Most of the uranium seems to be contained in the inaccessible phase. The

U/238U activity ratio in the inaccessible phase in the zone with high uranium
concentrations are equal to or higher than 1, with the highest values close to the
upstream boundary of the ore zone. In the accessible phase, the activity ratio show a
similar trend with a decrease with distance in the zone of high uranium concentrations,
but the values are considerably lower and not exceeding 1. In the depth interval 25 to
30 m, i.e. just above the base of weathering, the few data points available indicates an
increase in the z 4U/ U activity ratio in the accessible phase with distance in the zone
with higher uranium concentrations, but the values are also here equal to or below 1
(Figure 5.29).

The 234U/238U activity ratios indicate an accumulation in the inaccessible phase and a
depletion in the accessible phase of 234U compared to 238U. This may be an effect of
a-recoil, transferring 234Th, the short-lived daughter nuclide of 238U and parent nuclide
of 234U, into the inaccessible (crystalline) phase. The decrease in the activity ratio in
both phases with distance from the upstream boundary of the ore zone indicates a more
recent deposition of uranium moving downstream along the transect. At the distance
where the uranium concentration steeply drops to low values the activity ratio in the
accessible phase starts to increase with increasing distance, except in the depth interval
25 to 30 m. At approximately 200 m and longer away from the upstream boundary of
the ore zone the activity ratio in both accessible and inaccessible phase is close to 1.
This may indicate that uranium in this area was deposited a long time ago, maybe when
the primary ore was formed, and that the concentrations here should be considered as
being background levels.

The trend in the 23OTh/234U activity ratio in the accessible phase is similar to that of the
234U/238U activity ratio with values close to 1 at the upstream boundary of the ore zone,
a minimum at the uranium concentration front and high values at longer distances from
the ore zone. This does not contradict the suggestion of a more recent deposition of
uranium close to the concentration front. However, the activity ratios well above 1 at
long distances is not consistent with the assumption of background levels of uranium in
this area. They rather indicate that a preferential removal of uranium over thorium has
taker, place more recently. The general trend with a 23OTh/234\J activity ratio above 1
in the inaccessible phase can be due to recoil transfer of 230Th from the accessible to
the inaccessible phase.
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5.53 Variation of uranium concentration and activity ratios with depth

In order to get a picture of the uranium concentration and activity ratios as a function
of depth in the weathered zone, the data reported for the transect 6110 mN have been
plotted versus depth (see Figures 5.30 to 5.34).

At distances between 0 and 50 m from the approximate upstream boundary of the ore
zone (3100 mE gridline in Figure 5.1) the highest uranium concentrations are found at
depths between about 10 and 25 m (Figure 5.30). A few values are very high, above
1000 mg/kgr but most are of the order of 300 to 700 mg/kg. Below 25 m depth the
concentration is about 300 mg/kg or lower. Close to the surface, down to 6 m depth, the
concentration is considerably lower, except for one observation in the depth interval 1
to 2 m. In general the concentration seems to be higher in the inaccessible phase
compared to the accessible phase. At the locations where the very high concentrations
are observed the opposite situation with higher concentration in the accessible phase
seems to prevail.

The 234U/238U activity ratio is at all depths above 1 in the inaccessible phase and below
1 in the accessible phase in this distance interval (Figure 5.30). There are variations with
depth, but no clear trends neither for the inaccessible nor the accessible phase. What
concerns the 23OTh/234U activity ratio the data are more scattered and values below and
above I are found in both accessible and inaccessible phase. In the accessible phase,
values above 1 are restricted to the near surface layer, above ~6 m depth, while at larger
depths the ratio is below 1. No other obvious trend is seen in the data.

Moving to a distance of 50 to 100 m from the upstream boundary of the ore zone, the
uranium concentration is still high in the middle part of the weathered zone, but has
decreased close to the base of weathering (Figure 5.31). The uranium concentration is
at all depths higher in the inaccessible phase than in the accessible phase. The activity
ratios are significantly lower in the accessible phase than in the inaccessible phase at all
depths except just above the base of weathering. The 234U/238U activity ratio in the
accessible phase seems to be somewhat higher close to the surface and just above the
base of weathering than in the centre of the weathered zone. Otherwise no clear depth
dependence is shown by the data.

At distances between 100 and 150 m from the upstream boundary of the ore zone the
uranium concentrations are quite scattered (Figure 5.32). One reason for this is that the
downstream boundary of the zone of enhanced uranium concentrations is found in this
distance interval and some data are from locations within the zone of enhanced uranium
concentrations and some are from locations outside this zone. The activity ratios in the
accessible phase are also at these distances well below 1 and in the inaccessible phase
equal to or above 1. No clear depth dependence is seen in the activity ratios except for
a somewhat higher 234U/238U activity ratio in the accessible phase in the near the
surface layer and just above the base of weathering.

At longer distances from the ore zone, the uranium concentration is highest in the near-
surface layer (Figures 5.33 and 5.34). At larger depths the concentration is of the order
of 10 mg/kg or lower. The U/ U activity ratio in the accessible phase seems to be
rather independent of depth with values in the range 0.8 to 1. In one sample, a value of
1.4 was observed (Figure 5.33). The 23OTh/234U activity ratio in the accessible phase
shows a larger variation with values ranging from 0.3 (Figure 5.33) to above 2 (Figure
5.34).
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5.5.4 Outcome of review of radiochemical data

The observed activity ratios, especially in the accessible phase decrease with distance
from the upstream boundary of the ore zone within the dispersion fan, but increase again
at distances beyond the concentration front as the uranium concentration reaches
background levels. The activity ratios in the accessible phase are generally lower than
in the inaccessible phase, which indicate a more recent deposition of uranium in the
accessible phase and/or a preferential transfer of U and jTh from the accessible to
the inaccessible phase, for example as a result of a-recoil.

The data seem to follow about the same pattern in the whole weathered zone except in
the surface layer and just above the base of weathering. Due to the present day
monsoonal climate in the area the hydraulic situation in the near-surface layer varies
between dry, unsaturated conditions during the dry season of the year and flooding
causing high surface flow during the wet season. During the dry season the water table
may be lowered to a depth of 10 m. The fluctuation in water table between wet and dry
season and the variation in water flow in the surface layer may influence the
redistribution of uranium and the activity ratios in the upper 10 m of the weathered
zone.

Just above the base of weathering the data indicate a shorter migration distance for
uranium than in the rest of the weathered zone. This is probably because the conditions
at the interface between weathered and unweathered rock are not favourable for uranium
dissolution and migration, such as minimal weathering of the rock and low water flux.
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6 Modelling of uranium and thorium migration

6.1 Conception of uranium leaching and migration

6.1.1 Initiation of uranium mobilisation

The two orebodies at Koongarra were probably formed by hydrothermal activities
approximately 1,600 million years ago, resulting in the precipitation of uranium as
uraninite lenses in the quartz-chlorite schist. Uplift by faulting along the Koongarra
Reverse fault and erosion over more than 1,300 million years resulted in the removal of
the Koombolgie sandstone above the orebodies. Subsequent Cretaceous marine
transgression and tropical conditions during the Tertiary resulted in planation and
laterisation of the underlying quartz-chlorite schist, but the primary uranium mineralisation
is believed to have remained intact at least until a few to ten million years ago. At that
time, the primary orebody No 1 was covered with some tens of meters of unweathered
schist and a laterite capping preventing oxidising water to reach the orebody.

Significant climatic changes in the later Tertiary and Pleistocene, possibly around the
onset of the Pleistocene Ice Age (-1.6 Myr) resulted in lowering of the sea-level and rapid
erosion of the laterised schist above the orebody by surface run-off from the Kombolgie
escarpment. As a consequence of erosion and dry climate, the water-table was lowered
down to the primary uranium mineralisation and a major oxidation of uranium was
initiated. Weathering of the schist above the orebody transformed chlorite to vermiculite,
kaolinite and iron minerals. Potentially, weathering preceded erosion with initiation of
uranium oxidation during times of deeper weathering. The orebody was then exhumed by
surface lowering due to erosion.

6.1.2 Uranium leaching and migration

The Pleistocene Ice Age involved cycles of dry (glacial) periods and wet (interglacial)
periods). During dry periods a lowering of the water table below the top of the of the
primary orebody resulted in oxidation and leaching of the primary uranium minerals.
Weathering of quartz-chlorite schist resulted in the formation of weathering products such
as iron oxides and clays. Horizontal transport of dissolved uranium was restricted by the
prevailing unsaturated conditions in the weathered zone as well as by precipitation of
secondary uranium minerals (uranyl phosphates) and reversible sorption onto weathering
products accessible to dissolved uranium. As a consequence of a-recoil and continuing
weathering some uranium was transferred to crystalline phases of the rock making this
uranium inaccessible to leaching by groundwater.

The shift from glacial to interglacial periods meant a change in climate in the area. The
water table raise as a result of increasing sea level and rain fall. The weathered zone
became fully saturated and secondary uranium minerals, precipitated during the previous
dry period, was leached. Dissolved uranium was mainly transported with water flowing
horizontally in the weathered zone. The spreading of uranium was, however, restricted due
to sorption on accessible weathering products. Vertical movement of uranium with water
infiltrating from the surface as well as with the raising water table may also have occurred.
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At the next dry, glacial period, the water table was once again lowered. Dissolved uranium
precipitated as the water content decreased. Due to unsaturated conditions above the water
table horizontal transport of uranium still in solution was probably negligible compared
to the transport during wet periods. The continuous extensive weathering in the
unsaturated zone led to incorporation of uranium and daughter nuclides in crystalline
phases of the rock. In the saturated zone below the water table the magnitude of the water
flow was probably very low and horizontal transport of uranium probably insignificant
compared to the transport during wet periods.

Since the last glacial maximum, -18,000 years ago, the climate in the area has been
tropical monsoonal. Variations in rainfall still resulted in fluctuations in water table in the
upper part of the weathered zone. During the last 5000 - 6000 years, fluctuations in water
table have been seasonal, with the lowest level approximately 10 m below surface at the
dry season of the year.

6.2 Calculations with the advection-dispersion model with linear
sorption

6.2.1 Assumptions and model description

In the first calculations a very simple approach was applied. The system considered is the
part of the weathered zone located below the water table. The basic assumptions are 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.

Uranium in the groundwater is assumed to be transported with flowing groundwater in the
weathered zone. The processes considered are; 1-D advection, hydrodynamic dispersion
and sorption. The weathered zone is assumed to be porous, and sorption of uranium to the
solid phase is assumed to occur instantaneously in proportion to the uranium concentration
in the groundwater (the Kd-concept). Only migration of 238U is considered in these initial
calculations.

The uranium migration is further assumed to has been in progress during 2 million years.
Due to the very much longer half-life of 238U, 4.47-109 years, radioactive decay was not
considered in these first calculations.



-60-

The uranium migration in the weathered zone was modelled using the advection-dispersion
equation:

(2)

The retardation of uranium is defined as:

_ € / +
(3)

and the relation between solid and liquid concentration of uranium is:

(4)

where
DL =
Du =

t
x
"0

a
8 D
£f
Ps
T2

uranium concentration in the groundwater, [Bq/m3]
dispersion coefficient, [m2/year]
molecular diffusivity of uranium in water, [m2/year]
distribution coefficient for uranium, [m3/kg]
concentration of uranium in solid phase, [Bq/kg]
time, [year]
length coordinate, [m]
groundwater flux (Darcy velocity), [m3/m2,year]
dispersion length, [m]
constrictivity of flow paths, (-]
flow porosity, [m3/m3]
solid density, [kg/m3]

tortuosity of flow paths, [-]

The initial and boundary conditions applied are:

c = 0

0

c = 0

for t - 0 and x> 0

for x = oo and r > 0.

The advection-dispersion equation was solved using the numerical code TRUMP
[Edwards, 1972]. The code is based on an Integrated Finite Difference method and solves
for, in general, transient potential distributions in multidimensional systems with
advection, conduction and source terms. The spatial discretisation allows complex
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geometrical configurations of volume elements. Material properties, boundary conditions,
and sources may ail 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.

Data

Parameters which in the calculations have been assigned a value are:
porosity and solid density in the weathered zone,
water flux in the weathered zone,
dispersion length ami molecular diffusivity,
distribution coefficient, Kd, for uranium in the weathered zone, and
concentration of dissolved uranium at the source.

The porosity and solid density values were set to 30% and 2500 kg/m3, respectively. This
value of the flow porosity are about twice as large as recently reported data [Emerson,
1993] on effective porosity for matrix flow in the weathered zone. The model output is
much less sensitive to these parameters than to the water flux and the distribution
coefficient.

Two values of the distribution coefficient, Kd, were used in the calculations, 0.1 and 10
m3/kg. These values were chosen based on experimentally determined distribution
coefficients reported by Sekine and Ueno I November 1989].

The hydrology at the site is not very well known and a number of values of the water flux
has therefore been studied. Values of the water flux ranging from 3.2-10*4 m/yr to 10 m/yr
have been reported by different groups in the ARAP. The following values were used in
the calculations:

10 3 m/yr

0.01 and 0.1 m/yr

1 and 10 m/yr

This value is of the same magnitude as the Darcy fluxes in the
weathered layer calculated by Lever and Morris [February 1990]
using the NAMMU code and assuming a highly permeable fault
and an aquitard weathered layer. A similar value is obtained using
hydraulic heads and hydraulic conductivities reported by
Rqffensperger and Garven [August 1989].

These values were chosen based on Darcy fluxes in the weathered
zone (4.7-10 rn/yr) calculated by Lever and Morris [February
1990] for the case of a highly permeable fault and a weathered
layer that is an aquifer compared to the unweathered layer.

These values are of the same magnitude as fluxes estimated by
Australian Groundwater Consultants (2-10 m/yr) and previously-
used by Lever [1986] in modelling the radionuclide transport at
Koongarra.

With the assigned values of the flow porosity and water fluxes this corresponds to
transport velocities ranging from 0.0033 to 33 m/yr.
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In these initial calculations a dispersion length of 1 m and a molecular diffusivity of
uranium of 6.310"2 m2/yr (21O'Qm2/s) were chosen. This value of the dispersion length
is representative for transport distances of 10 to 100 metres, according to a compilation
made by Gelhar et a!. [1985]. In the calculation of the dispersion coefficient according
to Equation 2, any effects of constrictivity and tortuosity of the flow paths on the
diffusivity were neglected.

The concentration of dissolved uranium at the source was assumed to be constant in time
at a level of 1000 mg/m3. This value is somewhat higher than the highest concentration
measured in groundwater samples from drill holes penetrating the orebody, but somewhat
lower than an estimate of the uranium solubility of 1200 mg/m3 obtained in a simple
speciation calculation. This calculation was made with the geochemical code EQ3,
assuming a groundwater composition according to results from an analysis of water
samples taken from hole PH49 in May 1988. Calculations were also performed with a
source concentration of 100 mg/m3, which is somewhat lower than the mean value of
concentrations in samples from hole Wl .

6.2.3 Results

The results from the initial calculations are ^hown in Figures 6.1 to 6.4, together with
available small sample data from the depth interval 10-30 m in holes located along the
transect at about 6110 mN.

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 m/yr, respectively, is shown
in Figure 6.1. The uranium source is assumed to be located at 3100 mE, which
approximately is where the outer extension of the orebody, towards the fault, is found.
With the lower water flux, neither the migration distance nor the concentration level are
near the observed values. With the 10 times higher water flux, 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 10000 mg/m3 (10 g/m3) has to be assumed. Changing the location of the source to
3150 mE, which approximately is where the interface between the orebody and the
dispersion fan is found, does not improve the results to any greater extent (Figure 6.2).

With water fluxes of 0.1, 1, and 10 m/yr, the concentration front moves longer than 200
m from the source during 2 million years if a Kd of 0.1 m3/kg is assumed.

The results obtained assuming a Kd of 10 m3/kg and the source located at the outer
extension of the orebody are shown in Figure 6.3. A water flux of 0.1 m/yr results in much
too short migration distance after 2 million years. With a water flux of 1 rn/yr, the
migration distance is, however, rather well simulated. This water flux in combination with
a source concentration of uranium of 100 mg/m also gives a concentration level of
uranium in the solid phase which is in fair agreement with the observed. A source
concentration of 1000 mg/m3 overestimates the concentration level in the solid phase.
Moving the location of the source to the interface between the orebody and the dispersion
fan does not significantly improve the results for the case with a water flux of 0.1 m/yr
(Figure 6.4). The results obtained with a water flux of 1 m/yr seem visually to be less in
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agreement with the observed concentrations than the results obtained with the source
located at the outer extension of the orebody.

With a Kd of 10 m3/kg, water fluxes lower than 0.1 m/yr or higher than 1 m/yr result in
too short, respectively too long migration distances compared to the observed data.

All these modelling results are for a migration time of 2 million years. A change in this
entity will affect the migration distance and the steepness of the concentration front. The
migration distance is directly proportional to the time of migration. For example,
migration during 1 million years will result in migration distances half as long as those
obtained for 2 million years. A shorter time of migration will also result in a steeper
concentration front, while the front will be more dispersed if the time of migration are
longer than 2 million years.

With the applied model the migration distance is dependent on the ratio Darcy flux to
distribution coefficient, Kd, and the maximum solid concentration level is dependent on
the product of the liquid source concentration and the distribution coefficient. This means
that a Darcy flux of 0.1 m/yr, a Kd-value of 1 m3/kg and a source concentration of 1000
mg/m will give concentration curves similar to those, shown in Figures 6.3 and 6.4, with
a Darcy flux of 1 m/yr, a Kd-value of 10 m3/kg and a source concentration of 100 mg/m3.

io S
Kd-0.1 m3/kg

u-0.01 m/yr Co-100 mg/m'
0001 m/yr C 1 0 0 /

/yr
/

/y g/
u-0.001 m/yr Co-100 mg/m
u-0.01 m/yr Co-1000 mg/m
u-0.001 m/yr Co-1000 mg/m

AAAAA 10-15 m
DDODO 15-20 ir

20-25 m
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A.
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mE
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Figure 6.1 Predicted and observed uranium concentrations along the transect 6110
mN. Source located at the outer extension of the orebody and Kd = 0.1
m3/kg. (Note: log concentrations).
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Figure 6.2 Predicted and observed uranium concentrations along the transect 6110
mN. Source located at the interface between the orebody and the
dispersion fan, and Kd = 0.1 m3/kg. (Note: log concentrations).
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Figure 6.3 Predicted and observed uranium concentrations along the transect 6110
mN. Source located at the outer extension of the orebody and Kd = 10
m3/kg. (Note: log concentrations).
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Figure 6.4 Predicted and observed uranium concentrations along the transect 6110
mN. Source located at the interface between the orebody and the
dispersion fan, andKd = 10 m /kg. (Note: log concentrations).

6 3 Calculations with the advection-dispersion model with linear
sorption and chain decay

63.1 Assumptions and model description

In the second iteration of the modelling work, the system was extended to include also
transport of the 238U daughter nuclides, 234U and 23(Th. Otherwise the system modelled
and the assumptions made were the same as in the first modelling attempt.

Extending the advection-dispersion equation (Eq. 1) to include chain decay, the migration
of nuclide i in a porous medium with instantaneous and linear sorption is expressed as:

dct &C,

(5)

with the dispersion coefficient, DL, defined by Eq. 2. The retardation of nuclide i and
parent nuclide i-l is defined as:

_ ef Q -
(6)
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and the relations between solid and liquid concentration of the nuclides are:

(7)

where

* :
Kd.il ~

X- =

concentration of nuclide i in the groundwater, [Bq/m3]
concentration of parent nuclide i-l in the groundwater, [Bq/m3]
distribution coefficient for nuclide i, [m3/kg]
distribution coefficient for parent nuclide i-l, [m3/kg]
concentration of nuclide i in solid, [Bq/kg]
concentration of parent nuclide i-1 in solid, [Bq/kg]
decay constant of nuclide i, [year1]
decay constant of parent nuclide i-l, [year*1]

The initial and boundary conditions applied were:

c=0
c i = c0
C, = 0

for t - 0 and x> 0
for x = 0 and t > 0
for x = o» and t > 0

The advection-dispersion equation including sorption and chain decay was solved using
the numerical code TRUCHN [Rasmuson et ai, 1982], which is an extended version of
the code TRUMP [Edwards, 1972] briefly described in Section 6.2.

6.3.2 Data

Parameters which in the calculations have been assigned a value are:

porosity and solid density in the weathered zone,
migration time,
water flux in the weathered zone,
dispersion length and molecular diffusivity,
distribution coefficient, Kd, for the radionuclides in the weathered zone, and
concentration of dissolved radionuclides at the source and in some calculations a
background concentration of uranium in the solid phase in the weathered zone.

The same porosity and solid density values 30% and 2500 kg/m3, respectively, were used
as in the first modelling attempt. The dispersion coefficient was calculated assuming a
dispersion length of 1 or 10 m, and a molecular diffusivity of the radionuclides of 6.3 1O"2

m2/year (210 m2/s). The dispersion lengths are representative for transport distances in
porous media of 10 to 100 m and 10 to 1000 m, respectively [Gelhar et al, 1985].

Based on experimentally determined distribution coefficients and field observations of the
partitioning between liquid and solid phase the distribution coefficient, Kd, for uranium
was set to 1 m3/kg. For thorium values of 5, 10 and 100 m3/kg were used. Based on the
results from the first calculations (see 6.2.3) a water flux of 0.1 m/yr was chosen, since
this flux together with the used distribution coefficient for uranium will result in
reasonable transport distances for a migration time of 2 million years.
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The concentration of uranium at the source was assumed to be constant in time at a level
of 1000 mg/m3 (12000 Bq/m3), and the two uranium isotopes, 238U and 234U, were
assumed to be in radioactive equilibrium. The concentration of 23OTh 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).

Observed activity ratios 234U to 238U indicate a retention of 234U relative to 238U. This
could be due to a-recoil of the short-lived 234Th into the solid phase making 234U, the
daughter nuclide of 234Th, more attracted to the solid phase than U, the parent nuclide
of 2**Th. To simulate this effect in a simple manner, one calculation was performed with
a higher Kd-value for 234U than for 238U, 1.5 m3/kg compared to 1 m3/kg. In addition,
calculations were carried out to study the effects on the activity ratios of natural
background levels of uranium and daughter nuclides in the rock in the weathered zone.
Two values of the background levels were used, 12 Bq/kg aid 12 mBq/kg.

6.3.3 Results

Figures 6.5 to 6.10 show the modelling results and the observed activity data in the depth
interval 10-30 m in the 6110 mN transect. The uranium source is assumed to be located
at the outer extension of the orebody (3100 mE).

The two calculated concentration curves for U depicted in Figure 6.5, show the
influence of the dispersivity. A dispersion length of 1 m seems to better represent the
measured data than a dispersion length of 10 m. However, near the source, both the
calculated curves over-predict the activity content in the solid phase.

A dispersion length of 1 m gave a better fit also to the observed 234U activity data at the
concentration front (Figure 6.6). In addition, good agreement with measured activities at
the front was obtained in the calculation where a-recoil was simulated by a higher Kd for
234U than for 238U. However, the peak values obtained near the source by this approach
cannot be found in the observed data. A comparison of calculated and observed activity
ratios 234U/238U gives a somewhat different picture (Figure 6.7). Because of the higher
Kd,

 234U will, compared to 238U, 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 tendency can also be seen in
the measured data. However, at distances longer than 100-150 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 an indication of the presence of background levels of uranium at
these locations. If both uranium isotopes are sorbed to the same extent, radioactive
equilibrium between the isotopes is expected at each location and the activity ratio is
maintained at a value of 1 (Figure 6.7).

In Figure 6.8 the calculated and observed activity content of ^Ti in the solid phase at
different locations in the transect 6110 mN are shown. As for the uranium isotopes, the
steeper concentration front obtained with the lower value of the dispersion length is more
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in agreement with the measured data. The transport of 23ftTh 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 23T"h is caused by the migration and subsequent
decay of uranium to thorium which is strongly sorbed at the locations 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 all are higher than the Kd-values of uranium. This is displayed in the
figure by the identical shape and location of the concentration fronts obtained for the Re-
values 10 and 100 m3/kg. The somewhat shorter migration distance obtained in the
calculation with a Kd of 5 m3/kg is solely dependent on the higher Kj-value, 1.5 m3/kg,
assumed for 234U in this calculation.

The calculated and observed activity ratios between 23ftTh and 234U are shown in Figure
6.9. The assumption that secular equilibrium between 230Th and the uranium isotopes is
established in the water at the source before migration of the radionuclides starts results
in high 23(^Th 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 is
also indicated by the observed data up to a distance of about 100 to 150 m from the
source. Beyond this distance the observed ratios, in contrary to the calculated ratios, 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 trend in the observed 23*Th/234U activity ratio with distance can be simulated by
assuming a background level of uranium, not accessible to groundwater, in the rock
around the orebody (Figure 6.10). However, the fit to the actual values is poor. The fact
that the observed ratios at distances longer than 150 m from the source are larger than 1
implies that the background content of uranium has been accessible to groundwater and
that leaching of uranium relative to thorium has occurred.

The predicted uranium concentration in solid phase versus distance has also been
compared with observed concentrations in the north to south direction, i.e. in a direction
deviating 45 degrees from the transect at 6110 mN. The results are shown in Figures 6.11
and 6.12. The observed data are plotted as a function of distance from the gridline 3100
mE in the south direction. The observed data in Figure 6.11 are from analyses of small
samples, and in Figure 6.12 the average values over 5 m cores. Also in this direction the
concentration front is steep with a shape similar to the predicted curve assuming a
dispersion length of 1 m. However, the prediction underestimates the migration distance,
as well as the maximum concentration level compared to the observed large sample data.

6.3.4 Influence of migration time on activity ratios

As mentioned earlier it is possible to obtain almost identical simulations of the uranium
concentration versus distance with different combinations of the values of the distribution
coefficient, source concentration, water flux and migration time. However, the activity
ratio 234Th/234U versus distance from the source is dependent on the migration time,
irrespective of the other parameter values.
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To investigate if the assumed migration time of millions of years seems reasonable, the
23OTh/234U activity ratio at different distances from the source were calculated for
different assumptions regarding the migration time. In all calculations the Kd-value for
uranium was set to 1 m3/kg and for thorium a value of 10 m3/kg was chosen. As in the
previous calculations the source concentration of dissolved uranium was 1 g/m3 and
radioactive equilibrium between 238U, 234U and 23OTh was assumed at the source. Since
the basic criteria was that the calculated uranium concentration versus distance should
match the observed, different values of the water flux were used dependent on the assumed
migration time. The following combinations of water flux and migration time were used:

Migration time (Myr)
0.2
1
2
4

Water flux (m/yr)
1
0.2
0.1
0.05

The calculated uranium concentrations versus distance for the different combinations of
water flux and migration time is shown in Figure 6.13. The different curves are very
similar, and all matches the observed migration distances quite well. The corresponding
23ftTh/234U activity ratios are depicted in Figure 6.14. Here, the difference between the
different cases is significant. Comparing the predicted curves with the observed data
indicates that a migration time of 0.2 million years is too short, and that a migration time
of the order of million years give better match to the observed data.

6.3.5 Influence of alternating periods of flow and no flow on activity ratios

During the Pleistocene Ice Age the climate in the area has varied. During glacial periods
the climate was dry, almost desert like, and the water flow in the weathered zone minimal.
The flow rates were probably significantly higher during the interglaciaJ periods due to
heavy rainfalls.

To study the influence of this type of variation in water flow, calculations were performed
assuming alternating periods of flow and no flow during 2 million years. The duration of
the wet periods were set to 25 000 years, and each wet period was followed by a 75 000
years long dry period. As has been shown earlier, a fair agreement between predicted and
observed uranium concentrations is obtained with an average water flux of 0.1 m/yr during
2 million years. This means that the water flux during wet periods has to be 0.4 m/yr to
give an equally good match to the observed uranium concentrations in this case with
alternating periods of flow and no flow.

Predicted and observed 23oTh/234U activity ratios are shown in Figure 6.15. In addition
to the results obtained with alternating flow and no flow over the entire time period of 2
million years, the activity curves obtained assuming the average water flux during 1.8
million years and then two cycles with flow and no flow are depicted. For comparison the
results obtained with a constant water flux of 0.1 m/yr over the whole period is also
shown. As could be expected, the activity ratios are higher at the migration front after a
dry period than after a wet period. However, alternating periods with flow and no flow
during the first 1.8 Myr seem not to influence the decrease in activity ratio with distance,
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shown by the almost identical curves for the cases with alternating flow over the entire
time period and alternating flow only during the last 200 000 years.
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Figure 6.5 Predicted and observed V-concentrations at 10-30mdepth along the
transect 6110 mN. (Note: linear concentrations and activity units)
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Figure 6.7 Predicted and observed 234U/38U activity ratios at 10-30 m depth
along the transect 6110 mN.
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Figure 6.9 Predicted and observed 23OTh/34U activity ratios at 10-30 m depth
along the transect 6110 mN.
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Figure 6,10 Predicted and observed 23oTh/234U activity ratios. Effects of
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Figure 6.11 Predicted uranium concentrations, Kd = 1 m /kg and water flux — 0.1
m/yr, and observed concentrations in small samples from 10-30 m depth
as a function of distance from 3100 mE in N-S direction.
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Predicted uranium concentrations, Kd = 1 m3/kg and water flux = 0.1
m/yr, and observed average concentrations in 5 m cores from 10-30 m
depth as a function of distance from 3100 mE in N-S direction.
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Figure 6.13 Predicted and observed 238U concentrations. Effects of different
combinations of water flux and migration time.
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Figure 6.14 Predicted and observed 23OTh/34U activity ratios. Effects of different
combinations of water flux and migration time.
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Figure 6.15 Predicted and observed 23oTh/i34U activity ratios, cases with
alternating periods of flow and no flow.

6.4 Calculations with the advection-dispersion model with linear
sorption, chain decay, a-recoil and phase transfer

6A1 Introduction

Measurtmcnts of uranium and thorium concentrations and activity ratios in different
mineral phases in the weathered zone at Koongarra indicate that uranium associated with
amorphous iron oxides, such as ferrihydrite, and sorbed onto iron oxides and clay minerals
is accessible to, and at near equilibrium with, the groundwater. Crystalline phases of iron
oxides, such as goethite and hematite, and very resistant minerals, such as quartz and mica,
also contain uranium. The suggested mechanism for entrapment of uranium in crystalline
iron oxides involves uranium adsorption onto ferrihydrite before it is transformed to a
more crystalline form. High 234U/ U activity ratios in crystalline phases further suggest
a-recoi] emplacement from amorphous and surface sites.

To investigate the influence of phase transfer and a-recoil on the activity ratios the
advection-dispersion model was extended to include also tliese processes.

6A.2 Assumptions and model description

In these calculations two solid phases, the accessible and the inaccessible phase, were
considered. In practice, the accessible phase corresponds to amorphous iron minerals and
clays and the inaccessible phase to crystalline iron minerals and other minerals, for
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example quartz. The accessible phase is assumed to be porous and reversible sorption on
the accessible phase is assumed to occur instantaneously in proportion to the nuclide
concentration in the groundwater (the Kd-concept). The inaccessible phase has no direct
interaction with the groundwater. The nuclide can reach the inaccessible phase either by
phase transfer, crystallisation of amorphous iron, or by a-recoil. In Figure 6.16 a
schematic picture of the interactions between the different phases and nuclides is given.

Figure 6.16
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Schematic picture of the interactions between the different phases and
nuclides.

The equations describing the migration of nuclide i ait:

(8)

(9)

where B
ax

'xa

f ax

recoil factor (recoil from accessible to inaccessible phase)
recoil factor (recoil from inaccessible to accessible phase)
concentration of nuclide i in the groundwater, [Bq/m3]
concentration of parent nuclide i-\ in the groundwater, [Bq/m3]
phase transfer rate (from accessible to inaccessible phase) [year'x ]
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dispersion coefficient, [m2/year]
time, [year]
concentration of nuclide / in the inaccessible solid phase [Bq/kg]
concentration of parent nuclide i in the inaccessible solid phase
[Bq/kg]
length coordinate, [m]
flow porosity, [m3/m3]
decay constant of nuclide i, [year"1]
decay constant of parent nuclide i-l, [year'1]

The dispersion coefficient J)L, is defined in Eq. 2 and the retardation factors, Rt and Rt_j,
and the relations between the nuclide concentration in accessible phase and water are
defined by Eq. 5 and 6, respectively.

The initial and boundary conditions applied are:

ci = co

for t = 0 and x > 0
forx = Oandr>0
for x = ao and t > 0.

The transport equations were solved with the numerical code TRUCHN [Rasmuson et ai,
1982], which was modified to account for phase transfer and a-recoil.

6.4.3 Data

In these calculations a water flux of 1 m/yr was used, based on analyses of the specific
discharge in the weathered zone [Townley, 1993]. As in the previous calculations a
dispersion length of 1 m was assumed, but the porosity was changed to 15 % to be in
accordance with the most recent reported values [Emerson, 1993].

Two values of the distribution coefficient, Kd, for uranium between accessible solid phase
and water were studied, 3 m /kg and 10 m /kg. These values were chosen based on earlier
recommendations regarding the magnitude of the distribution coefficient between
accessible solid phase and water. However, more recent recommendations are lower, 0.5 -
2 m3/kg [Golian and Lever, 1993]. This indicates that the distribution coefficients used
in the calculations are too high. This is further discussed in connection with the description
of the results. The recommended Kd-values for thorium are on average 4 orders of
magnitude higher than uranium, which implies that thorium is immobile. This is achieved
in the calculations by assigning a Kd-value of 100 m3/kg for thorium.

The recommended range for the a-recoil factor that accounts for the part of the decay
events resulting in daughter radionuclide transfer between phases is 0.1-0.4 for the
accessible to inaccessible transfer (Bax) and 0.00-0.05 for the inaccessible to accessible
transfer (Bxa) [Golian and Lever, 1993]. Based on these recommendations Bax-values of
0.3 and 0.4, and Bxa-values of 0 and 0.05 were selected.

Analysis of the activity ratio data for different phases and modelling results indicate that
the phase transfer rate has to be comparable with the decay constants of 230Th and 234U,
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i.e. 8.6610"6 yr1 and 2.831O6 yr'!, respectively [Golian and Lever, 1993]. In the present
calculations phase transfer rates of 0, 10"7 and 10'6 yr'1 were studied. It should be noted
that the transfer rate of a radionuclide not is identical to the phase transformation rate.

The different calculation cases are summarised in Table 6.1.

Table 6.1 Summary of the calculation cases.

Case
(yr'1)

Kd(Uranium)
(m3/kg)

1
2
3
4
5
6

0.3
0.4
0.4
0.4
0.4
0.4

0
0
0.05
0
0
0

0
0
0
io-7

10'6

10"6

10
10
10
10
10
3

6.4.4 Results

The results from the modelling are shown in Figure 6.17-6.23. The source is assumed to
be located at the outer extension of the orebody (3100 mE), and the results are compared
with observed data from depths between 10 and 30 m along the 6110 mN gridline. These
data are from small sample analyses (see 5.2, 5.4 and 5.5).

In Figure 6.17 the calculated concentration curves for uranium in the bulk rock (accessible
and inaccessible) are depicted together with observed data. In the cases with no phase
transfer (Cases 1, 2 and 3) the migration distance agree fairly well with observed data.
These cases overlap, and are also identical to the results obtained in the previous
modelling with a water flux of 1 m/yr and a Kd-value for uranium of 10 m3/kg (see 6.2.3).
This is to be expected since cc-recoil only influences the migration of U, and the
concentration o f l i U is negligible compared to the concentration of U.

In the case with high phase transfer rate and high sorption capacity (Case 5) the calculated
migration distance is too short. By lowering the Kd-value (Case 6) the migration distance
is increased, but too much in comparison with observed data. In addition, the shape of the
concentration versus distance curve is not in agreement with observed data. If instead the
phase transfer rate is lowered (Case 4) both the migration distance and the shape of the
concentration trend are fairly well simulated.

The influence of recoil and phase transfer on the 234U/238U activity ratios in the accessible
phase is shown in Figure 6.18. The results show that the phase transfer rate does not affect
the activity ratios in the accessible phase, while both the recoil factor and the distribution
coefficient have an influence. The difference between the calculated results is, however,
smaller than the scatter in the observed data.

The calculated and observed 23OTh/234U activity ratios in the accessible phase are shown
in Figure 6.19. The observed data indicate an almost immediate decrease from a value
close to 1 near the source to values as low as 0.2 at the uranium concentration front 100 m
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from the source. The calculated curves do not reflect this trend. Close to the source the
values are well below 1 and remains constant until about 100 m from the source when the
values decrease except in the case with the lower Kd-value (Case 6) where the values are
independent of distance. Beyond the concentration front where the uranium concentrations
are low the observed activity ratios increase towards 1 and also above 1. As has been
shown earlier, the calculated activity ratios will increase towards 1 at distances beyond the
concentration front if the background level is considered in the calculations.

Comparing the calculated and observed 234U/238U activity ratios in the inaccessible phase
shows that only the higher phase transfer rate, 10"6 yr"\ give results that are fairly close
to the observed data (Figure 6.20). This is also the case for the 23OTh/234U activity ratio
in inaccessible phase (Figure 6.21).

In Figure 6.22 and 6.23 the predicted activity ratios are compared with observed data in
bulk rock. The small decrease in observed zytUf U activity ratio with distance is fairly
well simulated in all calculation cases (Figure 6.22). The observed 23OTh/234U activity
ratios are also fairly well simulated by all calculated curves which are almost identical.
The only curve that significantly differs from the others is the case with a lower Kd-value
(Case 6).

The recommended Kd- value for uranium on accessible phase is lower than the values used
in the calculations presented above. The results shown in Figure 6.17 do not suggest that
the match between calculated and observed uranium concentrations in bulk rock would be
improved with a still lower Kd-value, at least not without increasing the phase transfer
rate. To study the effect of lowering the Kd and at the same time increasing the phase
transfer rate the uranium concentration in bulk rock was calculated assuming a Kd of 1
m3/kg and a phase transfer rate of 10"5 yr"1. As can be seen in Figure 6.24, the fit to the
observed data was not improved, neither what concerns the migration distance nor the
shape of the migration front.

In summary, the comparison between calculated and observed data suggests that the
results are not significantly improved by including also phase transfer and a-recoil in the
model, at least not with the combination of phase transfer rates and Kd-values used in the
calculations.
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Figure 6.17 Predicted and observed bulk rock uranium concentrations. (The Cases
1-3 overlap).
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Figure 6.18 Predicted and observed 234U/238U activity ratios in the accessible
phase. (The Cases 2-4 overlap).
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Figure 6.19 Predicted and observed Thr34U activity ratios in the accessible
phase. (The Cases 2 and 4 overlap).
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Figure 6.20 Predicted and observed 2341//38U activity ratios in the inaccessible
phase.
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Figure 6.21 Predicted and observed 23OTh/34U activity ratios in the inaccessible
phase.
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Figure 6.22 Predicted and observed 234U/38U activity ratios in bulk rock.
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Figure 6.23 Predicted and observed 230Thf34U activity ratios in bulk rock.
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Figure 6.24 Observed uranium concentration in bulk rock and calculated
concentrations with Kd- I nr/kg and phase transfer rate = 70 yr .
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6.5 Summary of results

The dispersion of uranium and daughter nuclides in the weathered zone has been simulated
with different models and modelling assumptions. The observations made when comparing
the calculations with measured data are summarised below.

• The results obtained with a 1-D advection-dispersion model with reversible
sorption are in fair agreement with measured uranium and thorium concentrations
in bulk rock in transect 6110 mN. The uranium migration curve can be simulated
almost equally good using different combinations of the input parameters water
flux, distribution coefficient (Kd), concentration of uranium in water at the source
(c0) and migration time (t). The shape of the concentration front is better simulated
with a dispersion length of 1 m than with a dispersion length of 10 m. Some
combinations of input data that give results which are in fair agreement *vith the
observed data in transect 6110 mN are listed in Table 6,2.

Table 6.2 Summary of input parameters giving almost the same migration
curve for uranium.

Water flux
(m/yr) (m3/kg) (mg/kg) (Myr)

1
0.1
0.01

10
1
0.1

100
1000
10000

2
2
2

1
0.2
0.05

1000
1000
1000

0.2
1
4

It was not possible to simulate the observed decrease in 234U/238U activity ratio in
bulk rock at the uranium migration front in transect 6110 mN, unless a higher
retardation of 234U relative to 2 j 8U was assumed. This difference in retardation
between the uranium isotopes could be an effect of a-recoil. The observed
234U/238U activity ratio increase towards secular equilibrium at longer distances
beyond the migration front could only be simulated by assuming the presence of
background levels of uranium in the rock at these distances.

The observed decrease in 23oTh/234U activity ratio in bulk rock at the migration
front is fairly well simulated by the model for migration times of the order of
millions of years. With a migration time of 200,000 years, the activity ratios are
under-predicted over the entire migration distance. The increase in observed
activity ratio at distances beyond the migration front can be simulated assuming
background levels of uranium in the rock, but not up to the observed values which
are above 1.
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It was not possible to improve the match between calculated and observed uranium
concentration in bulk rock in transect 6110 mN by extending the model to include
also a-recoil and radionuclide transfer between amorphous and crystalline mineral
phases of the rock. Adding only the process of a-recoil gave similar results as the
simple advection-dispersion-reversible sorption model, while the introduction of
phase transfer gave results that were less in agreement with observed data.

With the extended model it was possible to fairly well simulate the observed
decrease in activity ratios in bulk rock with distance from the source. However, the
advection-dispersion-reversible sorption gave equally good match to the data when
a higher retardation of 234U relative to 8U was assumed.

The general trend with most of the observed activity ratios in accessible
(amorphous) phase below 1 and in inaccessible (crystalline) phase above I was
fairly well simulated by the extended model. The calculated activity ratios in the
accessible phase were not very sensitive to variations in phase transfer rate, recoil
factor and Kd-value in the sense that the difference between the calculated results
was smaller than the scatter in the observed data. The choice of parameter values
seems to have significantly larger influence on the predicted activity ratios in the
inaccessible phase.

Because of the simplified source description in the applied models, the calculated
uranium concentrations in solid phase close to the source do not match the
observed data.

Due to the strong sorption of thorium the mobility of 23OTh in groundwater is
small. This means that the concentration of 23OTh at longer distances from the
source is dependent on the migration and decay of uranium only.

The simulation of variable climatic conditions by assuming alternating periods of
flow and no flow in the advection-dispersion-reversible sorption model showed that
the time period when variations in flow conditions are of importance to the results
is limited to the last 200,000 years. For times prior to 200,000 years ago an average
flow rate can be used.

Comparing the observed uranium concentrations in solid phase in a north to south
direction, i.e. in a direction deviating 45 degrees from transect 6110 mN, with
concentrations calculated with the advection-dispersion-reversible sorption model
shows that the shape of the migration front is similar, but that the prediction
underestimates the migration distance and the maximum concentration level.
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7 Discussion and concluding remarks

7.1 Discussion

The aim of this work was to test and to evaluate simple models, similar to those generally
used in performance assessment, to describe the dispersion of uranium and daughter
nuclides in the weathered zone at Koongarra. The applied models rely on a number of
simplifications of a complex system which may introduce uncertainties in the modelling
results. One type of uncertainties is associated with the identification of processes,
geometrical structures and other conditions which have lead to and influenced the
mobilisation and dispersion of uranium and daughter nuclides from the primary orebody.
Because of limited understanding of the geochemical processes and conditions involved
in the liberation of uranium from the primary and secondary uranium mineralisation the
assumption of solubility limited dissolution of uranium and congruent dissolution of
daughter nuclides was made. Furthermore, reprecipitation of dissolved uranium that may
have occurred as a result of variations in hydrochemical conditions is not included in the
models. Another area which still is poorly understood concerns the present and past day
hydrogeology at the site, which 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 by the assumptions made in the calculations. For example, sorption is 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 not be sufficient to describe the effects of sorption. Another example
concerns the mathematical description of processes leading to the observed distribution
of uranium and thorium between different mineral phases of the rock. Accounting for these
processes by just assuming a phase transfer rate may be a too simplistic approach.
Uncertainties are also introduced by making the assumptions that hydrogeological and
hydrochemical conditions are constant over the space* and time-scale of interest, and that
these conditions are determined by the present day situation.

A third type of uncertainties are those associated with the data used as input to the model
and also with the data with which the model results are compared. Values of the water
flux, the distribution coefficient, Kd, the recoil factor and the phase transfer rate used in
the modelling were based on the results from independent modelling and interpretations
of site data. The difficulty in describing the present and past hydrology at the site
introduces uncertainties in the estimates of water flux in the weathered zone. The
recommended ranges of Kd-values are based on both laboratory experiments and field
observations of the distribution of elements between water and solid phases. In the field,
other processes in addition to sorption may have contributed to the observed distribution
between water and solid phase, which makes a Kd-value based on field observations
uncertain. In addition, observations at the site have shown that most of the radionuclides
in the rock are not directly accessible to groundwater and therefore cannot be treated as
sorbed. A Kd based on the total amount of a radionuclide in the rock may therefore be too
high. Using a Kd based on the observed partitioning of radionuclides between water and
amorphous phases may be more relevant both with respect to competing processes and
accessibility, although still not without uncertainty. The recommended values of the recoil
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factor and the phase transfer rate are results of calculations and modelling involving
simplifications and assumptions which introduce uncertainty in the values.

The uncertainty in the observed data used for comparison and evaluation of the modelling
results arises from the difficulty in assess which data and in which form the data should
be used to best represent the modelling purpose. Here, the modelling results have been
compared with all available data on solid phase concentrations in the depth interval 10 to
30 m, i.e. the entire depth of the weathered zone except the near-surface layer. Since the
models applied do not consider heterogeneities and average values are used for the model
parameters it might have been more relevant to compare the results with average values
of the observed data. However, the problem is over how large depth interval the data
should be averaged and which depth interval that is the most representative. What
concerns the uncertainties associated with the observed data themselves it is believed that
the concentrations and activity ratios measured in bulk rock samples are more reliable than
the radiochemical data given for the accessible and inaccessible phases separately. These
latter data are obtained by a sequential extraction procedure on very small samples, and
it may not be certain that the separation into accessible and inaccessible phases of these
samples in the extraction procedure represents the actual separation between accessible
and inaccessible phases of the rock at the site. Other measurement errors and errors during
the chemical separation of uranium and thorium have also been identified [Edis, 1993].

The modelling results have been compared with data from holes along the 6110 mN
gridline. The reason is that most of the data available are from this part of the site since
this was believed to be the major direction of the groundwater flow. However, the quite
recently identified existence of a more southerly directed dispersion fan indicates
groundwater flow also in this direction. An attempt was made to compare the modelling
results with observed uranium concentrations in bulk rock in this direction. The possibility
of the models to simulate the formation of the southerly dispersion fan could have been
tested further if more data in this part of the site had been available as well as more time
for modelling.

In a performance assessment conservative values of the input parameters are usually
chosen. A conservative choice of input parameters for modelling the dispersion of uranium
at Koongarra could be made by selecting a Kd-value of 0.5 or 1 m /kg which are the
lowest values recommended for uranium on the accessible phase and on bulk rock,
respectively, and a groundwater flux of 1 m/yr, which is the highest recommended specific
discharge. Based on geomorphological considerations it has been suggested that the
development of the dispersion fan was initiated during the last 1 - 6 million years
[Wyrwoll, 1993], and a conservative assumption of the migration time is then 1 My. With
this combination of data, the advection-dispersion-reversible sorption model would over-
predict the migration distance. This is shown by the results presented in Section 6.3.4,
where a Kd-value of 1 m3/kg, in combination with a water flux of 1 m/yr results in a
migration distance comparable to the observed already after 200,000 years.

7.2 Concluding remarks

The advection-dispersion-reversible sorption model is a large simplification of the system
among other things because the partitioning of radionuclides between water and solid
phase is described with an sorption equilibrium term only. The advantage with the model
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is the small number of parameters that is needed as input to the model. The results
obtained with this model show that it is possible to simulate the observed migration
distance and concentration levels with parameter values that are consistent with
recommended ranges from independent interpretations.

The extended model which also considers a-recoil and transfer of nuclides between
different phases of the rock gives a description of the system which is more consistent
with what is observed. However, the number of free parameters is larger, and more data
on the system are required compared to the more simple advection-dispersion-reversible
sorption model. This may be one explanation to the difficulty in improving the simulation
results with the extended model.

The overall aim of this work was to test and, if possible, validate simple and conservative
models used in performance assessment of radioactive waste repositories. Although the
results from this study not are enough to validate simple performance assessment models
in a strict sense, it has been shown that even simple models are able to describe the present
day distribution of uranium in the weathered zone at Koongarra based on established
transport processes and reasonable parameter values. Furthermore, the results support uie
conservatism in these models when parameter values in the conservative end of the
recommended ranges are chosen.
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