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Foreword 

Cuirently, radioactive waste management programmes in OECD countries cover a wide range of 
activities aiming at the gradual implementation of disposal concepts for various types of waste. 
This concerns, in particular, the institutional and regulatory framework as well as research and 
development activities. In some countries, site selection and characterisation programmes for high-
level waste disposal are at a relatively advanced stage. Several countries already have repositories 
for low-level waste in operation. Among these activities, safety issues are a common concern, 
and, therefore, enjoy a high priority in international co-operative programmes. 

INTRA VAL is an international project concerned with the use of mathematical models for 
predicting the potential transport of radioactive substances in the geosphere. Such models are used 
to help assess the long-term safety of radioactive waste disposal systems. The INTRA VAL project 
was established to evaluate the validity of these models. Results from a set of selected laboratory 
and field experiments as well as studies of occurrences of radioactive substances in nature (natural 
analogues) are compared in a systematic way with model predictions. Discrepancies between 
observations and predictions are discussed and analysed. 

Twenty-two organisations from thirteen OECD countries participate in INTRA VAL. The Swedish 
Nuclear Power Inspectorate (SKI) is the managing participant and the OECD/Nuclear Energy 
Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United Kingdom, and Kemakta 
Consultant Co., participate in the Project Secretariat. 

INTRA VAL finished its first phase in 1990. Phase 1 of the project comprised seventeen test 
cases, and thirteen of these have been extensively analysed. This report is one in a series of 
eleven INTRA VAL Technical Reports documenting the results and conclusions of Phase 1. In 
addition, short descriptions of the experiments behind the test cases are compiled in a separate 
Technical Report. The integrated results and overall conclusions of INTRA VAL Phase 1 are given 
in a Summary Report. 

A second phase of the INTRAVAL project was initiated in 1990. Phase 2 of the study will 
conclude the INTRAVAL project in 1994. 
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Abstract 

The objective of the Alligator Rivers Analogue Project is to identify and study long-term 
processes th.it have been significant in the development of the uranium dispersion zone at the 
Koongarra uranium ore deposit in the Northern Territory of Australia. 

This report includes a description of the site geology and gives an outline of the experimental 
programs, which are aimed to study the hydrogeology and geochemistry of the system, and the 
distribution of uranium and its daughter radionuclides in the rock strata. The extensive 
databases that have resulted from these studies have been used to develop and test hydrological, 
geochemical and transport models. 

A good basis has been established for modelling the transport of radionuclides in the porous, 
weathered zone of the Koongarra uranium deposit and its surroundings. Although much of the 
modelling effort during the period of INTRAVAL Phase 1 has been carried out within the 
ARAP, other INTRA VAL groups, such as the RIVM, have made significant contributions. 

A number of preliminary transport, hydrology and geochemical modelling reports are given, 
with the Koongarra databases also being used to test a Performance Assessment model. The 
possible application of scenario development procedures to the Koongarra site is discussed. 

- 4 -

http://th.it


Table of Contents 

Page 

1 Introduction 9 

1.1 Model Development and Validation of PA Modeb 9 

1.2 Alligator Rivers Analogue Project Modelling Took 9 
1.2.1 Geomorphology 9 
1.2.2 Hydrogeology 10 
1.2.3 Geochemical modelling 10 
1.2.4 Radionuclide transport in the geosphere 11 

13 Scenario Development 12 

1.4 Site Assessment 12 

1.5 Validation 12 

2 Outline Site Descriptions 14 

2.1 Koongarra Uranium Deposit and Environs - Geology and Geomorphology 14 
2.1.1 The mineralisation IS 
2.1.2 The secondary dispersion 16 
2.1.3 The role of groundwater 16 
2.1.4 Geomorphological development 17 
2.1.5 Geological processes and deposition during Mesozoic, Tertiary and Quaternary 18 
2.1.6 Geomorphology of Koongarra Valley 19 
2.1.7 Summary of geomorphological development 21 

2.2 Summary of Hydrogeologic Studies of the Koongarra Uranium Deposit 21 
2.2.1 Introduction 21 
2.2.2 Hydrogeologic characteristics of individual geologic units 22 
2.2.3 Aquifer tests 26 

2.3 Geophysical Data 27 
2.3.1 Petrophysical data 27 
2.3.2 Electrical field data 27 

2.4 Mineralogy 31 
2.4.1 Introduction 31 
2.4.2 Distribution and nature of minerals at Koongarra 32 
2.4.3 Mineralogical processes 34 

- 5 -



2.4.4 
2.4.5 
2.4.6 

15 
2.5.1 
2.5.2 
2.5.3 
2.5.4 
2.5.5 
2.5.6 
2.5.7 
2.5.8 

2.6 
2.6.1 
2.6.2 

2.6.3 

2.7 
2.7.1 
2.7.2 
2.7.3 
2.7.4 
2.7.5 
2.7.6 
2.7.7 
2.7.8 
2.7.9 
2.7.10 

Distribution of radionuclides in the solid phase 
Elemental concentration in die solid phase 
Conclusions 

Koongarra Hydrochemistry 
General hydrochemistry 
Chemical evolution of groundwater 
Uranium 
Thorium 
Concentration of ^ a , ^ R n and 2,0Pb 
Elemental composition of groundwaters 
Groundwater colloids and fine particles 
Summary 

Geochemistry and Geochemical Processes at Koongarra 
Introduction 
Present-day geochemistry and geochemical processes - a present-day analogue 
for nuclear waste migration 
Ancient geochemical processes - a Paleo-analogue for nuclear waste migration 

Geochemistry of ' ^ u , T c and n9l 
Research objectives 
Overview of our approach 
239Pu analyses of primary ores 
,29I analyses of primary ores 
Measured I29I/I ratios in Koongarra groundwaters 
"Tc analyses of primary ores and Koongarra groundwater 
Measured 36C1/C1 in Koongarra ores 
Measured 36C1/C1 ratios in Koongarra groundwater 
Prediction of radionuclide concentrations for closed systems 

i Summary 

Pag£ 
36 
38 
38 

43 
43 
43 
44 
46 
47 
47 
49 
51 

56 
56 

57 
59 

61 
61 
61 
62 
63 
63 
64 
64 
64 
66 
66 

3 

3.1 

3.2 

3.3 
3.3.1 
3.3.2 
3.3.3 

3.4 
3.4.1 

3.4.2 
3.4.3 

INTRAVAL - The ARAP Test Cases 

Introduction 

Summary Description 

Hydrogeologic Flow Models 
Introduction 
Available data 
Objectives 

Geochemistry and Geochemical Processes at Koongarra 
Present-day geochemistry and geochemical processes - a present-day analogue 
for nuclear waste migration 
Ancient geochemical processes - a paleo-analogue for nuclear waste migration 
Sorption 

86 

86 

86 

87 
87 
87 
88 

88 

88 
88 
89 

- 6 -



Page 
3.5 Radionuclide Transport 89 
3.5.1 Modelling objectives 89 
3.5.2 Suggested approach 90 
3.5.3 Future possibilities 90 

4 Hydrogeology Modelling 91 

4.1 Introduction 91 

4.2 The GYVINV Finite Element Model 92 

4.3 Aquifer Tests - Data Analysis 94 
4.3.1 Summary 94 
4.3.2 Comparison of field data and laboratory data 95 

4.4 Groundwater Flow Modelling 100 
4.4.1 Description of the regional model 100 
4.4.2 The base case 101 
4.4.3 Discussion of uncertainties and approximations 102 
4.4.4 Results 103 
4.4.5 Discussion 103 

4.5 Coupled Hydrogeochemical Modelling of Uranium Ores 105 

4.6 Two- and Three-dimensional Modelling of Groundwater Flow Through 
the Koongarra Uranium Orebody 106 

4.6.1 Introduction 106 
4.6.2 Conceptual models of the site 106 
4.6.3 Two-dimensional modelling in vertical section 107 
4.6.4 Three-dimensional modelling 111 
4.6.5 Concluding remarks 113 
4.6.6 Acknowledgements 113 

5 Geochemical Modelling Using Reaction Path Calculations 129 

5.1 Introduction 129 
5.1.1 Background 129 
5.1.2 Importance of the conceptual model adopted 130 
5.1.3 Importance of the thermodynamic data used 131 

5.2 Chemical Mass-Transfer Calculations for the Formation of 
the Uranium Phosphate Zone at Koongarra 131 

5.2.1 Introduction 131 
5.2.2 Chemical mass-transfer calculations 132 
5.2.3 Initial conditions for mass transfer calculations 132 

- 7 -



Page 
5.2.4 Results of mass transfer calculations 133 
5.2.5 Conclusions from the reaction path calculations 134 
5.2.6 Current research 135 

5 J Gcochemicai Modelling of the U-Mobility in the Weathered Zone of 
the Koongarra Uranium Deposit 139 

5.3.1 Introduction 139 
5.3.2 Geochemical modelling 141 
5.3.3 Thermodynamic speciation-solubility calculations - EQ3NR 144 
5.3.4 Reaction path calculations - EQ6 151 
5.3.5 Conclusions and recommendations 152 

6 Groundwater Transport Modelling 161 

6.1 Introduction J 61 

6.2 Transport Modelling 161 
6.2.1 The original transport model 162 
6.2.2 Developments in the transport model 163 

63 Radionuclide Mobility Modelling 165 
6.3.1 Introduction 165 
6.3.2 Radionuclide migration in the weathered zone of the Koongarra uranium deposit 166 
6.3.3 Dating secondary uranium minerals 167 
6.3.4 One-dimensional transport model based on the leaching/deposition approach 168 
6.3.5 Bulk uranium mobility in different geological strata 169 
6.3.6 General comments 173 

6.4 Application of Performance Assessment Methodology for Evaluation 
of the Koongarra Analogue 174 

6.4.1 Introduction 174 
6.4.2 Data review 175 

6.4.3 Transport modelling 178 

7 Validation Aspects 201 

8 Conclusions 205 

9 Acknowledgement 207 

References 208 

- 8 -



1. Introduction 

The Koongarra uranium ore deposit in the Northern Territory of Australia is being studied in 
the Alligator Rivers Analogue Project (ARAP) to evaluate the processes and mechanisms 
involved in the hydrological/geochemical alteration of the primary uranium deposit and to 
model the formation of the secondary uranium dispersion fan. Consequently, the experimental 
and modelling tasks consider the original weathering of the Koongarra region, the alteration 
of the host rock and primary uranium, groundwater flow and migration pathways, 
rock/groundwater interactions including adsorption/desorption, nuclide transport and die relative 
distribution of the uranium/thorium radionuclides in the multi-phase system, and the continued 
development of the dispersion fan. It is also possible to study die in-situ production and 
mobility of long-lived fission products such as HTc and 129I and transuranic nuclides such as 
^Pu. 

The experimental programs within the ARAP have resulted in substantial drillcorc and 
groundwater databases for all the distinctive geologic units in die vicinity of Koongarra. 
Hydrological data have also been obtained in selected parts of the area from both field and 
laboratory measurement programmes. Preliminary analyses of selected long-lived fission 
products and plutonium have also been obtained with a view to modelling their migration 
behaviour in the orebody. 

1.1 Model Development and Validation of PA Models 

The principal result of the study of Koongarra has been the capability to use the detailed site 
description and databases to develop and test models of radionuclide transport in die geosphere 
and validate aspects of performance assessment models used in repository design. Groups from 
both the ARAP and INTRAVAL are now modelling the hydrogeology of the Koongarra region, 
the geochemistry of the formation of the zones of uranium mineralisation and groundwater/rock 
interactions, radionuclide transport and decay through the ore zone, and testing scenario 
development methods. In the ARAP, priority is given to modelling the processes and timescales 
involved in the development of the secondary uranium and dispersion zone. 

1.2 Alligator Rivers Analogue Project Modelling Tools 

1.2.1 Geomorphology 

The general aim of this study is to identify the changes that have taken place in the 
geomorphology of the immediate Koongarra area during the Late Cenozoic and evaluate these 
within the context of the climatic history over this time. Reduced to their simplest, the 
problems focus on: 

The timing and intensity of deep weathering; 
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The nature and rates of scarp retreat; and 

The climatic history of the area ami its likely control on hydrology. 

1.2.2 Hydrogeology 

To model the regional Hydrology of Koongarra 

There are indications of fracture flow in Koongarra, both in the weathered and the unweathered 
zones, so the "implications of fracture flow on nuclide transport" is a validation issue that will 
be covered by ARAP. 

The experience gained during the field work aimed at characterizing the hydrology in 
Koongarra may be valuable input for future hydrological investigations of potential repository 
sites. 

To test the degree of Uncertainty of Hydrology Models 

A substantial amount of data is available to support this work, including: 

Geological description of 200 drillcores, Auger Holes, Geological Sections 

Site description including aerial photography, maps of surface contours, and surficial 
sands and weathered zone thicknesses 

Rock properties of highly weathered, partially weathered, unweaihered rock and 
sandstone - 150 cores - Density, Permeability, Porosity, 

Rainfall and evaporation records for 20 years 

Standing water levels for ~S0 wells, monthly values for 20 years some daily and diurnal 
data from drawdown tests. 

Aquifer tests have provided drawdown contours and estimates of transmissivity and 
storativity; slug and pressure tests have provided values of hydraulic conductivity. 

Stable isotopes in groundwater samples collected monthly at 13 and 23 m may provide 
information on the mixing of the near surface groundwaters. 

Groundwater dating measurements - 14C and Tritium 

1.2.3 Geochemical modelling 

To identify the controlling reactions for the formation of the uranium phosphate and 
silicate zones from the initial pitchblende ore. 
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To model the interaction between uranium (and decay products) and ferric hydroxides 
which are present in the weathered zone in Koongarra, both in crystalline and 
amorphous form. 

To model the interaction between uranium and clay materials in Koongarra. This may 
contribute to the understanding of the mechanisms of interaction between radionuclides 
and the bentonite backfill in a repository. 

To compare laboratory experiments studying the distribution of uranium (and decay 
products) between Koongarra water and ferric hydroxides and/or clay material 
representative of the site, with concentrations in porewater and in ferric hydroxides and 
clays sampled in the weathered zone in Koongarra. 

To test coupled geochemical and hydrological models. 

Databases for geochemical Modelling 

• Complete groundwater chemistry from 30 wells in the pre-and secondary ore zones, the 
dispersion fan ore and host rock at 2 depths in the weathered and unweathered zones. 
The data includes anions and cations, major, minor and trace elements, rare earth 
elements. 

• Uranium series disequilibria measurements in 30 wells at 2 depths for 23SU, 234U, 
2*Th and » R i . 

• Sorption data for synthetic iron oxide and clays, and Koongarra rock from the pre-, 
secondary and dispersion ore zones. 

1.2.4 Radionuclide transport in the geosphere 

To understand radionuclide migration in the geosphere over long timescales and large 
spatial distances. 

To deduce the timescale and the rate of uranium mobilisation which resulted in the 
redistribution of the Koongarra orebody along the general groundwater flow direction. 
This is the overall aim of ARAP, but the nature of the flow paths has implications for 
the conceptual understanding of migration processes such as advection, dispersion and 
matrix diffusion. 

The modelling approaches could be based on: 

• Total uranium concentration and the distribution of concentrations of uranium series 
nuclides in sections through the ore zone 

• Transport with groundwater of uranium and its retardation by incorporation into 
accessible and inaccessible iron mineral phases 

• Variable groundwater flow within a two-dimensional section 
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The formation ages of Salceite crystals 

The rock sample data available for testing these models include, 

• Uranium concentration for ~200 drillcores, bulk data every 1.5 m in the vicinity of the 
ore zone - i.e. for a spatial region 1.6 x O.S x 0.2 km. 

• Uranium series disequilibria data for two sections through the ore zone region and 
downslope into the dispersion fan, including 25 drillcores at 3 Depths for both bulk drill 
core and two separated mineral phases, accessible and inaccessible to groundwater -
238U, ^ U , ™*Yh and °«Ra. 

• Elemental concentrations for drillcores from the pre-, secondary and dispersion zones 
of major, minor and trace elements and rare earth elements. 

1.3 Scenario Development 

A systematic overall evaluation of the Koongarra natural analogue can be carried out. This 
would not only be valuable for the evaluation of the analogue, but would give experience for 
future use of this approach in performance assessment of repository concepts. 

1.4 Site Assessment 

The methods used in collecting data for a repository are similar to those being applied at 
Koongarra. An analysis of the many different approaches being taken may enable us »o 
evaluate and decrease the uncertainties associated with field and laboratory measurements. 

1.5 Validation 

The Alligator Rivers Analogue Project can contribute to, and provide: 

An increased understanding of extrapolations in time and space. 

Insight into model relevance in an integrated system of models for performance 
assessment. 

A study of slow microscopic processes, eg. kinetics of phase transformations, matrix 
diffusion. 

The evaluation of the importance of macroscopic features, eg. flow path characteristics 
and their variability. 

The simulation of large scale (space and time) processes with simple performance 
assessment models. 

An integrated analysis using performance assessment methodology, including scenario 
development. 
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In particular important issues can be addressed such as: 

Heterogeneity - How detailed must descriptions of variations in geometrical structures, 
mineral composition, etc. be? 

Sorption - Is a Kd approach sufficient enough to describe sorption processes or is a 
more detailed mechanistic modelling needed? 

Performance Assessment - It may be possible to assess the effects of using simplified 
descriptions of processes involved in radionuclide transport, eg. the Kd approach, and 
get an indication of uncertainties introduced from averaging variations in transport 
properties over time and space. 

Kinetics - How important are the kinetics for dissolution and precipitation reactions etc? 

Timescales - How important are the changes with time of geometrical structures and 
other properties? 
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2. Outline Site Descriptions 

2.1 Koongarra Uranium Deposit and Environs - Geology and Geomorphology 

The uranium mineralisation at Koongarra occurs in a layered sequence of Lower Proterozoic 
schists, rocks that were once shales and siltstones (estimated at 2.2 billion years (By) ago), 
but which have been metamorphosed or changed by heat and pressure (estimated at 1.8 By 
ago). Underneath the schists, and close to the uranium, are layers of dolomite, or 
metamorphosed limestone. These schist and dolomite layers (called the Cahill Formation) flank, 
and appear to have been deposited on the sides of, a dome of crystalline Archaean granitic 
rocks (called the Nanambu Complex), that are thus obviously the oldest rocks in thr area 
(estimated at over 2.5 By old) (see Table 1). After the limestone, shales and siltstones were 
deposited on the flanks and on top of the granite, and subsequent to the heat, pressure, folding 
and fracturing of metamorphism that changed the sediments into dolomite and schists, uplift, 
weathering and erosion produced a new landsurface. On this, thick layers of sandstone (the 
Kombolgie Formation) were then deposited (probably between 1.69 and 1.6 By ago), such that 
the tilted schist and dolomite layers are now at an angle to the overlying flat lying layers of 
sandstone. Figure 1 is a regional geology map showing the location of the Koongarra uranium 
deposit. 

Table 1 General stratigraphy of the Alligator Rivers region (after Needham). 

REGIONAL UNCONFORMITY 

ARCHEAN 

AGE 
AOELAIDEAN 

CAHPENTAHIAN 

Mudp*b»rry Phono** (1316) 

KattwrtneRlw Group (1645) 
• Kombolpto Formation 

CXnpoHDotarte (16M) 
E M i R M r Votaries <1760) 

REGIONAL METAMORPHISM / MAJOR UNCONFORMITY 

E A a Y 
PROTEROZOC 

Myn Fate MfHrnorpMcf 
Zaniu D o t * * (1940) 
rmlrwigiky OCVHH 

MT Patrick Group 
C i M FofliMttofi 
K*adu Group 

NanambuCompHx (2470) 
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2.1.1 The mineralisation 

Within the schist layers, probably within 100 metres above the dolomite, the uranium ore 
occurs in two distinct but clearly related bodies, separated by about 100 metres of barren 
schists (see Figure 2). Both orebodies are elongated and dip at 55 degrees bu adly parallel to 
a prominent fault (the Koongarra Reverse Fault), the movement along which has reversed the 
normal sequence of strata by bringing the overlying younger sandstone down underneath the 
older tilted schist layers (see Figure 3). This fault zone forms the lower boundary (or foot wall) 
to the uranium ore zone. The primary mineralisation is largely confined to a schist layer 
consisting of grains and flakes of the minerals quartz and chlorite respectively (quartz-chlorite 
schist), immediately above the fault zone, and a thin layer of similar schist that also contains 
large amounts of graphite forms a distinctive upper boundary or hanging wall unit (see Figure 
3). At the northern end of the No. 1 orebody, and in the No. 2 orebody, mineralisation persists 
into the overlying schists that contain graphite, garnet and mica, as well as quartz and chlorite. 

The more southwesterly of the two orebodies, the No. 1 orebody (Figure 2), is elongated over 
a distance of 450 metres and persists to a depth of about 100 metres. Secondary uranium 
mineralisation, derived from decomposition and leaching of the primary mineralised zone, is 
present from the surface down to the base of weathering over some 25 metres, and forms a 
tongue like body of ore grade material dispersed down slope for about 80 metres to the 
southeast (Figure 3). There is also some dispersion of secondary uranium mineralisation within 
the main fault zone. In cross-section the primary ore zone consists of a series of partially 
coalescing lenses, that have the appearance of being strata-bound, that is, confined within and 
parallel to the host schist layer (see Figure 3). The width of the primary ore zone averages 30 
metres at the top of the unweathered schist, tapering out at the extremities of the elongation, 
and down dip to about 100 metres below surface. The strongest mineralisation with most assay 
values in excess of 1% uranium, is over a thickness of several metres just below the graphite-
bearing hanging-wall schist layer. This high grade ore is persistent both along the elongation 
and down dip. However, mineralisation of varying grades occurs down through the host schist 
layer and along minor fractures. Closer to the footwall fault breccia (crushed rock) zone the 
ore is of lower grade, is more sporadic, and tends to fade more rapidly with depth. 

The primary ore consists of pitchblende (or uraninite - uranium dioxide) veins and veinlets, 
which either follow or cross cut the layering in the schist. Associated with the high grade ore, 
just below the graphite-bearing hanging-wall schist layer particularly, are minor amounts of 
scattered sulphide minerals, primarily galena (PbS), chalcopyrite (CuFeS2) and pyrite (FeS2), 
but also some rare native gold. In and around the ore is a geochemical halo, representing the 
elements with which the ore is enriched, of copper, lead, sulphur, arsenic, nickel, cobalt, 
vanadium and magnesium, the latter reflecting the chlorite in the host schist. 

The primary ore has been estimated via the Sm-Nd isotopic dating technique as being between 
1.65 and 1.55 By old. Thus the Koongarra Reverse Fault must have occurred around 1.6 billion 
years ago, after deposition of the Kombolgie sandstone, but before the ore-forming stage, since 
the alteration associated with the ore crosses the fault and affects the sandstone (see Figure 3 
again). 

In the No. 2 orebody, the mineralisation is elongated over a distance of about 100 metres and 
persists down dip at 55 degrees to at least 250 metres. Because the top of the primary 
mineralisation is at 50 metres depth, there is no secondary uranium mineralisation in the 
weathered schists. In cross-section the ore zone tends to be oval in shape, and is made up of 
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a series of partially coalescing lenses. Ore grades are generally lower than in the No. 1 
orebody, but the mineralisation is present over greater widths. 

2.1.2 The secondary dispersion 

One of the most important features of the uranium mineralisation at Koongarra is the 
occurrence of abundant secondary uranium minerals, principally within the dispersion fan above 
the No. 1 orebody, but also to a lesser extent within the top of the primary ore zones just 
below the weathered zone and at the bottom of the primary zones along and just above the 
fault. These secondary uranium minerals are noted for their variety of brilliant colours, so their 
presence is easily recognised both in subsurface samples and in drill core. 

Much of the secondary mineralisation is derived from in situ oxidation and alteration of grains 
and veins of the primary uranium mineral, pitchblende, and by the dissolving and retransporting 
of the uranium. These processes therefore represent the latest stage in the genesis of the 
deposit as we know it today, processes which may still be in operation. Uranyl phosphate 
minerals are found in the tail of the secondary dispersion fan in and down slope from what 
was the upwards extension of the primary ore zone, whereas uranyl silicates are either in the 
primary ore zone below or at the interface between the two (see Figure 3). In the No. 2 
orebody, which has no secondary dispersion fan, only uranyl silicates have been found. 

The differences in distribution and style between the uranyl silicates and phosphates strongly 
suggests a two stage process for their development under different physico-chemical conditions. 
The first stage was the in situ alteration of pitchblende to form uranyl silicates associated with 
chlorite veining at depth within the primary ore zones of both the No. 1 and No. 2 orebodies. 
Subsequent intersection of the zone of surface weathering with the top of the primary ore zone 
of the No. 1 orebody only, has resulted in the leaching and decomposition of both pitchblende 
and uranyl silicates to form the uranyl phosphates within the secondary dispersion fan. 

In the primary ore zones at Koongarra, where the mineral apatite (the source of phosphorus) 
is stable, the soluble uranyl silicates precipitated under slightly reducing and weakly acidic 
conditions with negligible to zero concentration of phosphate and vanadate in the groundwaters. 
However, in the weathered zone the precipitation of relatively insoluble uranyl phosphates has 
been favoured by oxidising conditions and much higher phosphate concentrations (due to 
weathering of apatite) in the groundwaters. It is also possible to conclude that vanadium 
concentrations in the circulating fluids at Koongarra were very low compared to phosphorus 
because camotite is sparse in its occurrence in die weathered zone. 

2.1.3 The role of groundwater 

Groundwater movements at Koongarra have been investigated and are shown schematically in 
Figure 3. The depicted groundwater paths indicate the source and direction of the groundwaters 
responsible for the oxidation, hydration and silicification of the pitchblendes and 
contemporaneous chlorite production in the primary ore zone above the fault, and of the 
groundwaters responsible for the weathering and dispersion of the primary ore in the weathered 
zone. The distributor, of secondary uranium minerals thus produced is also shown 
schematically in Figure 3. 
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Recharge of groundwaters to the weathered schists appears to occur via downflow parallel to, 
and in close proximity to, the reverse fault in both the underlying sandstone and die schists. 
Although the fault zone breccia was found to be practically impermeable, some water still 
appears to flow from the sandstone into the schists via cross fractures which offset the fault, 
producing hematite alteration in the fault zone and in the schists above. Once in the schists 
groundwater flow through the partially-weathered zone is towards the south and southeast, away 
from the sandstone cliffs behind the deposit. The highly-weathered zone essentially acts like 
a capping that appears to prevent downwards circulation of surficial waters. These surficial 
waters form a separate flow within the superficial (sandy) deposits flowing down slope towards 
the soudieast away from the sandstone cliffs. In the unweathered zone water flow rates appear 
to be very low. 

The weathered zone groundwaters are by nature oxidising, being essentially surficial, and this 
is supported by the oxidation mineralogy in the weathered zone, including the rare occurrence 
of carnotite, and the non occurrence of pitchblende. Below the base of weathering, conditions 
are slightly reducing, particularly in the presence of graphite where pitchblende and sulphide 
minerals are stable. Consequently, any dissolved uranium still present in the groundwaters may 
well have been reprecipitated as supergene pitchblende, thus further upgrading die high grade 
ore zones. 

The groundwater movements described above, are believed to have been active for at least the 
last 350,000 years, as this is the estimated age of the leading edge of the secondary dispersion 
fan. However, removal of the sandstone originally covering the deposit is estimated to have 
taken place in excess of one million years ago. The reverse fault and its off-setting fractures 
developed 1.6 By ago, yet they have facilitated subsequent erosion of the sandstone cover, and 
only recently provided access for the penetrating groundwaters responsible for alteration of 
the pitchblende ore. The 1 My timescale is more than adequate for the observed alteration to 
be produced at depth. The present state of the No. 2 orebody provides a clear picture of what 
No. 1 orebody was probably like prior to surficial weathering and attendant destruction of 
primary ore. Once surficial weathering processes commenced to destroy pitchblendes and uranyl 
silicates producing uranyl phosphates in their place, lateral groundwater flow dissolved and 
dispersed the uranium downslope in the direction away from the sandstone cliffs (Figure 3) to 
form the prominent dispersion fan above the No. 1 orebody. 

2.1.4 Geomorphological development 

In an attempt to solve the problem of the exact time interval during which the Koongarra 
orebody was exposed to oxidising conditions and the resulting dispersion fan developed, a brief 
consideration of the geomorphological development of the Koongarra area follows. For 
convenience in this discussion, the valley system between the Mt Brockman Massif and the 
Arnhem Land Escarpment 10 km to the south east is referred to as the Koongarra Valley. 
Koongarra Creek drains the South Western margin of the Massif and Namarrgon Creek drains 
the major part of the valley and Sawcut Gorge headwaters (see Figure 4). 

In general over the northern half of the Northern Territory geomorphological processes are of 
great antiquity. The tectonic stability of the North Australian Craton since the Middle 
Proterozoic (estimated at 1 By ago) has resulted in widespread peneplanation, and the 
development of extensive duricrusts. It has generally been thought by geomorphologists that 
Amhem Land Plateau and the Mt Brockman Massif form part of what they call the Wave Hill 
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Surface, while the northern plains including the immediate Koongarra area are identified as the 
Koolpinyah Surface which is thought to have been developed in Pleistocene times (only 1.8 
million years or My ago). It is essential to understand that the present day dry monsoonal 
climate is not assumed to have occurred during the period of development of the oxidised ore 
at Koongarra. Clearly the parameters of climate have altered significantly since the Mesozoic. 
The multicyclic episodes of laterisation are much in evidence. 

Deposition of the Kombolgie sandstone occurred between 1.69 and 1.6 By ago, followed by 
faulting (including the Koongarra Reverse Fault) and the uranium mineralisation at Koongarra. 
A very long stable to erosional period followed for about 1400 My. Minor phonolite and 
dolerite (sub-volcanic rocks) were emplaced about 1370, 1320 and 1200 My ago. Middle 
Proterozoic rocks were peneplanated and Mesozoic aged seas eroded much of these to expose 
Lower Proterozoic rocks, exhume the pre-Kombolgie land surface and form sea cliffs in 
Kombolgie Formation sandstone. The only remaining evidence of Mesozoic deposition is 
scattered mesas of sediments to the north west. None of the generally unconsolidated Cainozoic 
sediments are recognisably marine, but the dominance of marine faunas in floodplain 
archaeological sites tc the north indicated Pleistocene to mid-Holocene high stands. Sea level 
has been constant for the last 7000 years. The dominant processes that have moulded today's 
landscape were chemical weathering to produce laterites, sheet washing of sands derived from 
the Kombolgie Formation and "cut and fill" modification of the land surface by repeated 
erosional and aggradational cycles. 

2.1.5 Geological processes and deposition during Mesozoic, Tertiary and Quaternary 

Mesozoic 

Laterised Cretaceous sediments cover a large part of the Darwin Alligator Rivers Area. The 
escarpment cliffs have largely been formed as shoreline erosion during the Cretaceous marine 
transgression. 

No Cretaceous rocks outcrop across the Koongarra Valley nor further west across the area 
that is close to the postulated Cretaceous sea cliffs. It could be assumed that an extensive 
series of coalescing wave cut platforms were developed thus stripping the lower areas to a 
plain. The Mt Brockman Massif would have formed an island or narrow necked peninsular 
feature, at least towards the end of the period. Cretaceous aged sediments were deposited in 
what must have been deeper offshore areas (eg the location of present outcrop occurs 35 km 
to the north west). 

Tertiary 

During the Tertiary, modification of the Mesozoic sea cliffs by sub-aerial erosion produced the 
Amhem Land Escarpment. 

Tertiary deposits also do not outcrop in the Koongarra area. However, sections of Tertiary 
rocks from elsewhere could possibly be correlated to the time of erosion of the surface of the 
catchment area of the South Alligator River, into which Koongarra Creek eventually flows, via 
Nourlangie Creek. For example, coarse gravelly bedded rocks can be observed in a cutting 
along me Amhem Highway west of the South Alligator River, where a section up to 81 metres 
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deep has been drilled. A significant trizonal laterite profile has developed on these rocks which 
has subsequently been eroded and backfilled with Quaternary sediments, that are not laterised. 
These gravels form a poorly consolidated band up to 40 m thick at or near the unconformity 
with the Lower Proterozoic rocks. The relief of the unconformity appears to be largely 
controlled by faulting rather than resistance of bedrock to weathering. 

Tertiary deposits in the region formed as extensive colluvial mantles on the Early Proterozoic 
erosional surface during the Middle to Late Tertiary. Gravels were deposited on valley floors, 
on lower wash slopes, and locally adjacent to active fault scarps. 

Monsoonal climatic conditions throughout die Cainozoic resulted in the development of a 
lateritic or weathering profile during a sedimentary hiatus in the Late Tertiary (the Koolpinyah 
Surface). The presence of ferricrete pebbles in gravels and a ferruginised zone in some of the 
Lower Proterozoic rocks beneath the unconformity indicates mat laterite also developed before 
Tertiary sedimentation. 

Quaternary 

Quaternary sediments have backfilled Namarrgon Creek and a significant degree of maturity 
is in evidence for this drainage system. Koongarra Creek exhibits a more youthful stage of 
development. Extensive Quaternary sediments have aggregated along the Nourlangie Creek 
system, probably reflecting the shallowness to bedrock, which has maintained and controlled 
the base level of erosion for the upstream modifications. 

It is probable that the metre or so of sand covering the schists containing the orcbody at 
Koongarra is a result of erosion of the sandstone in the dissected wedge of the Mt Brockrnan 
Massif immediately to the north. Archaeological evidence existing in the region indicates that 
up to a few metres of sand overlie Abori":nal middens approximately 30,000 years old along 
the base of the escarpments. The Holot. seas do not appear to have transgressed into the 
Koongarra area, and the climate in the last 10,000 years was probably variable, with plus or 
minus 50% rainfall conditions. 

2.1.6 Geomorphology of Koongarra Valley 

Kombolgie sandstone erosion from valley 

The removal by erosion of the formerly continuous layer of Kombolgie sandstone across the 
Koongarra Valley has occurred prior to the planation and laterisation of the valley floor. The 
mechanism of removal would have commenced by upward tilting around 1.6 By, maximised 
along the Koongarra Reverse Fault, and with the corresponding hinge zone close to and 
subparallel to the Amhem Land Escarpment along the southeast margin of the valley. The 
amount of vertical throw is speculative. However, estimates have ranged from 600 metres, to 
probably less than 100 metres, and possibly only 50 m. 

Following this uplift, the unconformity of the Kombolgie/Cahill contact would have been 
elevated, thus exposing the relatively softer Cahill schists to erosion. Consequently at the scarp, 
erosion by undercutting, then gravity block felling, of the resistant Kombolgie sandstone, 
followed by removal by mechanical processes, would have occurred probably by marine 
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awuvny. i iic ume interval tor tnis removal is pre*>aoiy no later tnan iviesozoic vcrciaceous;, 
when marine transgression shaped the main outline of the Arnhem Land Escarpment, but this 
means there was an interval of over 1.3 By between faulting/uplift and the onset of scarp 
formation and retreat. While removal during the long period of negligible erosion since faulting 
and mineralisation is not discounted, the evidence for it is lacking. 

Kombolgie scarps with talus deposits are common, but their absence along the southern margin 
of the Mt Brockman Massif is notable. The coincidence of the location of the Koongarra 
Reverse Fault dipping 60 degrees south along the length of this southern margin does provide 
evidence of the processes involved here. It suggests the faulting at 1.6 By has bevelled and 
stabilised this scarp, and that little resultant erosion has occurred in geomorphic recent times, 
since the scarp behind the fault at Koongarra is only SO metres away. Retreat of the Cretaceous 
seas appears to have removed any talus from the base of the Koongarra scarp leaving this 
stable relief to exist for the majority of the Tertiary and Quaternary (that is, from 65 My to 
the present). For this reason an alternative model of overburden removal is required for the 
initiation of the oxidised ore development at Koongarra. 

Valley planation 

The Mesozoic seas formed sea cliffs on the Kombolgie scarp with partial or near complete 
erosion of the up-faulted horst block of Kombolgie/Cahill in the Koongarra Valley. It is 
apparent that the Mesozoic marine transgression was the dominant factor via wave cutting 
mechanical processes in this peneplanation, resulting in the levelling of a variety of lithologies 
(eg Nanambu Complex to Cahill) over a wide area. Modification of any previous landscape 
along the unconformity to planated areas resulted once the resistant Kombolgie was removed. 

The planated nature of the valley, with occasional remnants oi in situ and reworked remnants 
of the standard laterite profile (commonly above the topographical 40m AHD contour), permits 
a reconstruction of the valley grade prior to an event of later erosion as evidenced by stream 
channel incision below the 20m AHD contour. 

Stream morphology 

Within the valley a study of stream morphology (drainage patterns, channel sediments and 
topographical contour map intervals) confirms that Naroarrgop Creek has the features of a more 
matured stage of development that Koongarra Creek. A steeper stream bed gradient exists for 
Koongarra Creek than exists for Namarrgon Creek. Stream capture of tributaries flowing off 
the Mt Brockman margin has probably occurred. This would result in the ground surface of 
Koongarra being lowered from approximately 40m AHD to the present 20+m AHD. The only 
mapped KomboJgie talus along the southern margin occurs midway along the length of 
Koongarra Creek coincident with a valley scarp edge, supporting the proposition that an active 
erosional event has recently been in progress. The dominant directional pattern of the smaller 
tributaries in the Koongarra Valley has the same orientation as the structural lineaments 
exposed on the Kombolgie sandstone and Cahill rocks, but Koongarra Creek differs. Thus it 
can be suggested that the direction of stream drainage has been altered from a flow to the 
south east with connection to Namarrgon Creek, to a westerly flowing direction via the present 
Koongarra Creek. 
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Prior t» stream capture, therefore, Naniarrgon Creek was the dominant stream subsequent from 
Sawcut Fault, with tributaries draining the whole southern margin of the Mt Brockman Massif. 
This model could explain the observed southeasterly direction of dispersion of the oxidised ore 
zone at Koongarra, as shallow groundwater flow directions are dictated by the direction of the 
surface dr. lage. This situation would have predated the progressive channel erosion to form 
Koongarra Creek, as evidenced by the stream pattern and elevation changes. Rejuvenation by 
base level changes would precipitate head ward erosion and eventual stream capture of those 
that drain the southern Brockman Massif. 

2.1.7 Summary of geomorphological development 

It has often been suggested that at Koongarra, the Kombolgie sandstone was eroded by scarp 
retreat during the later Tertiary period (by 1-3 My) exposing the underlying mineralised Cahill 
Formation to sub-aerial and oxidising conditions. 

However, this is not compatible with the geomorphological features and processes of the valley 
area, nor with the geological history of the Koongana Reverse Fault or the Amhem Land 
Escarpment. Mesozoic aged sea cliffs essentially shaped the Escarpment and only minor 
modification has occurred since the marine sea regression (retreat) approximately 65 My ago. 

Consequently, a different set of processes have been involved. These are: 

1. Prior to and during the Mesozoic the Kombolgie sandstone had been removed from 
above the orebody, the result of uplifting by faulting along the Koongarra Reverse Fault 
and erosion over more than 1.3 By. 

2. The underlying Cahill rocks were planated during the Cretaceous marine transgression 
and laterised during the Tertiary, under the tropical conditions which prevailed. 

3. In response to significant climatic changes in the later Tertiary and Pleistocene (onset 
of the Ice Age?), the laterised schists were eroded by thin scarp retreats of the 
ferricreted surficial veneer. Thus the water table was lowered down to the top of the 
primary orebody and the uranium was mobilised. 

This sequence of events allows for a reasonable time correlation with radionuclide studies, 
which suggest that fomiation and dispersion of the secondary mineralisation occurred within 
the last few million years. 

2.2 Summary of Hydrogeologic Studies of the Koongarra Uranium Deposit 

2.2.1 Introduction 

The objectives of the work at Koongarra have been to characterize the heterogeneous 
hydrogeology and to determine the hydrogeological parameters. Hydrological data were obtained 
from a series of drawdown and recovery tests, water pressure tests, aquifer tests and slug tests. 
In addition, petrophysical properties have been measured in the laboratory on core samples 
originating from various locations within the study area. Data have been analysed by Norris 
(1989), Marley (1990) and Slot (1990/1991), and have been derived from the following sources: 
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The NORANDA October 1980 report: "Groundwater monitoring and modelling", 

ANSTO, October 1988 report: "Radionuclide migration around uranium ore bodies -
Analogue of radioactive waste repositories", 

ANSTO "ARAP Progress Reports" of 1988 and 1989, 

ANSTO "ARAP 1st Annual Report 1988-89", 

Jim Norris, Thesis: "Preliminary characterisation of a fractured schist aquifer at the 
Koongarra Uranium Deposit, Northern Territory, Australia", 

Geological Map and Commentary; 1:100,000 no 5472: CAHILL, Northern Territory (R 
S Needham 1982), and 

Geological cross-sections prepared by Denison Australia Pry. Ltd., notably sections 5987 
N to 6383 N. 

2.2.2 Hydrogeologic characteristics of individual geologic units 

Generally five different geological units can be recognised in the Koongarra area: 

1) The Kombolgie Sandstone that forms the Mt Brockman Massif and escarpment. 

2) The Koongarra Fault zone, essentially consisting of a debris-breccia, which offsets the 
sandstone and the other units. 

3) The Quaternary surficial deposits, mainly consisting of sands and gravels, overlying, 

4) A Clayey zone, consisting of clays and lateritic debris, which act as a partially 
confining layer, and 

5) The Cahill Formation. 

Petrophysics measurements have been carried out on samples from all zones except the fault 
zone (these are in progress) and the superficial quaternary deposits. This work is described in 
Section 2.3. The samples of the Cahill Formation have been divided into three groups: 

A2 : Weathered Cahill Formation 
B : Transitional Zone 
C : Unweathered Zone 

In addition, samples were taken from zones 

A] : The clayey zone, extremely weathered Cahill Formation, and 
D : The Kombolgie Sandstone 
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Measurements of the hydrological parameters carried out in the field are essentially representing 
the Cahill Formation, which is subdivided into two distinctive parts: the upper weathered and 
partly weathered zone with a thickness varying between approximately 4 and 25 m and with 
a mean/average thickness of about 15 m in the study area; and the lower unweathered zone. 

Kombolgie Formation 

Surface evidence of extensive jointing and some probable faulting of the Kombolgie Formation 
suggests that this massive sandstone is generally quite permeable at depth. Although direct tests 
of this unit are limited, several lines of evidence suggest just the opposite. 

1. Massive sandstones in many other parts of the world display prominent joint systems 
and yet are poor aquifers if they are aquifers at all. 

2. The fact that the sandstone forms high cliffs and resists erosion indicates that it is 
compact and well cemented, which in turn indicates the probability of a rock of low 
matrix permeability. 

3. Slug tests indicated a very low permeability of the rock. 

4. Rainfall induces abundant runoff, which would instead be groundwater recharge if the 
rocks were highly permeable or if the fractures had wide apertures extending to great 
depths. 

5. Groundwater gradients appear to steepen within the Kombolgie Formation suggesting 
lower transmissivities in this unit. 

6. Limited laboratory testing indicated a porosity of only 0.04, a hydraulic conductivity: 
k ~ 3.4 lO-3 m/d and mean permeability: E[K] = 3.98 mD ~ 3.910'15 m2. 

7. An aquifer test of KD1 reported in 1980, suggested a transmissivity of only 0.6 m2/d. 
This low value would further suggest a bulk hydraulic conductivity of less than 0.01 
m/d. 

In summary, the Kombolgie Formation probably has a bulk hydraulic conductivity which is 
only a small fraction of the hydraulic conductivity of the upper part of the Cahill Formation 
(However, this value is comparable with that of the lower part of the Cahill Formation). 

Koongarra fault zone 

Hydraulic properties of the Koongarra fault zone have not been tested directly, but indirect 
evidence suggests that it is a barrier or partial barrier to lateral flow of groundwater. These 
lines of evidence are as follows. First, water-level fluctuations at and near the camp water 
supply well in the northeastern part of the area are very large. If the nearby fault were a zone 
of high permeability across the fault, then it would form a recharge boundary and would 
greatly reduce the dry-weather drawdown in the well. Second, aquifer tests of PH49 did not 
produce drawdowns in observation holes to the northwest, or on the other side of the fault. 
Third, strong upward hydraulic gradients were measured during dry periods in nested 
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piezometers in hole W6. This would suggest that water is being forced upward along or within 
the fault; a condition that would be present if the fault zone had a low cross-permeability. 
Fourth, and lastly, problems of lost circulation were not reported from the exploratory core 
holes initially drilled through the fault zone. 

Despite the general evidence that the fault zone has a low permeability, the possibility that 
scattered secondary fractures closely associated with the fault have significant permeable zones 
cannot be discounted. Moreover, higher permeability along the fault should be considered. 

Quaternary gravels, sands and silts 

Little direct information is available concerning the hydrogeologic characteristics of the surficial 
gravels, sands and silts. Only one aquifer test in the thicker part of the sands was conducted. 
This test indicated a transmissivity of about 100 m2/d which in turn would suggest hydraulic 
conductivities of the sands of between 10 and 20 m/d, assuming saturated thicknesses of 
between 5 and 10 m. These high values would be consistent with other measurements of the 
hydraulic conductivity of unconsolidated medium to fine sands (Davis, 1969). A commonly 
used approximate value for the porosity of sands and gravels is 0.30. 

Clay and lateritic debris 

The structureless residual schist in a clay matrix is probably the result of lateritic weathering 
of the underlying Cahill Formation and from the standpoint of geologic nomenclature is part 
of that formation. Hydrogeologically, however, it is a distinct unit. Porosities are probably high 
and may range from about 0.3 to 0.5 (Slot computed a porosity of about 0.45 from the 
petrophysics data), and permeabilities are very low. Slot derived values for the intrinsic 
permeability of 1.95 mD ~ 1.91015 m2. 

Cahill Formation 

Most aquifer tests have utilized test holes which penetrate the Cahill Formation. Although the 
detailed lithology of this unit varies considerably, general information from other regions of 
the world would suggest that these variations would be only a secondary factor controlling the 
overall permeability and bulk porosity of the schist. The degree of weathering of the schist and 
the presence of fractures are the primary factors in determining porosity and permeability. 

The hydrogeologic properties of the unweathered Cahill Formation, as it exists in place, deep 
in the subsurface, are virtually unknown. Laboratory tests of unweathered bedrock cores show 
very low porosity and permeability values. Examination of the results of packer tests and 
aquifer tests made in schists and similar rocks from various parts of the world indicates a 
clearly defined reduction of permeability with depth (Davis and Turk, 1964; Davis, 1969). 
However, the standard deviation of the data is large. Based on a rough extrapolation of these 
data, one could speculate that the geometric mean hydraulic conductivity of the Cahill 
Formation at depths of between 100 and 200 m would be roughly 0.01 m/day (10'7 cm/sec, 
corresponding to a permeability of about 10 mD). The Acid-derived hydraulic conductivity 
could be much lower at depths of 1000 m, perhaps lower than 2 10"5 m/day. Although 
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statistically unlikely for most vertical test holes, many mines and tunnels have encountered 
significant water-bearing fractures at depths in excess of 1000 m. 

Most hydrogeologic tests made in and near the Koongarra uranium deposit have been of the 
fractured a .d partly weathered Cahill Formation. These tests have measured the hydrogeologic 
conditions from the upper part of the formation down to depths of about 75 m, if one assumes 
that interconnected fractures extend several metres below the bottoms of test holes. 
Unfortunately, most of the tests did not isolate specific parts of the test holes, so the vertical 
distribution of porosity and permeability is difficult to understand. 

For the shallowest part of the unweathered to partly weathered Cahill Formation, Marley (1990) 
has suggested hydraulic conductivities of between 0.17 and 1.0 m/d for the materials. If a 
single representative value of hydraulic conductivity is desired, the geometric mean of the 
foregoing values, or 0.4 m/d, could be a useful figure. 

The in situ, bulk porosity of the Cahill Formation is unknown. Speculative values for effective, 
or interconnected, porosities based on studies of similar rocks in other regions would range 
from 0.001 at depths below 100 m to as much as 0.50 in the highly weathered zone. 

For the upper part of the Cahill Formation, the weathered schist, Slot derived mean intrinsic 
permeability values of E[K] = 33.6 mD ~ 3.310"'4 m2, using die petrophysics data for zones 
A2 and B together; and a mean porosity of 0.139. For the lower part of unweathered schist, 
these values are: E[K] = 0.6 mD ~ 6.110'16 m2 and porosity: 0.024. 

It can therefore be concluded that the system consists of essentially low permeability strata, 
with the exception of the surficial deposits. Mean values for the intrinsic permeabilities of the 
rock matrix are listed in Table 2, but fracture permeability and porosity will be dominant, 
especially as far as the Cahill Formation is concerned. 

To obtain an idea of the importance of the secondary permeability and porosity, the petrophical 
data were compared with aquifer test data, which more closely represent the behaviour of the 
Cahill Formation. 

Table 2 Estimates of intrinsic permeability and porosity. 

E[K] mD E[<M 

1 Kombolgie Formation 
2 Koongarra Fault Zone 
3 Superficial Deposits 
4 Clayey Zone 
5 Cahill Formation 

Upper 
Lower 

3.98 
? 
23 103 

1.95 

33.6 
0.6 

0.04 
? 
0.3 
0.45 

0.14 
0.02 

(Slot) 

(GWINV> 
(Slot) 

(Slot) 
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2.2.3 Aquifer tests 

A total of 13 full-scale aquifer tests of the upper part of the Cahill Formation have been made. 
Each of these tests utilized a pumped test hole combined with from 3 to as many as 10 
water-level observation holes. In addition, two long-term aquifer tests were made which did 
not have useful water-level measurements from observation holes. A short summary of the 
results is given in Table 3, and an example of the drawdown cone around one of the pumped 
holes is given in Figure 5. Most of the drawdown cones are elongated and oriented 
more-or-less subparallel with the Koongarra fault. However, as indicated in Table 3, the degree 
of elongation, however, is quite variable. 

In addition to the full-scale aquifer tests, a large number of slug tests, packer tests, and 
short-term drawdown and recovery tests have been made of the upper part of the Cahill 
Formation. Although the results indicate a large spread of values, geometric means of these 
tests generally are lower than the suggested mean values from the aquifer tests. For example, 
50 "water pressure" or packer tests had a range of hydraulic conductivities of from 7.510 to 
0.47 m/day with a geometric mean value of only 1.3-10"2 m/d. Tliis is more than an order of 
magnitude less than conductivities estimated from aquifer tests. This difference is probably 
owing to the effect of "sample" size where short-term tests measure the hydraulic response of 
only a few cubic metres of aquifer in contrast with several tens of thousands of- cubic metres 
which respond to long-term aquifer tests. Also, many of the short-term "water pressure" tests 
included portions of the more highly weathered or lateritic, and hence less permeable, Cahill 
Formation. In contrast, all of the long-term aquifer tests moved water through the more 
permeable, partly weathered rock below the lateritic clay. 

Table 3 Summary of aquifer tests. 

Borehole Number of Geometric mean Direction of long 
Pumped Observation Holes transmissivity Axis of Drawdown 

m2/d Cone 

KD1 
KD2 
KD3 
C8 
PH14c 
PH49 
PH56b 
PH58 
PH61 
PH73 
PH84 
PH88 
PH132 

0 
6 
3 
7 
4 
7 
6 
10 
0 
7 
5 
9 
3 

0.6 
66.8 
19.2 
32.5 
42.9 
11.0 
24.6 
26.0 
0.22 
19.6 
45.4 
57.6 
19.2 

-
N15°E 
-
N54°E 
N44°E 
N69°E 
N21°E 
N41°E 
-
N53°E 
-
N21°E 
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As discussed in more detail by Norris (1989), all the aquifer tests indicated anisotropic 
conditions, which, in detail, are due to the heterogeneous nature of the rock. The heterogeneity, 
in turn, is probably related first to fracturing of die rock and secondly to the uneven 
weathering of the water-bearing zones. The elongation of the drawdown cones produced during 
the aquifer tests is an indirect measure of the apparent anisotropy of the aquifer. The 
orientation of the long axes of these drawdown cones are given in Table 3 and are shown on 
Figure 6. 

The long-term aquifer tests as well as short-term tests appeared to show areally distributed 
variations in aquifer transmissivities. A preliminary subdivision of the Western Koongarra area 
based on these variations is shown in Figure 7. However, this representation should be used 
with caution because the extreme local heterogeneity may have had an overriding effect on die 
results which are presented. However, an alternate conclusion was drawn by Slot from a 
stochastic analysis of the distribution of the field and petrophysics lab measurements. The 
comparison of field and laboratory data did not result in evidence for spacial differentiation 
of transmissivity and storativity values, nor in evidence for discrimination, from a 
geohydrological point of view, between the weathered and partially weathered zones of the 
Cahill Formation. 

The analysis of the aquifer tests using a finite-element model and the stochastic analysis of the 
aquifer tests and petrophysics lab measurements, are described in more detail in Sections 4.2 
and 4.3. 

23 Geophysical data 

2.3.1 Petrophysical data 

The various lithological units' petrophysical characteristics are summarized in Table 4 where 
useful contrasts are apparent in textural, electrical and acoustic values. Large scale in situ 
fracture development would reduce the laboratory densities, resistivities and velocities, and 
enhance die effective porosities and greatly enhance the permeabilities. A consideration of 
Table 5 shows field estimates of unweathered Cahill Formation permeability (in certain areas) 
well in excess of the laboratory values strongly indicating effective fracture development in 
places. A feature of the porosity-permeability data in Table 4 is that finite and effective fluid 
storage and transmission are possible for all units studied. 

A combination of the matrix fluid transmissibilities with possible low angle NE striking 
fracture pathways intersecting the Koongarra Fault (refer Figure 8) or high angle SE striking 
fractures transecting the deposit could account for the observed dispersion fan. 

2.3.2 Electrical field data 

The AGC 1979 electrical field data comprise a series of gradient-array traverses with some 
soundings, and incorporate previous data obtained in 1973. The soundings or depth probes 
showed a very high resistivity surface layer overlying an intermediate layer of moderate 
resistivity covering a high resistivity basement - the general picture is not inconsistent with that 
shown in Figure 9. The traversing revealed a series of high and low trends and discontinuities 
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- these features are depicted on Figure 10, which also contains some hydraulic test and 
(inferred) structural information. 

The resistivity data show the strike of the Cahill Formation units and a zone of dislocation to 
the south of the orebody corresponding to areas of hydraulic continuity. The NE-SE linear low 
trend over the fan may be the down dip expression of the dipping conductive graphitic schist 
band; the linear low through KD3 lies close to a line of hydraulic continuity and could 
delineate a fracture zone but this is not certain. The resistivity traverses appear to have picked 
up the fracturing of limited strike extent established by pump tests at bores KD1 and 88. The 
resistivity trends and patterns show little correlation with features in the plans of surficial 
deposit thickness (except near bore 88) and the weathered Cahill Fonnation isopachs. There 
is evidence of hydraulically connected zones, the possibility of other zones as yet undiscovered 
and the clear correlation of two fractures with resistivity data from a field technique that was 
not the optimum for the area. 
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Table 4 Koongarra rock suite N.T. 

Proterozoic 
Lithologies 

Zone Al 

Zone A2 

Zone B 

Zone CI 

ZoneC2 

clayey & 
highly weathered 

highly weathered 

transitional 
variably weathered 

onweathered 
qtz mica schists 

unweathered 
graphitic chlorite 
schists 

Kombolsie Sandstone 

Zone D variably weathered 
sandstone 

* parallel to foliation 

Average Physical Property Values 

DBD 
g/cc 
(dowry) 

1.89 
(WBD) 

2.19 

232 

2.72 

2.73 

2.53 

PA 
% 
(poro.it>) 

-30 

16.4 

13.2 

2.6 

0.4 

4.0 

k air 
md 
(pwm.) 

1.1 
(water) 

66.8 

39.4 

3.7 

0.2 

11.1 

p IkHz 
ohm m 
(inirt.) 

48 

100 

303 

500 

2646 
(76*) 

3787 

m/s 
(velockjr) 

1722 

2270 

2449 

4698 

4878 

4032 

mag X 
cgs x I0"6 

(aucepi.) 

45 

32 

36 

49 

4 

NOTES: 

A total of 181 samples was tested from 19 drill holes in and around the orebody from an area 
-400 x 200m and to a vertical depth of 82m; sampling was very sparse in sandstone and 
absent in significant lithologies such as Quaternary surficial sandy material, Koongarra Fault 
Breccia and Cahill Formation amphibolites; sampled system quite heterogeneous and markedly 
electrically anisotropic with pv up to 7 times pH in lithologies except graphitic schists where 
extreme anisotropy with pv up to 101 times pH noted but velocities less anisotropic with VH 

around 10% greater than Vv (V and H indicate near normal and parallel to foliation 
respectively); resistivities refer to fully saturated values using 63 ohm m approx. Mg (HCOa)2 

saturant; 

- 2 9 -

http://poro.it


Table 5 Summary of estimated permeabilities of the Koongarra rock suite units. 

Lithologic Unit 

Surficial Sands 
(~3m thick) 

Highly Weathered 
Cahill Formations 
clayey 
(-14m thick) 

Partially 
Weathered 
Cahill Formation 
(-8m thick) 

Unweathered 
Cahill Fonnation 
Qtz Mica Schists 
( 125m thick) 

Kombolgie 
Sandstone 
variably weathered 
(~350m? thick) 

Koongarra Fault 
Breccia 
(-5 to 10m wide) 

Zone 

Al 

A2 

B 

C 

D 

Laboratory Measurements 
mD 

average range 

1.1 

66.8 

39.4 

3.7 

111 

O.0-8.7 

2.2-536.8 

0.9-243.1 

0.04-93.6 
(0.06-6) 

0.2-90.7 

Field Estimates 
mD 
(m/d) 

-11905 
(-10) 

0.6 
(5.2104) 

71-7100 

160 
(0.14) 

Comments 

highly transmissive 
(sands, soils, 
laterites) 

variably foliated 
and fractured with 
variable clay 
development 

transition zone 
has fabric of 
underlying schists 

Transmissivity 
(perm, x thickness) 
~60mVd 

little studied. 
NW to WNW fractures 

no evidence for 
penneability across 
fault but possible 
permeability along 
it 

NOTES: 

Intrinsic penneability in millidarcies (lmD = 0.84 10"3 m/d coefficient of perm-ability); air 
permeability lab. tests (except clayey Al samples) may over estimate liquid permeabilities -
water permeabilities probably ~70% of air permeabilities; anisotropy quite marked in lab. 
results with permeability along foliation up to 5 times the cross-foliation values; lab. tests 
reflect matrix, microcrack and small-scale fracture permeability; field tests and estimates 
incorporate these small-scale effects and also large-scale joint, fracture and shear zones. 
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2.4 Mineralogy 

2.4.1 Introduction 

The geology and geomorphology of the Koongarra uranium deposit is described in Section 2.1 
of this report. The primary ore zone lies in unweathered quartz chlorite schist, bound by the 
Kombolgie sandstone formation, with the reverse fault breccia, and the graphitic quartz chlorite 
schist hanging-wall unit. The No 1 uranium orebody (see Fig. 3) has a strike length of 450 m 
and persists to about 100 m depth. The secondary mineralisation and dispersion fan lie in the 
highly-kaolinised weathered zone, above the quartz chlorite schist, graphitic mica quartz schist, 
and garnet mica schist to the boundary of zones of pervasive chloritisation, at depths varying 
between 25 and 30 m. This mineralisation has been derived from decomposition and leaching 
of the primary mineralised zone and forms a tongue-like fan of ore grade material dispersed 
downslope for about 80 m to the SE. The primary uranium mineralised zone in cross section 
is a series of partially coalescing lenses, which together form an elongated wedge dipping at 
55 degrees SE, subparallel to the reverse fault. True widths average 30 m at the top of the 
primary mineralised zone, but taper out at about 100 m below surface and along strike. The 
highest-grade uranium mineralisation is several metres thick just below the distinctive basal 
hanging-wall graphitic schist unit, and is persistent both along strike and down dip. Lower 
grade mineralisation continues down to just above and into the reverse fault breccia, but the 
lenses are patchy and tend to fade more rapidly with depth. 

If we consider radionuclide migration over the period of millions and tens of millions of years, 
then the host rocks are not static, but dynamic. The rock-forming minerals will be changed 
structurally and chemically with time by rock-water interactions, and the fabric of the rock is 
changed, leading to greater porosity, different water flow paths and greater matrix accessibility. 
Quartz persists, while the chloritic host rock has been altered in the weathered zone to clays 
and iron minerals, such as vcn.iiculite, kaolinite, smectite, fenihydrite, goethite and possibly 
lepidocrocite. Uranium is found to be associated with the alteration products of chlorite 
downstream of the secondary ore deposit. The secondary minerals formed by alteration are 
metastable, with the attainment of equilibrium being delayed by up to 107 years. The 
transuranic elements are associated with then coexisting minerals, which vary with time as a 
result of alteration mechanisms. 

In order to clarify migration mechanisms it is valuable to identify the significant mineral phases 
in which uranium accumulation and isotope disequilbria occur. Many elements are of 
geochemical significance to the migration of uranium, either directly or as a reflection of 
important major or trace mineral components. It is therefore important to have information on 
the amounts and distributions of many elements, and to attempt to understand their 
mineralogical and geochemical connotations. By examining the distribution of uranium series 
elements and their disequilibria, information can be obtained about the patterns of migration 
of U. By looking at phases more and less accessible to groundwater, more transport specific 
information can be elucidated. 
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2.4.2 Distribution and nature of minerals at Koongarra 

Major minerals 

Chlorite occurs throughout the unweathered schist, as replacement of biotite and as cementing 
and fracture-filling chloritisation, and is the only mineral in common for all the Alligator 
Rivers uranium deposits. Pervasive chloritisation occurs to about 130 m from the Koongarra 
reverse fault. The most intense chloritisation has occurred in the U mineralisation zone 
(Snelling 1980a). With increasing alteration, chlorite was found replacing biotite, garnet, 
hornblende, feldspars and even muscovite. 

The composition of chlorites has been found to be very variable, but generally fracture-filling 
and breccia-filling chlorites are more magnesium and often more aluminium rich, compared to 
chlorite replacing biotite (Ewers and Ferguson 1980, Edghill and Davey 1988). The Fe^/Fe3* 
ratio of chlorites seems to decrease with increasing U content (Ewers and Ferguson 1980, 
Ferguson 1977) and the chlorites from Koongarra are richer in Fe than chlorites from the other 
deposits. Chlorites associated with pitchblende are often Mg rich (Snelling 1980a); biotite 
replacing chlorites are more Fe rich, and the most Fe-rich chlorites are found adjacent to pyrite 
grains. The types of chlorites present were described as being from Fe-rich ripidolite to 
pychochlovite (Snelling 1980a) and from chlinochlore (lib) (Gray 1986) to penninite (Snelling 
1980a). Differences in types and structures may reflect conditions during ore genesis, and give 
rise to different alteration products that may interact with U differently. 

Muscovite is present virtually throughout the weathered and unweathered schists in varying 
amounts, but is especially common SE of the graphitic hanging-wall unit. Small amounts of 
biotite remain unchloritised, and some stacking disorders observed in some chlorites may have 
resulted from incomplete chloritisation of the biotite, remnants of which persist as stacking 
faults. Elite occurs in varying amounts throughout the weathered zone at Koongarra, probably 
from die degradation of muscovite. 

Vermiculite, the major initial alteration product of chlorite, occurs at the base of weathering 
in the transitional zone as a band up to about 5 m tfiick, grading from unweathered chlorite 
to fully kaolinised vermiculite at between about 20-25 m (Murakami and Isobe 1990). Kaolinite 
is the predominant clay in the weathered zone, resulting from the alteration of vermiculite, 
residual biotite, and possibly muscovite, garnet, feldspars. Kaolinite is the major clay present 
from the bottom of the surficial sand cover to the top of the transition zone. Smectite, a 
weathering product of vermiculite, is probably present throughout the weathered zone in trace 
amounts. 

Graphite is not confined to any one of me mine series-schist units. It is most abundant in the 
graphitic quartz chlorite schist hanging-wall unit. It is also present in many parts of the schist 
sequences, including the ore zone, but generally in lower concentrations. The graphite forms 
thin films along foliation and shear planes, often accompanied by pyrite, galena, and 
chalcopyrite (Snelling 1980a); it has been postulated that the graphite is of a marine biogenic 
origin. The graphite zones may have played important roles in controlling redox conditions, 
possibly acting as a reducing barrier for U. 

Intense and pervasive hematitic alteration is frequently present in the ore zone schist near the 
Koongarra reverse fault (see Figure 3). Often, especially near the fault, resulting in the hematite 
colouration of the whole rock. Hematite also occurs as a result of weathering, and occurs 
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where secondary uranium minerals are forming in situ from pitchblende. The three main iron 
oxides that have been identified in the weathered zone are goethite, hematite and ferrihydrite. 
Very little direct observation has been made of ferrihydrite and its presence has mainly been 
based on extraction with Tamms acid oxalate. Goethite appears to be more abundant than 
hematite (Gray 1986) especially down-gradient from the Koongarra reverse fault. The 
distribution of iron oxides is very uneven in the weathered zone; Often large zones of bleached 
or gleyed clay occur in cores, in juxtaposition to red micaceous zones of comparable size. 

Minor mineral components 

Apatite (Ca5(P04)3(OH,F,Cl)) is present in the quartz chlorite schist. Analyses gave up to 2% 
apatite in quartz chlorite schist (Snelling 1980a). Apatite was possibly present as inclusions in 
chlorite (Koppi and Edis 1990), and is important as a source of P04 for the formation of 
uranyl phosphate minerals and complexes. 

Rutile and Anatase (Ti02) - rutile is observed as acicular inclusions in chlorite (Snelling 1980a, 
Koppi and Edis 1990) at and below the base of weathering, whilst anatase has been more 
frequently detected in the weathered zone than rutile (Gray 1986). 

Monazite ((Ce,La,Nd)P04) was observed only once in a weathered zone sample, and may be 
an important source of rare earth elements (Edghill 1990). 

Zircon is present in the quartz chlorite schist (Snelling 1980a) and in the weathered zone in 
trace amounts (Edghill 1990). 

Zeolite traces have been detected by XRD in partially weathered and unweathered rock (Yanase 
and Isobe 1990). 

Manganese dioxide coatings have been observed along fissures in particular, and associated 
with iron oxide accumulations (Snelling 1980a, Edghill and Davey 1988, NORANDA Drilling 
Record), especially in the weathered and partially weathered rock. 

Magnetite traces have been found in quartz muscovite chlorite schist (Snelling 1980a). 

Sulphides were found in trace amounts in most schist types. However, it was only present in 
the unweathered zone, and particularly abundant in the graphitic schist units (Snelling 1980a, 
Edis 1990); sulphides detected include pyrite (FeS2), chalcopyrite (CuFeS2) and galena (PbS). 
Sulphides play a probable role in redox regulation. 

Uranium minerals 

The primary ore consists of uraninite veins and veinlets (1 to 10 mm thick) that crosscut die 
foliation (structural fabric) of the brecciated and hydrothermally altered schist host. Groups of 
uraninite veinlets are intimately intergrown with chlorite, which forms the matrix to the host 
breccias. Small (10-100 urn) euhedral and sub-euhedral uraninite grains are finely disseminated 
in the chloritic alteration adjacent to veins, but these grains may coalesce to form clusters, 
strings and massive uraninite. Coarse colloform and botryoidal uraninite masses and uraninite 
spherules with internal lacework textures have also been noted, but the bulk of the ore appears 
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to be of the disseminated type, with thin (less than O.SS \xm) discontinuous wisps and streaks 
of uraninite, and continuous strings both parallel and discordant to the foliation, and parallel 
to phyllosilicate (mica, chlorite) cleavage planes. 

Oxidation and alteration of uraninite within the primary ore zone have produced a variety of 
secondary uranium minerals, particularly the uranyl silicates kasolite, sklodowskite and 
uranophane. Uraninite veins, even veins over 1 cm wide, have been completely altered in situ. 
Some uraninite veins are concentrically sheathed outwards by uranium-lead oxides 
(vandendriesscheite, fourmarierite and then curite) and then sklodowskite. Other veins are 
partially or totally replaced by intergrown uranyl silicates. In most cases the physical positions 
and shapes of the replaced uraninite veins and masses, even euhedra, are preserved. Uranophane 
and sklodowskite, remote from any parent uraninite, are also found as veins and stringers 
within fractures, between grain boundaries and within phyllosilicate cleavage planes. Within 
fractures sklodowskite has also crystallised as aggregates of radiating acicular crystals, with 
chlorite as the infilling matrix. Within the primary ore zone this in situ replacement of 
uraninite is most pronounced immediately above the reverse fault breccia, and this alteration 
and oxidation diminish upwards toward the high grade ore beneath the hanging wall graphitic 
schist unit (see Fig. 3,). 

Extensive in situ replacement of uraninite by uranyl silicates has also occurred where the high 
grade ore is intersected by the transitional zone to the weathered schists. 

The secondary mineralisation of the dispersion fan in the weathered schists above the No. 1 
orebody is characterised by uranyl phosphates, particularly saleeite (Mg(U02)2(P04)2-8H20), 
metatorbemite (Cu(U02)2(P04)2 8H20) and renardite (Pb(UO2)4(P04)2(OH)4 7H20), found 
exclusively in the "tail" of the fan. This phosphate-bearing "tail" has been shown to be 
weathered and leached primary ore, and is the former up-dip extension of the present primary 
ore lenses. The uranyl phosphates of this "tail" occur as veins, stringers, euhedral grains, 
intergrowths and rosettes amongst die clay-mica-quartz mixtures of the weathered schists. Away 
from the tail of the dispersion fan uranium is dispersed in the weathered schists and adsorbed 
onto clays and iron oxides. 

2.4.3 Mineralogical processes 

Chlorite alteration 

The successive stages of the alteration of chlorite, and the uranium distribution among chlorite 
and its alteration products have been examined and suggest that the stages of alteration are 
related to depth and may therefore be also a function of time (Murakami and Isobe 1990). The 
results can be summarized as following: 

• The alteration of chlorite occurs as a function of depth, 

• Chlorite is transformed to vermiculite regularly through an interstratified 
chlorite/vermiculite phase, 

• Vermiculite is converted to kaolinite and probably smectite, 

• An iron mineral, possibly ferrihydrite, is formed during the alteration. 
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At an early stage of alteration, when most of the original chlorite crystal structure is retained, 
some regions at domain boundaries within the grain become amorphous, suggesting that they 
can be preferential paths for water molecules, and possibly ions such as iron. The first 
indication of chlorite alteration is its change in colour from green to brown, which is due to 
oxidation of Fe2+. With proceeding alteration, the altered chlorite consists of slabs of chlorite 
and vermiculite with an iron phase (possibly ferrihydrite) occuring between them. High Fe 
content in chlorite may cause faster vermiculitization because of greater charge imbalance 
and/or structural distortion owing to Fe(II) oxidation. 

During the transformation, excess Fe forms ferrihydrite (possibly) around vermiculite. Potassium 
and Ti, required to form vermiculite, may be released from mica and anatase respectively in 
the quartz/chlorite schist. Excess Mg, Si, and Al may be consumed in the formation of 
kaolinite and possibly smectite. Additional Fe, Mg, Si, and Al are released during the 
decomposition of vermiculite, and these may be used for the formation of ferrihydrite, kaolinite, 
and smectite. The layered microstructures of altered chlorite and the similar structures of 
chlorite and vermiculite suggest that the formation of vermiculite from chlorite may be 
explained by cation diffusion. On the other hand no evidence of microstructural relationships 
between kaolinite and chlorite or vermiculite have been found suggesting that the formation 
of kaolinite may be by dissolution and reprecipitation. 

The relative abundances of chlorite, vermiculite, and kaolinite have been qualitatively estimated 
as a function of depth for the DDH3 drillcore from the centre of the orebody. It was seen that 
the amount of chlorite, which is not altered even at 25.9 m from the surface rapidly decreases 
between 25 and 24 m, where it disappears. Vermiculite appears at 25 m and is at a maximum 
at 24 m where kaolinite begins to persist. Vermiculite disappears at 20 m where kaolinite is 
predominant as it is in the shallower zone. The chlorite-predominant zone corresponds to the 
zone of lower U concentrations, the vermiculite-predominant zone, to the zone of intermediate 
U concentrations, and the kaolinite-predominant zone, to the zone of highest U concentrations 
(Figure 11). The relationship of the uranium concentrations with the mineral abundances on the 
metre scale is completely consistent with the different uranium concentrations in the alteration 
products on the sub-mm scale, which confirms that the uranium redistribution has been affected 
by the chlorite alteration over geologic time. 

Iron phases, possibly ferrihydrite, goethite, and hematite, are abundant in strongly-altered zones 
next to fractures. Adjacent to this, are intermediately-altered zones, where chlorite is altered 
to vermiculite and the iron phases are present between grain boundaries. It has been shown that 
fractures are preferential paths for water and that the alteration starts at the fractures and then 
expands in the rock. The uranium concentrations vary with the extent of the alteration; the 
strongly-altered zone has a high uranium concentration, the uranium concentration decreases 
in the intermediately-altered zone, and uranium is much less associated with chlorite in slightly-
altered zones further from the fracture. 

The comparison strongly suggests that although chlorite itself is not a good adsorbent of 
uranium, it becomes a good adsorbent if it is altered to vermiculite and further altered. This 
means that the uranium redistribution in Koongprra is closely related to the alteration of 
chlorite. 
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Biotite and Muscovite alteration 

Little work has been done on the mechanisms for the alteration of micas at Koongarra. 
Observations on thin sections suggest that alteration of muscovite is initially a physical process, 
with exfoliation and a reduction in grain size, probably with hydration. No obvious vermiculite 
or smectite phases were observed adjacent to muscovite grains, only kaolinite. This suggests 
that muscovite weathers almost directly to kaolinite, probably with an illite intermediate. Biotite 
remnants appear to weather to vermiculite, following oxidation and the corresponding reduction 
in the second-layer negative charge. Some smectite may also be formed. 

Oxidation/reduction 

The presence of graphite and sulphides may impose reducing conditions, or even possibly redox 
barriers for U, especially in the vicinity of the graphitic hanging-wall unit. The presence of 
zones leached of iron oxides, in the weathered zone and especially in the zone of the water 
table fluctuation, suggests that oxidation/reduction processes of iron oxides may be important 
in the stability of the absorbent iron phases. 

2.4.4 Distribution of radionuclides in the solid phase 

Bulk Uranium Concentrations 

Figure 12 shows a cross section through the orebody and dispersion fan, giving approximate 
uranium concentration patterns. As described earlier (Section 2.1), the highest grades of U 
occur beneath the graphitic hanging-wall unit. Ore grades of up to about 30% U occur in some 
parts of the unweathered primary ore zone. 

Uranium concentrations greater than 200 |Xg U/g follow the base of weathering on the transition 
zone for about 80 m from the primary zone. Beyond this point in this cross section, the 
deposited uranium is concentrated in the top 3-10 in under the surficial sands. It should be 
noted that not all holes at a similar distance from the primary zone show this effect. For 
example, towards the SW of the deposit, U is distributed in the weathered zone more evenly 
with depth. 

Figure 13 shows in plan view the contours for uranium concentration in the weathered zone, 
using the maximum average uranium content for a 5 m interval in each drill hole. This method 
was used rather than overall weathered-zone averages, to account for missing data points and 
uncertain weathered-zone boundaries. Transported uranium seems to have mainly been deposited 
toward the south of the orebody, with elevated levels being detected in the weathered zone 
about 300 m from the primary source. 

Near field uranium distribution 

In unaltered rock, the distribution of uranium is dominated by uranium minerals, and their 
distribution has been discussed previously. Little uranium has diffused from fissures into the 
unweathered chloritic schist matrix. Using a-radiography, the apparent diffusivity was estimated 
on the basis of an increase of activity 150 \im from fissure surfaces (Edghiil and Davey 1988), 
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to be about 10 in /sec for the unaltered clilorite matrix. In the weathered zone, uranium 
distribution is related to that of iron oxides, and where abundant, manganese oxides. This 
association with iron oxides occurs at the very early stages of weathering. Phosphorous, 
liberated through the weathering of apatite, also follows the distribution of iron oxides, and 
these associations (of Fe, P and U) probably affect the way they interact with each other. 

The distribution of iron oxides is very uneven in the weathered zone. Many zones of bleached 
or gleyed clay, low in U, P and iron oxides, occur in juxtaposition to zones of iron rich 
weathered schist, which are much higher in U and P. The concentration of uranium in a sample 
can vary up to an order of magnitude over a few centimetres. 

Distribution of uranium in mineral phases of rock samples 

Selective extraction procedures have been used on Koongarra rock samples so that the 
dist ibution of U can be explained on the basis of the mineral composition of the rock (Edghill 
1990, Yanase 1990). 

Uranium and Th concentrations, and 234U/"8U, 2MTTi/234U and 226Ra/U(>rh activity ratios in 
"amorphous" and "crystalline" phases of drillcore samples from the vicinity of die Koongarra 
uranium ore deposit have been determined. How the disequilibria and concentrations differ 
between the phases with the position of the sample, was also considered. The amorphous 
material was defined as poorly ordered material accessible to, and therefore in approximate 
equilibrium wim the groundwater; the crystalline phases as highly ordered materials (hematite, 
goethite, clays and quartz)) with contained species inaccessible to the groundwater. Here 
amorphous material includes species adsorbed onto the surface of crystalline phases. Table 6 
gives the values for U concentration, 234U/2;,8U and 230Th/234U and 226Ra/23<>Th activity ratios 
in the extractable (amorphous) phases, the residual (crystalline) phases and bulk samples. 

A large proportion of the uranium and thorium is associated with amorphous phases. This may 
include associations with ferrihydrite and adsorption onto iron oxides and clay minerals. This 
uranium is possibly accessible to, and at near equilibrium with, the groundwater. There is an 
apparent preferential mobility of 2™U to 234U in the groundwater, reflected by low 2M\J/2™U 
activity ratios in extractable phases. This may occur due to an a-recoil effect, emplacing TTi 
nuclei into crystalline phases, from surface and amorphous sites. Other processes may, however, 
be important. The crystalline phases containing most of the U (where no U minerals have been 
observed) were the iron oxides, such as goethite and hematite. Very resistant minerals, such 
as quartz and mica, had very high 234U/Z3!,U activity ratios (up to 8), which is further evidence 
for an a-recoil emplacement mechanism. The nature of the entrapment of U in crystalline iron 
oxides probably involves U adsorbed onto ferrihydrite before it is transformed to a more 
crystalline form. Uranium appeared to be closely associated with P, and both tended to follow 
the distribution of iron oxide in the weathered zone. 

Areas showing greatest leaching are near the top of DDH52 (see Figure 12) in the upstream 
zone of the orebody. Most rapid accumulation seems to have occurred near the centre of the 
dispersion fan and near the base of weathering to the edge of the fan. There is possibly 
preferential movement and accumulation of uranium just above the base of weathering. Possible 
rapid movement of uranium containing waters through the surficial sands may occur seasonally. 
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2.4.5 Elemental concentrations in the solid phase 

The elemental composition of samples from three vertical profiles through different zones of 
the Koongarra uranium deposit have been measured (Clayton et al. 1990). The ranges of 
concentrations of determined elements in weathered and unweathered zones of the three profiles 
are given in Table 7. 

Samples down to 25 m in the secondary mineralised zone (M2), were separated into four size 
fractions: <2 p.m, 45-100 u,m, <2 mm, and >2 mm. It was found that element-particle-size 
associations were depth dependent. Both uranium and iron were most abundant at 3m in the 
< 2mm fraction and in the < 2 um fraction at deeper depths, which may be a result of the 
formation of iron oxide aggregates near the surface. Depth profiles for individual elements are 
given by Edis 1990. 

Rare earth elements 

Very little data on rare earth elements (REEs) at Koongarra has been reported, although a 
major program of work is in progress. From the analysis of 5 core samples, the sum of all 
REEs ranged from 51-484 ppm, and there was a very strong correlation between LREE and 
uranium concentration in the weathered zone. The major components of the REEs were the 
light REEs (La-Sm especially Ce and Nd, which were strongly enriched relative to the heavy 
REEs (Er-Yb) when normalised to chondrite. The observation of monazite shows one form in 
which rare earth elements occur. 

2.4.6 Conclusions 

An understanding of the nature of, and the processes affecting the mineralogy of, host and 
uranium containing phases is vital for the understanding of radionuclide migration. Primary and 
secondary host rocks, as well as uranium minerals, are subjected to a plethora of influences, 
which affect the mobility of radionuclides and how they interact with the solid phase. 

Alteration of unweathered material, with the imposition of oxidising conditions, liberates U and 
other elements such as P and Fe from their primary sites. Although these conditions lead to 
a release of U from the primary U mineralisation zone, they also cause the formation of 
alteration products such as iron oxides and vermiculite, which have a much greater migration 
retardation effect than the unweathered host rock. Alteration products are themselves unstable 
over geological timescales. Vermiculite is further altered to form kaolinite and iron oxides. 
Amorphous iron oxides are transformed to more crystalline forms, the nature of which depends 
on the prevailing conditions at the time. Iron oxides are subjected to redox processes and are 
solubilised and redistributed along with their contained elements. The mobilised uranium also 
has formed separate-phase secondary-U minerals (uranyl phosphates), the formation of which 
is described elsewhere (Section 2.1). 

In the weathered zone, U distribution seems to be associated with the distribution of P and Fe. 
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Table 6 Uranium series in total samples and TAO extractable and residual phases. 

Hole Actual 
Dcpih 
(m) 

DDH52 0-1.1 

1.1-2.2 
1.9 
2.2 

2.2-3.2 
5.8 
6.8 
6.9 

7.8 
9.7-10.8 
11.9-12.9 
14.0-15 1 
17.3 
18.3 
20.1 
213 

25.0 
28.0 
29.7 
34.5-35.6 

DDHI 2.2 

4.7 

9.3 
14.4-15.1 
19.4-20.5 
29.3 
34.5-35.6 

DDH2 2.6-3.2 
11.9-13.2 
13.2-14 J 
15.9-16.0 
17.2-18J 
33.0-34.3 
63.4-64.7 

U 
(Mg/g) 

98 
86 
89 

81 

31 
6 

16 

90 

I.-.50 

3380 

215 
39 
98 
88 

122 

1028 
1044 

70170 
8.5 

103 

183 
336 
464 

310 
21700 

Extractahle 
4U/8U TW4U RVTh 

0.910 1.87 
0.901 1.70 
0.922 1.61 

0.900 0.99 

0.915 l . l l 
0.889 2.63 

0.917 0.95 

0.799 0.67 

0.949 0.82 

0.979 0.96 
0.651 
0.769 
0.644 
0.652 0.45 
0.802 -

0.934 0.83 

0.597 0.287 
0.609 0.293 

0.972 0.868 
0.888 0.40 
1.042 0.90 

0.848 0.40 
0.669 0.32 
0.703 0.42 

0.750 0.47 
1.108 0.874 

U 
(Mg/g) 

52t. 

324 

5ft 
26 

151 

285 

571 

692 

323 

130 
226 

88 

1277 
1175 

5691 
21 

112 

340 
597 
668 

485 
79770 

Rnkhul 
4U/SU 

1.42 

1.23 

1.31 
1.20 

1.14 

1.26 

1.249 

1.04 

1.14 

1.26 
1.17 

1.09 

1.336 
1.320 

1.070 
1.07 
0.96 

1.10 
1.17 
1.21 

1.16 
0.963 

TV4U fWTh 

1.45 

1.47 

1.28 

1.22 

1.18 

-

1.150 
1.236 

1.700 

1.14 
0.966 

U 
(Mg/g) 

637 

383 
414 
66 
36 
89 
33 

965 
168 
165 
173 
88 

392 
692 

1970 
678 

4100 
792 
543 

219 
319 
133 
213 

641 
835 
791 

2271 
2305 
2271 
2353 
815 

82300 
30 

214 

555 
935 

1120 
1070 
S64 

82500 
35700 

Bulk 
4U/8U 

1.358 

1.220 
1.158 
1.169 
1.09 
1.170 
1.140 
1.048 
1.108 

1.20 
1.242 
1.167 
1.165 
1.029 
1.01 
0.994 
1.019 
1.107 

0.999 
1.066 
1.002 
1.004 

1.120 
1.18 

1.004 
1.007 
1.004 
0.953 
1.034 
0.985 
1.015 
IJOC! 

1.017 
0.991 
1.000 
0.890 
0.996 
0.999 
0.990 

TV«U 

1.59 

1.63 
1.43 
1.23 
1.06 
1.25 
1.97 
1.12 
\A>. 
0.64 
1.33 
1.29 
1.14 
1.18 
1.01 
1.08 
1.00 
0.97 
1.16 

0.99 
1.00 

-
1.03 

1.17 
1X19 

1.01 
0 . 9 1 * 
1.01 
0.87 

\m 
1.04 

0.94 

1.04 

0.87 

0.97 
1.00 

0.90 
UM 
0.99 
IJOO 

R*/Th 

0.68 

0.70 

0.75 
1.21 

0.98 

1.01 

0.87 

0.76 

0.92 

1.12 

1.14 

1.76 

0.91 

l . l l 

4U = lMU 8U« 2 3 , U Th«T Orh l U - " ^ . 
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T»We 6 continued 

Hole 

DDH3 

DDH4 

DDB40 

DDH54 

DDH58 

DDH60 

DDH85 

P1I55 

Actuil 
Depth 
(m) 

1.2-2.3 
5.8-7.0 
8.29.3 
10.5-11.7 

ia9 

14.0-15.2 

16.3-17.5 

22.3-23.3 
28.0-29.3 
3X4 
32.9 
33.4 

68.6 

3.5-4.7 
5.8-7.0 
7.7 

8.2-9.3 
10.5-11.7 
13.3 

14.0-15.2 

18.4 
18.7-19.8 
21.0-22.2 

23.6 

28.0-29.2 
314 
31J.318 

13.5-15.0 

3.03 

3.03 
21.2 
27.3 

6.07 
12.2 
17.5-18.7 
24.3 

7.6-9.1 
13.7-15.2 
18.3-20 

U 

(M8/8) 

120 

204 

456 
426 
441 
290 
274 
288 
260 
212 

79 

163 

71 

96 
186 
217 

207 
199 
206 

222 
206 

110 

132 
152 
151 

ExtncttWe 
4U/8U 

0.704 

0.668 

11
1 

0.635 
0.637 
0.639 
0.663 
0.757 
0.989 

0.689 

0.640 

0.656 
0.666 
0.686 

0.639 
0.645 
0.629 

0.732 
0.737 

0.773 

0.M2 
0.679 
0,669 

TU/4U Ra/Th 

0.64 

0.23 

045 
040 
0.39 

0.316 
0.348 
0.269 

0.643 0408 

0.292 
0.625 0.198 

046 

046 

0.717 
0499 

0.608 

0.33 

U 
0*8/8) 

342 

564 

604 

630 
672 

657 
472 

9 

278 

87 

96 
361 
372 

506 

469 

722 
756 

313 

85 
165 
,74 

Residual 
4U/8U Th/4U R»/m 

1.04 

1.058 0.97 

1.09 

1.076 1.071 
1.04 

1.077 1.06 
1.04 
1.00 

1.01 

1.011 2.399 1.037 

1.14 
0.994 0.997 
0.930 1.230 0.924 

0.92 

0.956 1.064 

1.069 1.238 
1.088 1.279 

1.08 

1.24 1.31 
1.05 
1.093 0.973 

U 
(H8/8) 

267 
436 
559 
769 

820 
830 

1070 

965 

695 
87 
30 
9 

I I 
12 

331 

IS 
446 
280 
292 
221 

88 
89 

191 
536 

3 
536 
733 

274 
235 

7 
2 

12 

356 
56 

963 

234 

87 
ISO 

5 

50 
72 

80 

103 

316 

Bulk 
4U/8U 

0.971 
0.961 
1.008 
0.962 

0.97 

0490 

0.917 

0.954 
0.987 
1.029 
1.030 
1*7 

1.00 

I.03S 
0.894 
0.99 

0.916 

1.03 

0.904 
0.867 

0.887 
0.867 
0.843 

0.86 

1.037 
0.999 
0.961 

1X9 
IJ01 

0.961 

1.026 

0.943 
0.877 
1.015 

0.575 
0.957 
1.00 
1.020 

0.984 

0.886 

Th/4U 

045 
1.02 
1.00 
1.00 

092 

0.90 

0.93 

0.94 
1.03 
0.97 

040 

1.02 

1.32 
0.88 
045 

0.92 

1.50 

045 
0.90 

0.90 
048 

0.82 

0.93 

1.01 

1.178 

0.98 

0.94 
0.79 
1.03 

2.10 
0.98 

0.94 

0.94 

0.83 

Ri/Th 

0.99 
1*8 

1.37 

MS 

0.86 

0.71 

0.59 
1*7 

041 

040 

0.92 

4U = "4U 8U » "»U Th - " t h Ra = 2"Ra 
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Table 6 continued 

Hole 

PH58 

PH60 

PH89 

PH90 

PH9I 

PH94 

PH93 

PH56 

M2 

M4 

M5 

Actual 
Depth 

1.5-3 

6-7.6 
24.4-23.9 

1.5-3 

6.1-7.6 

10.7-12.2 
19.8-21.3 
30.5-32.0 

3-4.6 

9.1-10.7 
15.2 16.8 
29.0-30.5 

3-4.6 

10.7-12.2 
15.2-16.8 

9.2-10.7 
13.7-15.2 

9.2-10.7 
13.7-15.2 

9.1-10.7 
13.7-15.2 

13.5-15 

10 
14 

II 
15 

II 
15 

U 

<Mfc> 

76 
66 

3.5 

87 

2 
3 
5 
3 
1 

1 9 
II 
0.9 

8.6 
1.3 

2.0 
4.2 

8.8 
0.7 

3.6 
5.1 

74 
70 

2.0 
8.8 

0.9 
1.8 

Extractablc 
4U/8U Th/4U 

0.81$ 0.422 
0.77S 0417 

0.800 0.73 

0.817 0.32 

0.839 1.25 
0.862 
0.872 1.21 
1.022 0.884 
1.206 1.607 

0.881 0.914 
0.919 0.699 
0.671 1.134 

0.934 1.395 
0.873 1.713 

0.953 1.010 
0.837 0.935 

0.862 3.042 
0.985 3.249 

0.798 
0.755 0.981 

0.750 0.608 
0.786 0.645 

0.799 1.239 
1.006 0.903 

1.018 
0.986 1.217 

Ra/Ih 

0.082 

0.236 

0.113 
0.275 
0.683 

0.357 

0.237 

1.190 
0.772 

1.272 
0.498 

0.341 
0.264 

1.287 
0.670 

0.893 
0.56.1 

0.302 

U 
(P8/8) 

71 

5 

130 

4 
4 
2.4 
5.6 

6.0 
3.6 
I.I 

7.7 
2.5 

1.3 
2.4 

3.2 
2.8 

6.3 
16 

262 
261 

1012 
1574 

4.3 
6.1 

Residual 
4U/8U Tb/4U 

0.751 1.007 

1.05 

1.02 

1.030 1.282 
0.939 1.141 
0.914 1.071 
0.752 0.514 

0.939 1.217 
1.059 1.343 
1.341 1.644 

1.182 1.801 
0.838 1.426 

0.973 1.787 
0.961 1.312 

1.052 1.564 
0.954 1.255 

1.004 1.160 
0.816 1.361 

1.008 1.243 
0.986 1.295 

1.313 1.190 
0.995 1.717 

1.002 
0.900 

Ra/Th 

2.501 

1.321 
!.596 

1.307 

1.250 
1.457 

3.049 
6.027 

1.842 
3.736 

0.88 
0.582 

U 

0>g/8 

603 
235 
623 

23 
9 

274 
229 
261 

251 
225 
263 

60 
51 
63 

323 

Balk 
4U/8U 

0.957 
0.97 

1X102 
0.946 

0.943 
0.97 

0.970 
0.93 

1.025 
0.99 

1.000 

Tb/4U Ri/Th 

0.96 
0.74 0.99 
0.70 

1.03 

0.74 
0.71 

0.92 
0 4 9 
0.69 

0.87 
1.11 
1.08 

1.179 

4U = , MU »U = " 'U Th = J30Th Ra = 2MRa 
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Table 7 Bulk element concentrations, 

(fxg/g, unless stated) 

Ml M2 M3 

w u w u w u 

F 
Li 
Na 
Al mg/g 
Mg _ mg/g 
Si mg/g 
P 
S 
K mg/g 
Ca 
Ti mg/g 
V 
Cr 
Mn 
Fe mg/g 
Ni 
Cu 
Zn 
Ga 
As 
Br 
Sr 
Nb 
Mo 
Rb 
Y 
Zr 
Pb 
U 

132-544 
<IO-54 
84-466 
69-145 
<4-4.4 
241-401 

430-754 
53-198 
102-388 
53-85 
44-88 
279-365 

161-2073 323-605 
<200 
0.11-2.2 
<45-112 
1.8-4.3 
<30-292 
106-562 
<20-48 
6.8-203 
34-267 
<4-36 
5.4-187 
25-72 

<200 
0.44-10 
208-1180 
1.4-3.8 
114-203 
141-192 
262-804 
44-78 
92498 
<4-71 
59-295 
22-44 

<2.6-27.5<2.6-11.5 
<3.2 
<6.5 
<14-I9.1 
<18 
<13-117 
8.6-66 
167-521 
<22-126 
26-544 

<3.2 
<6.5 
<14-15 
<18 
15-54 
13.4-43 
128-415 
79-286 
353-1394 

68-587 
<10-81 
147-1571 
18-189 
<4-44 
192-483 
275-550 
<200 
3.1-54 
61-335 
0.84-8.9 
47-231 
156-843 
306-3921 
22-130 
51-340 
97-1825 
16-973 
<3.5-53 
<2.6-7.6 
<3.2-4.4 
<6.5-15.8 
<14-18 
<18-30 
21-198 
<5-42 
17-239 
<22-75l 
182-1912 

465-662 
32-131 
97-404 
41-68 
33-50 
278-370 
356-1285 
930-17428 
0.36-17 
70-8443 
2-3.7 
66-255 
205-1486 
233-823 
52-121 
50-160 
14-917 
70-169 
12-38 
<2.6-78 
<3.2-8.7 
<6.5-7 
<14-71 
<18-83 
<13-313 
10-77 
51-168 
<22-10122 
11-16712 

110-615 
31-309 
122-288 
62-119 
4.4-15 
254-349 
138-481 
<200 
0.5-15.4 
95-201 
1.6-15.9 
44-230 
200-429 

172-722 
47-63 
112-250 
35-84 
<4-64 
237-411 
379-826 
<200-341 
2.5-10.2 
216-3153 
2.6-15.3 
43-234 
130-341 

319-173761283-1312 
30-196 
48-313 
<4-275 
38-80 
S.3-23.3 
<2.6-34 
<3.2-3.4 
<6.5-9.1 
<14 
<18 
<13-112 
11-63 
34-296 
<22 
117-619 

81-130 
29-59 
3 - 151 
52-230 
4.6-19.1 
<2.6-7.2 
<3.2 
<6.5-9.4 
<14-17.5 
<18 
26-51 
26-60 
48-302 
<22 
21-396 

W • weathered 
U - unweathered 
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2.5 Koongarra Hydrochemistry 

2.5.1 General hydrochemistry 

To fully characterise the groundwater, all parameters which may influence the solution phase 
chemistry of uranium and other important species must be measured. This includes pH, 
redox potential, ionic strength and concentrations of complexing ligands (such as phosphate, 
carbonate, or organics). In addition, it is important to relate the chemistry of the groundwater 
to the mineralogy of the solid phase by measuring species which are components of important 
minerals. For example, magnesium (present in chlorite) and copper (in metatorbernite). 

Emphasis has been given to the evolution of hydrochemistry as the groundwater interacts with 
the solid phase within and down-gradient of the orebody. 

2.5.2 Chemical evolution of groundwater 

The chemistry of groundwater at Koongarra shows a geochemical evolution as it passes along 
aquifer paths. The major sources of groundwater entering the flow-system of the deposit are 
(a) direct infiltration from the surface, and (b) movement across the fault from the footwall 
aquifer in the Kombolgie formation. The changes in composition result from mixing, dilution, 
dissolution (and possibly precipitation) of minerals, adsorption/desorption, evaporation, and 
outgassing. 

The general quality of surface waters was measured in the 1977/1978 wet season and reported 
by Noranda (1978). During the wet season, surface waters should comprise recent rainwater, 
whereas in the dry season the composition will be more greatly influenced by groundwater 
inflow. The surface waters were measured to be slightly acidic (pH = 5), with low alkalinity, 
conductivity, and correspondingly low levels of dissolved constituents. In the most dilute 
surface waters sampled, Na and CI were the only species present in significant amounts (0.57 
and 0.51 mg/L respectively). This is typical of rainfall, which always contains some traces of 
dissolved sea-salt, originating from the evaporation of droplets of seawater to a fine aerosol 
of NaCl (Drever 1988). 

Borehole KD1 is up-gradient of the deposit in Kombolgie sandstone. Groundwater sampled at 
KD1 was slightly acidic (pH 5.5-6.2) and had low levels of dissolved species. The groundwater 
composition for a sample taken from KD1 is compared with groundwater from PH49 near the 
centre of the No 1 orebody in Table 8. Groundwater pumped from KD1 was fairly oxidising 
and this was confirmed by in situ downhole probe data (Duerden and Payne 1988) which 
showed the presence of an aquifer containing acidic, oxidising and oxygen containing 
groundwater at about 70 m. 

The drilling log for KD1 and also the nearby borehole W6 indicated very low water inflows 
within approximately 30 m of the surface, but substantial inputs at deeper than 30 m. This 
suggests that groundwater traverses the fault at greater depths, and may well be responsible for 
the in situ oxidation and alteration of uraninite observed in cores from the region close to the 
fault (Snelling 1980a). Kombolgie groundwater contains little uranium (0.5 - 5 Jig/L) or 
phosphate (<30 ug/L) and about 50 mg/L of bicarbonate. 
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The changes upon entering the mineralised schists of the Cahill Formation are quite marked 
(Table 8) with a rise in pH from approximately 6.0 to 7.0. The characteristics of groundwater 
in the mineralised zones include: high uranium (100-500 \ig/L), high (but variable) phosphate 
(up to 600 Jig/L) and elevated bicarbonate concentrations (over 100 mg/L). The magnesium 
levels rise due to the weathering of chloritised mine-series schists which accompany the 
uranium mineralisation. Although the levels of total dissolved solids (TDS) are higher in the 
Cahill Formation than the Kombolgie, the TDS is comparatively low compared to many 
groundwaters and Koongarra groundwaters would generally be considered to be rather dilute. 

Hydrochemical zones 

Chemical measurements of groundwaters from numerous boreholes in the vicinity of the 
Koongarra deposit have shown that the samples fall into several zones, each with a 
characteristic chemistry (Figure 14). To some extent the groundwater types merge into one 
another due to mixing and other chemical processes. 

In the preceding section, chemical changes as the groundwater moves from die Kombolgie 
(Zone I) into the orebody (Zone II) were discussed. Groundwater also probably moves across 
the fault to the northe^i and southwest of the No 1 orebody (into Zones HI, IV(E) and 
1V(W)). In some respects the chemistry of these groundwaters is similar to Zone II (particularly 
in Zones III and IV(E)), but samples from these zones do not have greatly elevated uranium 
concentrations. However, the flow paths of groundwater down-gradient of the orebody are not 
yet fully understood. 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. This may be a result of mixing down-gradient, or of a slightly different 
orientation of groundwater flow patterns. The chemistry of groundwaters from Zone V is very 
similar to the orebody and suggests a more southerly direction of flow or the presence of a 
dispersed uranium source in this vicinity. The possibility of movement from Zone II to Zone 
V is supported by data from pumping tests and helium levels (Gole et al. 1986), and by 
groundwater uranium and magnesium concentrations. Recent measurements have shown that 
solid-phase uranium concentrations are also elevated in this zone. 

2.5.3 Uranium 

Uranium concentrations 

Here, data on uranium levels in Koongarra groundwaters is presented to provide an adequate 
basis for a general understanding of the system. This then may allow simplification of the 
system for modelling purposes. Essentially, the aim is to quantify uranium concentrations as 
a function of distance from a suitably defined origin. 

The general trends in uranium concentrations can be seen from the large database, which 
includes data from all Koongarra boreholes that have been sampled since 1988. The advantage 
of this approach is that it reduces the influence of localised inhomogeneities and shows up 
overall trends. To some extent, the advantages may be offset by the fact that the boreholes 
other than the W-series are only open at depths below nd 22 m and therefore may give 
erroneous results by sampling groundwaters from the ba» jnweathered rock underlying the 
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dispersion fan. It is, though, reasonable to limit attention to groundwaters from boreholes that 
are on flow paths that intersect the orebody. These boreholes are shown in Figure 14, and 
can be approximately ordered moving down-gradient by considering the direction of 
groundwater flow, with the 3000 m East line (on the exploration grid) being selected as the 
origin of distance. 

Table 9 gives uranium data for filtered (<0.45 fim) groundwaters from these boreholes. The 
order of boreholes is in order of increasing distance down-gradient. 

Distance!concentration relationship 

The plot of uranium concentration with distance is shown on Figure 15. The curve on this 
figure was drawn qualitatively. It can be seen that there is a sharp increase in uranium 
concentration when the groundwater intersects the orebody, then a gradual drop over a distance 
of some 200 m to background levels. This distance is greater than the extent of the economic 
ore zone as defined for mining purposes, which extends over approximately 75 m. The scatter 
in the data is attributed to inhbmogeneities in the uranium distribution which may arise 
from preferential aquifer paths in the area surrounding the orebody. 

Uranium concentrations down-gradient appear to be below those in input groundwaters at KD1 
and C10. This may be because the pH/Eh conditions of the Kombolgie groundwater favour 
uranium solubilisation relative to conditions down-gradient. Furthermore, the rock type 
down-gradient is clay-rich weathered schist, which probably sorbs uranium more strongly than 
sandstone. 

All the data available for samples taken at depths up to 40 m from boreholes in the region of 
the dispersion fan have been included in this study. The advantage of this approach is that it 
reduces the influence of localised inhomogeneities and shows up overall trends. To some extent 
this may be offset by the fact that boreholes other than the W-series are only open at depths 
below about 22 m and may give erroneous results by sampling groundwaters from the barren 
unweathered rock underlying the dispersion fan. Therefore, it is worthwhile comparing the data 
for W-series boreholes, which sample from depths between 13-15 m and 23-25 m, with the 
curve representing all the data. A similar relationship between uranium concentration and 
distance is found, although the values for the 23- 25 m sampling points are generally 
significantly higher. 

234U/23SU isotope m t i o 

The 2,4U/2:,8U ratio has been measured in groundwater samples using alpha-spectroscopy. The 
main feature of the results is that the \M2n\J ratio is often below unity, with measured 
values as low as 0.65. These results indicate preferential mobility of 238U, which is the reverse 
of that commonly found in geologic systems, where 234U is usually more mobile. Particularly 
low values of the "4U/"8U ratio are found in the region of the dispersion fan, from boreholes 
such as PHI4 and W2. This agrees with solid phase data (Edghill 1989, p 186) which indicates 
low 2MU/218U ratios in readily-extractable phases of cores from samples in this region. 

The 2M\J/2nV ratio is related to sampling depth. Groundwater samples taken from depths below 
30 m (using packers) usually have isotope ratios below unity and generally lower than the 
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samples from deeper depths. The exceptions (PH94 and PH88) are both some distance from 
the primary ore. and are in the zone where low uranium concentrations in the weathered zone 
have been reported (Figure 14). All samples from geochemical zone 11 (No 1 orebody) have 
higher isotope ratios at the deeper depth. The samples of shallow groundwaters obtained from 
the W-holes show the low values of 234U/238U ratios associated with groundwaters from the 
dispersion fan (Table 9). Except for the lower depth of W4, which is directly over the primary 
orebody and probably samples groundwaters from the primary ore zone, every groundwater 
sample from these shallow bores within and down-gradient of the dispersion fan exhibits 
mV/mU ratios below unity. 

2.5.4 Thorium 

Thorium is a possible chenucal analogue of several components of nuclear waste, including 
plutonium, and in the modelling of Koongarra, 230Th has been assumed to be immobile. 
Therefore, the analytical program has included a study of thorium in Koongarra groundwaters. 
Thorium isotopes were measured in groundwater samples that had been passed through a 
450 nm filter, which is now accepted as defining the dissolved or soluble fraction (Batley and 
Gardner 1977), although this is largely an operational definition. Levels of 232Th and 23(Th 
were also measured (using a-spectroscopy) in filtered groundwater samples collected during 
a field visit to Koongarra in November 1988. The results are given in Table 10. 

The measured 232Th concentrations were mostly not significantly different from zero. It 
therefore appears that dissolved 232Th concentrations in Koongarra groundwaters are comparable 
to or below the detection limit of this technique (0.01 dpm/L), despite the presence of readily 
measurable concentrations of 232Th in the solid phase. 

In many cases, 23(Th peaks were discernible in the a-spectra, and after allowing for all sources 
of error, the values given in Table 10 were significantly different from zero. A comparison 
with the results of previous studies (Table 11) suggests that the Th concentrations in filtered 
groundwaters are dependent on the pore size of the filters used, which is consistent with the 
possible inclusion of fine particles in the 450 nm-filtered samples. The relatively high levels 
of ^'Th reported for PH49 may therefore be ascribed to fine particles passing through die 
450 nm filter. This would be consistent with the nature of the solid phase at this location, 
which, being near the centre of the orebody, contains large amounts of 23<yTh. The results show 
that the dissolved levels of 23(VTh are extremely low. The most conclusive evidence showing 
the immobility of 23<Th relative to 234U is the 230Th/234U ratio. The activity of 234U is between 
20 and 8000 times higher than the activity of 23(Th for all boreholes, and is greater than 1500 
for boreholes where high values (>10 îg/L) of 234U are present. 

Comparison of thorium concentrations for groundwaters, and reported values for nearby core 
samples indicates that in situ distribution ratios are very high (Table 12). These Rd values are 
further verification of the immobility of 23(VTh in the system. Overall, the results show that 
23cTh is highly immobile at Koongarra, in common with many natural systems except very 
saline groundwaters or when organic complexants are present. 
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2.5.5 Concentration of ^ a , 222Rn and 210Pb 

The concentrations of 226Ra, 222Rn and 2l0Pb in Koongarra groundwater, have been determined 
by gamma spectrometry, and Figures 17 and 18 show contour maps of ^'Ra and 2l0Pb 
concentrations. Both nuclides extend towards the SSW direction. 

The 222Rn/226Ra activity ratio of the shallower Koongarra groundwater seems to be slightly 
higher than that of deeper groundwater (8.8 103 at 28-30 m and 6.8-103 at 44-46 m in PH49, 
and 4.8103 for groundwater sampled above 21 m, and 2.8-103 above 23 m for PH15). The 
decrease of 226Ra concentration in the shallow groundwater may be due to the adsorption of 
226Ra by clay minerals, which exist in the shallow weathered zone. 

Hussain and Krishnaswami (1990) calculated a scavenging residence time of 2l0Pb (1 day) from 
a 2l0Pb/222Rn activity ratio (7105) measured at Gujarat, India. At Koongarra, an approximately 
1 month scavenging residence time for 2,0Pb can be calculated from the mean 2,0Pb/222Rn 
activity ratio (3-10"), although the applicability of Hussain's model to the Koongarra site has 
not been examined. 

2.5.6 Elemental composition of groundwaters 

Magnesium 

Magnesium is important at Koongarra, since it is released by weathering of the chloritiscd 
schists of mine-series host rocks. Therefore, a magnesium "source" can be considered to exist 
over approximately the same area as a uranium "source". Magnesium is the dominant cation 
in groundwater intersecting the No 1 orebody at Koongarra, and also in groundwaters near 
other orebodies in the Alligator Rivers Region (Giblin and Snelling 1983). Magnesium 
concentrations at PH49, near the centre of the orebody are around 25-30 mg/L. Concentrations 
are routinely measured in collected groundwater samples, and a large amount of data has 
therefore been collected. 

The magnesium data was treated in exactly the same way as was used in developing a 
distance/concentration relationship for uranium; the results (Figure 16) show an enrichment over 
approximately the same area as the elevated uranium levels. However, the variation in 
magnesium levels is only by a factor of approximately five, as opposed to around 500 for 
uranium. This suggests that dilution plays a relatively more important role than sorption 
processes in reducing the Mg concentration. 

Other major cations (Sodium, Potassium and Calcium) 

The concentrations of these ions in Koongarra groundwater are very low, about 1-2 mg/L for 
Na and K, and up to about 5 mg/L for Ca. An exception is the region of dolomites to the 
southwest of the deposit where the level of Ca is approximately equal to Mg. 
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Silicon 

Commonly Si concentrations are around 5-15 mg/L, probably present as the uncharged Si(OH)4 

species. 

Iron 

Measured iron concentrations in groundwaters are highly variable, ranging from 
<1 to 22000 fig/L. The iron concentrations appear to be correlated to the redox conditions of 
the groundwater, with high Fe concentrations occurring when the measured Eh is lowest. The 
redox potential of the groundwater has been calculated using the Nemst equation, assuming 
that the measured iron (Fe24) concentrations has arisen from dissolution of ferrihydrite 
(releasing Fe3+) with subsequent reduction to Fe2+. The calculated values were compared with 
the measured (field) values obtained using an Ag/AgCl electrode, and gave an acceptable 
agreement. 

Other trace metals 

Manganese is usually detected in Koongarra groundwaters with concentrations up to around 1 
mg/L, although more commonly around 100 ug/L. 

Because of the presence of copper-containing minerals in the solid phase, measurement of Cu 
levels has been undertaken using anodic-stripping voltammetry. Despite the low detection limit 
of this technique it has not been possible to accurately measure Cu levels, which are extremely 
low, probably below 1 H-g/L. 

Carbonate and dissolved C02 

The bicarbonate ion (HC03) is the main anion in Koongarra groundwater, being present at 
concentrations up to 160 mg/L near the centre of the orebody. Both up-gradient and 
down-gradient, bicarbonate concentrations are lower. As a consequence of the high levels of 
bicarbonate and near neutral pH, Koongarra groundwaters are unstable when brought to the 
surface and outgas C02. The partial pressure of C02 in the groundwater is around 10"2 atm, 
approximately 30 times higher than is present in the earth's atmosphere. The chemistry of the 
carbonate/C02 system in the groundwater is not fully understood and is currently being 
investigated in detail. In particular, changes in bicarbonate concentration and pC02 as the 
groundwater moves through the system are being studied. Carbonate is a strong uranium 
complexant and the main uranyl species in the groundwaters may be uranyl-carbonate 
complexes. However, uranyl phosphate complexes may be more important. This issue remains 
to be fully resolved. 

Phosphate 

Phosphate is present in the Koongarra solid phase as a component of minerals such as saleeite. 
It is generally considered that phosphate is a strong complexant of the uranyl ion, and if 
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present in sufficient quantity would out-compete carbonate for U(VI). The measured levels 
range between <5 ug/L and approximately 600 ug/L. Calculations using the computer code 
MINTEQA2 for determining uranyl speciation indicate that the proportion of uranyl complexed 
by phosphate ranges from less than 5% at KD1 (up-gradient of the orebody) to 98.9% at PH55, 
which is in the dispersion fan (Table 13). 

The analytical results and calculations therefore show that significant levels of phosphate are 
present in the aqueous phase as well as in the solid phase at Koongarra. However, considerable 
controversy surrounds the role of phosphate in influencing the solution phase chemistry of 
uranium, and the published values of formation constants for uranyl phosphate complexes have 
been questioned. This issue, which is of considerable relevance to the Koongarra system, is 
being investigated further. 

Other anions (chloride, fluoride and sulphate) 

These ions are generally only present in minor concentrations and exert no major direct 
influence on the chemistry of uranium in the system. 

Organic components 

Only very low mermircments of TOC have been reported for all analyses of Koongana 
groundwaters. 

2.5.7 Groundwater colloids and fine particles 

Groundwater colloids and fine particles above 1 um in size have been sampled at Koongarra 
and their physical nature and radionuclide content investigated. It has been recognised that fine 
particles can accelerate radionuclide migration in groundwaters. Colloids (particles below 1 um 
size) could be mobile in fractures and pores and have a high surface area, and therefore they 
may transport adsorbed radionuclides in conditions in which the radionuclide would otherwise 
be immobile. 

A hollow-fibre ultrafiltration system was used to separate the colloids, which are concentrated 
within a fraction known as the colloid concentrate (CC), from the volume of groundwater 
passed through the system (about 1000 L). The colloid content was determined by comparing 
elemental and radionuclide concentrations of the CC with a similar volume of ultrafiltered 
water (UF). During the operation of the system, some material was retained on the surface of 
the ultrafiltration membrane. In this discussion all material retained by the ultrafilter is 
considered to be colloidal, whereas the ultrafiltrate (particles below a molecular weight of 
10000) is assumed to contain all dissolved species. 

Elemental and radionuclide content 

For each of five experiments, the 2MU content of the CC was somewhat higher than the UF, 
but considering that the CC contained the colloidal 2MU, which has been concentrated over 
fifty times, the difference between CC and UF was surprisingly small. Even when die amount 
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of m U retained on the membrane was included, the colloidal fraction of 238U was determined 
to be only 1-3% of the total uranium content. 

The 23(Th concentrations in both the CC and UF were found to be extremely low (bordering 
on detection limits), but there was an apparent enrichment of 23(>rh in the CC. Indeed, when 
the ^^Th on the ultrafilter was taken into account, the proportion of 23<vTh in 1 urn-filtered 
groundwater that was associated with colloids ranged up to 82%. This shows that the tendency 
of 230Th to be associated with colloids is greater than for 238U, but it must be bome in mind 
that the total amount of 23*>Th which passed through the 1 Jim filter was extremely low. In fact, 
the absolute activity of 23(>rh associated with colloids was lower than for 238U. The results for 
major cations showed that there was no significant enrichment of any cation in the CC, despite 
the concentration of the colloid from large volumes. However, for every experiment there was 
retention of Fe on the ultrafilter membrane (as determined by Fe analysis of the ultrafilter 
backflush) which amounted to 0.5-1.4% of the total Fe through the ultrafilter. The 
concentrations of anions (CI, F, SO) in CC and UF were similar, and no evidence for 
association of these species with colloids was found. 

A remarkable result was the presence of high levels of 227Ac on the ultrafilter membrane 
(measured by a-spectrometric analysis of its daughter nuclide 227Th). This suggested actinium 
mobility in the system, possibly in a fine colloidal form, although the actinium levels in both 
CC and UF were too small for accurate quantification. 

In summary, the elements which appeared to be associated with colloidal (<1 |im) particles in 
the Koongarra groundwaters were U, Th, Ac and Fe. 

Size distribution of"8U and 2}0Th 

The particle-size distribution of 23<>Th and 238U was investigated in detail at PH14 and PH49, 
which are near the centre of the orebody. The distribution of 238U and 23(>Th in particles in the 
size ranges defined by the 5 um filter, 1 urn filter, and ultrafilter, and in solution are given 
in Table 7. Even when the quantities of U associated with the larger particles are included, 
it can be seen the M8U is mostly present in dissolved forms that pass through the ultrafilter. 
In contrast, virtually all the 23<vTh is associated with larger particles above 1 |xm in size. The 
extremely low levels of thorium measured in the ultrafiltrate and colloids reflect the extreme 
immobility of this element, particularly considering the much higher levels present in the solid 
phases near these boreholes. 

The results show that only a small proportion of the total 238U and 23<>Th in these groundwaters 
is carried by colloidal particles. In the case of 238U, this is because almost all the 238U in 
pumped groundwaters is dissolved. On the other hand 23(>Th is overwhelmingly associated with 
large particles that are above 1 |im in size. The small amount found in the colloidal size 
range is in all likelihood the low-end "tail" of this distribution. 

Mineralogy of colloids and particles 

Particles on 1 urn filters were examined by scanning electron microscopy (SEM) using energy 
dispersive spectroscopy (EDS) to determine their chemical composition. The particles in PH14 
and PH49 borewaters were mostly kaolinite, with a few chlorite particles present. Kaolinite is 
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a product of weathering and is abundant within 20 m of the surface at Koongarra. Iron-rich 
material was associated with many of the clay particles, possibly as iron-oxide coatings. A few 
particles showing only Si in the EDS spectra were probably quartz grains. The presence of 
amorphous coating minerals in the particles was confirmed by acid extractions of particles 
retained by the 1 urn and 5 um filters. The amounts of Fe, Al and Mn extracted were much 
higher than for extractions of a typical weathered core sample from nearby drillhole DDH52, 
using several techniques suggested for extracting non-residual or amorphous phases. 

These results imply that the particles are heavily coated with amorphous minerals, attributable 
to their exposure to groundwater. Iron oxides are known to be strong uranium adsorbers (Hsi 
and Langmuir 1985; Ames et al. 1982) and these iron-containing phases probably strongly 
influence the mobility of radionuclides in the Koongarra system. 

A SEM/EDAX analysis of the colloid concentrate detected very little colloidal material, 
corresponding to the almost identical elemental composition of UF and CC fractions. A 
significant observation was that individual particles tended to be enriched in particular elements, 
such as Ti, Ca, Mg, Si, Zn, Au, Al, S or Ni. The main difference between CC and UF samples 
was a greater number and variety of Fe-containing particles in the CC, suggesting the presence 
of Fe-rich colloids. Some of the Fe-rich particles were attributed to post-sampling oxidation, 
but the morphology of particles in the CC suggested that some of the Fe-rich particles were 
formed prior to sampling. 

2.S.8 Summary 

Virtually all the thorium in groundwaters pumped from boreholes at Koongarra is associated 
with particles above 1 fim in size, whereas most of the uranium is dissolved. Thorium is 
extremely immobile and present at extremely low levels in the ultrafiltrates. 

In 1 um filtered groundwater, only 1-2% of the M8U is associated with colloidal particles; the 
corresponding figures for 23(yTh are 12-82%. However, of the total radionuclide content of 
unfiltered groundwater, only a small proportion is carried by colloids. 

Particles entrained by the groundwater appear to have originated in the weathered zone and 
consisted of clay-like minerals, probably coated with amorphous aluminium and iron minerals. 
These particles were probably not naturally mobile and may have been entrained during 
pumping of the boreholes. This could also be the case with colloidal particles. 

The only elements significantly enriched in the colloid fraction were iron, thorium, actinium 
and uranium. This suggested that a potentially mobile ferrihydrite-like colloid was present, to 
which radionuclides were sorbed. In the Koongarra system the amount of radionuclides 
transported in this fashion is small, but such a colloidal phase could be important in the 
environment of a nuclear waste repository. 
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Table 8 Groundwater chemistry in the Kombolgie Formation and the No 1 orebody. 

Formation Kombolgie Cahill (No 1 orebody) 

Borehole KD1 PH49 

Depth 
Date 
pH 
Eh (m 
Cond 
MR2+ 

Câ + 

Fe2+ 

K+ 

Na+ 

Si 
HCO, 

cr 
F 
PO2-

so4
2-

iV) 
(uS/cm) 
(mg/L) 

U(ug/L) 
Z +ve 
2-ve 

(meq/L) 
(meq/L) 

70.5-72.5 m 
Nov 1988 
6.18 
+220 
108 
8.9 
4.6 
16 
0.2 
0.9 
8.2 
67 
3.4 
0.3 
<0.005 
0.20 
0.5 

i 1.07 
1.22 

80-82 m 
May 1988 
5.82 
+235 
124 
2.4<l> 
2.0 
1.0 
0.3 
i.O 
6.5 
43 
2.6 
0.1 
0.030 
<1 
3.7 
0.39<a) 

0.78 

28-30 m 
May 1988 
6.74 
+130 
236 
26.4 
3.9 
0.8 
0.7 
1.4 
8.9 
154 
4.9 
0.2 
0.310 
2 
274 
2.48 
2.67 

28-30 m 
Nov 1988 
6.84 
+130 
230 
25.0 
5.2 
1.1 
0.8 
1.2 
9 2 
159 
8.5 
0.3 
0.090 
029 
102 
2.45 
2.87 

44-46 m 
Nov 1988 
7.01 
+280 
247 
24.0 
8.5 
0.5 
0.9 
1.3 
8.7 
180 
2.0 
0.4 
0.060 
0.11 
131 
2.51 
3.03 

Units are mg/L except where otherwise stated. 

(a) The Mg2+ value for this analysis is anomolously low, and is probably the reason for 
the poor charge balance. Samples taken at KD1 at other times gave Mg2+ values in the 
range 4.8 to 10.2 mg/L, average 6.7 mg/L. If this figure is used, Z -*-ve = 0.71 meq/L. 
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Table 9 Uranium concentrations moving down-gradient. 
(0.45 nm filtered groundwater) 

Borehole 

KD1 

CIO 

Wl 

Ml 

PH15 

W4 

PH49 

M2 

PHI4 

C9 

W2 

C8 

M3 

PH55 

M4 

Location 
(m) 
N 

6081 

6109 

6109 

6170 

6046 

6139 

6109 

6170 

6048 

6124 

6048 

5987 

6170 

6109 

6048 

E 

2998 

3056 

3117 

3124 

3134 

3146 

3147 

3162 

3171 

3185 

3200 

3200 

3216 

3216 

3246 

Distance 
Down-
Gradient 
(sec text) 
(m) 

-

56 

117 

124 

134 

146 

147 

162 

171 

185 

200 

200 

216 

216 

246 

Depth 
Sampled 
(m) 

44-42 
70.5-72.5 

<40 

13-15 

13-15 
23-25 
23-25 

24-26 
35-50 
46-48 

<21 

13-15 
13-15 
23-25 
23-25 

27-29 
28-30 
33-35 
44-46 
40-46 

<26 
<22 

34-40 

13-15 
23-25 

24-26 
38-40 

20-22 
26-28 
34-40 
26-28 
38-40 

34-40 

Uranium 
ug/L 

0.49 
0.49 

0.70 

3.2 

7.9 
65-9 
39.8 

128 
248 
109 

306 

412 
440 
431 
345 

107 
102 
71.2 
139 
3.11 

17.8 
466 

26.4 

16.1 
79.4 

9.71 
2.27 

22.0 
28.8 
31.0 
0.62 
1.01 

4.08 

"•u/ 2 3 ^ 

1.00 
121 

0.87 

0.82 
0.78 
0.77 

0.99 

0.81 
0.82 
1.21 
1.22 

1.015 

1.080 

0.88 

0.646 
0.660 

1.12 
1.11 
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Table 9 continued 

Borehole 

PH58 

W5 

W7 

PH96 

PH94 

Location 
(m) 
N 

6109 

6109 

6018 

5911 

6109 

E 

3246 

3273 

3314 

3370 

3399 

Distance 
Down-
Gradient 
(see text) 
(m) 

246 

273 

314 

370 

399 

Depth 
Sampled 
(m) 

25-27 
38-40 

13-15 
23-25 

13-15 
23-25 

<26 

26-28 
40-42 

Uranium 
Hg/L 

2.02 
1.01 

0.42 
1.89 

0.12 
0.22 

0.30 

0.23 
0.26 

234U/23..J 

1.01 
1.14 

0.88 
0.83 

0.88 
0.77 

0.91 

1.26 
1.26 

Table 10 23aTli, 23<Th and 2MyTh/234V for 0.45 \im filtered groundwater samples. 
(Errors in brackets) 

Hole (depth) 

PH14 (<26 m) 

PH15 (<30 m) 

PH49 (28-30 m) 

PH49 (44-46 m) 

PH55 (40-42 m) 

PH56 (26-28 m) 

PH61 (43.5-45.5 m) 

PH88 (38-40 m) 

PH94 (40-42 m) 

PH96 (<26 m) 

232Th (dpm/L) 

0.0007(0.0010) 

0.0008(0.0010) 

0.0002(0.0016) 

<0.006 

0.000 (0.003) 

0.0009(0.0014) 

0.0006(0.0015) 

<0.0009 

0.0015(0.0010) 

0.0018(0.0019) 

23*Th (dpm/L) 

0.0014(0.0011) 

0.0034(0.0011) 

0.050 (0.005) 

0.036 (0.006) 

0.001 (0.005) 

<0.0017 

0.0024(0.0022) 

0.0055(0.0017) 

0.0052(0.0012) 

0.0114(0.0025) 

234U (dpm/L) 

11.6 (0.5) 

22.5 (0.7) 

76 5 (2.2) 

105 (3) 

0.83 (0.06) 

4.93 (0.16) 

1.63 (0.08) 

1.52 (0.08) 

0.24 (0.04) 

0.21 (0.02) 

2 3WMU 

1.2-Kr4 

1.5-10-4 

6.5104 

3.4104 

<710"3 

<410"* 

1.510-3 

3.610-3 

2.2- 1(T2 

5.5-Kr2 

All measurements were corrected for detector backgrounds and chemical blanks. In cases where samples gave 
smaller signals than blanks, upper limits are given. 
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Table 11 Filter pore-size and reported 23<vTh concentrations in Koongarra groundwaters. 

Filtration Range of 230Th 
(dpm/L) 

Reference 

< 10,000 MW 
< 100,000 MW 
<450 nm 

<0.0004 to 0.0096 
<0.0045 to 0.0230 
<0.0017 to 0050 

Ivanovich et al. 1988 
Short et al. 1988 
This study 

Table 12 Comparison of 23<>Th concentrations in groundwaters and adjacent core samples. 

WATER SAMPLE 
(Percussion Hole) 

CORE SAMPLE 
(Diamond Drill Hole) 

Hole (depth) 23fTh 
dpm/L 

Hole (depth) 23(vTh Rd 
dpm/g mL/g 

PH49 (28-30 m) 

PH49 (44-46 m) 

PH55 (40-42 m) 

0.050 

0.036 

<0.0017 

DDHl (29.3 m) 

DDH2 (38.1-39.6 m) 

DDH40 (31.5-32.8 m) 

21.1 

60500 

41.9 

4.2-105 

1.710" 

>2107 

Note that percussion holes are vertical, whereas diamond drill holes are at an angle. Therefore DDHl 
and DDH2 intersect the vicinity of PH49 at different depths. 

(Solid phase data from Edghill 1989.) 
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Table 13 Uranium (VI) speciation computed using MINTEQA2 ror groundwater samples 
from selected bores in the Koongarra region. 

Bore 
No 

PH49 
PH55 
PH61 
PH94 
PHI4 
PH88 
KDP 
KD1" 

Depth 
(metres) 

28-30 
26-28 
43.5-45.5 
26-28 

28-30 
70.5-72.5 
70.5-72.5 

Total 
Mg 

(mg/L) 

26.4 
17.9 
18.0 
5.7 

20.3 
14.1 
8.9 
8.9 

Total 
U 

(Mg/L 
U02) 

240 
0.47 
4.6 
0.20 

61 
2.5 
0.55 
0.55 

Total 
P 

IMg/L 
P04) 

310 
650 
130 
290 
160 
110 

10 
5 

Alkalinity 

(mg/L 
CO/) 

46.8 
62.2 
74.0 
18.6 
62.7 
43.1 
32.8 
32.8 

pH U0 2 UOjCO,1 

(HP04)2
z-

6.80 86.8 
6.57 98.9 
7.03 54.0 
7.17 98.8 
6.42 78.6 
6.54 83.7 
6.18 6.3 
6.18 1.7 

2.0 

2.7 

5.2 
4.3 

49.1 
51.6 

»U0 2 U0 2 

(COj^COj),4-

10.8 

40.0 32 

15.8 
11.6 
43.0 
45.2 

Phosphate at detection limit (10 ug/L P04). 
Phosphate at half detection limit. 

Table 14 Distribution of 238U and 23,Th amongst particles and ultrafiltrate. 

»»u 

23*rh 

Experiment 

PH14 (a) 
PH14 (b) 
PH49 

PHI4 (>) 
P11I4 (b) 
PH49 

Particles Particles Particles 
>5 tm 1-5 pm <1 fim 

3.64(0.11) 4.86(0.14) 0.94(0.04) 
32.8(1.0) 30.4(0.8) 1.65(0.12) 
43.3(0.7) 27.1(0.6) 1.86(0.15) 

0.77(0.04) 1.23(0.05) 0.0013(0.0002) 
3.86(0.10) 0.96(0.04) 0.0014(0.0002) 
26.7(0.6) 20.9(0.6) 0.015(0.002) 

Ultrafiltnte 
(tlpm/L) 

65.4(2.5) 
153(4) 
133(3) 

0.0096(0.0018) 
0.0037(0.0010) 
0.0032(0.000$) 

Percentage 
of total in 
ultraflltrate 

87.4(3.3) 
70.2(1.8) 
65.0(2.0) 

0.48(0.09) 
0.08(0.02) 
0.0067(0.0011) 

2.6 Geochemistry and Geochemical Processes at Koongarra 

2.6.1 Introduction 

The results of numerous studies to date of the geochemistry and geochemical processes at 
Koongarra can be conveniently divided into two categories: those relevant to present-day 
geochemical processes and those relevant to processes that have operated in the geologic past. 
Information on the present-day geochemistry and geochemical processes forms a basis for a 
present-day analogue for nuclear waste migration (e.g. with respect to the dispersion tail of the 
uranyl phosphate zone). Information and inferred reconstructions of geochemical processes 
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thought to have operated in the geologic past form a basis for a paleo-analogue for nuclear 
waste migration.(e.g. with regard to the uranyl phosphate zone itself). 

The present-day analogue is built on studies of the mineralogy and petrology of the Koongarra 
deposit, and chemical analyses of present-day groundwaters from the deposit (see summaries 
above in other parts of this report), in order to make a quantitative assessment of the speciation 
and state of saturation of the present-day groundwaters. In addition to this, the experimental, 
theoretical, and applied aspects of the sorption studies provide quantitative insights into the 
dispersion processes operating at the present-day (Waite, 1988). The complex geologic history 
of the Koongarra deposit reviewed above (see also Snelling, 1980a, 1989; Foy and Pederson, 
1975) makes it imperative to establish what role the present-day groundwaters play in the 
alteration and dispersion of the deposit. 

The paleo-analogue is built on theoretical chemical mass-transfer calculations and models (e.g. 
Helgeson, 1970) that permit investigation and reconstruction of the kinds of waters that could 
produce the uranium phosphate zones at Koongarra. These calculations aim to use the 
geological and mineralogical data for the Koongarra weathered zone to constrain the initial 
compositions and reactions undergone by groundwater during the formation of the uranium 
phosphate zone. In contrast to the line of research described above, the mass-transfer 
calculations only use the present-day analyses of Koongarra waters as a guide to the possible 
initial composition of the fluid associated with the formation of the phosphate zone. However, 
this line of research yields results for comparison with the interpretation and evaluation of the 
present-day groundwaters from the Koongarra deposit. 

2.6.2 Present-day geochemistry and geochemical processes - a present-day analogue for 
nuclear waste migration 

Mineralogical and chemical characteristics of the dispersion tail 

The physical state and location of the uranium in the dispersion tail of the Koongarra deposit 
has long been assumed to be adsoiption onto clays and/or iron oxides (Snelling, 1980, 1989). 
However, it is also possible, at least in principle, that some of the uranium in the dispersion 
tail to the uranyl phosphate zone is present as minute amounts of one or more discrete 
minerals. Physical and chemical investigations of core from these locations are currently under 
study (Koppi and Edis 1990, Edghill 1989, Payne and Waite 1989) and should yield definitive 
evidence for a mineralogical versus sorption state of the uranium. The results of the current 
studies will provide important constraints on the necessary scope and detail required for a 
quantitative description of present-day migration of radionuclides in the dispersed tail of the 
Koongarra ore-zone. 

Interpretation of present-day water chemistry 

Samples representing as wide a range of groundwater compositions as possible over a line of 
section within the weathered zone parallel to the dispersion fan of the ore deposit have been 
analyzed chemically (Duerden, 1988). It is important to note that all groundwater analyses 
considered to date were of samples taken during the May, 1988 and November, 1988 field 
trips. More recent samples of waters from the new wells drilled late in 1988 (see Duerden, 
1988) are currently being interpreted and used in modelling calculations. Samples from these 
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new wells and revisions in the thermodynamic data used for the modelling may yield different 
results to those obtained to date. 

Input parameters for the aqueous speciation calculations include: measured total dissolved 
concentrations of cations and anions, temperature and pressure, oxidation state of die fluid, and 
measured pH values. The actual input data used and the detailed results are documented in the 
quarterly reports for 1988 and 1989. All the present-day groundwaters sampled from Koongarra 
were found to be near saturation with respect to chalcedony and approaching saturation with 
respect to dolomite in the ore zone. They are strongly undersaturated with respect to chlorite 
and illite, two abundant minerals in the flow path. However, there is a trend towards saturation 
along the line of section from KD1 to PH94 This suggests that the analyzed water 
compositions are reflecting modification by water-rock interactions along the inferred flow path. 

In contrast, all the groundwaters are strongly undersaturated with respect to uranium-bearing 
minerals. Despite uncertainties in the thennodynamic data supporting calculations involving 
uranium-bearing species, the degree of undersaturation appears significant. In part this may be 
attributable to loss or dilution of uranium during sampling (e.g. clue to adsorption or mixing 
with fresh surficial waters). However, even samples with high uranium contents (e.g. from hole 
PH49, which contains about 560 micrograms per liter uranium) are undersaturated with respect 
to the uranium phosphates saleeite and torbernite. If the waters sampled are representative of 
the actual groundwaters in the uranyl phosphate zone at Koongarra, such groundwaters should 
be actively dissolving the uranium phosphate zone. Consequently, based on the calculations 
summarized above, it appears that the analysed groundwaters may not be responsible for the 
formation of the uranium phosphate zone, but rather responsible for its alteration and removal 
into the dispersion fan. 

Sorption processes 

Whereas the oxidation of highly insoluble U(IV) to more soluble U(VI) followed by a sequence 
of U(VI) precipitation-dissolution reactions control movement of uranium away from the 
Koongarra ore deposit in close proximity to the deposit, adsorption-desorption processes become 
increasingly important in the mitigation of uranium mobility further downfield, where the 
solubility products of U(VI) minerals are no longer exceeded. In this project, we are 
investigating the factors influencing the adsorption-desorption of U(VI) to natural substrates 
from the weathered zone in the vicinity of the Koongarra ore deposit and we are developing 
mathematical models to describe the sorption phenomena to these substrates over a range of 
solution conditions. Inherent in this analysis is the assessment of the usefulness of such 
laboratory-validated models in the prediction of radionuclide transport over long time periods. 

Although numerous studies of the partitioning of uranium between solid and solution phases 
have been reported, most of the available data is only of relevance to a particular solid 
substrate under a specific set of solution conditions. The distribution coefficients ("Kd values") 
obtained from such studies are of little use in predicting the migration of uranium through 
porous media of variable composition and under solution conditions that exhibit major spatial 
and temporal variability. There have been some attempts over the last ten years to develop 
more general models of the adsorption of U(VI) to solid substrates, but studies have only been 
conducted on a few simple (single mineral phase) substrates, and little agreement exists either 
on the data obtained or on the optimal modelling approach. 
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A multi-faceted study involving investigations of uranium adsorption to both single, 
well-defined mineral phases and selected natural substrates is underway. Single phases being 
used include the amorphous iron-oxide phase ferrihydrite, crystalline silica and two standard 
kaoliniles. KGa-1 and Nichika (a Japanese standard of higher iron content than KGa-1). The 
surface properties of these materials have been rigorously defined and adsorption studies 
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). The impact of mineral phase 
transformation (particularly the aging of amorphous ferrihydrite to more crystalline forms) on 
uptake of uranium is also under investigation. Application of a kinetic phosphoresence analysis 
technique enables rapid quantification of the proportion of uranium adsorbed in these simple 
substrate studies. 

Investigation of uranium partitioning onto a variety of natural substrates from the Koongarra 
weathered zone is being undertaken using isotope exchange techniques involving the adsorption 
of added 236U and concomitant desorption of the natural ^"U. The activity of all uranium 
isotopes (including 232U added as a yield tracer) is being determined by a-spectrometry. The 
fine ( <10 urn) fraction of these natural substrates is being used for these sorption studies since 
this component dominates the uranium uptake and ensures reproducibility in sampling. The 
natural substrates being used have been characterised by a variety of techniques including 
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), X-ray 
diffractometry (XRD), Mossbauer spectroscopy and selective leaching studies using Tamms acid 
oxalate (TAO) and dithionite-citrate bicarbonate (DCB) reagents. Uranium sorption studies with 
these natural substrates are being conducted over a similar range of solution conditions to those 
used for the single phase substrates. In addition, the effect on U(VI) uptake of iron oxide 
removal using DCB is under investigation. 

Clarification of the major solution and solid-phase factors controlling uranium uptake is being 
undertaken in batch studies. Once these factors are sufficiently understood (and modellable), 
column studies using both simple and natural substrates will be undertaken. 

The "surface complexation approach" is being used to model the partitioning of U(VI) between 
solution and solid phases. A number of different surface coinplexation models have been 
developed in recent years, each assuming a particular interfacial structure. In this study, the 
applicability of the diffuse double-layer model (DDLM) and the triple-layer model (TLM) to 
describe the interaction of U(VI) with the various phases of interest is under investigation. 
Both models have their attributes and weaknesses. The DDLM being used here involves a 
two-site Langmuir approach with strong and weak coordinative sites to simulate site 
heterogeneity. However, the DDLM assumes only one adsorption plane in the interfacial 
structure and, for that reason, is limited in its ability to distinguish between weakly and 
strongly bound ions. This limitation is overcome in the triple-layer model. 

2.6.3 Ancient geochemical processes - a Paleo-analogue for nuclear waste migration 

Mineralogical and chemical characteristics of the uranyl phosphate zone 

The specific minerals in the uranyl phosphate zone at Koongarra and the chemical 
characteristics of the weathering in this zone are in part summarized above by Snelling. This 
information forms a vital basis for the kinds of model calculations that are presented below. 
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Any attempt to unravel the chemistry of the reactions that may have been responsible for the 
formation of the uranyl phosphate zone relies heavily on a detailed knowledge of the nature 
and relative abundances of the phases in this zone. It is crucial to develop a sound set of 
constraints for the model calculations that are consistent with the known and inferred geological 
history of the site. 

For example, the geological studies of the Koongarra (and other similar deposits) have shown 
that deposition of the early primary pitchblende was associated with intense hydrothermal 
alteration of the host-rocks, resulting in distinctive, relatively simple assemblages. Closest to 
the primary ore, the host rocks were graphite-pyrite schists (possibly also containing some 
apatite). These were altered dramatically by the circulating hydrothermal solutions to Mg-rich 
chlorite, quartz, muscovite, hematite, sulfides, and additional apatite. The nature and extent of 
possible hydrothermal apatite (or other phosphates) remains to be clarified. It may be a crucial 
control on the subsequent history of the deposit, particularly at the time the uranyl phosphate 
zone was forming 

Processes that formed the uranyl phosphate zone 

Reconstruction of the reactions that were associated with the formation of the uranyl phosphate 
zone at Koongarra employ chemical mass-transfer calculations to help unravel the geochemical 
processes operating during the genesis of the uranyl phosphate zone (ARAP Reports, August, 
1989; May, 1990). The systematics of the mass-transfer calculations described below provide 
a model of the formation of the phosphate zone that reflects our current state of knowledge 
of the mineralogy and chemistry of the ore deposit (summarized above), as well as the 
computer codes and thermodynamic database used. To date, mass transfer calculations have 
been carried out with the computer programs EQ3NR and EQ6 (Wolery, 1983; Wolery et al., 
1984 - see Sections 5.6 and 5.7) and a thermodynamic database generated at The Johns 
Hopkins University, which is available on request. 

Chemical mass transfer models for the formation of the uranyl phosphate zone at Koongarra 

The mass-transfer calculations aim to use the geological and mineralogical data for the 
Koongarra weathered zone to constrain the initial composition and the reactions undergone by 
groundwater during the formation of the uranyl phosphate zone. The mass-transfer calculations 
use the present-day analyses of Koongarra waters as a guide to the possible initial composition 
of the fluid associated with the fonnation of the phosphate zone. 

The waters associated with the formation of the uranyl phosphate zone may be quite different 
from those found in the present-day wells at Koongarra. Consequently, the known mineralogy, 
mineral chemistry and textural observations are of use to attempt to constrain both the kinds 
of waters that might have been involved in the formation of the uranyl phosphate zone and the 
nature of the geochemical processes operating during the fonnation of this zone at Koongarra. 
The initial conditions for the mass-transfer calculations could encompass a range of possible 
scenarios and these may be tested individually in a series of different mass-transfer runs. 
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2.7 Geochemistry of 239Pu, ^ c and IWI 

2.7.1 Research objectives 

The radionuclides "Tc, l29I and 2?9Pu are long-lived components of nuclear waste and, in 
theory, can be mobile in aqueous systems. Hence, they are of concern to those responsible for. 
safety assessment of geological repositories for high-level nuclear waste. Assessments of the 
fate of these transuranic and fission elements in the geosphere will be based upon computer 
simulations of natural transport processes. Natural physicochemical properties of the elements 
will be inferred from laboratory studies. To reduce the uncertainty in extrapolation from 
laboratory studies, we have undertaken a study to detennine if the observed geochemistries of 
plutonium, technetium and l29I are consistent with assumptions used in computer-based models. 
The work described here characterizes the distribution of these three species relative to uranium 
in closed geologic systems, and uses the infonnation to examine the processes responsible for 
their production in nature. 

The overall objective of the program is to test assumptions about the geochemistries of these 
radionuclides. Specifically, the program is: (a) to measure concentrations of these radionuclides 
in different geochemical environments; (b) to compare measured concentrations with those 
predicted for closed or static systems; and (c) to interpret measured concentrations in tenns of 
retention by the ore, migration in groundwater, or retardation down-gradient of the orebody. 

2.7.2 Overview of our approach 

Measurement of these three radionuclides required development of new analytical techniques 
for extraction and isolation of each nuclide from the ore matrix. Interpretation of measured 
concentrations requires measurement of many other sample characteristics in order to model 
nuclide production rates in a closed system, the baseline against which measured concentrations 
are compared. These ancillary measurements include neutron production rates, bulk density, 
mineralogy, elemental composition, and U-Th activity ratios for each sample. 

During Phase 1 of INTRAVAL, we focussed on ten samples from unweathered and unaltered 
zones in five different primary ore deposits. The samples were believed to closely approximate 
systems that are closed with respect to retention of nuclear products. A wide range of uranium 
contents and ore mineralogies were selected in order to identify factors controlling nuclide 
production rates and degrees of nuclide retention. In addition to Koongarra, the deposits include 
Key Lake and Cigar Lake, Canada; Oklo reactor zone 9, Gabon; and Katanga, Zaire. These 
ores can also be considered as natural analogues of spent fuel as well as source terms for 
radionuclide migration in groundwater. During Phase 2, we will shift our major focus to 
samples from dynamic open systems: specifically, ores from the altered and weathered zones 
of the Koongarra deposit, and groundwaters from Koongarra. A few results are already 
available for these samples. 

This section summarizes data collected primarily on the following Koongarra samples: 

G2698 - 191% U, DDH58, 40.63-41.54 m; Major sklodowskite, quartz, Mg-Fe chlorite, 
illite; minor uraninite 

G4674 - 12.2% U, DDH87, 91.44-92.20 in; Major quartz, chlorite, muscovite, uraninite 
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Where appropriate the results are compared to those for samples from other uranium deposits. 
In some cases, preliminary analyses have been made of other Koongarra samples. 

2.7.3 ^'Pu analyses of primary ores 

Plutonium abundances were measured by isotope-dilution mass spectrometry (Fabryka-Martin 
et al., 1990). Masses of indigenous plutonium in the analyzed samples are extremely small, and 
thus the results are vulnerable to inaccuracies from contamination introduced during storage, 
sampling, or preparation for analysis. Consequently, numerous air-monitoring, reagent, quartz 
and basalt blanks are periodically analyzed, the latter averaging about 8 (±6)107 atoms Pu. 
The detection limit, defined as three standard deviations above the average, is 3-108 atoms. 

^'Pu concentrations in the ten ores range from 0.3 to 6109 atoms/g; 239Pu/U ratios from 0.8 
to 510'12. Assuming closed systems, these correspond to Pu production rates of 60-390 atoms 
^'Pu/mg U/yr. Results for the Koongarra samples, expressed as weighted averages of four or 
more replicate analyses, are presented below: 

SAMPLE %V Atoms/g 239Pu/U 239Pu 
Atom Ratio Production 

DDH58 40.6-41.3 19.1 12.5 (±0.1) 10* 2.59 (±0.13)10 l2 188 
DDH87 91.4-92.2 2.2 4.12 (±0.07) 10* 1.34 (±0.07) 1 0 " 97 

In general, no correlation exists between Pu/U ratios and uranium content, and considerable 
variability in 239Pu/U ratios is seen even within a single deposit. These and other radionuclide 
measurements as well as predictions from our modelling study (see section 9) indicate that 
in-situ neutron fluxes, which control 239Pu production rates, are influenced as much by the 
composition of adjacent (generally lower %U) mineralogy as by that of the analyzed ore 
sample. Because of the heterogeneity of most orebodies, the elemental characterization of a 
hand specimen will not generally be adequate for predicting 23?Pu production. In order to 
interpret measured 239Pu/\J ratios in terms of degree of retention, one requires either some 
independent measure of the in-situ neutron flux or else detailed elemental data for the 
surrounding matrix. 

Preliminary 239Pu analyses have also been made for three weathered primary ores from 
Koongarra with uranium concentrations of 0.2 to 1%. The results are all barely above the 
detection limit, with 239Pu/U atom ratios 310"13, or approximately an order of magnitude less 
than the ratios measured for the unweathered ores. If weathering of these samples had begun 
in the past few thousand years, one would interpret the lower Pu/U ratios as evidence for 
preferential loss of 239Pu relative to U in this oxidizing environment. However, at present, no 
estimates exist of the timing of weathering for these samples. It is equally possible that 
weathering occurred sufficiently long ago that the 239Pu re-established a new equilibrium 
concentration with lower U content and lower neutron flux. 
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2.7.4 l29I analyses of primary ores 

l29I measurements are made by accelerator mass spectrometry at the University of Rochester. 
Two methods have been tried for extraction of fission-product l29I from the ore matrix: Na 
peroxide fusion and acid dissolution in a microwave. At present, the fusion results should be 
viewed as upper limits, and the microwave results as lower limits. 

Results obtained thus far for primary ore samples from Koongarra are listed below: 

DDH87 

DDH58 

DDH64 

DDH60 

DDH64 

SAMPLE 

91.4-92.2 

40.6-41.5 

79.2-80.7 

59.4-60.9 

56.7-57.9 

% U 

12.2 

19.1 

6.7 

6.2 

24.7 

,29I at/g 
(x 109) 

0.38 ± 0.03 
0.25 ± 0.02 
0.22 ± 0.02 

0.84 ± 0.07 
0.65 ± 0.10 
0.46 ± 0.03 

0.19 ± 0.02 
0.26 ± 0.03 

0.31 ± 0.02 

1.62 ± 0.15 

l29I/U atom 
ratio x 1012 

1.30 ± 0.10 
0.85 ± 0.05 
0.74 ± 0.06 

1.75 ± 0.15 
1.35 ± 0.21 
0.95 ± 0.06 

1.12 ±0.10 
1.51 ± 0.17 

1.96 ± 0.16 

2.60 ± 0.24 

Method of sample 
preparation 

Fusion 
Microwave 
Microwave 

Fusion 
Microwave 
Microwave 

Fusion 
Fusion 

Fusion 

Fusion 

The l29I/U ratios of 1-3-10"12 are greater than the ratio of M0"12 expected for spontaneous 
fission of 238U alone (assuming 0.05% mass l29I yield), indicating that up to half of the ,29I 
production in these samples is attributable to induced fission of U and losses of 1291 may 
be minimal in this part of the deposit. In contrast, three Koongarra ores from the weathered 
zone all have 129I/U ratios of 310'' \ well below the value for spontaneous fission alone, thus 
indicating substantial loss of l29I relative to U in this part of the deposit (Fabryka-Martin et 
al., 1987). 

2.7.5 Measured l29I/I ratios in Koongarra groundwaters 

The interpretation of l29I loss from the weathered zone is supported by high l29I concentrations 
in groundwater from the deposit. Thus far, l29I/I results are available for groundwater samples 
collected in 1983, 1985 and 1986. Samples from the 1988 and 1989 field trips will not be 
processed until reproducibly-low reagent blanks can be obtained. The 1983-86 data clearly 
demonstrate that I is being lost from some part of the orebody to a great extent, probably 
during weathering of the primary ore. In water from PH49 intersecting the primary orebody, 
1291/1 ratios are higher by three orders of magnitude than background levels. Down-gradient, 
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I29I/I ratios in groundwater are lower than that in PH49 by factors of 2 to 7, but are still far 
above background. The down-gradient decrease is not systematic with distance from the 
orebody. The decrease probably reflects differing extents of dilution with meteoric waters that 
have not flowed through the deposit, rather than evidence for sorptive losses of this 
radionuclide. 

2.7.6 "Tc analyses of primary ores and Koongarra groundwater 

"Tc analyses are being obtained by isotope dilution on a thermal-ionization mass spectrometer 
(Rokop et al., 1990). Our first set of results for uranium ores is limited due to a spurious high 
blank of unknown origin. Thus, the measured "Tc/U atom ratio for sample DDH58 40.6-41.5 
is reported as an upper limit, 1.810"12, slightly above the value of 1.6-10 predicted for pure 
spontaneous fission of 238U and within the range of results expected for complete retention of 
9n"c relative to U. The analysis is being repeated to determine the appropriate background 
correction. 

We previously measured 99Tc in groundwater from PH49, 11 atoms/ml, indicating that 99Tc is 
released to the water from part of the deposit. 

2.7.7 Measured Cl/Cl in Koongarra ores 

36C1/C1 ratios measured in Koongarra ores from various zones (Fabryka-Martin et al. 1987), 
are listed in order of the assumed groundwater flow: 

LOCATION 36, Cl/Cl U CONTENT MINERALOGY 

DDH87, 
DDH62, 
DDH62, 
DDH52, 
DDH2. 

91.4 
38.1 
19.8 
24.4 
15.2 

- 92.2 m 
- 39.6 m 
- 21.3 m 
m 
- 16.8 m 

8 10" 
MO"10 

6 1 0 " 
8-10"12 

3 I012 

12.2 % U 
1.2 % U 
1.1 % U 
0.07 % U 
0.12 % U 

Unweathered primary ore 
Unweathered primary ore 
Weathered primary ore 
Weathered primary ore 
Dispersion fan 

The ,6C1/CI ratio appears approximately constant within the primary ore and decreases with 
distance away from the primary orebody. As more data become available, these results will 
be used to estimate the in-situ neutron flux and thus radionuclide production rates, to develop 
estimates of groundwater residence time in the primary ore zone, and to estimate limits for 
the rate of weathering of the primary ore. 

2.7.8 Measured ,6C1/C1 ratios in Koongarra groundwater 

Together with 3H, measured -16CI/C1 ratios in Koongarra groundwaters provide a check for the 
presence of bomb-pulse radionuclides in the waters. The presence of bomb-pulse radionuclides 
would complicate, if not negate, the use of l4C for age dating at this site or the interpretation 
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of 129I, 9*Tc and ^'Pu concentrations in groundwater in terms of migration. 36C1/C1 ratios can 
also be used to constrain the residence time of groundwater in the ore deposit. 

Thus far, 36C1/C1 results are available for samples collected in 1983-86 and 1988-89. All 
analyses were by accelerator mass spectrometry, first at the University of Rochester until 1987 
and then at the Australian National University starting in 1988. The measured PH61 3<SC1/C1 
ratio, 1-10"13, is close to the value predicted for water recharged prior to nuclear testing. This 
relatively low result confir.ns the absence of bomb-pulse fallout or radionuclides leached from 
the ore, and supports the selection of mis well for determining background concentrations of 
i2\ 9»Tc and * W 

In the absence of sources other than natural atmospheric ^CI, the relatively young ages of the 
waters (< 4000 years) indicated by the l4C measurements suggest that the ^Cl/Cl ratios should 
be fairly constant throughout the flow system due to insufficient time for 36C1 decay, and this 
is more or less what one finds for waters nearest the orebody. Ratios in this region are very 
slightly elevated above background as represented by PH61, which could result from in-situ 
production of 36C1, either by leaching of 36C1 from the uranium ore or by production within 
the water itself due to the high neutron flux in the deposit. In either case, the 36C1 data 
indicate a maximum residence time of water in the primary ore zone on the order of a few 
thousand years. 

Finally, 36C1 data in bores at the down-gradient edge of the sampled flow field clearly show 
the presence of bomb-pulse waters. 36C1/C1 ratios in these watc. ? exceed meteoric background 
levels by factors of 4 to 10, as well as being greater than any waters from the orebody itself. 
This interpretation of a bomb-pulse contribution is consistent with (and less ambiguous than) 
l4C and tritium analyses. 

The 36C1 distribution in Koongarra groundwaters changed dramatically with the results from 
the 1989 suite of samples, in which measured Cl/Cl ratios ranged from 511 to 
1,160,00010'15. The ratio measured for new borehole M2 is the highest ever seen in any 
terrestrial sample, including global fallout of bomb-pulse 36C1. The 1989 suite includes 
resampling of two boreholes; both showed order-of-magnitude increases in 36C1 content. The 
ratio for PH49 ranged from 150 to 230-10'15 during three previous years, and jumped to 
112,00010-'5 in 1989. The ratio for PH80 was 190 1015 in 1988, and 6591015 this year. In 
addition, samples that were expected to be at or near natural background levels (< 200 10"'5) 
had fairly hefty 36C1/C1 ratios, 511 1015 for PH146 and 41,40010'" for C10 (next to KD1 in 
the Kombolgie sandstone). 

Tracing the origin of these elevated 36C1 levels is of key interest as a test of laboratory 
quality-control procedures and because of the implications for flow paths in the ore deposit. 
At present, the most likely hypothesis appears to be leaching of in-situ produced 36C1 from ore 
freshly exposed in new boreholes, particularly M2. The bottom of M2 extends into the primary 
orebody, where 36C1/C1 ratios are expected to be of the order 10"'° to 10"'. This explanation 
obviously cannot apply to pre-existing boreholes, such as PH49, or to new boreholes which did 
not encounter primary ore. However, if the 36C1 in M2 were indeed released from the ores as 
a result of drilling and subsequent leaching by groundwater, then we essentially have a tracer 
injection test in progress, with M2 as the point source. Results for the other boreholes would 
reflect the nature of the flow paths between them and M2. 
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2.7.9 Prediction of radionuclide concentrations for closed systems 

Once the radionuclide concentrations have been measured, the next step is to compare them 
to the concentrations expected if the ores had behaved as closed systems with respect to 
uranium and its products. All of the primary ores being studied have formation ages on the 
order of 108 years or more, sufficiently old to have allowed secular equilibrium to have been 
attained. The assumption of undisturbed uranium has been confirmed for each sample by the 
lack of secondary mineralization in XRD scans and by activity ratios 234U/238U and (VTh/234U 
that are essentially 1.0. 

Under conditions of secular equilibrium in closed systems, radionuclide concentrations are 
solely a function of neutron flux and uranium content. For 239Pu, the only production 
mechanism is neutron-capture by 238U; 36C1 is produced by neutron-capture by 35C1. Fission 
products "Tc and ,29I are produced by two mechanisms: spontaneous fission of 238U, which 
is of course independent of neutron flux, and neutron-induced fission of 235U and 238U. 

The prediction of production rates is complicated by the need to estimate the neutron flux as 
a function of energy. We solve this problem by directly measuring the neutron produc 'on rate 
in each ore sample, then using a Monte Carlo Neutron/Photon Transport Code (MrNP) 
(Briesmeister, 1986) to track the fate of these neutrons and estimate the maximum possible 
radionuclide concentrations for our samples. In addition, MCNP modelling allows us to identify 
the critical elemental parameters controlling radionuclide production rates, and to test for 
expected correlations among product/target radionuclide pairs. Some important conclusions of 
the modelling are that: a) contrary to common expectations, no correlation should be expected 
between concentrations of uranium and 239Pu or ,29I; b) considerable variability should be 
expected in 239Pu/U and 129I/U ratios within a given deposit, due to the effects of elemental 
heterogeneities on neutron fluxes; c) spontaneous fission of 238U should account for more than 
80% of the total "Tc production rate, such that the "Tc/U atom ratio predicted for a closed 
or static system should be fairly constant throughout the Koongarra deposit, with a value on 
the order of 1.6-1.8-10'12; and d) the thermal component of neutron fluxes in uranium deposits 
is probably quite small, with the vast majority of neutrons being absorbed in higher-energy 
ranges. The latter complexity makes it nearly impossible to estimate 139Pu and I 
concentrations and correlations by any simplistic calculations. 

2.7.i0 Summary 

Models of plutonium and fission-product production in primary ore samples demonstrate that 
the magnitude of these ratios are controlled by the composition and spatial distribution of 
elements within a radius of about 30-50 cm of the sample in its natural setting. The models 
do not typically reproduce the radionuclide concentrations measured for these highly-enriched 
uranium samples, but rather overpredict the production rates. We believe that this is the result 
of an inaccurate measure of the composition of the larger volume of rocks from which the 
samples were taken. If the speculation is correct, an accurate representation of about 0.5 cubic 
metre of rock would provide the information required to calculate accurately the concentrations 
if the radionuclides have not been fractionated relative to uranium for the last 10s yr. 
Measurements of radionuclide concentrations in samples of chemically diverse systems 
combined with calculations of the concentrations in closed systems of the same composition, 
provide the means to study the retention and migration of Pu, Tc and ,29I in the geologic 
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environment. Such studies provide observational constraints on models of plutonium and 
fission-product transport from high-level radioactive wastes in a geologic repository. 
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Figure 1 Regional geology map showing the location of the Koongarra uranium deposit. 
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Figure 2 Local geology map showing the location of the Koongarra No. 1 and No.2 
orebodies. Because of surficial cover the geological units and outline of the 
mineralisation are projected to the surface firorr the base of weathering. 
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Figure 3 Simplified cross-section through the Koongarra No. 1 orebody showing geology, 
distribution of uranium minerals, distribution of alteration, and present groundwater 
flow. 
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Figure 4 The Koongarra valley. 
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Figure 5 Contour map of final measured drawdowns in aquifer test PH49. 
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Figure 6 Plan of Koongarra showing axes of drawdown cones. 
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Figure 7 Sub-division of the aquifer's transmissive capabilities based on static water levels 
and hydraulic test data. 
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Figure 9 Notional geoelectric section. Koongarra area, Cahill Formation. 
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Figure 10 Gradient-array resistivity trends. 
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Figure 11 Depth relationship of mineral abundances and U concentration down DDH3. 
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Figure 13 Plan view of the site, showing contours of maximum 5 m average U concentration. 
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Figure 14 Koongarra - Location of open wells. 
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Figure 15 Uranium concentrations in groundwater as a function of distance. 
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Figure 16 Magnesium concentration in groundwater as a function of distance. 
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Figure 17 Contour map of 226Ra concentration in groundwater at Koongarra in May J 988. 
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ure 18 Contour map of 2l0Pb concentration in groundwater at Koongarra in May 1988. 
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3. INTRAVAL - The ARAP Test Cases 

3.1 Introduction 

The above descriptions of the Koongarra ore deposit and the current research programs being 
undertaken by the Alligator Rivers Analogue Project, enable us now to summarise the main 
features of the uranium ore zones, in particular the redistribution of the uranium series 
radionuclides. Earlier modelling studies of the uranium migration at the site suggested that the 
timescale of this mobilisation was of the order of a million years. Consequently the Koongarra 
uranium ore zones appear to provide an ideal test case for the validation of hydrogeological, 
geochemical and radionuclide transport models. Description of the proposed test cases are listed 
below. 

3.2 Summary Description 

The Koongarra uranium mineralisation occurs in two separate orebodies which strike and dip 
parallel to a reverse fault and are 100 metres from each other. Orebody No. 1 contains three 
groups of uranium minerals; pitchblende and uranium silicates are found in the unweathered 
zone, and uranium phosphates in the weathered zone (down to 25 m). The top of the No. 2 
orebody is at a depth of 30 m. The orebody does not extend into the weathered zone and has 
no dispersion fan. The site is presently undisturbed, except for the exploration drillholes. 

The weathered zone groundwaters, which are believed to have been active for at least 350000 
years, are oxidising being essentially surficial. Below the base of weathering, conditions are 
slightly reducing particularly in the presence of graphite where pitchblende and sulphide 
minerals are stable. The present state of the No. 2 orebody provides a clear picture of what 
the No.l orebody was probably like prior to the onset of surficial weathering and 
accompanying destruction of the primary ore. Once this process commenced to destroy 
pitchblende and uranium silicates and produce uranyl phosphates in their place, lateral 
groundwater flow dissolved and dispersed the uranium down slope away from the sandstone 
cliffs to form the prominent dispersion fan. 

The highest grades of U occur beneath the graphitic hanging wall unit. Ore grades of up to 
about 30% U occur in some parts of the unweathered primary ore zone. Uranium 
concentrations greater than 200 u,g U/g follow the base of weathering on the transition zone 
for about 80 m from the primary zone. Beyond this point the deposited uranium is concentrated 
in the top 3-10 m under the surficial sands. Transported uranium in the weathered zone seems 
to have mainly been deposited toward the SW of the orebody, with elevated levels being 
detected in the weathered zone about 300 m from the primary source. 

This is also reflected in the groundwater, in which it has been found that there is a sharp 
increase in uranium concentration where the groundwater intersects the ore body, then a gradual 
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drop over a distance of some 200 m to background levels. As noted above, this distance is 
greater than the extent of the economic ore zone as defined for mining purposes, which extends 
for about 80 m from the primary orezone. 

A large proportion of the uranium and thorium is associated with amorphous phases and 
adsorption onto iron oxides and clay minerals. This uranium is possibly accessible to, and at 
near equilibrium with, the groundwater. There is an apparent preferential mobility of 238U to 
234U in the groundwater, reflected by low 234U/238U activity ratios in extractable phases. Areas 
showing greatest leaching are in the upstream zone of the ore body. Most rapid accumulation 
seems to have occurred near the centre of the dispersion fan and near the base of weathering 
to the edge of the fan. There is possibly preferential movement and accumulation of uranium 
just above the base of weathering. 

A number of aspects of the ARAP study are proposed as modelling test cases for INTRAVAL 
Phase 1. All of these are based on the drillcore and groundwater databases that have resulted 
from the extensive experimental programs and the earlier mine investigation. Hydrological data 
from both field aquifer tests and laboratory petrofabric measurement programs are also available 
for selected parts of the area. 

For convenience the modelling tasks have been separated into tliree test cases, which consider 
the Koongarra hydrogeology; the geochemistry and geochemical processes; and radionuclide 
transport, specifically the timescale and the rate of the uranium mobilisation which resulted in 
the redistribution of the orebody and formation of the pronounced dispersion zone. 

3.3 Hydrogeologic Flow Models 

3.3.1 Introduction 

One component of the Alligator Rivers Analogue Project is a test case for the evaluation of 
mathematical models of groundwater flow, specifically in a complex situation with 
three-dimensional flow through a fractured porous medium. 

The test case provides an opportunity for testing modelling procedures when there is little prior 
knowledge about the flow system. The emphasis of the test case is on iteratively selecting and 
applying appropriate kinds of modelling tools, rather than on validating specific models from 
within a preconceived class of models. 

3.3.2 Available data 

Available data now includes dozens of reports, regional topographic and geologic maps, aerial 
photographs, hundreds of diamond-drill and percussion-hole logs, a reconstructed 
geomorphological history, fine-scale laboratory measurements of the hydraulic properties of 
samples taken from drill cores, field investigations including pump tests and slug tests, shallow 
piezometric levels and a wealth of chemical and isotopic data, which provide evidence for 
directions of groundwater movement. 
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3.3.3 Objectives 

The objectives of the test case are: 

1 to identify the boundaries of a region suitable for modelling groundwater flow through 
the Koongarra No 1 orebody, as well as corresponding boundary values; 

2 to calibrate groundwater flow models capable of describing rates and directions of 
groundwater flow through the orebody under present day climatic conditions; and 

3 to predict rates, directions and travel times of groundwater flow, if possible with 
corresponding estimates of uncertainty, for periods long enough to allow modelling of 
radionuclide transport. 

3.4 Geochemistry and Geochemical Processes at Koongarra 

3.4.1 Present-day geochemistry and geochemical processes - a present-day analogue for 
nuclear waste migration 

The available data comprise: 

(a) Mineralogical and chemical characteristics of die dispersion tail 

(b) Chemical analyses of present-day waters at Koongarra 

(c) Laboratory and theoretical studies of sorption processes 
The models considered are: 

(a) Calculation of aqueous speciation and solubility models for the 
present-day waters at Koongarra 

(b) Calculation of sorption models for Koongarra waters 

• Interpretations of present-day water chemistry at Koongarra 

Formulation of a present-day analogue for the migration of 
radionuclides 

3.4.2 Ancient geochemical processes - a paleo-analogue for nuclear waste migration 

The available data comprise: 
(a) Geologic and petrologic history of the uranyl phosphate zone 

(b) Mineralogical and chemical characteristics of the uranyl phosphate zone. 
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The models considered are: 
(a) Chemical mass transfer calculations to simulate the processes that 

formed the uranyl phosphate zone 

• Formulation of a paleo-analogue for the migration of 
radionuclides. 

3.4.3 Sorption 

The available data comprise: 
Uranium adsorption to single well defined mineral phases and 
Koongarra substrates for a range of solution pH, ionic strength, 
carbonate, concentrations etc. 

The models considered are: 
(a) Development and testing of U(VI) adsorption to solid substrates. 

(b) Surface complexation modelling - diffuse double layer model or triple 
layer model. 

3.5 Radionuclide Transport 

The modelling of radioisotope mobility is limited to the weathered zone of the Koongarra 
system. The weathered rock (schists) is treated as a porous non-fractured medium. The system 
exhibits considerable geological, hydrological and mineralogical heterogeneity. The spatial scale 
is comparable to the expected dimensions of waste repository. The timescale is geological and 
long-term transport processes are expected to be important in formulation of the conceptual 
model. 

The data base contains a 3D database of bulk uranium assays, a 2D database of radiochemical 
assays, geological and mineralogy information, a summary of geochemical, hydrology 
investigation and modelling. 

3.5.1 Modelling objectives 

The modelling objectives were: 
To deduce the timescale and the rate of the uranium mobilisation which resulted in the 
redistribution of the orebody and formation of the pronounced dispersion zone. 

To understand and investigate the retarding effects of the long-term transport processes 
(eg mineral phase exchange, kinetics). 

To address the problem of the time dependence of transport parameters. 

To investigate an effect of the prevailing (assumed) groundwater flow direction and the 
possibility of preferential flow patterns. 
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To model on different transport timescales, a) 238U, ^ U and 230Th, and b) ^Ra. 

3.5.2 Suggested approach 

It is a frequently expressed truism that any geological analogue is an extremely complex 
system. To describe an analogue adequately is in general a futile aim. Either the required 
experimental data base or the modelling formalism will be beyond the practical means of the 
researching project. 

We suggest the following approach: 

• First, the model complexity should match the available data base. 

• Second, the virtue of a simple model versus a more ambitious model should be 
examined. 

• Third, broadening the modelling diversity, using all available information is advocated. 

3.5.3 Future possibilities 

Several future directions in the Koongarra modelling can be envisaged. 

• New methods of incorporating or accounting for system heterogeneity, eg using in the 
same model the disequilibria data and the total uranium assay data base. 

• A method is required to at least address the problem of time dependence of important 
system parameters. 

• Investigating the effect of varying the general flow direction (and uranium dispersion) 
- to what extent is it important to know the present-day hydrology. 
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4. Hydrology Modelling 

4.1 Introduction 

Until now only a few attempts have been made to model the hydrogeological system of the 
Koongarra site. 

Most of the approaches considered the regional hydrology, modelled in a 2-D vertical cross 
section (Lever and Morris, Raffensperger and Garven, Townley); one team modelled the 
Koongarra site on a local scale using a horizontal 2-D model (GW1NV) and one team computed 
the local hydrology using a 3-D model (Townley). 

The 2-D, vertical cross section models have in common that they aim to investigate the sensitivity 
of the (regional) flow system for variations in the geometry of the model area and for variations 
in the hydrogeological parameters. Thus a better understanding of the local flow system is 
obtained. 

Townley et al used the largest cross section and concluded that the local system is controlled by 
topographical features, in particular the Mt Brockman Massif as an upstream boundary and the 
Koongarra creek as a downstream boundary. 

These boundaries have also been used in the other modelling exercises, which seems to be 
appropriate. 

The results of the various models which vary the penneability of the fault are contradictory; either 
pointing to increased upward or increased downward flow with increasing flow permeabilitity. 
However, the calculations of Townley et al suggest that the local flow pattern is not very sensitive 
to changes in penneability and thickness variations of the various geological units. 

The horizontal 2-D aquifer model is aimed towards obtaining appropriate estimates for the aquifer 
transmissivities using inverse groundwater models. The results so far indicate areal variations of 
transmissivity and a number of transmissivity zones ranging between 4 and 9. 

Finally the results of the 3-D modelling performed by Townley et al, indicate the necessity of this 
type of modelling, because the physical boundaries of the local flow system are not parallel but 
closely approximate s triangle and also because considerable lateral flow seems to occur through 
the fault zone, redistributing 'he water originating from the sandstones. 

Although there is agreement that the regional flow system is mainly controlled by the 
topographical features, additional work has still to be carried out to understand the three 
dimensional local flow system. 
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Furthermore, some additional work has still to be carried out to obtain reliable estimates of the 
geohydrological parameters characterising the flow system. At present two approaches are being 
used; the first using the inverse groundwater flow model (GWINV) the second an estimation 
method proposed by Slot, which uses the physical relationships mentioned earlier in Section 2.2, 
combined with basic stochastic and statistical relationships. 

4.2 The GWINV Finite Element Model 

Sue Braumiller, University of Arizona 

The objective of this work is to test the usefulness of an inverse groundwater flow model, 
GWINV, as a meaningful and systematic alternative to the analytical analysis of aquifer test data 
and the ad hoc, trial and error procedure traditionally utilized in the generation of aquifer 
parameters necessary for modelling the transport of radionuclides in the subsurface environment. 
Specifically, GWINV will be used to generate homogeneous anisotropic transmissivities for a 
number of 2-D subregions or zones overlying the Koongarra No 1 orebody, in which some 38 
aquifer tests have been performed since 1979. The transmissivities thus generated will be tested 
by utilizing them in a forward simulation of monthly static water levels collected from June 1979 
to May 1980 in the same area. 

GWINV is a 2-D finite-element model that, under the proper circumstances and with the 
irr position of certain limitations, can yield a mathematically well-behaved and physically 
meaningful solution to the "inverse problem" for confined systems under steady- and nonsteady-
state conditions, that is, the model estimates the parameters of groundwater flow on the basis of 
information on hydraulic head (or drawdown). Posed in the framework of maximum-likelihood 
theory, a set of optimum parameters is derived such that an estimation criterion, which includes 
head (or drawdown) measurements as well as prior information about the parameters, is 
minimized. Parameters that can be estimated by GWINV include the values of principal hydraulic 
conductivities (or transmissivities) given a choice of principal directions, specific storage (or 
storativity), recharge rates, boundary heads or fluxes, leakance, and parameters controlling the 
error structure of the data. 

The data selected for input are the drawdown data generated in the following 10 aquifer tests 
performed in the vicinity of the Koongarra No 1 oiebody: KD2 (AGC, 1979), KD3 (AGC, 1979), 
PH84 (Davis, 1988), PH14c (Norris, 1989), PH56b (Norris, 1989), PH88 (Norris, 1989), C8 
(Mariey, 1990), PH49 (Marley, 1990), PH58 (Marley, 1990) and PH73b (Marley, 1990). The data 
of these aquifer tests were chosen for input on the basis of the number of observation wells for 
which drawdown measurements were taken, the length of the test, and the appearance of the 
drawdown curves. Each of the tests involved at least 4 observation wells, with half of the tests 
selected involving 10 or more observation wells. The length of the 10 tests selected range from 
that of 495 minutes to 10,000 minutes. All but three were in excess of 3,000 minutes. The data 
for these 10 aquifer tests will be input in series, each test separated by TI artificial recovery 
period of 30,000 minutes, such that the data of all 10 aquifer tests will be used by GWINV in the 
estimation of a single set of homogeneous anisotropic transmissivities for each of a number of 
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zones overlying the Koongarra No 1 orebody. This will require solution of the inverse problem 
at some 41,000 time steps, each 1 minute in duration. To the knowledge of the author, this 
represents a new application of this inverse groundwater flow model. Slight modifications have 
been made to the code for execution on a mainframe computer which will accommodate the 
memory requirements of this particular application. 

For the purposes of this application, the problem domain has been defined as that area bounded 
on the northwest by the Koongarra Reverse Fault, on the southeast by the Koongarra Creek, and 
on the southwest and northeast by arbitrary boundaries at some distance from the nearest pumping 
or observation well involved in the 10 tests utilized. Superimposed on this problem domain is a 
finite-element grid composed of 189 nodes and 351 elements, such that each of the 43 pumping 
or observation wells involved in the 10 aquifer tests selected, coincides with a node. 

In addition to the input of hydraulic head (or drawdown), GWINV requires the input of prior 
estimates for the following parameters: prescribed head, prescribed flux, and leakance on 
segments of the boundary of the problem domain, and areal recharge, storativity, and components 
of transmissivity over zones considered to be relatively uniform with respect to each of those 
parameters. In this application, only transmissivities will be updated (estimated by «e model). 
Other parameters will be treated as assigned values. Prior estimates for components of 
transmissivity over a number of zones comprising the problem domain will be based on the 
results of the analytical analysis of aquifer tests and slug tests. Initially, prior estimates and 
updated values (estimates made by the model) for components of transmissivity will be made over 
9 zones comprising the problem domain. These zones have been identified on the basis of what 
is known about the geology of the area and the results of the analytical analysis of aquifer and 
slug tests performed. It is hoped that these 9 zones, although limited in number, are sized, shaped, 
and located such that the hydraulic heterogeneity of the area can be adequately characterized by 
estimates of homogeneous anisotropic transmissivities for those zones. That is, this initial 
selection of zones was made with the aim of minimizing the number of zones over which 
transmissivity will be estimated, although being sufficient in number and location to capture the 
spatial variability of transmissivity. Initially, principal directions parallel to the "mining 
coordinates" will be assumed. A prior estimate for storativity over a single zone comprising the 
entire problem domain of 2.0-10 has been arrived at after consideration of values for storativity 
derived in the analytical analysis of the 10 largest aquifer tests in the area and early estimates of 
the storativity of the Cahill formation made by Noranda. Areal recharge has been assigned a value 
of 0.0 m /min-m over a single zone comprising the entire domain, as the aquifer test data upon 
which this solution will be based were generated during the dry season. Initially, the equivalent 
of a "no flow" condition, a "no change in drawdown" condition, will be assigned to all segments 
of the boundary of the problem domain, including the boundaries coinciding with the Koongarra 
Reverse Fault and the Koongarra Creek. 

To date, GWINV has been used to estimate homogeneous isotropic transmissivities in 4 of the 
9 transmissivity zones mentioned above, using the drawdown data of aquifer test PH58. This was 
intended primarily as an exercise in using GWINV. Additionally, this exercise has been useful 
in estimating the memory requirements of the " 10-aquifer-test" application; a consequence of this 
was the decision to modify and run the program on a mainframe computer. The output generated 
for the PH58 aquifer test data using the original GWINV written for a I'C was then used to verify 
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the output generated by GWINV revised for execution on a mainframe. Next steps include 
running the "10-aquifer-test" application for homogeneous anisotropic transmissivities in all 9 
zones, using the principal directions and assigned values for storativity, areal recharge, and 
boundary conditions mentioned above. Subsequently, the "10-aquifer-test" application will be 
repeated for a number of additional key cases. That is, the "10-aquifer-test" application will be 
run using variations in the layout of transmissivity zones, assigned principal directions, and 
boundary conditions identified as those likely to yield the most meaningful values for 
transmissivity. Finally, the transmissivities generated for each of these key cases will be tested 
by utilizing them in a forward simulation of monthly static water levels collected from June 1979 
to May 1980. In principle, it should be possible to duplicate the changes in monthly static water 
levels observed by performing a forward simulation using a set of homogeneous anisotropic 
transmissivities that successfully characterize the hydraulic heterogeneity of the medium. 

Should this approach to deriving the transmissivities necessary for the modelling of flow and 
transport prove successful in 2-D, some consideration may be given in the future to repeating such 
an application of GWINV in 3-D. Any modelling of flow or transport in 3-D would, of course, 
require parameters in 3-D. At this time, however, GWINV is not available in 3-D; nor is the data 
that would be required for solution of the inverse problem in 3-D available for the Koongarra site. 

4.3 Aquifer Tests - Data Analysis 

A F M Slot, National Institute of Public Health and Environmental Protection (RIVM), the 
Netherlands 

4.3.1 Summary 

It was found by analysing the aquifer test data (See Section 2.2 and the ARAP Progress Reports), 
that the confidence intervals for the transmissivity and storativity values for the several pumping 
tests and various observation holes were all within the same range. Hence, the areally distributed 
variations mentioned by others are not supported by statistical evidence. We therefore suggest that 
groups dis.egard areally distributed variations, at least during the first stages of modelling. 

Analysis of the data originally used by Norris for the investigation of anisotropy leads to 
essentially the same conclusions. However, the reported anisotropy is quite distinct, the mean ratio 
between the principal transmissivities being approximately 15 and the overall principal direction 
approximately 8 deg (with respect to Mine Grid). Thus the aquifer should be treated as a 
statistically homogeneous, but anisotropic medium. 

The preliminary work, reported here, has now been finalised and will be published in the National 
Institute of Public Health and Environmental Protection, Progress Report Series (Slot, 1991). The 
indicated refereces are to the September 1990 draft document, which is included in the ARAP 
Progress Report of 1 March - 31 May, 1990. 
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4.3.2 Comparison of field data and laboratory data 

Field-test and laboratory-measurement data have been compared. Moreover, correlations between 
several parameters have been looked at, in order to derive possible relations that may be used in 
parameter estimation. 

Because the following relations are generally accepted in hydrology, the comparison emphasised 
the transmissivity, permeability, storativity and porosity values. 

For transmissivity vs permeability 

D 

For storativity vs porosity 

S=pgD«x+n$) 

with T : transmissivity of the geohydrologicai unit considered (m /s), 
S : storativity of the geohydrologicai unit considered (-), 
D : thickness of the stratum considered (m), 
K : hydraulic conductivity (m/s), 
k : intrinsic permeability (m ), 
// : effective porosity (-), 
g : acceleration of gravity (m/s ), 
a : volumetric compressibility of the rock (m /N), 
P : compressibility of the fluid (m2/N), 
p : density of the fluid (kg/m ), and 
fi : viscosity of the fluid (kg/ms). 

Furthermore, for a system controlled by fracture flow, discharge of groundwater is proportional 
to the fracture aperture to a power of about 3. 

Hence, k, ~ nf ; 
with: k, : the fracture permeability (m2), and 

n, : the fracture porosity (-). 

The fracture porosity can be defined by: 

nf = Nb 
with: b : the fracture aperture (m), and 

N : the number of planar joints per unit width (m ) 

Assuming that the geohydrologicai field parameters (T and 5) represent the parameters kf and n, 
rather than the permeability and porosity of the matrix, a relation between both the intrinsic 
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permeability (k) and the fracture permeability (Ay) as well as between the effective porosity (n) 
and the fracture porosity (ny) can be obtained. 

Furthermore, from the definitions for T and S and assuming a « np, the following relation 
between the field parameters may be obtained: 

r~s3. 

Comparison of transmissivity and storativity values obtained during the aquifer test resulted in 
scatter-plots (Figure 19) with a wide range of values. The correlation between these parameters 
was analysed to see if there was a linear (7-S), single logarithmic (T-log(S) or log(T)-S), or double 
logarithmic (log(7)-log(S)) relation. No significant correlation could be obtained. 

Similar regression analyses carried out on the data originally used by Norris for the analysis of 
anisotropy, did not result in significant correlations either. Apparently, storativity has only a very 
weak correlation with the transniissivity (7") or with the anisotropy ratio (x), coefficients of 
correlation being R2 = 0.27 and 0.33 respectively. A better correlation was obtained comparing 
the values of the principal direction (9) of the transmissivity tensor with those of the largest 
principal transmissivity {TJ and for a comparison of 9 with the anisotropy ratio (x). Applying a 
polynomial approximation, regression lines were computed with coefficients of determination {R ) 
of 0.54 and 0.46 respectively (Figure 20). It seems that both storativity and the principal direction 
of the transmissivity tensor increase with increasing transmissivity. 

Furthermore a regression analysis was carried out on the petrophysic measurement data. As could 
be expected, an excellent correlation between porosity and dry bulk density 'VDBD) could be 
obtained (with a coefficient of correlation R > 0.9). Figure 21 displays the computed regression 
lines and some statistical properties; the relatively large spread in porosity values encountered in 
zone C (indicated by the relatively small value of the coefficent of correlation: R = 0.63) might 
be due to inhomogeneities within the schists of the unweathered Cahill Fonnation. 

However, regression analysis of the Petrophysic Lab measurements on porosity and permeability 
did not result in significant correlations. The results of the analysis are displayed in Figure 22, 
showing the linear regression lines fitted to the data on a double logarithmic scale; typical values 
of the coefficient of determination R being in the range of 0.1 to 0.3. 

Where the field data indicate enhanced anisotropy, with a ratio between the principal 
transmissivities of about 15 (Norris 1989, Slot 1991), no evidence for anisotropy could be 
obtained from the laboratory measurements. For each zone, the distribution and cumulative 
distribution of the lab-measured permeability values were computed for the various directional 
components separately (horizontal Ktl, vertical Kv, parallel to foliation Kpj and perpendicular to 
foliation K ) and for the total of permeability values, regardless of the direction of the core 
samples. No distinct correlation ' ;tween Kh and Kv or between K { and K could be obtained 
from regression analysis of these data, as the correlation coefficients appear to be quite small 
(Figure 23). From the computed distribution of the permeability ratios {KfJKv, KJK ) no 
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evidence for anisotropy could be obtained either, the mean value of the ratio between directional 
permeabilities being close to 0 on a logarithmic scale (Figure 24). 

Thus from comparison of these parameters no significant relation could be obtained to be used 
for parameter estimation. 

Where, due to anisotropy, flow of groundwater is supposed to be at an angle to the water level 
gradient, three-dimensional modelling of the groundwater flow is proposed. Therefore, the use of 
T and 5, which are essentially 2-D parameters, is not appropriate and k (or K) and n should be 
used instead. 

From the equations 

T=KD 

S=pgD(a+i$)=pgD(a+tPa- P) 

with: 

P : the total porosity (measured in the laboratory), and 

e: the fraction of the total porosity contributing to the flow, (i.e. the ratio between effective 
and total porosity: e = n-P^1), 

proper penneability (or hydraulic conductivity) and porosity values might be obtained if the other 
parameters (especially D, e and a) are sufficiently well known. 

Where the aquifer consists of two zones; the upper part represented by the weathered Cahill 
Formation, and the lower by unweathered Cahill Formation, the total thickness of the aquifer is 
not known. 

In the case of such a combined aquifer, the total transmissivity will be a function of the 
permeabilities (or hydraulic conductivities) and the thicknesses of both zones: 

T=KTDT=KlDl+K2D2 (1) 

and thus 

KT=l-(KlDl + Jf 2 D 2 )=8 ,^ +82Af2 

with 8, being the ratio between the thickness of the zone considered and the total aquifer thickness 
(j indicates the upper zone consisting of the partially weathered Cahill Formation; 2 the lower 
zone consisting of the unweathered schists). 
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Initially, the aquifer thickness DT has been estimated from the transmissivity and permeability 
data obtained in the field and laboratory respectively, for four possible combinations of 6, and 

h 

a) 6, = 1; §2 = 0 : Aquifer consists of weathered zone only 

b) 5j = 0; 52 = 1 : Aquifer consists of unweathered zone only 

c) 5j = 0.025 Oj : Combined aquifer 

d) 8{ = 0.1 52 : Combined aquifer 

(Note 8j + 52 = 1) 

Values obtained for the total aquifer thickness range from 3100 m (in case b) to 161000 m (in 
case a), which are 2 to 3 orders of magnitude larger than might be expected from the little 
geological evidence available. We propose that a scale factor "x" (representing the ratio between 
secondary and primary permeability) be introduced to compensate for this effect; computed values 
for this geometric factor range from 125 to 1000. 

Table 15 Scale factor and actual aquifer thickness. 

D, D 2 

m m 

200 
1000 

207 

125 
180 

-

-

15 

15 
15 

800 
160 

? 

485 
150 

Unweathered Cahill Formation 

Weathered Cahill Formation 

Combined aquifer 

Furthermore, computation of the parameters a and e, using the relation between storativity and 
porosity did not result in reliable estimates. Where £ is the fraction of the total porosity that 
contributes to the flow, and should be £1, values far in excess of unity were computed. 
Furthermore, estimated ct-values were much smaller than values known from literature. 

A possible explanation for this effect may be that in the laboratory measurements, only (primary) 
matrix permeability has been measured, whereas in the field, flow is controlled by an extensive 
fabric of intersecting fractures, causing enhanced (secondary) fracture permeability. 
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For fracture-dominated flow one may assume that the total permeability of the system will be 
approximately equal to the fracture permeability, and hence: 

*/ ~ klotal - X'k 

With kf being proportional to n? (see before), we can obtain the following relation between the 
fracture porosity, the effective porosity and the total (measured) porosity: 

3 3 

and hence: 

Consequently, an approximate relation between the geometric scale factor (x) and the ratio (e) 
between effective and total porosity is obtained: 

Using the values previously found for the scale factor, which ranged from approximately 100 to 
1000, we find that the parameter e should be in the range of 5 to 10, or at least of that order of 
magnitude, which is supported by the preliminary estimates by Slot (1991), E ranging from 9 to 
35. 

Thus, the large difference between field measured permeabilities (transmissivities) and those 
measured in the laboratory may be fully explained by the presence of an extensive fabric of 
intersecting fractures, the fracture porosity being approximately one order of magnitude larger 
than the total matrix porosity. For an average total porosity of approximately 0.02 (for the 
unweathered Cahill Formation) the fracture porosity should amount to n,= 0.2, and consequently, 
for an assumed average fracture aperture of b = 1 mm the number of planar joints per unit 
distance would amount to 200 per metre, a condition that is as yet not supported by geological 
evidence. 

In his report Slot (1991) elaborates on the estimation of geohydrological parameters, assuming 
the two distinguished zones act as one aquifer. Allowing the thickness ratio 5, to range from 
approximately 0.01 to 0.5 and assuming different values for the scale factors of the two zones 
considered, estimates for the aquifer thickness and geohydrological parameters were computed 
as a function of 6, and the ratio between the scale factors (T| = X\/%2^ 

Taking into account limiting values for the compressibility of the rock (from literature) and for 
the thickness of the weathered Cahill Formation (from the isopach map published by Norris) the 
range of valid values for the estimated quantities could be restricted even more. The scale factor 
for both zones appeared to be in the range from 200 to 235, whereas the ratio between the two 
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scale factors ranged from 1 to 1.2 only. Consequently the estimated total aquifer thickness ranged 
from 30 to 150 m, and the estimated thickness of that part of the unweathered Cahill Formation 
contributing to flow ranged from 15 to 145 m. The resulting estimates are: 

0.1 < 5, £0.5; (5, = D,/DT, and $2 = 1 - 8j) 
l.OSllSi.2; (n=Xi/X2) 
200 < Xi * 235; 
200 <, x2 < 230; 
15 <, D2 <, 145 m; 
30 <, DT<, 150 m; (DT = Z>, + D2) and 
2.610"™ <> a <. 3.3-KT9 m2/N. 

With the estimates for the scale factors, values for the effective (fracture) permeability and 
effective (fracture) porosity of both the partially weathered and unweathered zones of the Cahill 
Formation can be obtained using the stochastic properties of the laboratory measurements. 

4.4 Groundwater Flow Modelling 

D A Lever and S T Morris, Theoretical Physics Division, Harwell Laboratory 
AEA Technology 

One of the aspects that sets the Koongarra orebody apart is that transport of significant levels of 
uranium has been taking place in the weathered zone away from the orebody. Thus one of the 
important tasks in the Alligator Rivers Analogue Project has been to get an understanding of the 
hydrogeology of the site. This understanding does not have to be very detailed, but it has to be 
adequate for an understanding of the important features of transport to be obtained. Both the local 
nature of the flow (whether the rock is acting as a porous or fractured medium) and the regional 
system have to be considered. 

In this section some two-dimensional groundwater flow calculations undertaken using the 
finite-element groundwater flow code NAMMU (Atkinson, Herbert, Jackson, Robinson and 
Williams, 1986) are described. The current aim is not to present a detailed study of the 
groundwater flow, rather a set of calculations have been undertaken to obtain a broad 
understanding of the nature of the groundwater flow at Koongarra. Variations in the 
hydrogeological properties of the important rock units and in the position of the various boundary 
conditions have all been considered. 

4.4.1 Description of the regional model 

The geology of the Koongarra site has been described in detail elsewhere. For the purpose of this 
study the relevant features are as follows. 

The dominant feature is the Koongarra Fault, which is oriented northeast and extends for some 
tens of kilometres. To the northwest the Kombolgie sandstone formation outcrops. To the 
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southeast lies the Cahill formation, formed from a variety of quartz-like schists. The Cahill 
formation can be conceptually divided into two distinct geological units: a lower lying 
unweathered formation and a weathered layer at or near the surface. 

In this study, the flow field is assumed to be two dimensional, in a direction normal to the 
Koongarra Fault. We select the 6109mN cross section as a representative model. Such two 
dimensional calculations cannot be used to study the three-dimensional structure of the flow; 
nevertheless they can contribute to the understanding of the flow. 

In any groundwater flow simulation, selection of appropriate boundary conditions is a vital 
element of the study. The selection can be greatly simplified and made more realistic by sensible 
location of boundaries. In this two-dimensional model there are four distinct boundaries to 
consider: NW, SE, upper and lower. The boundary conditions imposed, and the reasons for the 
choices are as follows: 

(a) NW Boundary. This is chosen to be at the peak ot the Kombolgie outcrop. The boundary 
therefore marks the location of a water divide and so a no-flow boundary condition is 
appropriate. 

(b) SE Boundary. This is located at the position of the Koongarra Creek, so a no-flow 
boundary condition is again appropriate. 

(c) Upper Boundary. The upper boundary is chosen to he the water table. Hence the 
appropriate boundary condition is an imposed pressure head, corresponding to atmospheric 
pressure at the water table. 

(d) Lower Boundary. Little or no data are available concerning the nature of the rock lying 
deep below the site. A no-flow boundary condition is the most obvious, and can be 
justified if the lower boundary is located sufficiently deep that its presence does not 
disturb the resulting flow field in the region of interest. 

It is worth noting at this point that although the nature of the boundary conditions is physically 
justified, the exact location of the boundaries is subject to uncertainty and the sensitivity of the 
resulting flow field to this uncertainty must be investigated in the study. This aspect is discussed 
below. 

4.4.2 The base case 

In the present study the geology of the region was characterized by the following distinct 
geological units: the Koongarra Fault, the Kombolgie formation, the unweathered Cahill schist, 
the weathered Cahill schist, and the transitional Cahill layer that separates the weathered and 
unweathered zones. The hydrogeological properties within each rock type were assumed to be 
homogeneous and isotropic. 
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Much uncertainty exists concerning the properties of the different rock types. In addition, the 
precise geometry of the model is not well defined. Consequently a methodology reflecting these 
inherent uncertainties has been adopted. 

The approach used in this study has been to define a "base case" incorporating the "best 
estimates" of the uncertain parameters, and then to consider the effect of varying these parameters. 
The hydrogeological data (values of permeabilities and porosities) for the base case were taken 
from a recent progress report (Emerson, 1989) and are listed in Table 16. For the fault, values 
of permeability and porosity were chosen to represent a highly conducting fracture. 

4.4.3 Discussion of uncertainties and approximations 

The various uncertainties can be classified as being of two distinct types: hydrogeological and 
geometrical. 

Hydrogeological uncertainties 

There are still uncertainties in the hydrogeological properties of the various strata. To simplify 
the treatment, we focus on the uncertainties in the permeabilities of the Koongarra fault and the 
weathered Cahill layer. The consequences of other uncertainties can in part be judged from the 
results of these calculations. No data are available for the fault, so three extremes were 
considered: highly permeable, moderately permeable and highly impermeable. For the case of the 
Cahill schist, it is not certain whether the weathered layer is more or less permeable than the 
unweathered layer, so the two extreme cases were considered: an aquifer weathered-layer (base 
case) and an aquitard. The values of permeability and porosity used in the study are listed in 
Table 17. 

Geometrical factors 

Of the geometrical factors, one of the most important is the position of the water table. In this 
study, annual fluctuations of the water table have not been considered. For the wet season, the 
water table is assumed to coincide with the physical surface, with some variations being 
considered, including varying the shape of the water table in the weathered zone. 

The thickness of the weathered layer is known in the region of the orebody, but it is known to 
vary downstream. Two possibilities were considered: a layer of constant 25 m thickness and one 
of 10 m thickness. 

The position of the southeast boundary is chosen to be the Koongarra Creek. However, the 
position of the creek may have altered with time. Hence, two positions were investigated: 3770mE 
(the present location of the creek) and 3560mE. Similarly, two positions of the northwest 
boundary were investigated: 1500mE (the base case) and 2570mE. 
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4.4.4 Results 

As noted previously, the approach adopted in this study has been to define a base case and then 
to investigate how the predicted flow field varies as the hydrogeological parameters are varied 
and position of the boundaries are changed. This results in an extensive set of calculated flow 
fields corresponding to various parameter combinations. To illustrate the results, the base case is 
discussed in detail, and the variations are summarised in the discussion section below. 

We recall that the base case is that of a highly permeable fault, and a weathered Cahill layer that 
is an aquifer compared to the unweathered layer. The results are illustrated in Figure 25, where 
a plot of streamlines of the flow is given. It can be seen that the effect of the conducting fault 
is to "channel" the upstream flow towards the surface, with a significant "leakage" into the aquifer 
weathered layer. 

Quantitative results can be obtained by employing the panicle-tracking algorithm included in 
NAMMU to calculate patlilines to the surface, together with Darcy fluxes and transit times. In 
the calculations four representative points in the vicinity of the orebody have been examined. 

Figure 26 shows the tour pathlines for the base case; the corresponding groundwater return times 
are also shown. It can be seen that the flow is confined to the weathered layer. Typical Darcy 
fluxes are 1.5-10"9 m-s"1, with groundwater transit times of about 7 000 years. The point of 
emergence is the Koongarra creek, so the transit times depend critically on the location of the 
creek, although the Darcy flux is insensitive to this parameter. There is some sensitivity to the 
shape of the surface above the orebody, because this determines the pressure gradient; transit 
times can vary between 3 000 years and 11 000 years. For the case of a 10 m weatheied layer, 
the pathlines rise steeply, then move along the aquifer as before, with similar Darcy fluxes and 
tranr.it times. 

4.4.5 Discussion 

The variations considered in this report show that there are basically four types of flow in the 
vicinity of the orebody for the two-dimensional cross section considered. These depend on the 
hydrological properties of the fault and on the relative properties of the unweathered and 
weathered Cahill schists. There is some sensitivity to other properties, but in general it is not very 
great. 

When the weathered Caliill schists are less penneable than the unweathered schists, then there is 
little horizontal flow in that region. This does not appear to be consistent with the development 
of the orebody that is observed. 

If the weathered schists are more penneable than the unweathered schists, then there are three 
different flow regimes depending on whether 'he fault is a highly conducting fault, a highly 
impermeable fault, or whether it does not affect the flow (i.e. it has similar properties to those 
of the surrounding rock). 
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For a highly impermeable fault there is some horizontal flow, but also some flow vertically 
downwards in the vicinity of the orebody. If the fault is highly permeable then there is a strong 
horizontal flow. In each of these cases the flow downstream of the fault is independent of the 
flow on the upstream side. If the fault has properties similar to those of the surrounding rock, then 
the flow goes through the entire system. There is a strong horizontal component to the flow in 
the weathered layer, but also an upward component. 

The picture that appears to be most consistent with the development of the orebody is the one 
where the fault is highly permeable and the weathered layer acts as an aquifer. This results in a 
strong horizontal flow. 

Although a set of permeability and porosity data was taken for the calculations, there are still 
uncertainties in these values. However, the values have allowed an understanding of the flow to 
be developed, and to some extent the effect on, for example, the groundwater return times, can 
be found by scaling the values. 

No account has been taken of the seasonal variations in the water table. However, some indication 
of the importance of this can be obtained from the variations that examine the variation in the 
depth of the weathered layer. It should also be noted that attention should not just be focused on 
present day conditions; the consequences of changes in topography and precipitation patterns over 
the time the orebody has been evolving have also to be addressed. 

Table 16 Hydrogeological properties used in base case. 

Rock Type Permeability (m ) Porosity 

Kombolgie sandstone 
Unweallwred schist 
Weathered schist 
Transitional schist 
Fault 

0.810'15 

2.6-1016 

6.9-10'15 

3.5-I0'1' 
1.0 107 

0.04 
0.03 
0.19 
0.14 
0.35 

Table 17 Summary of hydrogeological properties. 

Rock Type Permeability (m ) Porosity 

Kombolgie sandstone 
Unweathered schist 
Weathered schist (aquifer) 
Weathered schist (aquitard) 
Transitional layer (aquifer case) 
Fault (highly permeable) 
Fault (impermeable) 
Fault (mod. permeable) 

0.8-10"l5 

2.610'6 

6.9-10" 
1.010'7 

3.51015 

1.0 JO'7 

1.0 10"21 

0.81015 

0.04 
0.03 
0.19 
0.19 
0.14 
0.35 
0.35* 
0.04 

* The precise value of the porosity in this case is not important 
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4.5 Coupled Hydrogeochemkal Modelling of Uranium Ores 

Jeff P. Raffensperger and Grant Garven, The Johns Hopkins University 

Effort is currently underway to study the coupled hydrologic and geochemical processes 
associated with the formation and alteration of uranium orebodies, which may be applied to the 
study of uranium orebodies as analogues for nuclear waste repositories. The overall objectives of 
the study are: 1) to develop a two-dimensional coupled hydrogeochemical model; 2) to study the 
hydrologic and geochemical processes associated with uranium orebodies; 3) to develop possible 
scenarios for ore deposition in order to define starting conditions for subsequent alteration; and 
4) to examine the temporal and spatial changes in transport rates and in the thermal environment, 
which may strongly affect chemical conditions for precipitation and dissolution. The proposed 
mathematical model will consider transient heat and multicomponent solute transport within a 
flow region. Coupling will be achieved using an iterative approach which will account for changes 
in the fluid viscosity and density and the changes in permeability which may occur in response 
to mineral precipitation and dissolution at each time step. Model verification and validation will 
be accomplished by comparing results with analytical solutions and results from other codes, and 
eventually by application to existing orebodies (both roll-front and unconformity type) for which 
Field data exist. 

The Koongarra orebody in northern Australia is being studied as a potential analogue as part of 
the Alligator Rivers Analogue Project (ARAP), and abundant hydrologic and geochemical field 
data exist which may be used to validate a coupled hydrogeochemical mode) A cross-section 
through the No. 1 orebody at Koongarra is shown in Figure 3. As part of a preliminary 
investigation, this site has been modelled using existing field data and a mathematical model 
developed by Garven (1989). Results from two simulations are shown in Figures 27 and 28, 
which describe a vertical north-south cross-section through the orebody, host schist, and sandstone 
massif. In the first simulation, the fault zone which occurs just north of the orebody was treated 
as a relatively impermeable barrier. As a result, much of the regional discharge is focused at the 
point where the fault outcrops. When the fault zone is treated as a relatively permeable conduit, 
the flow pattern is simplified (Figure 28). In both cases, groundwater is seen to flow through the 
orebody. This may be responsible for the dispersion fan of radionuclides which have been 
transported southward from the secondary orebody (Figure 3). These results confirm the 
importance of considering regional flow associated with the formation and alteration of the 
orebody. It is intended that coupling with a geochemical model will allow quantitative predictions 
of the processes associated with the formation of the orebody, as well as provide insight into the 
processes involved in secondary alteration. 
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4.6 Two- and Three-dimensional Modelling of Groundwater Flow Through the 
Koongarra Uranium Orebody 

Lloyd R. Townley and Michael G. Trefry, CSIRO, Division of Water Resources 

4.6.1 Introduction 

Before commencing any modelling exercise, we need to identify the questions which modelling 
may help to answer. In the context of ARAP, the questions at Koongarra revolve around the 
direction and rate of groundwater flow, under present and past climatic conditions, which in 
combination with other physical and chemical dynamical processes have resulted in a dispersion 
zone down-gradient of the primary orebody. 

A popular view would be that groundwater flow cannot be considered in isolation from dispersion 
processes, which in turn cannot be considered in isolation from chemical solution/dissolution or 
adsorption/desorption processes. It is conceptually possible to model all processes simultaneously, 
but in practice, even if suitable software could be found, the computational requirements would 
far exceed those available. It is therefore necessary to model different processes separately, taking 
other processes into account in some external and intuitively reasonable way. 

This report summarises the results of groundwater flow modelling carried out by the CSIRO 
Division of Water Resources between September 1989 and September 1990. The aims of our 
component of ARAP are specifically to develop a three-dimensional groundwater flow model 
under present climatic conditions. 

4.6.2 Conceptual models of the site 

In deciding how best to approach our task, we considered the following issues: 

1. The Koongarra No. 1 orebody exists below the present-day water table and for this reason 
alone is part of a regional groundwater flow system. The source and age of groundwater 
flowing through the orebody is not known with certainty. A particle of water in the centre 
of the orebody today has a velocity which reflects both recent and current boundary 
conditions and may not be the same as velocities at the same location over the past 
hundreds or thousands of years. Similarly, a steady-state path line from the land surface 
to the orebody and back to the surface may be quite different from the actual path of a 
particle over hundreds or thousands of years, under a range of boundary conditions. 
Nevertheless, the only practical form of modelling is steady-state modelling. 

2. The orebody is situated in fractured rock, near a highly fractured fault, and below a more 
conductive, but still fractured weathered zone. Groundwater probably moves both through 
fractures and through the rock matrix itself. There is no doubt that dispersion and 
chemical processes will depend greatly on the precise paths ot particles of water, through 
fractures and the matrix, but from the point of view of regional flow, there is no practical 
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alternative to adopting a Darcy approach, i.e. using a bulk hydraulic conductivity to reflect 
the combined resistance of fractures and the matrix. 

3. The orebody is located near a rugged sandstone outcrop and near numerous surface 
depressions which form a stream network in the wet season. Even without taking into 
account subsurface heterogeneities, such as the Koongarra Fault and the weathered zone, 
it is clearly desirable to simulate the localised groundwater flow system in three 
dimensions. Two-dimensional modelling in plan requires the existence of an identifiable 
aquifer with essentially horizontal flow, or at least a saturated layer for which 
depth-averaged piezometric heads are meaningful. There is no such aquifer at Koongarra, 
and depth-averaging is unlikely to help oecause vertical gradients are significant. 
Theoretically, two-dimensional modelling in a vertical section is only valid when the 
section is aligned with the direction of parallel regional flow: However, general advances 
in understanding can be achieved by this kind of modelling, even when it is wrong in 
detail. 

4. Groundwater flow modelling can be very sensitive to the location of model boundaries 
and to assumed boundary values. Since earlier modelling at Koongarra was 
two-dimensional in vertical section, with flow controlled by an assumed water table 
configuration and no flow boundaries at each end and at the bottom of the flow domain, 
we perceived some value in extending the use of modelling in vertical section to a larger 
regional view, covering the region from the Arnhem Land Escarpment to beyond the 
Mount Brockman Massif. Moving the boundaries of a cross-sectional model to these 
extremes would at least allow an assessment of whether or not earlier assumptions were 
valid. Such a model would also provide guidance about appropriate boundary conditions 
for a more localised three-dimensional model. 

Following consideration of these issues, we decided to proceed by modelling steady flow, using 
bulk-averaged values of hydraulic conductivities, in vertical section and in three dimensions. We 
chose to model a cross section 26 km in length, far longer than considered previously by other 
investigators, and our three-dimensional model covered a region 3 km square and 1 km deep. This 
report summarises the results of these two modelling exercises. 

4.6.3 Two-dimensional modelling in vertical section 

At the time of writing, we are aware of results obtained by two other groups as part of their 
efforts on this Test Case. 

• Raffensberger and Garven (1989) presented a finite-element model of flow in vertical 
section, with approximately 1000 nodes and 2000 triangular elements covering a region 
2 km long and 300400 m deep. More than half of the domain was in the Kombolgie 
sandstone below the Mount Brockman Massif, and they assumed the sandstone to be about 
300 m thick. The water table was assumed to rise to a maximum elevation about 100 m 
higher than the land surface near the orebody. Flows from Mount Brockman to Koongarra 
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Creek were greatly affected by the Koongarra Fault, to the extent that flows were upward 
in at least the top half of the fault and through the orebody. 

• Lever and Morris (1990) also used a finite element model to study a cross-section 2270 
m in length (their base case). The depth to the bottom of their grid was claimed to be 
about 300 m, but the dip of the Koongarra Fault in their figures seems to indicate a 
vertical exaggeration of about 7 and a depth of about 130 m. The emphasis of their study 
was on travel times along flow paths, and they showed four different flow regimes 
depending on relative hydraulic conductivities of weathered and unweathered Cahill 
schists and of the fault zone. 

Both of these studies, as well as general comments by Slot and Nijhoff-Pan (1989) and Slot 
(1990), point to considerable uncertainty not only in hydraulic conductivities, but also in the 
locations and types of model boundaries. For these reasons, we decided to investigate flow in 
vertical sections at a much larger regional scale, with the aim of identifying the real boundaries 
of the local flow system near the orebody. 

The motivation for this approach comes from recent experience (e.g. Nield and Townley, 1990) 
in studying flow nê ar shallow lakes and wetlands. Nield and Townley found that flow in 
cross-sections often results in complex combinations of localised and regional flow systems, as 
popularised by Toth (1963) and Freeze (1969). Our goal in this type of modelling for ARAP has 
been to verify that a localised flow system, as hypothesised by other participants, is indeed the 
most likely flow pattern in the context of a larger regional system. 

We chose to simulate flow in a cross section based on Section D-E of the Cahill 1:100 000 
Geological Series map (see Prowse, 1989). This Section is oriented NW-SE and passes directly 
through the Koongarra orebody. We generated finite-element grids for a rectangle 26 km in 
length, being the full length of the D-E Section. The grids were 1, 2 and 3 km deep, with nearly 
2 400 nodes and 4 800 elements per kilometre of thickness. 

Since our intention was to study large-scale regional flow patterns, we assumed a unifonn 
background regional conductivity for schist (0.003 m/d), and inserted the following zones with 
other conductivities: sandstone zones (0.01 m/d) below Mount Brockman and the Arnhem Land 
Plateau, and fault zones (0.1, 1 and 10 m/d) for the Koongarra Fault (dipping 45 degrees to the 
SE) and the Sawcut Fault (vertical). Sandstone zones were assumed to be 500 m thick for the 
cases with 2 km and 3 km of schist, but only 100 m thick for the case of a 1 km layer of schist. 
Fault zones were assumed to be 20 m wide (in the horizontal direction). Boundaries were assumed 
to be no-flow at both ends and at the bottom, while piezometric heads were specified along the 
upper surface, representing approximate ground surface elevations in the valleys and groundwater 
mounds above the sandstone regions. Various assumptions were made about the heights of 
groundwater mounds. In all cases, the model domain was a rectangle, this being a geometric 
approximation to the true shape with a varying water table elevation. However, we know from 
experience, that this kind of approximation has only minor effects on predicted patterns. 

All runs were carried out using AQU1FEM-N (Townley, 1990), a linear triangular finite-element 
model. This model solves first for piezometric heads and then computes boundary fluxes with 
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sufficient accuracy to allow a second automatic solution for stream function. The latter allows 
plotting of path lines in vertical sections under conditions of steady flow. 

Figure 29 shows results obtained for a 3 km thick section, with 500 m of sandstone and without 
any faults. Figure 29a shows the distribution of heads assigned to the top surface of the model. 
Heads vary linearly between the following key values: 20 m at the left (NW) end of the region, 
40 m at the foot of Mount Brockman, 100 m beneath the middle of Mount Brockman, 40 m at 
the other foot of Mount Brockman, 23 m at Koongarra Creek, 40 m between Koongarra and 
Sawcut Creeks, 23 m at Sawcut Creek, 40 m at the foot of the Amhem Land Escarpment and 
100 m below the Arnhem Land Plateau. Figure 29b shows contours of both equipotential and 
streamfunction, with contour intervals of 6.667 m for equipotential and 0.02 m /d for 
streamfunction. The ratio of 0.02 m2/d to 6.667 m is 0.003 m/d, equal to the hydraulic 
conductivity of the schist, so the flow net has curvilinear squares in the schist region. The fact 
that they do not appear to be 'square' is due to the fact that Figure 29b, like all vertical sections 
in this report, is stretched vertically by a factor of 2. 

Examination of Figure 29 reveals that recharge into sandstone in the Mount Brockman Massif 
flows NW towards the Nourlangie Creek surface drainage system and SE towards Koongarra and 
Sawcut Creeks. Recharge on the Amhem Land Plateau flows NW to Sawcut Creek. Interestingly, 
the local mound between Koongarra and Sawcut Creeks causes flows in both directions, thus 
below this mound, there must be a stagnation point (which corresponds to saddle points in the 
equipotential and streamfunction surfaces). 

Figure 30 shows three simulations with the hydraulic conductivity of the faults set to 0.1, 1 and 
10 m/d. Since there is no wa> to directly determine an effective conductivity for the faults, our 
aim was to detennine the sensitivity of flow patterns to this mode! parameter. The overall features 
of the regional flow do not change. But as fault conductivity increases, we see that the flow 
system SE of the (vertical) Sawcut Fault becomes isolated from the rest, and that Koongarra Fault 
becomes a conduit for transporting water downwards, thus increasing the total flow from Mount 
Brockman to Sawcut Creek. Koongarra Fault can be identified by sudden changes in direction of 
path lines, along a line which dips to the SE. The angle of dip is 45 degrees in me physical 
system and the model, but appears steeper in the Figure because of the 2:1 vertical stretching. In 
Figures 30a and 30b, there appears to exist a point on u.. Koongarra Fault above which there is 
upward flow in the fault and below which there is downward flow. This point appears to get 
shallower as the conductivity of the fault increases. 

We have no good evidence for the depth of impermeable bedrock, and the Figures discussed so 
far are merely illustrative of the types of flow patterns that could occur if the schist conductivity 
was significant to a depth of 3 km. The remainder of our two-dimensional simulations look at the 
effects of shallower bedrock. 

Figure 31 shows results obtained with 2 km of schist and with fault conductivity set to 1 m/d. 
Figure 31a can be compared with Figure 30b, to illustrate the effect of reducing the thickness of 
schist. The flow field almost looks as though the lower third in Figure 30b has been cut off. 
Figure 31b shows the effect of reducing the peak water-table elevation under Mount Brockman 
to 50 in. The flow field SE of Sawcut Fault is unaffected. Below Mount Brockman, flows are 
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much less, but interestingly, the fault is conductive enough to result in a very similar distribution 
of streamtubes immediately above the top 700 m of the Koongarra Fault. 

In Figure 32, the thickness of conductive schist is further reduced to 1 km, but still with fault 
conductivities set to 1 m/d. At the same time, the thickness of the Kombolgie sandstone is 
reduced from 500 to 100 m. Figures 32a and 32b have head distributions at the surface as in 
Figures 31a and 31b. Compared to Figures 30b and 31a, Figure 32a has many fewer streamtubes 
under Mount Brockman and Amhem Land, obviously because of the thinner layer of sandstone. 
But again. Figures 32a and 32b show the same tliree streamtubes above the top 700 m of the 
Koongarra Fault. 

Since our primary objective is a knowledge of flows through the Koongarra orebody, Figure 33 
shows three close-ups of a region 500 m deep and 2.7 km long (from the crest of the mound 
under Mount Brockman to Koongarra Creek). These close-ups were extracted from Figures 30b, 
31 a and 32a, all of which correspond to a 100 m peak water table elevation under Mount 
Brockman and 1 m/d conductivity in the Koongarra Fault. Even though Figure 33c (Figure 32a) 
has a 100 m layer of Kombolgie sandstone, it can be seen that flow through the region of the 
orebody is little affected. In this latter case, significantly higher downward flow in the fault 
supplies the water for upward flow above the fault. 

The main results of these large-scale regional simulations are that: 

- regional groundwater flows are probably topographically controlled, with three main flow cells 
in the modelled region; 

- flow in the central cell occurs from Mount Brockman SE towards Koongarra and Sawcut 
Creeks, but a local mound between these creeks probably causes a reverse flow zone and a 
stagnation zone at depth; 

- increasing the effective hydraulic conductivity of the Sawcut Fault isolates the Arnhem Land 
Plateau region from the rest of the flow system; 

- for a given thickness of the Kombolgie sandstone, increasing the conductivity of the Koongarra 
Fault results in downward flows in the fault to a higher level in the fault; and 

- decreasing the thickness of the Kombolgie sandstone leads to increased downward flows in the 
Koongarra Fault but has little effect on the number of streamtubes above the fault. 

These results give some confidence that three-dimensional modelling of a smaller region near the 
orebody may be relatively insensitive to the thickness of the Kombolgie sandstone and the depth 
to impermeable bedrock. 
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4.6.4 Three-dimensional modelling 

Having decided that topography is likely to have a controlling influence on three-dimensional 
flow through the Koongarra orebody, we studied aerial photographs and available maps for 
indications of tne real boundaries of the local flow system. We observed, particularly on aerial 
photographs, that the Mount Brockman Massif immediately NW of the Koongarra orebody is 
dissected by sets of faults occurring in two prominent directions: almost N-S and NW-SE. The 
Koongarra Fault is aligned E-W only 1 km to the W of the orebody, but is aligned NE-SW 1 km 
to the NE. The Kombolgie escarpment, when viewed at the several kilometre scale, turns through 
an angle of at least 45 degrees near the orebody. 

Koongarra Creek also turns through a similar angle as it passes the orebody. Our two-dimensional 
modelling in vertical section showed the likelihood of the Creek acting as a discharge boundary 
for the groundwater system, the break in slope and the change in hydraulic conductivity between 
Kombolgie sandstone and Cahill schist being the other major discharge region. Aerial photographs 
show several distinct vegetation boundaries, including a large grassed and potentially swampy area 
S of the SW comer of the orebody. 

All of these observations led us to hypothesise that an appropriate domain for modelling the local 
groundwater system would be an almost triangular region, bounded by a major N-S fault, 
Koongarra Creek and a ridge running NW-SE to the top of the Mount Brockman Massif. 
Figure 34 shows a topographic map of the Mount Brockman Massif, together with a superimposed 
region 3 km square and rotated 45 degrees. Some parts of the square are shaded, indicating those 
regions excluded from the model by assigning negligibly small hydraulic conductivities. This 
leaves an almost triangular region as the shape of the modelled region in plan. 

All directions quoted in this report have been true compass directions, but because a Mine Grid 
was established at an angle of 45 degrees to the compass directions, many ARAP maps are drawn 
with compass NE at the right (this being N on the Mine Grid). We have chosen to align the 
square region in Figure 34 with Mine Grid. This allows an easier association of cross sections 
through our model with those modelled previously by Raffensberger and Garven (1989) and Lever 
and Morris (1990). 

Three-dimensional groundwater flow has been simulated here using an efficient finite-difference 
model (BIGFLO) specially designed for solving with high resolution grids (Ababou, 1988). We 
have studied a region 3 kin square and 1 km deep, using 100 in intervals in plan and 50 m 
intervals vertically. The computational grid, including imaginary nodes outside the boundaries, 
was dimensioned 33 x 33 x 23, i.e. a total of 25 047 nodes. 

To assign hydraulic conductivities, we first assigned a background value of 0.003 m/d to all 
nodes. All nodes below the shaded regions in Figure 34 were assigned a hydraulic conductivity 
of M 0 ' 1 0 m/d. The location of the Koongarra Fault at the land surface was specified along a 
curving line of nodes *,n the top boundary of the model domain. Since each cell is 
100 m x 100 m x 50 m, the fault was defined by assigning a conductivity of 1 m/d at the surface 
node, at the two nodes immediately below, at the node immediately to the SE, at the two nodes 
immediately below, etc. This resulted in an effective dip of approximately 45 degrees. The 
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weathered zone was defined by assigning a conductivity of 1 m/d to the top 50 m SE of the fault. 
Finally, the Kombolgie sandstone was defined by assigning a conductivity of 0.01 m/d to all 
nodes in the top 500 m to the NE of the fault. 

Boundary conditions were only defined on the top surface, as in our two-dimensional modelling. 
We defined ground surface elevations at all nodes iuong Koongarra Creek and along several other 
lines. Beneath the Mount Brockman Massif, we assigned assumed water-table elevations which 
mimicked the general shape of the land surface and rose to a maximum level of 80 m. 

Figure 35 shows equipotentials and flow vectors in the top two layers of cells, thus Figures 35a 
and 35b are representative of flows 25 and 75 m below the surface, respectively. In the top layer, 
we see high flows in the weathered zone and in the fault, and overall we observe that flow is 
from top to bottom (NW to SE) at the right side of the domain and much more towards the S at 
the left of the domain. This is a direct result of the assumed boundary conditions, but is in 
qualitative agreement with observed groundwater levels, given the limited area for which they are 
available. In the lower layer (Figure 35b), flow rates are generally smaller, but the directions 
(although hard to see in the Figure) are very similar to those in the top layer. 

The question of the direction of groundwater flow through the orebody has been asked since the 
first studies at the Koongarra site. Although many assumptions have been made, this simple 
model indicates that the flow may be in numerous directions, almost radial from the Mount 
Brockman Massif rather than uni-directional in the SE direction. 

Figure 36 shows three cross-sections through the model, each 3 km in length and 1 km deep. The 
Figures are stretched vertically by a factor of 2:1. The sections are in the NW-SE direction and 
are viewed in the same sense as in previous modelling. Flow vectors in Figure 36 (and 37) are 
at the same scale as in Figure 35. 

Figure 36b is the closest to the usual view (Raffensberger and Garven, 1989; Lever and Morris, 
1990). It shows downward flow through the Kombolgie sandstone (only half as thick as the 
cross-section), generally upward flow in the Koongarra Fault, upward flow through the orebody 
and lateral flow in the weathered zone. Regions at the ends of Figures 36b (and 36c) with 
apparently zero flows correspond to the shaded regions in Figure 34. The boundaries between the 
main flow domain and these regions act as no-flow boundaries which can only have flow parallel 
with the boundaries. In the case of Koongarra Creek, the flow on the boundary would be upwards; 
in the case of the creek/fault in the N-S direction, flows would be down or up and generally 
southwards. Figures 36a and 36c indicate that flows in all cross-sections oriented NW-SE have 
a similar appearance. 

Figure 37 shows a further three cross-sections in the SW-NE direction, viewed from the SE. 
Figure 37b is particularly interesting because it indicates significant lateral flow in the fault at a 
considerable depth below the surface. Figure 37c shows lateral flow in the fault at an even greater 
depth. Flow arrows of the same length in the weathered zone as in Figure 36 are indications of 
the need for vector sums to determine the actual directions of flow. Figure 37a indicates flow in 
the Koongarra Fault near the surface where the direction of the fault in plan has rotated about 45 
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degrees, as mentioned earlier. It also shows the tendency for groundwater flow below Mount 
Brockman towards the creek that this section intersects. 

Similar results to those obtained here nave been obtained with a range of conductivities in the 
fault and with different thicknesses of the Kombolgie sandstone. We conclude at this stage that 
three-dimensional flow modelling is essential near the Koongarra orebody, because tine physical 
boundaries are not parallel and closely approximate a triangle. The assumption of a water table 
in the Kombolgie sandstone is sufficient to supply enough water for flow through the orebody, 
because as long as the fault is sufficiently conducting, it will redistribute water for flow through 
the schist. The direction of flow in plan is varying, and is as much N-S as NW-SE. Significant 
lateral flows may occur in or parallel to the Koongarra Fault at depth, this result being supported 
by numerous pump and slug tests. 

4.6.5 Concluding remarks 

This report summarises two-and three-dimensional modelling results to date, but a considerable 
amount of work is still planned. Our further efforts will involve: systematic modelling of the 
sensitivity of flows to the thickness of Kombolgie sandstone, the thickness of the weathered zone, 
the maximum height and shape of the assumed water table in the Kombolgie sandstone, and 
effects of vertical and perhaps horizontal anisotropy; and a more systematic blending of different 
sources of data, such as laboratory-scale permeabilities, pump and slug tests, regional water levels 
and chemical and isotope data. Our immediate task is to increase the resolution of our 
three-dimensional grid, and to introduce a more accurate representation of material boundaries as 
well. 

Within the context of ARAP as an INTRAVAL Test Case, we also plan to extend our modelling 
efforts to test systematic methods for evaluating the effects of parameter uncertainty on 
predictions. These methods include Monte Carlo and First Order Second Moment methods, neither 
of which have been applied in large-scale three-dimensional field studies. 
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Figure 21 Apparent porosity versus dry bulk density. 
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Figure 22 Linear regression of permeability versus porosity. 
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Figure 25 Streamlines for the case with a highly permeable fault and an aquifer weathered-
layer. 

6000 years 4300 years 
7200 years 5200; Bars 

1 

Figure 26 Pathlines for the case with a highly permeable fault and an aquifer weathered-
layer. 
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Figure 27 Results of steady-state simulation assuming the fault zone acted as a barrier. 
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Figure 28 Results of steady-state simulation assuming the fault zone acted as a permeable 
conduit. 
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*- Nourlangie Mount Koongarra Sawcut Arnhem Land 
Creek Brockman Creek Creek Plateau 

0 26 

Figure 29 (a) Heads assigned to top boundary and (b) flow net for 26 km x 3 km section 
with no faults. 

Figure 30 Contours of streamfunction for grids including faults with hydraulic 
conductivities of (a) 0.1 m/d, (b) 1.0 m/d and (c) 10.0 m/d. 
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Figure 31 Contours of streamfunction with fault conductivity 1.0 m/d and maximum water-
table elevation below Mount Brockman of (a) 100 m and (b) SO m. 
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Figure 32 Contours of streamfunction with thinner Kombolgie sandstone layer, fault 
conductivity 1.0 m/d and maximum water-table elevation below Mount Brockman 
of (a) 100 m and (b) 50 m. 
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Figure 33 Close-ups corresponding to Figures 30b, 31a and 32a. 
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Figure 34 Topographic map showing region of three-dimensional model. 

- 125-



Figure 35 Results from the top two layers in the three-dimensional model. 
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Figure 36 Results in vertical sections (a) 2.5, (b) 1.5 and (c) 1.0 km from the SW edge of 
the three-dimensional region. 
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Figure 37 Results in vertical sections (a) 1.7, (b) 1.0 and (c) 0.7 km from the SE edge of 
the three-diJTiensional region. 
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5. Geochemical Modelling Using Reaction Path Calculations 

5.1 Introduction 

Dimitri A. Sverjensky, Department of Earth and Planetary Sciences, The Johns Hopkins University 

5.1.1 Background 

The genesis of assemblages of minerals found in soils and rocks and the reactions controlling the 
chemistry of natural waters are research problems of great importance to many parts of the Earth 
Sciences. The ubiquitous presence of aqueous solutions at the surface of the Earth and in the pore 
spaces or fractures in soils or rocks to depths of at least 12 kilometers has motivated the use of 
a wide variety of approaches to try to decipher the chemistry of water-rock interactions. One such 
approach is chemical modelling. The overall goal of chemical modelling using reaction path 
calculations is to identify the most important chemical reactions controlling the fonnation of 
mineral assemblages and to assess quantitatively the chemical mass transfer between solid and 
aqueous phases (e.g. Helgeson, 1970). It is only by taking into account the simultaneous changes 
in the chemistry of the reacting aqueous phase and the amounts of precipitation and dissolution 
of solid phases that insight into the causes of the overall transformations can be obtained. 

The conclusions from reaction-path calculations for any specific problem of interest rely heavily 
on three subject areas. The first area concerns the specification of a conceptual model for the 
chemical problem at hand. Reaction-path calculations cannot hope to imitate nature, but rather 
rely on a conceptual model of the processes of interest. The limitations of the conceptual model 
and its accuracy are critical to the chemical modelling, as will be discussed below. The second 
area concerns the thermodynamic and kinetic data used in the actual calculations. This is far more 
than just an issue of the accuracy of the data as will be seen below. The third and final area 
concerns the mathematical and computational methods represented in the computer code used for 
the calculations. Considerable attention has been given to these methods and a number of different 
codes are available for use (see reviews in Wolery, 1983; Wolery et al., 1984). In the present 
report, all reaction path calculations are carried out with the software package EQ3/6 (Wolery et 
alM 1984). Consequently, this third area will not be discussed further. 

The remainder of this introduction will be devoted to a more detailed discussion of the 
importances of the first two areas mentioned above, namely the selection of a conceptual model 
and the thermodynamic data used for reaction path calculations. These two areas alone generally 
account for most of the different results that can be obtained by different investigators using the 
same computer code for the calculations. The discussion below will be specifically focussed on 
the Koongarra ore deposit, and the genesis of the uranyl phosphate zone by weathering. The 
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discussion refers to the sets of calculations carried out at RIVM in the framework of INTRAVAL 
and at Johns Hopkins University. 

5.1.2 Importance of the conceptual model adopted 

The conceptual model refers to a representation of the problem at hand for the purposes of 
chemical modelling, and in particular, reaction-path calculations. For Koongarra, mis involves a 
description of the current mineral assemblages in the weathered zone and the unweathered 
precursor assemblages. 

For example, the specific minerals in the uranyl phosphate zone at Koongarra and die chemical 
characteristics of the weathering in this zone have been summarized by Snelling (1980a, 1989). 
This information forms a vital basis for the kinds of model calculations that are presented below. 
Any modelling attempt to unravel the chemistry of the reactions that may have been responsible 
for the formation of the uranyl phosphate zone relies heavily on a detailed knowledge of the 
nature and relative abundances of the phases in this zone. It is crucial to develop a sound set of 
constraints for the model calculations that are consistent with the known and inferred geological 
history of the site. 

In addition, the precursor to the weathered zone has been established by studies of the Koongarra 
(and other similar deposits), which have shown that deposition of the early primary pitchblende 
was associated with intense hydrothermal alteration of the host-rocks, resulting in distinctive 
mineral assemblages (Snelling, 1980a; 1989). Closest to the primary ore, the host rocks were 
graphite-pyrite-biotite-muscovite-gamet-quartz-bearing schists (possibly also containing some 
apatite, or other phosphate). According to the at present generally accepted hypothesis (Snelling, 
1990), these were altered dramatically by the circulating hydrothermal solutions to Mg-rich 
chlorite, quartz, muscovite, hematite, sulfides, and possibly additional apatite, about 1,600 million 
years ago. The nature and extent of possible hydrothermal apatite (or other phosphates) remain 
to be clarified. The latter may be a crucial control on the subsequent weathering history of the 
deposit, particularly at the time the uranyl phosphate zone was forming. Current ARAP studies 
(in progress) will help resolve this issue and may force changes in the conceptual models to be 
used in future reaction-path calculations. 

In the preliminary RIVM modelling (R. Wijland, G. Bockting, v.d. Weerd, 1991), reported below, 
biotite was used as one of the starting minerals in the reaction-path calculations meant to model 
weathering and the formation of kaolinite and the uranyl phosphates. However, as mentioned 
above, biotite is supposed now to have been altered to chlorite at Koongarra by hydrothermal 
solutions about 1,600 million years ago at the time of deposition of the primary uraninite ore body. 
At the time of weathering and formation of the uranyl phosphate zone there would have been no 
biotite to weather to kaolinite, so only chlorite would have been weathered to kaolinite in the 
vicinity of the primary orebody (Sneiiing, 1989). Thus the RIVM conceptual model involving 
biotite weathering to kaolinite instead of chlorite weathering to kaolinite is debatable. 

One advantage of the use of a conceptual model in reaction-path calculations is that various input 
parameters can be varied to delineate the optimal conditions for the formation of the uranyl 
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phosphate mineralization. For example, calculations are presented below involving systems either 
open or closed to the atmosphere. The RIVM conceptual model has a fixed initial log-part ial-
pressure of oxygen of -47.4, representing a system isolated from the atmosphere. Under these 
reducing conditions, it is very difficult to form uranyl phosphates. In contrast, the JHU 
calculations include results for log P(02) equal to -0.7, the atmospheric value, and held constant 
during the calculations to simulate equilibrium with the atmosphere. Under these conditions it is 
possible to fonn uranyl phosphate mineralization. 

5.1.3 Importance of the thermodynamic data used 

Clearly the results of chemical modelling depend heavily on the thermodynamic data used for the 
species in the chemical model (e.g. minerals, aqueous species, gases). If important species are 
omitted from the datafile it is possible to reach erroneous conclusions about the chemistry of the 
problem being investigated. However, it is also true that including species in the chemical model 
that have thermodynamic properties that are highly uncertain or inaccurate also leads to erroneous 
results. Some of these problems may not be obvious, particularly when using a datafile 
constructed by other researchers. Nevertheless, when chemical modelling repeatedly and 
persistently predicts the formation of one or more minerals that are not present in the mineral 
assemblages of the conceptual model, or are in general extremely rare, the accuracy of the 
thermodynamic data must be suspect, and subjected to close scrutiny. 

As an example, in the calculations reported below by RIVM it was found that die uranium 
mineral soddyite was repeatedly predicted to form. Soddyite has not been reported from the uranyl 
phosphate zone at Koongarra and is in any case a rare mineral. These observations suggest that 
there is clearly a problem with the thermodynamic characterization of this mineral. 

In summary, there are numerous potential pitfalls in carrying out chemical modelling using 
reaction-path codes. Examples of some of these have been discussed above with particular 
reference to the development of reliable, geologically-based conceptual models and the elimination 
of anomalous modelling results caused by the inclusion of inaccurate thermodynamic data. 
Advances in either of these two areas are particularly critical to the study of natural analogues, 
including Koongarra, because they will inevitably affect any chemical modelling. 

5.2 Chemical Mass-Transfer Calculations for the Formation of the Uranium Phosphate 
Zone at Koongarra 

DimitriA. Sverjensky, Department of Earth and Planetary Sciences, The Johns Hopkins University 

5.2.1 Introduction 

In the present report, I summarize recent progress of research aimed specifically at establishing 
the kinds of waters and reactions that were associated with the formation of the uranyl phosphate 
zone at Koongarra. This line of research employs chemical mass-transfer calculations to help 
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unravel the geochemical processes operating during the genesis of the uranyl phosphate zone. 
Preliminary results were presented previously (ARAP Report, August, 1989). The systematic 
investigations of the mass-transfer calculations descibed below in the present report provide a 
more accurate model of the formation of the phosphate zone and, in addition, reflect a major 
evolution in the thermodynamic database. Consequently, the results of the present report 
supercede the earlier reported mass-transfer results. 

The mass-transfer calculations are carried out with the computer programs EQ3NR and EQ6 
(Wolery, 1983; Wolery et al., 1984). As reported previously, all calculations are made using the 
thermodynamic database generated at The Johns Hopkins University, which is available on 
request. 

5.2.2 Chemical mass-transfer calculations 

The mass-transfer calculations aim to use the geological and mineralogical data for the Koongarra 
weathered zone to constrain the initial compositions and reactions undergone by groundwater 
during the formation of the uranyl phosphate zone. The mass-transfer calculations use the 
present-day analyses of Koongarra waters as a guide to the possible initial composition of the 
fluid associated with the formation of the phosphate zone. 

The waters associated with the formation of the uranyl phosphate zone may be quite different 
from those found in the present-day wells at Koongarra. Consequently, in the present study, I use 
the known mineralogy, mineral chemistry and textural observations to attempt to constrain both 
the kind of water that might have been involved in the formation of the uranyl phosphate zone 
and the nature of the geochemical processes operating during the formation of this zone at 
Koongarra. The initial conditions for the mass-transfer calculations are summarized below. These 
encompass a range of possible scenarios that are tested individually in a series of different mass 
transfer runs. 

5.2.3 Initial conditions for mass-transfer calculations 

Initial reactant water compositions 

Following the earlier series of calculations (ARAP, Aug., 1989), the composition of water from 
the KD1 well analyzed in May, 1988 was used as a starting point (Table 18). This is equivalent 
to assuming that the recharge groundwater at the time the uranyl phosphate zone formed had the 
same composition as the present-day sample from KD1. In the work reported below this 
assumption proved to be adequate for the formation of a model uranyl phosphate zone. Future 
calculations will test this assumption to try to delineate a range of initial water compositions from 
which it is predicted that a uranyl phosphate zone could form. Further assumptions made in the 
present study include the following: 

(a) The initial water is saturated with respect to hematite, kaolinite, and quartz. 
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(b) A simplified water chemistry is being considered (Table 18). Copper is now included, but 
Mn and Pb are not yet included. In the future, inclusion of Pb will permit consideration 
of dewindtite precipitation in addition to saleeite. 

(c) The temperature of the water-rock system is taken to be 25.0 (°C) which is only six 
degrees different from the temperatures recorded for the May, 1988 and November, 1988 
analyses. 

(d) The oxidation state of the initial water has been assumed to be uniformly consistent with 
dissolved oxygen in equilibrium with the atmosphere (log fugacity of -0.70). 

Imtiat reactant mineral assemblages 

(a) At the time the uranyl phosphate zone was forming groundwaters would have encountered 
a relatively simple mineral assemblage in the immediate vicinity of the primary orebody. 
As summarized by Snelling (1980, 1989), the intense hydrothermal alteration of the host 
rocks associated with deposition of the primary pitchblende resulted in Mg-rich chlorite, 
quartz, muscovite, now associated withpyrite, graphite, apatite, and hematite. Some of the 
latter minerals formed during the hydrothermal alteration or were also present before the 
hydrothermal activity. As a consequence, it is highly like ly that the nature and extent of 
the uranyl phosphate zone that we sample today result directly from the earlier 
hydrothermal alteration history of the deposit (see below). 

(b) The uranium-bearing phases associated with the above minerals at the time of formation 
of the uranyl phosphate zone could either have been pitchblende-bearing or possibly 
alteration products represented by the uranium oxide and silicate zone (e.g. uranophane 
and sklodowskite). These two possibilities are investigated below. 

(c) Reactions were considered to be either buffered by equilibrium with the atmosphere or 
isolated from the atmosphere. Buffered runs are equivalent to weathering in an unsaturated 
zone (i.e. above the water table). Unbuffered runs are equivalent to weathering in the 
saturated zone (i.e. below the water table). 

5.2.4 Results of mass-transfer calculations 

The initial and final mineral assemblages for a useful model system are shown in Table 19 for 
both buffered and unbuffered calculations. The final fluid compositions reported in Table 18 
corresponds to that for the buffered calculations shown in Table 19. It can be seen in Table 19 
that the buffered calculations simulate the formation of important minerals in the weathered zone 
at Koongarra. Abundant hematite, kaolinite, and saleeite formed at the expense of the primary 
mineral assemblage. The mineralogical and fluid composition evolved along the paths are depicted 
in Figures 38-41 . 
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In contrast to the results for the reactions buffered by atmospheric values for 0 2 and C02 , the 
results of unbuffered calculations starting with the same initial assemblage are shown in Table 19. 
It can be seen that these calculations did not produce the kind of assemblages presently found in 
the weathering zone at Koongarra. Instead, the fluid became overwhelmed by the reactions with 
the highly-reducing initial assemblage and eventually equilibrated with that assemblage. Rather 
than corresponding to groundwater mivement in the formation of the weathered zone, these 
unbuffered calculations instead probably correspond more closely to present groundwaters deep 
in the Koongarra section. Clearly, the buffering of the 0 2 and C02 in the first set of calculations 
shown in Table 19 would seem to be highly advantageous for the fonnation of the uranyl 
phosphate zone at Koongarra. 

Tables 20 and 21 summarize the effects of varying the initial mineral assemblage under buffered 
conditions containing initial pyrite or hematite. From the varying results, that in some cases differ 
substantially from the results in Table 19, it is clear that it is highly advantageous for the pyrite 
to be an initial reactant. The dissolution of pyrite results in generation of an acidic sulfate 
solution, as shown by the dramatic decrease of the calculated pH in Figure 39 at values of 
log(Zi), the reaction progress variable, greater than about -4.0 units. 

5.2.5 Conclusions from the reaction-path calculations 

(1) A simple way to form the assemblage kaolinite + hematite + saleeite is by the weathering 
of primary ore containing the hydrothermal alteration assemblage chlorite + muscovite + 
quartz + pyrite + graphite + apatite + pitchblende under conditions buffered by 
atmospheric C0 2 and 0 2 . 

(2) Pyrite appears to be crucial under such circumstances because it keeps the pH of the fluid 
from rising to values consistent with saturation with respect to apatite or to silicates not 
found in the uranyl phosphate zone at Koongarra. 

(3) The buffering by atmospheric C0 2 and 0 2 is obviously important to maintain Fe and U 
in thier oxidized states while sufficient saleeite and hematite formed. In rum this result 
suggests that the formation of the uranyl phosphate zone took place in the 
UNSATURATED ZONE. By analogy with studies of supergene copper deposits, this 
suggests that the present base of the uranyl phosphate zone may represent (approximately) 
a paleo-water table. 

(4) The results summarized above suggest further that the uranyl phosphate zone may have 
formed in a more arid climate prior to the relatively recent monsoonal climate initialed 
about 12,000 years ago. 

(5) The present configuration of the uranyl phosphate zone in cross-section may possibly be 
explained, on a chemical basis, by consideration of the possibility of a pre-existing 
phosphorous anomaly. In other words, was there a hydrothermal phosphorous anomaly 
imprinted on the section in association with the intense early hydrothermal episode during 
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which the primary ore was formed? If so, did this anomaly extend through the present 
zone of "dispersed uranium"? 

5.2.6 Current research 

The results reported above represent significant progress for the geochemical investigations into 
the nature of the reactions, fluids, and processes operating during the formation of the uranyl 
phosphate zone at Koongarra. It would appear from these results that the waters associated with 
the formation of the phosphate zone were probably quite different to those sampled at the present 
day. This suggests that the uranyl phosphate mineralization may represent a paleo-analogue for 
nuclear waste migration. However, a considerable number of simulations still need to be carried 
out in order to more closely constrain the conditions under which the phosphate zone formed. In 
particular, attention is currently focussed on varying the initial fluid composition for calculations 
of the kind described above. This work, which is currently in progress, will be described in 
subsequent reports. 

Table 18 Comparison of initial and final fluid compositions (mg-L"1) from reaction path 
calculation #15. 

Initial Fluid Final Fluid 

Na 
K 
Ca 
Mg 
Al 
Si 
C 

s 
CI 
Fe 
Cu 
U 
P 

pH 
Iogf02 

logfC02 

1.1 
0.4 
4.0 
3.6 
0.6 10"6 

2.8 
0.3 
1.0 

17.2 
0.2-10'6 

0.1 10'3 

0.005 
0.002 

6.20 
-0.7 
-3.5 

1.1 
32.7 

204.0 
359.0 

0.910"5 

2.8 
0.9 

642.0 
17.1 
0.110'6 

0.1 10'3 

0.20 
0.27 

6.96 
-0.7 
-3.5 
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Table 19 Results of buffered versus unbuffered reaction-path runs. 

INITIAL REACTANT 
MINERAL ASSEMBLAGE -

FINAL EQUILIBRIUM 
MINERAL ASSEMBLAGE 

BUFFERED BY ATMOSPHERIC C0 2 AND 0 2 PARTIAL PRESSURES: 

#15 
Chlorite, Muscovite, Quartz, 
Pyrite, Graphite, 
Apatite 
U 3 0 8 

Chlorite, Muscovite, Quartz, 
Kaolinite 
Hematite 
Saleeite 

UNBUFFERED: 

# 18 
Chlorite, Muscovite, Quartz, 
Pyrite, Graphite, 
Apatite 
u3o8 

Chlorite, Muscovite, Quartz, 
Pyrite, Graphite 
Apatite 
Kaolinite 
Chalcocite 
Uraninite 
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Table 20 Results of buffered reaction-path runs containing Pyrite in the initial assemblage. 

INITIAL REACTANT 
MINERAL ASSEMBLAGE 

FINAL EQUILIBRIUM 
MINERAL ASSEMBLAGE 

# 15 
Chlorite, Muscovite, Quartz, 
Pyrite, Graphite, 
Apatite 

u3o8 

Chlorite, Muscovite, Quartz, 
Kaolinite 
Hematite 
Saleeite 

# 16 
Chlorite, Muscovite, Quartz, 
Pyrite, Graphite, 
Apatite 

u3o8 
Sklodowskite 

Chlorite, Muscovite, Quartz, 
Kaolinite 
Hematite 
Saleeite 
Sklodowskite 

# 1 9 
Chlorite, Muscovite, Quartz, 
Pyrite, Graphite, 
Apatite 
Uraninite 

Chlorite, Muscovite, Quartz, 
Apatite 
Kaolinite 
Hematite 

# 1 4 
Chlorite, Muscovite, Quartz, 
Pyrite 
Apatite 
u3o8 

Chlorite, Muscovite, Quartz, 
Kaolinite 
Hematite 
Saleeite 
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Table 21 Results of buffered reaction-path runs containing Hematite in the initial 
assemblage. 

INITIAL REACTANT 
MINERAL ASSEMBLAGE 

FINAL EQUILIBRIUM 
MINERAL ASSEMBLAGE 

# 13 
Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
U308 

Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
Kaolinite 
Urauophane, Saleeite 

# 8 
Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
U3Og, Sklodowskite 

Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
Kaolinite 
Uranophane, Saleeite 

#11 
Chlorite, Muscovite, Quartz, 
Hematite 

u3o8 
Sklodowskite 

Chlorite, Muscovite, Quartz, 
Hematite 
Kaolinite 
Sklodowskite, Saleeite 

# 12 
Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
Sklodowskite 

Chlorite, Muscovite, Quartz, 
Hematite, Apatite 
Kaolinite 
Uranophanc, Saleeite 

- 138-



5.3 Geochemical Modelling of the U-Mobility in the Weathered Zone of the Koongarra 
Uranium Deposit 

Gerald Bockting, Ria Wijland and Rikje van de Weerd, National Institute of Public Health and 
Environmental Protection 

5.3.1 Introduction 

A preliminary geochemical modelling study was performed to identify the controlling reactions 
for the formation of the uranyl silicate and uranyl phosphate zone in the Koongarra ore deposit. 
The calculations were performed by utilizing the EQ3NR computer code for aqueous speciation 
and the EQ6 code for reaction path calculations. All calculations were performed with the EQ3/6 
thermodynamic database slightly adjusted with respect to uranyl phosphate minerals. 

Objectives 

Prior to the modelling of radionuclide transport from the ore zone, the processes involved in the 
mobilization and immobilization of radionuclides should be understood in order to know which 
processes are of relevance in simulating this transport. 

This section deals with a preliminary geocheinical modelling study performed to identify the 
reactions controlling the present occurrence of uranium in the Koongarra ore deposit. The main 
objectives of this geochemical modelling are: 

identification of the controlling reactions for the formation of the uranyl silicates from 
pitchblende in the primary ore zone, and 
identification of the controlling reactions for the formation of the uranyl phosphate zone. 

Geochemical background 

The Koongarra uranium ore occurs in a layered sequence of schists, originating from 
metamorphosed shale and siltstone. Together with layers of dolomite, or metamorphosed 
limestone, that are situated underneath the orebody (Snelling 1989), these schists form the Cahill 
formation. A cross section of the Koongarra uranium deposit is shown in Figure 3, Chapter 2. The 
Koongarra uranium ore exists at the faulted contact between the Kombolgie Sandstone and the 
Lower Cahill Formation. The Lower Cahill Formation consists of quartz-biotite and quartz-chlorite 
schists. The primary uranium ore consists of uraninite with Pb-U oxides. Uranium in this primary 
ore zone was mobilized through oxidation and subsequently immobilized through the formation 
of uranylsilicates i.e. an uranyl silicate zone has developed. Most of the silicates occur 
immediately above the reverse fault breccia and in the lower transition zone between weathered 
and non-weathered schists. Chlorite occurs throughout the unweathered schist, as replacement of 
biotite (Snelling 1980a). The production of chlorite in ' primary ore zone occurs 
contemporaneously with the alteration of the primary uranium Snelling 1990). Some of the 
uranium mobilized through the oxidation of the primary ore hâ  -en leached and subsequently 
immobilized downgradient in the weathered zone forming an uranyl phosphate zone. Further 
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downstream of the primary orebody a dispersion fan developed where most of the uranium is 
adsorbed to iron oxides and clay minerals. Secondary uranium minerals, which have been 
identified at Koongarra, are listed in Table 22. 

Table 22 List of secondary uranium minerals. Bold printed minerals are included in the 
EQ3/6 data base. 

Identified at Koongarra 

Curite 

Fourmanite 

Vandendriesschite 

Kasolite 

Sklodowskite 

Uranophane 

Saleeite 

Sabulgalite 

Metatorbernite 

Torbernite 

Renardite 

Dewindtite 

Johannite 

Carnotite 

Tyuyamunite 

2(PbO)5(U03)5H20 

(Pb04(U03)4H20 

(PbO)7(U03) 12H20 

Pb(U02)(Si04) H20 

Mg(U02)2(Si207)6H20 

Ca(U02)2(Si207)6H2O 

Mg(UO2)2(PO4)28-10H2O 

HA1(U02)4(P04)4 16H20 

Cu(UO2)2(P04)28H2O 

Cu(U02)2(P04)28-12H20 

Pb(U02)4(P04)2(OH)4 7H20 

Pb(U02)2(P04)23H20 

Cu(U02)2(S04)2 6H20 

K2(U02)2(V04)23H20 

Ca(U02)2(V04)25-8H20 

Not identified at 
Koongarra but present in 
EQ3/6 data base 

Przhevalskite 

Bassetite 

Haiweeite 

Soddyite 

Pb(U02)2(P04)2 

Fe(II)(U02)2(P04)2 

(U02)2(Si205)3-5H20 

(U02)2(Si04) 2H20 

Isobe and Murakami (1989) reported that at Koongarra the alteration of uranyl silicates to uranyl 
phosphates seems to be closely related to the alteration of chlorite to vermiculite (the first 
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transformation) and to kaoiinite, smectite and iron oxides (the second transformation). The area 
of low uranium concentrations corresponds to an area in which chlorite is predominant, the area 
of intermediate concentrations is related to a vermiculite-predominant zone, and the high uranium 
concentration area to a kaoiinite- and iron-oxide-predominant zone. 

Limitations 

At the time the preliminary calculations were performed, there was no information available at 
RIVM from which it could be deduced that the alteration of biotite to chlorite was hydrothermal. 
However, this hydrothermal alteration is currently a generally accepted hypothesis (Snelling 1990, 
Sverjenski 1991). Therefore, considering this hypothesis, the contemporaneous alteration of 
uraninite and biotite to uranyl silicate and chlorite assumed in the reaction-path calculations, is 
inappropriate. 

5.3.2 Geochemical modelling 

Strategy 

Performing aqueous speciation-solubility and reaction-path calculations on the groundwater 
analyses and secondary mineral assemblies identified at Koongarra, might reveal the major 
processes leading to mobilization or immobilization of uranium. The major objective of this 
modelling attempt was the identification of the controlling reactions for the alteration of the 
pitchblende to uranyl silicates and the formation of the uranyl phosphate zone. 

Processes and conditions that are likely to influence the formation of secondary uranium minerals 
are: 

the composition of the initial fluid that reacts with the rock; 
dissolution of the primary uranium ore and silicate and phosphate minerals that may cause 
supersaturation of the pore fluid with respect to uranyl phosphates or uranyl silicates; 
the access of atmospheric 0 2 and C0 2 to the system, which might control redox 
conditions and the pH of the groundwater, and hence, the conditions for precipitation, and 
the relative kinetics for dissolution and precipitation of all the primary and secondary 
minerals, which is the final factor in deciding which minerals form (e.g. precipitation of 
uranyl silicates might be inhibited by precipitation of amorphous silica consuming the 
available Si). 

The calculations using the EQ3NR and EQ6 code (Wolery 1983, Wolery 1989) were designed 
to reveal which of the processes mentioned above are quantitatively controlling the alteration of 
the primary uranium ore and the mobility of uranium in the weathered zone of the Koongarra ore 
deposit. 
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Input data 

The groundwater flow in the weathered zone of the Koongarra uranium deposit is roughly 
perpendicular to the strike of the mineralization, but the exact direction is complicated by 
fractures and local heterogeneities (Pidsley 1989). The groundwater analyses used for the 
calculations were taken from samples from the KD1, PH49, PH55, PH58 and PH94 wells. In 
Figure 14 it can be seen that the selected wells are located on a NW-SE line perpendicular to the 
strike of the mineralization. The wells are roughly downstreams of each other and they cover the 
successively identified zones: 

KD1 —> Kombolgie Sandstone Formation 
PH49 -> Silicate zone 
PH55 —> Phosphate zone 
PH58 —> Dispersion zone 
PH94 —> Downgradient of the orebody 

The groundwater samples were collected during a field trip at the end of the dry season, in 
November 1988 (Duerden 1989). The groundwater samples from PH55 and PH58 were taken in 
the unweathered zone, below the phosphate and dispersion zone respectively. However, the 
composition of these samples is assumed to be representative for these zones. Groundwater from 
the Kombolgie Sandstone is believed to enter the weathered zone through the primary ore zone. 
While flowing further to the South-East through the weathered zone, the groundwater composition 
changes. Table 23 shows the result of the chemical analyses of the samples. In Figure 42 the 
concentration of some of the elements, which are relevant for this modelling study, are plotted. 
This figure shows the variation in concentration of the groundwater, when flowing from the 
Kombolgie Sandstone downgradient through the successive zones. 

Aqueous speciation-solubility and reaction-path calculations 

The calculations have been carried out using the EQ3NR and EQ6 computer code. A brief 
discription of the codes is given here. 

The EQ3NR computer code (Wolery 1983) is a geochemical aqueous speciation-solubility code. 
It enables determination of the thermodynamic state of an aqueous solution by calculating the 
distribution of aqueous species (simple ions, ion-pairs and aqueous complexes). The input to the 
code consists of a chemical analysis that does not distinguish between contributions from simple 
ions, ion-pairs, and aqueous complexes. The input may or may not distinguish between different 
oxidation states. Bicarbonate or carbonate may be constrained by titration or carbonate alkalinity. 
A specified ionic solute may be constrained by electrical balance. A default redox parameter may 
be input to distribute total concentrations that include more than one oxidation state in the 
corresponding mass balance. The redox state may also be determined by a specified redox couple 
for which there is an analysis for each oxidation state. The code calculates the distribution of 
aqueous species given as molal concentrations and thermodynamic activities of individual species, 
or as percentage contribution to total mass balances. It also calculates saturation indices for the 
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minerals present in the thermodynamic database attached to the code, and the equilibrium fugacity 
of some gases. 

Table 23 Concentrations (gm ) in the water samples collected during the November 1988 
field trip (Duerden 1989; are data from Peter Duerden personally). 

Al 

Ca 

K 

Mg 

Mn 

Na 

Si 

Fe 

V 

Se(ppb) 

Pb (ppb) 

Th(ppb) 

U(ppb) 

PO/ 

CI* 

F* 

HC03* 

so4 

EJi* 

PH* 

Well and depth (m) 

KDl 

40-42 

<0.001 

2.3 

0.41 

4.8 

0.12 

1.0 

5.3 

22 

0.62 

0.91 

0.98 

0.09 

0.52 

0.010 

3.1 

0.12 

81 

<0.02 

+ 140 

6.07 

PH49 

28-30 

<0.001 

5.2 

0.75 

25 

0.140 

1.2 

9.2 

1.1 

0.97 

1.46 

1.05 

0.07 

93.9 

0.090 

8.5 

0.34 

159 

0.29 

+ 130 

6.84 

PH55 

40-42 

<0.001 

2.7 

1.1 

19 

0.096 

1.4 

14.5 

3.5 

0.60 

<0.7 

0.69 

0.06 

0.98 

0.445 

5.5 

0.24 

120 

0.24 

+75 

6.60 

PH58 

38-40 

<0.001 

2.1 

1.3 

18 

0.075 

2.2 

15.7 

1.1 

1.41 

3.98 

0.68 

0.06 

1.05 

0.665 

6.2 

0.20 

114 

0.10 

+135 

6.59 

PH94 

40-42 

<0.001 

0.7 

1.0 

6.1 

0.006 

2.1 

12.1 

0.05 

2.19 

<1.1 

1.07 

0.10 

0.28 

0.200 

3.4 

0.11 

38 

0.84 

+225 

6.94 

The EQ6 computer code (Wolery 1989) is a FORTRAN program that calculates reaction paths 
(chemical evolution) in reacting systems consisting of water and minerals or other solids. EQ6 
computes models of titration processes (including fluid mixing), irreversible reactions in closed 
systems, irreversible reactions in simple kinds of open systems, and heating and cooling processes. 
The chemical evolution is driven by a set of irreversible reactions (reactions out of equilibrium) 
or changes in temperature or pressure. The code computes the appearance and disappearance of 
phases in solubility equilibrium with the water. The user may specify which potential phases are 
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allowed to form and which are not. As a result of the dissolving or precipitating reactants the 
fluid composition changes continuously. The code calculates after a large number of small 
intervals along the reaction path, the aqueous concentrations for all species and which minerals 
are supersaturated with respect to the fluid. These minerals are precipitated and the fluid 
composition is adjusted. The fugacity of a specified gas species may be fixed in order to simulate 
contact with a large external reservoir. The activity coefficients may be approximated by the B-
dot set of equations, the Da vies' equation, or the Pitzer's equation. Rate laws for irreversible 
reactions may be either relative rates or actual rates. If relative rates are employed, no time frame 
is involved in the calculation and progress is measurable only in the change in the remaining 
amounts of reactants. The calculation progress until the fluid is saturated with respect to all 
reactants or until the reactants are exhausted. 

5.3.3 Thermodynamic speciation-solubility calculations - EQ3NR 

The groundwater analyses of Table 23 were used as an input for the calculations. Preliminary 
calculations showed that the groundwaters are extremely supersaturated with respect to iron 
oxides. This is probably due to iron hydroxide particles contaminating the water in the boreholes. 
Therefore it was decided to use iron concentrations corresponding to saturation with respect to 
amorphous iron oxide. The Al-concentrations were all below the detection limit. To provide a 
realistic aluminium concentration these data were adjusted to be in equilibrium with kaolinite. 

Alkalinity and C02 

Table 24 shows that the samples are in equilibrium with a gas phase having a partial C02 

pressure very much higher than the atmospheric pressure (log pC02 = -3.5). Apparently the 
Koongarra groundwaters, have equilibrated with a soil atmosphere in which the partial C0 2 

pressures were up to 240 times higher than in the atmosphere. These high partial C0 2 pressures 
are commonly encountered in soils as a result of the C02-production during microbiological decay 
of organic matter. 

C0 2 plays a key role in geochemical weathering processes. In the aqueous phase C0 2 is 
transformed to HC03" according to the following reversible reactions: 

C0 2 (g) + H20 — H2CO3
0(aq) (I) 

H2C03°(aq) ^ - HCO,- + H+ (II) 

primary silicates + H+ *—* clay residue + cations (ID) 

H+, produced according to equation II is used for the weathering of fresh rock and secondary 
minerals are formed. Equation III represents in a generalized form the weathering of silicate 
minerals. The concentrations of the released components in the water rise until precipitation of 
secondary minerals can take place. As soon as all the aqueous H2C03° is exhausted no more 
protons are produced and consequently all weathering reactions stop. However, in a system open 
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to the atmosphere or to soil atmosphere, C0 2 can redissolve and the weathering process can 
proceed. 
The groundwaters used in this study have pH values varying between 6 and 7. In this pH range 
C0 3 concentrations are very low, therefore the alkalinity, expressed as eq/1, is nearly equal to 
the molar HCO3" concentration. 

Table 24 Calculated fugaciry of gases in equilibrium with the groundwater samples. 

sample 

KD1 

PH49 

PH55 

PH58 

PH94 

log fugacity C0 2 

-1.11 

-1.60 

-1.48 

-1.49 

-2.31 

Aqueous speciation 

The results of the calculations are very dependent on the equilibrium constants (log K) for the 
formation of aqueous uranyl complexes. A great variety of values for these equilibrium constants 
is found in different databases. Table 25 gives the log K values included in the database of the 
EQ3/6 code and some values derived from thermodynamic data of Langmuir (1978) and the 
OECD Nuclear Energy Agency database (OECD Nuclear Energy Agency 1990). 

The log K values are in relatively good agreement for the carbonate, hydroxyl and sulphate 
ligands, but the log K values for the uranyl phosphate complexes differ greatly. In this study the 
thermodynamic data for the aqueous uranyl phosphates were taken from the OECD/NEA data 
base for the following reason. Using the unaltered EQ3/6 data base the uranyl species are nearly 
entirely (99.98% or more) complexed as U02(H2P04)2. This phosphate complexation increases 
the solubility of the uranyl phosphates considerably. Preliminary EQ3NR calculations showed that, 
with this strong phosphate complexation, it was not possible to construct a realistic water 
composition that is in equilibrium with any uranyl phosphate mineral. A solution that is in 
equilibrium would have a very unrealistic uranium concentration of several moles per litre. 
However, in several uranium deposits in the world and at the Koongarra site, secondary uranyl 
phosphate minerals occur abundantly. So, the log K values, for the formation of uranyl phosphate 
species given in the EQ3/6 database are probably far too high. The values from Langmuir (1978) 
and the OECD/NEA data base (OECD Nuclear Energy Agency 1990) are much lower. The 
differences between the log K values from Langmuir and the OECD/NEA database are small and 
lead to only minor variations in the aqueous speciation of uranium. 
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Table 25 Log K values (at 25 °C) for the formation of aqueous uranyl species, data from the 
EQ3/6 data base, Langmuir (1978) and the Nuclear Energy Agency data base 
(OECD Nuclear Energy Agency 1990). 

species 

U0 2 C0 3 

U02OH+ 

U02(CO3)2
2-

U02(C03)3
4-

U02(H2P04)2 

U02H2PO4
+ 

U O J H J P O ^ 

U02(H2P04)H3P04
+ 

U02(N03)2 

U02(S04) 

U02(S04)2
2" 

U02C1+ 

IK^F* 

U02F2 

U02F3-

EQ3/6 

0.694 

-5.302 

-3.608 

-9.333 

59.647 

30.404 

32.251 

62.555 

-0.088 

2.748 

4.250 

0.235 

5.080 

8.840 

11.240 

Langmuir 

-0.271 

-5.781 

-3.687 

-10.776 

19.870 

10.233 

-

-

— 

2.749 

-

-

— 

--

-

OECD/NEA 

0.73 1 0.32 

-5.20 ± 0.30 

-3.69 ± 0.35 

-10.10 ± 0.35 

21.91 ± 0.63 

11.6210.44 

11.7210.44 

22.72 1 0.65 

— 

3.15 10.02 

4.14 1 0.07 

0.17 1 0.02 

5.09 10.04 

8.62 10.04 

10.90 1 0.40 

Using the log(K) values for aqueous uranyl phosphate complexes from the OECD/NEA database, 
it was found that in all samples the uranyl ion is completed for 99% or more by carbonate and 
hydroxyl ligands (Table 26). Other ligands considered in the thermodynamic database, such as 
HP04

2', H2P04 \ H3P04, S 0 4
2 \ Cl', F and N03", account for less than 1% of the uranyl 

complexation. The nearly complete complexation of the uranyl ion results in a very low 
concentration of the free uranyl ion, this in turn leads to a considerably high solubility of all U-
minerals. 

Speciation calculations with groundwater that is assumed to be in equilibrium with atmospheric 
C02 , resulted in a nearly hundred-fold increase of the free uranyl concentration in the PH49 
sample compared to calculations in equilibrium with a soil-atmosphere. When the equilibrium 
C0 2 pressure drops from the value in a soil to atmospheric values, the decrease of carbonate 
complexation is only partly taken over by other ligands. This means that in a geohydrological 
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setting this would lead to precipitation of secondary U-minerais when uranium-rich groundwaters 
reach the surface and equilibrate with the atmosphere. 

Table 26 Calculated aqueous uranyl speciation (in percentage of total U) using OECD/NEA 
thermodynamic data for uranyl phosphate species (-- indicates less than 0.6%). 

sample 

KD1 

PH49 

PH55 

PH58 

PH94 
11 

uo2co3 

32.69 

3.87 

8.71 

9.38 

12.84 

U02(C03)2
2" 

65.56 

94.42 

90.26 

89.82 

85.85 

uo2(co3)3
4-

— 

1.38 

0.52 

-

-

UO20H* 

0.94 

-

--

-

0.76 

Mineral saturation 

All samples are (highly) supersaturated with respect to several Se, Th, Cu and Mn minerals. The 
high concentrations of these elements are probably due to experimental errors, contamination of 
the samples during sampling or to very poor thermodynamic data. 

In Table 27 the minerals that are saturated or supersaturated for the different groundwater samples 
are listed. The extremely high supersaturation for fluorapatite might indicate poor thermodynamic 
data. All groundwaters appear to be undersaturated with respect to chlorite (several members of 
the chlorite group of minerals are included in the data base). This was not to be expected, because 
chlorite is an abundant mineral in the weathered zone at Koongarra. Furthermore, because Isobe 
and Murakami (1989) stated that at Koongarra chlorite is weathered to vermiculite and kaolinite, 
it was expected that chlorite has a strong influence on the groundwater composition. AU 
groundwater samples seem to be near equilibrium with respect to chalcedony. Therefore, it is 
likely that at Koongarra this amorphous quartz polymorph is controlling the aqueous Si-
concentrations. The samples, even the sample from the KD1 well, are extremely supersaturated 
with respect to nontronite clay minerals. It is very unlikely that this is a true supersaturation, 
particularly as the KD1 sample has relatively low concentrations (only slightly influenced by 
rock-water interactions, Figure 44). The extremely high supersaturation is probably due to bad 
thermodynamic data for these nontronite clay minerals. For the same reason the supersaturation 
with respect to U02HP04(c) is probably based on poor quality thermodynamic data. None of the 
groundwater samples are saturated or supersaturated with respect to uranyl phosphate minerals, 
other than U02HPO4(c). 

The PH49 sample is approximately saturated with respect to smectite and Ca and Mg 
montmorillonite. These clay minerals are present in the weathered zone above the orebody. 
Furthermore this sample is supersaturated with respect to soddyite and haiweeite. Soddyite is an 
uranyl silicate not identified at the Koongarra site, but uranyl silicates in general are present in 

- 147-



the weatliered zone of the Koongarra orebody. The supersaturation with respect to the clay 
minerals and the uranyl silicate minerals shows that the sample from the PH49 well represents 
a water composition that might have led to the formation of the clay minerals and uranyl silicate 
minerals present at Koongarra. However, it should be kept in mind that the supersaturation for 
these minerals might be due to poor thermodynamic data. 

For the samples from the silicate and phosphate zone (PH49 and PHSS) the uranium and 
phosphate concentrations required for equilibrium with saleeite (Mg(UO2)2(PO4)2-8-10H2O), are 
calculated. The results are given in Table 28. The measured concentrations of uranium and 
phosphate in these samples are 3 to nearly S orders of magnitude lower than the calculated 
equilibrium values. This leads to the conclusion that the present-day groundwater composition at 
Koongarra cannot account for the formation of the uranyl phosphate minerals observed. The 
present-day groundwater in the weathered zone is actively dissolving the uranyl phosphates. 

There are three ways to explain why the dissolution of uranyl phosphates did not result in higher 
uranium and phosphate concentrations. Firstly, the dissolution kinetics of the uranyl phosphates 
might be slow compared to the velocity of the groundwater moving in the weathered zone. 
Secondly, the low concentrations might be due to the precipitation of uranyl silicates following 
the dissolution of the uranyl phosphates (in the next paragraph this hypothesis is examined using 
reaction-path calculations). A third explanation for the low uranium concentrations is found by 
considering that the uranyl concentration in the phosphate zone might be controlled by sorption 
to iron oxides or clay minerals present in the weathered zone. 
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Table 27 Stoichiometric mineral saturations for the groundwater samples; all saturated 
minerals are shown (satd= approx. saturated minerals, ssatd=supersaturated). 

Groundwater sample KDl, Kombolgie Sandstone Formation 

Mineral 
chalcedony 
cu3se2 
cuse 
ferrite-cu 
fluorapatite 
hematite 
magnetite 
nontronit-k 
nontronit-na 
quartz 
siderite 
thorianite 
uo2hpo4(c) 

Groundwater 

chalcedony 
cronstedt.-7 
cufeo2(c) 
cuse 
£e(oh)3(ppd) 
ferrite-mg 
goethite 
hematite 
magnetite 
montmor-ca 
nontronit-ca 
nontronit-mg 
quartz 
siderite 
soddyite 
thorianite 
uo2hpo4(c) 

Groundwater 

chalcedony 
crist.beta.a 
fluorapatite 
hematite 
magnetite 
mnhpo4(c) 
montmor-mg 
montmor-k 
nontronit-ca 
nontronit-mg 
pyrophyllite 
siderite 
tridymite 

logQ/K 
-0.091 
24.466 
10.611 
2.808 
0.066 
8.593 
7.279 
9.190 
9.214 
0.175 
0.003 
4.685 
5.196 

sample 

0.148 
8.689 
10.795 
6.919 
0.277 
0.209 
4.606 
10.191 
9.073 
0.044 
12.592 
12.771 
0.417 

-0.282 
0.939 
4.478 
7.C50 

sample 

0.346 
-0.349 
8.586 
7.976 
6.902 
0.927 
0.462 

-0.315 
10.919 
11.039 
-0.349 
-0.122 
0.452 

state 
satd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
satd 
ssatd 
ssatd 

Mineral 
cronstedt.-7 
cufeo2(c) 
cuse2 
fese2 
goethite 
kaolinite 
nontronit-ca 
nontronit-mg 
pbse 
se(black) 
tho2 
tridymite 

PH49, silicate zone 

satd 
ssatd 
ssatd 
ssatd 
satd 
satd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 

cristobalite 
cu3se2 
cuprite 
cuse2 
ferrite-cu 
fluorapatite 
haiweeite 
kaolinite 
mnhpo4(c) 
montmor-mg 
nontronit-k 
nontronit-na 
se(black) 
smectite-rey 
tho2 
tridymite 

PH55, phosphate cone 

satd 
satd 
ssatd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
ssatd 
satd 
satd 
ssatd 

cristobalite 
cronstedt.-7 
goethite 
kaolinite 
minnesotaite 
montmor-ca 
montmor-na 
mordenite-k 
nontronit-k 
nontronit-na 
quartz 
thorianite 
uo2hpo4(c) 

logQ/K 
6.462 
9.460 
15.536 
2.024 
3.807 
0.000 
9.894 
10.013 
1.591 
4.534 
0.268 
0.015 

-0.123 
17.012 
0.010 
8.219 
5.547 
9.113 
0.570 
0.000 
0.516 
0.291 
11.927 
12.078 
0.916 
0.789 
0.066 
0.254 

0.074 
6.760 
3.499 
0.000 
0.008 
0.188 
-0.296 
-0.300 
10.347 
10.369 
0.612 
2.459 
6.329 

state 
ssatd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
satd 

satd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
ssatd 
satd 
ssatd 
ssatd 
ssatd 
ssatd 
satd 
satd 

satd 
ssatd 
ssatd 
satd 
satd 
satd 
satd 
satd 
ssatd 
ssatd 
ssatd 
ssacd 
ssatd 

- 149-



Table 27 continued 

Groundwater sampl* PH58, dispers ion zone 

Minera l 
c h a l c e d o n y 
c r i s t o b a l i t e 
c r o n s t e d t . - 7 
c u f e o 2 ( c ) 
c u s e 2 
f l u o r a p a t i t e 
h e m a t i t e 
m a g n e t i t e 
mon tmor -ca 
montmor-na 
m o r d e n i t e - k 
n o n t r o n i t - k 
n o n t r o n i t - n a 
q u a r t z 
t h o r i a n i t e 
uo2hpo4(c ) 

Groundwater 

c h a l c e d o n y 
c r o n s t e d t . - 7 
f e ( o h ) 3 ( p p d ) 
f e r r i t e - n i g 
g o e t h i t e 
k a o l i n i t e 
mnhpo4(c) 
montmor-mg 
montmor-k 
n o n t r o n i t - c a 
n o n t r o n i t - m g 
q u a r t z 
t h o 2 
t r i d y m i t e 

logQ/K 
0 . 3 8 1 
0 . 1 0 9 
6 .677 
9 .956 

1 5 . 3 6 4 
8 . 5 0 9 
8 .902 
7 . 3 0 6 
0 235 

- 0 . 1 8 5 
- 0 . 0 9 7 
1 1 . 4 1 0 
1 1 . 4 5 4 

0 . 6 4 7 
1 .866 
6 . 6 1 3 

sample 

0 . 2 6 7 
6 . 7 1 2 
0 . 5 9 0 
0 . 4 8 2 
4 . 9 1 9 
0 . 0 0 0 

- 0 . 2 7 6 
0 . 3 9 2 

- 0 . 3 2 1 
1 3 . 5 2 0 
1 3 . 7 4 1 

0 . 5 3 3 
- 0 . 3 0 4 

0 . 3 7 3 

s t a t e 
s s a t d 
s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s a t d 
s a t d 
s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 

PH94, down 

s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s a t d 
s a t d 
s s a t d 
s a t d 
s s a t d 
s s a t d 
s s a t d 
s a t d 
s s a t d 

Minera l 
c l i n o p t i l - k 
c r i s t . b e t a . a 
c u 3 s e 2 
c u s e 
f e r r i t e - c u 
g o e t h i t e 
k a o l i n i t e 
mnhpo4(c) 
montmor-mg 
montmor-k 
n o n t r o n i t - c a 
n o n t r o n i t - m g 
p y r o p h y l l i t e 
s e ( b l a c k ) 
t r i d y m i t e 

g r a d i e n t 

c r i s t o b a l i t e 
c u f e o 2 ( c ) 
f e r r i t e - c u 
f l u o r a p a t i t e 
h e m a t i t e 
m a g n e t i t e 
mon tmor -ca 
montmor-na 
m o r d e n i t e - k 
n o n t r o n i t - k 
n o n t r o n i t - n a 
s m e c t i t e - r e y 
t h o r i a n i t e 
uo2hpo4(c ) 

logQ/K 
- 0 . 1 8 3 
- 0 . 3 1 4 
1 9 . 7 7 6 

8 . 3 1 5 
3 . 8 9 5 
3 .962 
0 . 0 0 0 
1 .009 
0 . 5 2 3 

- 0 . 2 2 7 
1 1 . 9 4 0 
1 2 . 1 6 0 
- 0 . 2 7 9 

2 . 3 3 4 
0 . 4 8 6 

- 0 . 0 0 5 
9 .765 
6 .504 
6 .457 

1 0 . 8 1 8 
8 .338 
0 . 1 0 4 

- 0 . 3 5 7 
- 0 . 3 0 5 
1 3 . 0 2 7 
1 2 . 9 9 4 
- 0 . 2 7 9 

4 . 1 1 3 
6 . 0 5 9 

s t a t e 
s a t d 
s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s a t d 
s s a t d 
s s a t d 
s a t d 
s s a t d 
s s a t d 
s a t d 
s s a t d 
s s a t d 

s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s s a t d 
s a t d 
s a t d 
s a t d 
s s a t d 
s s a t d 
s a t d 
s s a t d 
s s a t d 

Table 28 Calculated total U and HP04 concentrations in equilibrium with salecite for 
groundwater samples from the silicate and phosphate zone. — indicates that the 
value actually measured was used as input for the calculation. 

calculated 

analyzed 

sample 

PH49 

PH49 

PH55 

PH55 

PH58 

PH49 

PH55 

U (g/m3) 

. . . 

72.4 

... 

0.45 

. . . 

0.0939 

0.0901 

P0 4
3 (g/m3) 

313 

. . . 

606 

14 

8.5 

0.090 

0.445 
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5.3.4 Reaction-path calculations - EQ6 

Modelling approach 

The reaction-path calculations were modelled as "titrations". A unit mass of water, with a defined 
initial composition, is brought in contact with rock consisting of various minerals. These minerals 
dissolve according to their state of saturation in the fluid and to their given kinetics. When the 
fluid becomes saturated with respect to any secondary mineral this mineral is precipitated 
instantaneously. The composition of the fluid is continuously changing. Therefore secondary 
minerals formed in an early stage of the reaction path might redissolve in a later stage. The EQ6 
code also provides an option to prevent this redissolution. The model is then imagined as a water 
parcel that flows through rock consisting of reactant minerals. Secondary minerals formed are left 
behind by the passing fluid. However, in the calculations it was found that redissolution occurred 
only seldom and only in small amounts. The reaction path progresses until the fluid is in 
equilibrium with the reactant minerals, or is terminated by other user-imposed restrictions. 

For the reaction-path calculations the initial water composition was taken to be that of 
groundwater sample KDl. The initial iron concentrations were lowered to a concentration in 
equilibrium with amorphous iron oxide to prevent precipitation of iron oxides that would lead to 
a drop of pH at the beginning of the reaction-path calculations. The initial Al concentration was 
defined to be in equilibrium with kaolinite. For the EQ6 reaction path calculations Mn and Th 
were omitted from the model. In the reaction-path calculations the mineral uraninite ( U 0 2 - U 3 O R ) 

represent the primary U ore at Koongarra. 

The system was supposed to be open with respect to the gases 0 2 and C02. The partial 0 2 and 
C02 fugacity pressures were -47.4 and -1.13 respectively (logarithmic values). These are the 
equilibrium values for the KDl sample. The partial oxygen pressure corresponds with the Eh of 
the KDl sample (128 mV). 

The dissolution of the minerals occurred according to relative reaction rates specified. A relative 
reaction rate of 1 for a certain mineral means, that when Zi (the reaction progress variable) 
increases one unit, one mole of the reactant mineral is dissolved. When the fluid becomes 
saturated with a reactant mineral the dissolution stops and the reaction rate becomes zero. 

As pointed out previously, weathering reactions involve a rise in the alkalinity of the fluid. In 
natural waters the highest alkalinity encountered is about 10 meq/1. Therefore the reaction path 
calculations were tenninated when this alkalinity was reached. This upper limit for Zi proved to 
be very successful in limiting the number of secondary minerals formed. When reaction path 
calculations progressed beyond this limit, several minerals were formed that are, from a 
geochemical point of view, unlikely to be fonned by weathering reactions. However, the excess 
of an alkalinity of 10 meq/1 indicates that some of the assumptions made in this modelling attempt 
of Koongarra are not appropriate. 
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Results 

Figure 43 shows the minerals formed during the weathering of uraninite and biotite. Natural 
biotite has a large range of different compositions. In these models a biotite with a phlogopite-like 
composition was chosen as reactant. It was expected that contemporaneously with the alteration 
of pitchblende, chlorite would be formed as an alteration product of biotite. However, the biotite 
seems to alter directly to kaolinite. The U-mineral formed is the uranium silicate soddyite. The 
formation of uranium silicate is in accordance with the observed alteration of the primary U ore 
at Koongarra to uranyl silicates. However, soddyite was not identified at Koongarra. Therefore 
the thermodynamic data for this mineral are possibly poor. Due to the precipitation of soddyite 
the U concentration does not exceeds 0.2 g-m . No uranyl vanadate is formed, because most of 
the vanadium seems to be complexed by hydroxyl ligands. Reaction-path calculations performed 
at lower pH (1 to 2 units lower), the influence of hydroxyl complexation is less, showed the 
formation of uranyl vanadate just before soddyite was formed. The Si concentration maintains a 
nearly constant level, which appears to be due to an equilibrium with chalcedony. 

In Figures 44 and 45 results are shown from reaction path-calculations that attempt to model the 
formation of uranyl phosphates. The weathering of a rock consisting of clilorite, hydroxyapatite 
and two different uranyl silicates is calculated. The weathering of the rock with uranophane 
resulted in a rise of the U concentration, until soddyite was precipitated (Figure 44). The 
phosphate concentration was limited by the precipitation of fluorapatite and vivianite. Therefore 
no uranyl phosphate minerals were formed. Figure 45 shows that weathering of soddyite stops 
rapidly, because the fluid becomes saturated with respect to this mineral. This prevents the fluid 
from becoming saturated with respect to uranyl phosphates. Therefore, in this case no uranyl 
phosphate minerals will be formed. In both reaction-path calculations, uranium concentrations did 
not become higher than 0.3 g-m . Phosphate did not reach total concentration higher than 0.06 
g-m\ 

In Figure 46 the weathering of the uranyl phosphate mineral saleeite is shown. Again soddyite 
is formed. This confirms that with the thermodynamic data used for the aqueous uranyl species 
and U-minerais the formation of uranyl phosphates cannot be modelled. 

5.3.5 Conclusions and recommendations 

Reaction-path calculations modelling the weathering of uraninite and biotite (phlogopite) resulted 
in direct transformation of biotite to kaolinite. Formation of chlorite did not occur during the 
calculations, which is in agreement with the present hypothesis of hydrothermal alteration of 
biotite to chlorite at Koongarra. 

All reaction-path calculations resulted in the formation of the uranyl silicate, soddyite. However, 
soddyite is not identified at Koongarra and hence, the occurrence of the uranyl silicate zone at 
Koongarra cannot be explained by the formation of this uranyl silicate mineral. Further the 
speciation calculations with EQ3NR indicate supersaturation of the PH49 sample with respect to 
soddyite. Therefore the repeated prediction of soddyite is thought to be caused by the use of 
inadequate thermodynamic data for this mineral. 
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The calculations using the EQ3NR code showed that the present-day groundwater cannot account 
for the formation of saleeite which is an uranyl phosphate identified at Koongarra. Groundwaters 
responsible for the formation of saleeite should have had 3 to nearly 5 orders of magnitude higher 
concentrations of uranium and phosphate. 

The occurrence of saleeite in the uranyl phosphate zone cannot be explained by the preliminary 
calculations; reaction-path calculations modelling the weathering of chlorite, hydroxyapatite and 
uranyl silicates did not result in the precipitation of saleeite. This could be due to inadequate 
thermodynamic data for minerals determining the U and P concentrations. Another very plausible 
reason is that under the chemical conditions used in the reaction-path calculations, formation of 
saleeite is impossible. Saleeite is only found in the weathered zone where groundwaters have been 
oxidizing, whereas in the calculations rather reducing conditions are used. So probably saleeite 
was, or still is, formed under more oxidizing conditions. In future calculations varying chemical 
conditions, in particular higher redox potentials, must be considered. 

In the geochemical calculations solutions are supersaturated or minerals are formed which do not 
occur at Koongarra (eg Se, Th, Cu, and Mn minerals, nontronite clay minerals, fluorapatite and 
soddyite). The formation of most of these minerals at Koongarra is unrealistic. Therefore, the 
accuracy of the thermodynamic data used is questioned. In advance of further calculations the 
thermodynamic data must be checked and probably adjusted. Varying chemical conditions, in 
particular higher redox potentials, will be taken into account. 
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6. Groundwater Transport Modelling 

6.1 Introduction 

One of the main motivations for studying the Koongarra analogue is to examine radionuclide 
transport. To do this with confidence requires that there is an adequate understanding of both the 
groundwater flow regime and the geochemistry of the environment. Thus the calculations reported 
here build on those reported in die previous subsections (see sections 4.1 and 4.2) 

As would be expected, it is not practicable to include all the complications of die groundwater 
flow and geochemistry in the radionuclide transport calculations. Rather these are simplified, with 
the aim of reproducing in the radionuclide transport calculations the important behaviou. found 
in the more detailed calculations. 

A number of complementary approaches are reported here. First Golian et al report a development 
of the early model by Lever in which the disequilibria in the U series are examined. In this 
development a constant one-dimensional flow field and two solid phases are considered; one of 
these solid phases is in equilibrium with the porewater, whereas the other only comes into 
equilibrium on a longer timescale. Then in subsection 4.3.3 Golian describes a number of model 
developments. These include examinations of the deposition and leaching of uranium, and also 
an approach in which the description of the groundwater flow is more detailed man in die other 
approaches reported in this subsection, in that two vertical layers are considered with different 
flow properties and transfer between them. Finally in subsection 4.3.4, Skagius et al report some 
calculations of uranium transport using a one-dimensional model with constant groundwater 
velocity. This is the type of model often used in performance assessments. 

A common aim of all these approaches is to explore whether information on the timescale of 
uranium migration can be obtained. 

6.2 Transport Modelling 

C Golian ANSTO, M Ivanovich Nuclear Physics Division Harwell Laboratory AEA Technology, 
D A Lever Theoretical Physics Division Harwell Laboratory AEA Technology, and G Longworth 
Nuclear Physics Division Harwell Laboratory AEA Technology 

One of the main features that set Koongarra apart i: that transport of radionuclides has been 
taking place in the weathered zone. The purpose of the studies reported here is to build 
confidence in the type of model used in safety assessments to describe radionuclide transport 
through the geosphere. This is being achieved by using the same type of model to analyse the 
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data from Koongarra. The aim is to build a consistent picture of the transport that has been taking 
place. It is perhaps worth noting that not only are the same type of models being used, but that 
the experimental techniques being used to collect data are similar as well. 

As described in earlier sections, the following data are available from the Koongarra study. First 
there are many estimates of the activity of uranium and significant daughters in rock samples 
throughout the orebody. The application of different extraction techniques has yielded estimates 
of the same quantities for the different phases of the rock, such as the amorphous iron hydroxides 
and crystalline phases. There are also estimates of the activities of uranium and daughters in the 
rock porewater. In the earliest analyses these have been comparatively crude as the porewater 
samples had not been packered. Laboratory experiments have been carried out to get estimates 
of the distribution coefficients of the different elements of interest, to give insight into the 
interaction of radionuclides on the rock and in the porewater. Finally there are laboratory and field 
measurements of hydrogeological parameters used in groundwater flow models. These can be used 
in the models to give insight into the way groundwater is, and has been, moving at the site. 

Ti.c aim of this section is first to review the early work on transport modelling that was 
undertaken before the current international project was started. Then the work that was carried 
out during the first part of the international project is summarised. 

6.2.1 The original transport model 

The first model that combined the effects of transport by flow and radionuclide interaction 
between the solid and liquid phases was developed by Lever (1986a). This was a very simple 
one-phase model, which assumed a one-dimensional groundwater flow with constant velocity and 
linear equilibrium sorption. Other processes, such as the kinetics of leaching and deposition, 
non-linear sorption, hydrodynamic dispersion and variation of properties along the path were not 
included. The effects of a-recoil were modelled approximately by allowing different members of 
the same chain to have different retardation factors, even for different isotopes of the same 
element (238U and 234U). This can be thought of as accounting for the greater availability of some 
radionuclides as the decay products recoil into different phases of the rock. Thus the concentration 
ct in the groundwater of the ith member of the chain satisfies the equation 

R '_ + u - + R \c = R ,K ,c . M 

where X, and /?, are the decay constant and retardation factor for the ith member of the chain, and 
the subscript /'-I refers to the parent of the ith member. 

When certain assumptions are made, this model allows simple analytical solutions. These 
assumptions are: 

(i) the different members of the 238U chain are locally in what would be termed secular 
equilibrium if flow were absent, 
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(ii) the concentration of U in the porewater only varies slowly with distance. 

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

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

(ii) based on the disequilibria between 238U, 234U and 230Th in whole rock samples. 

The analysis suggested that a consistent picture was being developed if the uranium had been 
migrating for around 106 - 3106 years. At the time it was recognised that these estimates were 
very preliminary; nevertheless they pointed to this approach being valuable for the understanding 
of transport in the weathered zone. 

The data used in this analysis are shown in Figure 47, where the activity ratios between 238U to 
234U and 230Th to 238U on whole rock samples are shown. A systematic trend is seen and the fit 
to the model is encouraging. 

6.2.2 Developments in the transport model 

One of the obvious shortcomings of the above analysis is that the rock was treated as a single 
phase. The experimental evidence clearly shows that the activity ratios are different for different 
phases of the rock, suggesting that they do not immediately come into equilibrium. So the next 
development of the model (Lever 1986b) took this into account by having two solid phases: one 
in equilibrium with the porewater and the other only coming into equilibrium after some time. 
This model has two extra parameters: the sorption capacity of the second phase A?( and the 
relaxation time £;,-. Thus equation (1) is replaced by two equations 

- ^ "'(Jir/c,-*,) +RiAXMciA , 
(2) 

W ' c « -*«> + \ i s i \ 

where s, is the quantity sorbed per unit volume on the second phase of the rock, and <|> is the rock 
porosity. 

These equations cannot be solved in the simple way that equation (I) could, and so a different 
solution technique has to be used. A partly-analytical and partly-numerical technique has been 
adopted that has been successful elsewhere (Hodgkinson and Lever 1983). In this the Laplace 
transform of the equations is taken to give ordinary differential equations that can be solved 
analytically. Then the transform of the solution is inverted numerically using an algorithm due 
to Talbot (1979). 

ac{ dC; 
' + Rfac, -
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Hydrodynamic dispersion is not included in the present analysis, but it can be incorporated in a 
straightforward manner using the same solution technique. However, non-linear sorption cannot 
be handled, as the technique is limited to linear systems. 

The initial testing of this second model was done on the same region of the weathered part of the 
orebody as was used with the first model above. The results of the application of the second 
model are shown in Figure 48, where there is a similar type of plot of activity ratios to that in 
Figure 47. The two rock phases considered are the amorphous iron hydroxide phase, which is 
believed to be in equilibrium with the rock porewater, and the remaining crystalline phase. The 
data come from the depositional region of the orebody. 

The Figure shows that the data for the amorphous samples follow a systematic trend in the bottom 
half quadrant reserved for samples with ratios less than unity, and the crystalline samples follow 
a trend in the upper half quadrant, reserved for samples with ratios greater than unity. The lines 
represent the model calculation. These are capable of fitting the amorphous phase data trends 
quite well. No equivalent fit could be found for the crystalline phase data since the two calculated 
curves tend to be in the same region on the plot. Thus the results suggest that this model is not 
adequate to fit the trends seen in die experimental data. 

In an attempt to remove this discrepancy, the model has been extended to include the effects of 
recoil rearrangements of the daughter radionuclides between the amorphous and crystalline phases. 
This is achieved by adduig extra flux terms between the two equations above (Lever 1986b). So 
the equations become 

where Bl and B2 are the recoil factors between amorphous and crystalline phases and vice versa. 
As the equations are very similar to equation (2), the solution technique described above can be 
used to solve them. 

Example results are shown in Figure 49. The same input parameters as for the second model are 
used with the exception of recoil factors of 0.2. The curves now represent a considerably better 
fit to the data points. The direction of flow of the streamline is thought to be 2c, 3d, 4c to 58. 
Thus the direction BE agrees reasonably with the relative positions of the data points for the 
crystalline phase, with the possible exception of 58. The data points for the amorphous phases are 
tightly bunched, but again position 58 seems to be anomalous. 

Some of the most recent data are shown in Figure 50. An examination of the order in which the 
samples are believed to lie suggests that if the data have a structure, it is complicated. So no 
direct comparison with the model has been attempted. 
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In summary, the modified model gives a better fit to the data than the earlier ones. However, 
further evaluation is required to examine it more thoroughly and to see where systematic trends 
in the data occur. In this examination, developments in hydrogeological modelling and more 
precise sampling of porewater play key roles. A start has been made in understanding how the 
system has been developing, and models similar to those employed in performance assessments 
are being used. However, as yet they cannot really be thought of as being part of a fully 
developed validation strategy. 

: 1 Radionuclide Mobility Modelling 

C Golian, ANSTO 

6.3.1 Introduction 

The major aim of the modelling was to determine the timescale and mobility rates for U, U, 
230Th and 226Ra. The majority of the models are one dimensional, but one model describes the 
weathered zone in quasi-2-D mode as a double layer. The models can be classified into groups: 
those which are based on generalised leaching/deposition concepts, and those models which use 
the transport formalism. 

In all the modelling the onset of rock weathering and coincident water flow was used as the time 
zero for uranium mobilisation. This time zero might actually be a period of a few thousand years; 
however, on the presumed My timescale it can be considered to be a point. 

The gradual increase in rock weathering was not normally included in the conceptual assumptions, 
and all parameters were considered to be constant in time. This refers to parameters for which 
present day values can be more or less precisely determined, eg porosity, permeabilities, Kd, as 
well as for any fitted parameters. The system hydrology was considered to be unchanged over 
time. The water flow velocity data are based on inadequate present-day estimates, whereas the 
flow direction was taken to correspond to the shape of the uranium dispersion fan, which in this 
context was treated as a fossil of the groundwater activity. It is possible that other groundwater 
flow directions will have to be considered as a result of recent water chemistry data and 
hydrological modelling. 

No formal coupling with geochemical and hydrology models has yet been attempted, although 
the results of geochemical and hydrological investigations were taken into account when the 
model assumptions were formulated. 

The heterogeneity of the weathered zone was ignored in most models, since it depends on the 
scale of the system that one wishes to investigate. For example on the scale of the weathered 
zone, the different geological features can be distinguished, eg reverse fault, the impermeable 
graphite barrier, the surface layer of weathered sandstone and the deeper layer of weathered 
schists. At the scale of individual rock samples there is geophysical and geochemical complexity 
and at the micro-scale there are interacting mineral phases which influence radionuclide mobility. 
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A number of water-rock processes are considered. The concept 01 a Kd value is generally utilised. 
In particular it is assumed that the water/rock interaction is manifested as linear, 
precipitation/dissolution and adsorption/desorption processes. The rock is described either as a 
single-phase stratum interacting with water, or as one that contains different mineral phases which 
are either accessible or inaccessible to water. Other physical processes, such as nucleus transfer 
across phase boundaries caused by a-emission, are also included in some models. 

The geological differences in the weathered zone and seasonal variations in the flow pattern are 
used to search for any time signature in the preferential distribution of the uranium in the 
dispersion fan. 

The models, which use a simplified concept of substituting transport processes by overall leaching 
and deposition processes, are based on radiochemical assay of the individual rock samples. The 
final composition of the radionuclide in these samples is the result of radiogenic and authigenic 
alteration of the activity ratios of the respective decay series products. The disequilibria data base 
includes not only results for total rock samples, but also data for particular mineral phases. This 
allows investigation of the effect of water accessibility to different rock phases and modelling of 
retardation mechanisms important on a longer timescale. 

These leaching/deposition models were used to support more formal transport modelling. 

Many ambiguities concerning the description of a natural system formed over a long timescale 
require special modelling treatment. One safeguard lies in broadening the field of applied 
modelling techniques. 

6.3.2 Radionuclide migration in the weathered zone of the Koongarra uranium deposit 

Leaching/deposition description 

In this method (Airey et al 1985) the weathered-zone rock is treated as a series of sampling points 
where uranium deposition and leaching occurred, and the present day uranium concentrations of 
the samples are linked by a common mobility event. 

It is assumed that the leaching and deposition rates are related to the uranium concentration in 
the rock and in the water, and the respective adsorption coefficient (Kd), eg 

- 166-



d^A M- /CV 

•—1 = (k4+rqWU4 - Xgt/8 - ryU4 *5> 

^ = JLTJ, - X 4 t / 4 , (6) 

where [/g, (/4 and 77i are uranium-238, uranium-234 and thorium-230, respectively, A.o , XA and 
A.() are the corresponding decay constants, y is the leaching/deposition rate, r is the " U/ U 
ratio of the leachate, § is porosity, q is leaching/deposition factor, and vv denotes water. 

To use the model it is necessary to estimate the initial activity ratios (ARs) of U/ U and 
230Th/234U. Accordingly, the initial ARs for rock in the primary ore zone were set to be equal 
to 1.00, since at t = 0 (which could last thousands of years on a geological timescale) the primary 
deposit was assumed to be in an unperturbed and equilibrated state. The initial U/ U in the 
dispersion zone was set to be equal to the AR in the initial groundwater and ^Th/ U was set 
to zero (Th immobile). The linear time/distance relationship along the assumed dispersion path 
was used as one constraint on the value of the fitted parameters. 

Figure 51 shows the relationship between the calculated rate of leaching/deposition and the 
position of the sample. In the region closer to the primary orebody the leaching process was 
predominant during the whole formation period, whereas further from the original orebody the 
deposition process was dominant. The general qualitative trend of the curve is as expected and 
agrees with the hypothetical behaviour of a moving front. The timescale of the process was not 
determined unequivocally, but it appeared to be not less than 700 ky. 

6.3.3 Dating secondary uranium minerals 

Saleeite occurs extensively throughout the 30 m deep weathered zone of the deposit and originates 
both from in situ alteration of the primary pitchblende and from deposition of mobilised uranium. 
The 234U/238U, 230Th/234U and 2 2 \ c / 2 3 % ARs were measured in crystals from several locations, 
and the ARs showed large deviations from secular equilibrium. 

Three possible sequences can explain the crystal growth and the development of the ARs: 1) a 
crystal is fonned in a short single event, then behaves as a system closed to groundwater activity; 
2) the crystal development comprises two or more discrete events resulting from changing 
uranium availability or local hydrogeochemistry, eg a sudden release of phosphate from 
weathering rock; and 3) there is a continued exchange of uranium between solid and solution. 

The first option was examined in detail for samples from a particular area of the dispersion fan. 
The AR data presented in Figure 52 show a distinctive trend, which can be extrapolated in the 
direction of a secular equilibrium point. 
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In order to model (Golian 1989a) this trend, the general features of the leaching/deposition 
description (Airey et al 1985) were modified to account for the short formation (deposition) 
period and long closed (no leaching or deposition) evolution of the crystals. The fitting curve is 
used to calculate the ages for groups of crystal samples collected from the same locality in the 
dispersion fan. However, they showed significant inconsistencies when compared with Pa/ U 
AR data. It was noted that these ARs were obtained from a direct measurement of T h . Indeed, 
if the expression for the development of the 23(>rh/227Th ARs with time 

*o 
™Th . . . . \>~K 

_ =21.73-

2 3 4 { / 

238 
(0)-l exp(-X 4 / ) -_L_ 

234ry 

2 3 8 [ / 
(0>vx4 exp(-V) + 1 (7) 

227Tft l - e x p ( - y ) 

is plotted (Figure 53) for different initial uranium ratios, it is found that the Pa/ U 
experimental data points cannot be fitted. 

This is not entirely surprising as 227Ac, the intermediate decay product between 231Pa and Th 
can escape from the crystal as a result of a favourable combination of the effect of nucleus recoil 

111 "J"J1 

and Ac chemical reactivity. When an escape process for " 'Ac was included in the model, we 
were able to account for the depleted Par U ARs; modifications to take account of radiation 
damage effects in aged crystal samples were also included. The "escape" corrected results were 
then used to relate the time-space scales of the whole Koongarra system and a total timescale for 
the dispersion zone was determined to be of the order of 1.2-10 y. 

6.3.4 One-dimensional transport model based on the leaching/deposition approach 

In this mode] (Golian 1986b) open system ideas were combined with assumptions typically found 
in hydrodynamic transport modelling. Radionuclide movement in porous rock was modelled as 
groundwater-induced transport along a quasi 1-D pipe consisting of a series of 1-D elementary 
rock volumes. 

It is assumed that, during a time period Atk an elementary volume Vt is filled in a negligibly short 
time with water that originated from volume V-^ (Figure 54). The amount of radionuclide brought 
in is instantaneously deposited into the rock, and then the radionuclide is released back to water 
(by leaching) until a new sorption equilibrium is established. Equilibrium is determined by the 
local Kd factor. Thus, the rock/groundwater interactions are described by leaching and deposition 
processes. However, the precise nature of these processes was not considered. 

The concentration (C) of the foh-meinber of the uranium decay series in an elementary rock 
volume (/') was then described by 
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dt Kd 

and in the corresponding groundwater by 

c*"OV) = C^OVo) exp(-V), ( 9 ) 

C^OV) = -y-CftO'-U>, (10) 
* « * 

where rfc = X,̂  CyXjCj, in the leachate/groundwater, w denotes groundwater and g^,gp are 
leaching and deposition rates. 

It should be noted that the hydrodynamic transport elements of advection and longitudinal 
dispersion were included only during the computation stages, and were not present in the 
mathematical formalism. 

For example, in the computational routine, the leaching (gL) and deposition rates (gD) have to be 
specified as 

a ud dd ( i n 

a ud dd ( i?» 
8D

 = 8D
 + 8D

 + SD
 U ' 

where ga = rate due to advection, 
$** = rate due to dispersion (up direction), 
gdd = rate due to dispersion (down direction). 

In an advection-only mode (Figure 55a), the radionuclide transfer can occur only in the direction 
of water flow. However, in an advection and dispersion mode (Figure 55b) radionuclide motion 
in the direction of any concentration gradient is also permitted. 

6.3.5 Bulk uranium mobility in different geological strata 

This model (Golian 1989c) is based upon the assumption that a combination of the heterogeneous 
geology at Koongarra and regular climatic effects have produced a specific uranium distribution 
pattern. For example, Figure 56 shows the uranium concentration distribution near the surface 
(curve S) and near to the base (curve B) of the weathered zone. 

The model has been used to investigate whether a time signature is encoded in the present day 
shape of these uranium concentration curves. 
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The top 30 m of the weathered rock in which the major uranium mobilisation occurred contains 
two geologically different layers. Weathered sandstone is predominant in the -0-8 m surface layer 
which overlies the weathered schists. The monsoon-like climate of the Northern Territory of 
Australia causes a dramatic seasonal fluctuation of the water table and change in the lateral flow 
of the groundwaters. 

The model proposed is quasi-2-D in that it describes transport in a 2D vertical cross section, but 
this cross section is represented by only two transport facilitating ID pipes which are separated 
by an intermediate zone in which no horizontal (lateral) transport is considered. However, the 
intennediate zone acts as a vertical conduit for transfer of the uranium from the bottom layer 
(pipe), which contains weathered ore, to the upper pipe (surface layer). 

The boundaries between the surface sand layer and the weathered schists, and between the 
weathered and unweathered zone, act as barriers which facilitate horizontal flow. The annual 
fluctuation of the water table determines possible "communication" pathways between the two ID 
pipes. Long-term hydrographs and rainfall data (Figure 57) were used to estimate the relative 
values of the real transport times in both the layers. 

Mathematical description 

A simple divided box model is used and two sets of equations are formulated , one set for each 
transporting pipe. The equations describe adsorption/ desorption mechanisms in the 
water/accessible phase interaction and account for uranium transfer into the inaccessible sites via 
the phase exchange process. Radioactive decay is included in the equations but can be easily 
removed since its effect is insignificant in the 106y timescale. 

Let A and X be the concentration of accessible and inaccessible uranium in the box(i); X is the 
decay constant; uB , us- Darcy flow in pipes; f^, fxa are phase transfer rates, ax, A to X; xa, X 
to A; and the total uranium concentration C = A + X. 

- 170-



DCKB(M) boxBTJ) DoxEKHI) 

C<I)-A(I)*X(I) 

A set of equations can be written for each transporting pipe Z(Z = S(surface) or ̂ (bottom layer) 
to express the changes in both forms of uranium in box i over time At. 

dA 

dt 
Z = ^ z + ^Kd

Xu'zL
lAz - ^~ZUZLAAZ

 +fwAz -fxa^Z 

dXz 

dt 
- Mz - fJLz + fxaXz (13) 

dA 

dt 

z -u; 

AjUdjt) = K^A^ji-U) 

w,. Ag{U) = KdSAg{i-l,t) * AB {ijtywv 

(14) 

where 

us =us 

uJ = (1 + v)u. 
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and 

A = uranium concentration in the accessible phase [ug/g] 

X = uranium concentration in the inaccessible phase [ug/g] 

Aw = uranium concentration in groundwater [ug/mL] 

Ŝ» $B ~ Porositics [-] 

p = rock density [g/cm ] 

L = length of the ID box [m] 

u = groundwater flow velocity fm/y] 

i = box number 

Kd = distribution coefficient [mL/g] 

v = vertical portion of the flow [-] 

w = loss coefficient [-] 
(the part of the vertical flow which entered the pipe S flow) 

The model equations are only valid and solved in the time-space frame of At and B(i). 

Result 

The parameters required for both pipes are of two main types. The first group can be calculated 
from the hydrology and geochemical data, eg V, Af, local flow velocity u; the time factor can be 
calculated from the standing water level (SWL) data, data for porosity, and Kd values for the 
weathered sandstone and schists are available. The second group parameters have to be fitted, eg 
transformation rates Z ^ , / ^ in the mineral phase exchange process. The initial concentrations of 
the accessible A(0) and inaccessible uranium X(0) in the source (primary ore) have also to be 
fitted. 

The fitting procedure can be constrained by the experimentally determined S/ B mass ratio and 
the ASIXS, ABIXB concentration ratios for the rock phases. The range of values for the 
concentration ratios is available from radiochemical analyses, it is of the order of 0.4-0.7. 

Another effective modelling constraint is gained during the fitting procedure for either of the two 
distribution curves because the procedure strongly affects the shape of the other curve. Thus a 
simultaneous manipulation of the shapes of two curves is required, restricting the value ranges 
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of the free parameters. Figure 58 presents an example of the effect of varying the value of Kd on 
the shape of the calculated uranium concentration curves. 

The preliminary results support the experimental values of Kd <, 10 mL/g and a flow rate of 1 
- 4 m/y. The exchange rate/^ is in the order of the uranium-234 decay constant range and the 
timescale seems to be less than 2 My. 

Adequacy of data 

The experimental data used were compiled from the exploratory drill core logs for section 
6109 mN provided by Denison Australia. The surface layer (pipe S) was identified from 
descriptions in the geological logs, eg laterite-sand-loam, alluvium, etc. The general depth of this 
layer was 1.5 - 9 m (in 1.5 m units). Similarly the bottom layer (pipe B) was identified by 
determining the weathered-unweathered zone boundary, again using a 1.5 m core unit. 

Sixteen drill cores are available along this cross section of the uranium deposit, representing a 
300 m span along the dispersion fan. Data are also available for a number of parallel sections, 
but in general these cover a much shorter distance. 

The data set is very representative of the uranium ore deposit since each experimental value was 
obtained by averaging the uranium concentration over 1.5-9 m lengths of the drill core. This is 
a marked improvement in comparison to the small (~1 g) samples used in radiochemical analysis. 

6.3.6 General comments 

The weathered zone of the Koongarra deposit is, like any geological strata, a complex and 
heterogeneous system. The experimental data base available for modelling was obtained from 
samples that were often very small (~ 1 g), but which have to represent quite large parts of the 
system. The time dependence of the geochemistry and the variability of the hydrology adds to the 
complexity and results in the modeller having to make philosophically diverse choices. 

Individual models can be made to describe all the known transport, interaction and retardation 
processes and the modeller then has to resolve to what extend the available data base can be 
handled by, or is adequate for, the proposed model. 

On the other hand a simple model in which all these processes are encompassed by more general 
groundwater-rock interaction concepts can be utilised to obtain at least a qualitative estimation 
of the system parameters. 

The modelling methods discussed in this section are based on a presumption of AT -̂governed 
leaching/deposition interaction between groundwater and porous rock. The models are one 
dimensional and the groundwater flow is assumed to be constant in time along the selected 
direction. 
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In each of these methods the uranium mobilisation is viewed from a different angle. The main 
aim was to estimate the range of values for the timescale in which the presently observed uranium 
fan was formed. These estimates vary from 0.7 My to less than 2 My. The parallel forma! 
transport models yielded values of 1-3 My. There is scope in some of these methods (eg the 
model for bulk uranium transport) for further improvement of the description and a need for more 
work on fitting data. 

It is hoped that broadening the range of the modelling techniques used will increase the 
confidence in the value eventually accepted for the system timescale. 

6.4 Application of Performance Assessment Methodology for Evaluation of the 
Koongarra Analogue 

Kristina Skagius, Fredrik Brandberg, Maria Lindgren, Karin Pers, Kemakta 

6.4.1 Introduction 

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. 

The procedure used in validation exercises 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. However, natural geological systems have developed over longer time scales and can 
therefore provide important information regarding the behaviour of radionuclides over times that 
are more relevant to radioactive waste repository assessments. 

In the continuation of ARAP more effort will be given to the evaluation and testing of 
performance assessment models and methods, using the information available on the uranium 
mineralisation and the formation and evolution of the dispersion fan. In line with this, the 
Swedish Nuclear Power Inspectorate (SKI) has contracted Kemakta for a project focussing on the 
application of performance assessment methodology for evaluation of the Koongarra Analogue. 

Objectives 

The objective of this project is 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 is performed in two steps: 
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1) A review of validation issues in the Swedish Perfonnance Assessment Programme which 
are covered by ARAP. 

2) Model calculations using the data collected within ARAP. 

Integrated with the validation study, Kemakta will continue with the study of scenario 
identification and development for the Koongarra Analogue, which was initiated by SKI at the 
ARAP Workshop held in Tucson, Arizona, November 1988. 

The results of the first part of the project were presented at the ARAP workshop in Las Vegas, 
February 12-13, 1990, and are documented in the ARAP Progress Report covering this period. 
A poster prepared for the GEOVAL symposium in Stockholm, May 14-18, 1990, gave a 
presentation of ARAP and identified validation issues in the Swedish Performance Assessment 
Programme which are covered by ARAP. 

The work in step 2 of the project is focused on modelling of the mobilisation and subsequent 
dispersion of uranium in the weathered zone. This document presents some preliminary findings 
based on a first review of some of the available data and on a first attempt to model the uranium 
transport in the weathered zone. This work was carried out prior to the compilation and 
presentation by ANSTO of solid and liquid concentrations in the form shown in Figures 13 and 
15. 

Strategy 

The work will be carried out in several iterations, schematically illustrated in Figure 59. Initially, 
a simple transport model is used, but at later iterations more complexity will be introduced in the 
models. Field and lab data will form the basis of the modelling together with information on 
modelling results obtained by other groups in ARAP. In later iteftitions results from the scenario 
development study will also be considered in terms of the inclusion of scenarios (combinations 
of external conditions) into the modelling. The work carried out until 1 of July, 1990, is described 
here. * 

6.4.2 Data review 

Groundwater chemistry data 

The groundwater chemistry data that have been reviewed are from sampling performed in May 
1988, November 1988, March 1989, May 1989, June 1989 and October 1989. Some first 
preliminary findings are given below. 
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Tlie data show large variations in uranium concentration depending on sampling occasion. No 
clear trend of increasing or decreasing concentration with depth can be seen. The highest uranium 
concentrations are found in samples from holes Wl, PH49 and W4, all located in the zone of 
secondary uranium mineralisation (see Figure 60). In hole Wl the mean value of the uranium 
concentration in samples taken at depths from 10 to 30 metres is about 210 ug/L, with a 
maximum concentration of 755 ug/L (May 89. data on floppy disk] and a minimum of 4.3 ug/L 
{October 89, data from Duerden 1990]. The corresponding values for samples taken from hole 
W4 are; mean = 292 ug/L, maximum = 577 ug/L and minimum = 10.4 ug/L I March 1989, data 
on floppy disk]. In hole PH49 the mean value in samples taken at depths ranging from 20 to 30 
metres is 155 ug/L with a maximum of 265 ug/L [May 1988, data on floppy disk] and a 
minimum of 94 ug/L {November 1988. data on floppy disk]. 

In holes located in the dispersion fan and outside the dispersion fan in the direction away 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 from 10 to 
30 metres is 29 ug/L and in hole PH55, also located in the dispersion fan, the mean value in the 
depth interval 20-30 metres is 0.53 ug/L. The mean concentration in hole W5. located outside the 
dispersion fan, is 4.6 ug/L at depths ranging from 10 to 30 metres and in hole PH94, located 
further away from the dispersion fan, the mean value at depths from 20 to 30 metres is 0.20 ug/L. 

Uranium concentrations have also been given 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 ug/L 
[May 1989]. For hole KD1, concentrations in samples taken in the depth interval 40-42 metres 
are 4.6 ug/L [May 1988] and 0.5 ug/L [November 1988]. However, in hole W6 remarkably high 
uranium concentrations have been reported, 128 ug/L in samples from 13-15 metres depth and 
44 ug/L in samples from 23-25 metres depth [June 1989J. 

Carbonate and phosphate concentrations 

The variation in carbonate concentration between sampling occasions is not that large, whereas 
a larger variation in the phosphate concentrations can be found. No clear dependence with depth 
can be seen. 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 secondary mineralisation or in the 
dispersion fan, range from about 107 mg/L to 160 mg/L. 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 mg/L, have been reported for samples from holes W5 and PH80 
located further away from the dispersion fan. and also for samples from KDI. located at the other 
side of the fault, 70-80 mg/L. The lowest concentrations, 38-66 mg/L, are given for samples from 
holes PH94 and PH96, located further from the dispersion fan 

In addition to carbonate concentrations, phosphate concentrations have been reported for all the 
above holes. No trend in phosphate concentration can be seen when moving away from the 
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uranium mineralisation and the dispersion fan. All values reported lie in the range 60 - 685 pg/L, 
where values given for PH58, PH55, PH15, W5, W7, Wl, PH56, PH49, PH80 and PH92 lie in 
the upper part of the range (>300 pg/L), and values given for PH94, PH96, PH61, PH88, PH14, 
W2 and W4 lie in the lower part of die range (<300 pg/L). 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 pg/L. 

Eh and pH 

Eh and pH values have been reported for the May, 1988 and November, 1988 sampling occasions. 
The Eh values range from +45mV, measured in hole PH61 at a depth of 26-28 metres, to 
+280mV, 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 61 
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 detennined by the equilibrium 
Fe(H)/Fe(lII) (magnetite/hematite) or by the equilibrium with H2(gas) with a partial pressure of 
1 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. 

The pH-values at depths larger than 20 metres range from about 5.8 to 7.3, with most of the 
values between 6.5 and 7. 

Solid uranium concentrations 

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 (1989), from Sekine et al 
(1989), from Yanase (1988b), from Nightingale (1988) and from Yanase (1988a). 

Most data originate from the cross section including holes DDH52, DDH1, DDH2, DDH3, PH55, 
DDH4, PH58, PH60, PH89 and PH90 (~ 6100 mN in Figure 60). Bulk uranium concentrations 
in samples from 10 to 20 metres depth and from 20 to 30 metres depth in this cross section have 
been plotted versus sample position in metres East (Figure 60), and the result is shown in Figure 
62. 

In the depth interval 10-20 metres, the concentration lies within 500 to 1000 mgU/kg up to about 
3200 mE where it drops down to 1-10 mg/kg. A peak with concentration up to 4000 mgU/kg is 
found at 3120 mE, which is in the secondary mineralisation, but 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 to which the secondary mineralisation and the dispersion fan extend. 

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 
concentrations for the depth intervals 0-10 m, 10-20 m and 20-30 m were calculated. These values 
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are given in Figure 63. In the depth interval 0-10 m (a in Figure 63) the highest concentrations 
are found in holes DDH1 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 63). The highest concentrations are found in the area around the 
interface secondary mineralisation - dispersion fan at about 6100 mN. From here the concentration 
seems to decrease in all directions. The low concentrations in the holes along the 6200 mN line, 
DDH8S located in the secondary mineralisation and DDH58 and DDH60 in the dispersion fan are 
noteworthy. It is worth pointing out the higher concentrations in holes DDH54, PH56 and PH73, 
located outside the dispersion fan along the line at about 3170 mE, compared to the 
concentrations in holes DDH4, PH58, PH60 and PH90, located along the line at about 6109 mN. 
Whether these two latter findings reflects reality or are due to the fact that most of the data are 
from holes located in the area along the 6109 mN line remains to be answered. 

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, DCH1, 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 rather 
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 cross section at about 6109 mN, including 
holes DDH52, DDH1, DDH2 etc, the first modelling attempt will be to simulate the migration 
in this direction. However, it would be of interest to model the migration in other directions as 
well, which would need more data on solid uranium concentrations from other parts of the site. 

6.4.3 Transport modelling 

Conceptual Model and Assumptions 

In the first modelling attempt, a very simple approach has been applied. The system considered 
is the part of the v •'thered zone that is below the water table. The basic assumptions are that this 
part of the weat' ' zone is homogeneous and that the system is static, defined by present day 
conditions. 

Uranium in the groundwater in the secondary mineralisation is assumed to be transported with 
flowing groundwater in the weathered zone. The processes considered are; ID advection, 
hydrodynamic dispersion and sorption. The weathered zone is assumed to be porous, and the 
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 U is considered 
in these initial calculations. 

- 178-



It is further assumed that the uranium migration has been in progress during 2 million years. Due 
to the very much longer 1 
in these first calculations. 

7"\K 0 

to the very much longer half-life of U, 4.47-10 years, radioactive decay was not considered 

Mathematical model 

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

f dt L dx °dx 

where 

DL = au0+Dpzf (16) 

R = ! x (' -zf)K<Ps (17) 

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

q = Kdc (18) 

and c = uranium concentration in the groundwater, [mg/m3] 
q = uranium concentration in solid phase, [mg/kg] 
t = time, [years] 
x = distance in flow direction, [m] 
u0 = water flux (Darcy velocity), [m3/m2,yeai] 
DL = dispersion coefficient, [m /year] 
D = pore diffusion coefficient, [m2/year] 
Kd - distribution coefficient for uranium, [m3/kg] 
a = dispersion length, [m] 
t( = porosity of the weathered zone, |mV] 
p; = solid density. 

The initial and boundary conditions applied are: 

c = 0 for r - 0 and Jt > 0 
c = c0 for x = 0 
c = 0 f or JK = oo . 
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Input data 

The porosity and solid density values were set to 30% and 2500 kg/m , respectively, based on 
values reported by Emerson (1989). The model output is much less sensitive to these parameters 
than it is to the water flux and the distribution coefficient. 

The pore diffusion coefficient, D was assumed to be the same as the diffusivity of uranium in 
unconfined water, 6.3-10"2 m2/year ( 210"9 m2/s). 

Two values of the distribution coefficient, Kd, were used in the calculations, 0.1 and 10 m /kg. 
These values were chosen on the basis of experimentally determined distribution coefficients 
reported by Sekine and Ueno (1990). 

Values of the water flux ranging from 3.2-10"4 m/year to 10 m/year have been reported by 
different groups in the ARAP. The following values were used in the calculations: 

10"3 m/year This value is of the same magnitude as the Darcy fluxes in the 
weathered layer calculated by Lever and Morris (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 Raffensperger and Garven (1989). 

0.01 and 0.1 m/year These values were chosen based on Darcy fluxes in the weathered zone 
(4.710 m/year) calculated by Lever and Morris (1990) for the case of 
a highly permeable fault and a weathered layer that is an aquifer 
compared to the unweathered layer. 

1 and 10 m/year These values are of the same magnitude as fluxes estimated by 
Australian Groundwater Consultants (2-10 m/year) and previously used 
by O. Lever in modelling the radionuclide transport at Koongarra (Airey 
et al 1987). 

In these initial calculations a dispersivity of 1 m was chosen. This is a value that is representative 
for transport distances of 10 to 100 metres, according to a compilation made by Gelhar et al 
(1985). 

The source term in the calculations is the uranium concentration in the groundwater in the 
mineralisation zone. A value of 1000 ug/L was chosen, which is somewhat higher than the highest 
value measured in samples from hole Wl. 

Calculations were also performed with a source concentration of 100 ug/L, which is somewhat 
lower than the mean concentration in samples from hole Wl. 
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Results 

In Figures 64-67 the measured solid concenfations of uranium in samples from the depth interval 
10-20 metres in the cross section at about 6110 mN are shown together with some modelling 
results. 

The calculated concentration curves for a Darcy velocity of 0.001 m/year and 0.1 m/year, 
respectively, and a /Rvalue of 0.1 m3/kg are shown in Figure 64. The source for the uranium 
migration is in these cases assumed to be located at 3100 mE, which is approximately where the 
outer extension of the orebody in the direction towards the fault is found. In the cases with the 
low water flux (0.001 m/year) neither the migration distance nor the concentration level are near 
the measured values. With a water flux 10 times higher, the migration distance is rather well 
simulated, but the concentration level is too low. In order to obtain a concentration level in fair 
agreement with the observed values a source concentration of about 10000 ug/L (10 mg/L) has 
to be assumed. 

The modelling results shown in Figure 64 are also shown in Figure 65 assuming that the location 
of the source is at 3150 mE, which is approximately where the interface between the secondary 
mineralisation and the dispersion fan is found. Changing the assumed location of the source does 
not improve the results to any greater extent. 

For the water fluxes 0.1, 1 and 10 m/year, the concentration front moves more than 200 metres 
from the source during 2 million years. 

Calculated concentration curves assuming a Kd value of 10 m3/kg and the source located at the 
outer extension of the orebody are shown in Figure 66. After 2 million years, a Darcy flux of 
0.1 m/year results in migration distances that are much too short. However, with a water flux of 
1 m/year, the migration distance is rather well simulated. With this flux and a source 
concentration of 100 ug/L the concentration level is also in fair agreement with that observed. A 
source concentration of 1000 ug/L leads to an overestimate of the concentration level in the solid 
phase. 

Moving the assumed location of the source to the interface between the secondary mineralisation 
and the dispersion fan does not greatly improve the results for the case with a water flux of 
0.1 m/year (see Figure 67). For the case with a flux of 1 m/year, the agreement between the 
modelling results and the observed concentrations is improved by assuming that the source is 
located at the outer extension of the orebody. 

For the cases with a Kd value of 10 m3/kg and water fluxes lower than 0.1 m/year, the dispersion 
of uranium during 2 million years is negligible. For the case with a water flux of 10 m/year the 
concentration front moves more than 200 m from the source during 2 million years. 

All these modelling results are for a migration time of 2 million years. A change to this would 
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 
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of migration will also result in a steeper concentration front, whereas the front will be more 
dispersed if the time of migration is longer. 

Continuation of modelling work 

For the simple modelling approach applied so far the migration distance is dependent on the ratio 
of Darcy flux to distribution coefficient, Kd; and die 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/year, a Kd value of 1 m /kg and a source concentration of 
1000 ug/L will result in a similar concentration curve as in the case with a Darcy flux of 
1 m/year, a Kd value of 10 nr/kg and a source concentration of 100 pg/L, shown in Figures 66 
and 67. To put some more constraints on the selection of parame'rr values tlie next step in the 
modelling work will be to include the decay of U to U and 2 ^ l i in the calculations, and 
to compare the modelling results with observed activity ratios of these radionuclides. 

In the calculations made so far only one value of the dispersivity has been used. The 
hydrodynamic dispersion will affect the steepness of the concentration front. To find out how 
sensitive the results are to the choice of the dispersivity value, calculations with different 
dispersivities will also be performed. 

Depending on the amount of data available on solid uranium concentrations in other parts of the 
Koongarra analogue, a comparison of modelling results with observations in cross sections in 
other directions than the one studied so far will also be performed. 
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Figure 56 Uranium distribution along the dispersion fan. 
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Figure 57 Rainfall and water table record. 
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Figure 58 Effect of KJ value on the uranium distribution curves. 
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Figure 65 Modelling results and observed concentrations. 
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7. Validation Aspects 

The ARAP is a continuing project, and many experimental and modelling studies remain to 
be completed. There has been little attempt as yet to compare and to synthesize the conclusions 
from the different modelling approaches. However, some conclusions as to how this test case 
has contributed to model validation may be drawn. 

There are a number of issues that are worth mentioning explicitly. First, the distinction between 
research models, which give a detailed explanation of a system, and the simpler performance 
assessment models, which give a simplified, and often rather pessimistic, description of the 
system by incorporating only the most important processes, should be addressed. The goal of 
model validation is providing assurance that an adequate assessment is made with an 
appropriate degree of confidence in the results; consequently, the specifics of model validation 
will be different for different applications. However, the procedure will generally be the same. 
The role of research models in this context is to assess and provide justification for 
assumptions made in performance assessment models. Thus, the research model will provide 
means for assessing the adequacy or inadequacy of performance assessement models and the 
need to add or subtract complexity. 

An important aspect of the ARAP investigations is the focus on research to understand 
complex sorption mechanisms and incorporate them into performance assessment analyses. 
Earlier analyses indicate that the distribution-coefficient approach may be inadequate for 
assessment of radionuclide migration at Koongarra. Therefore, additional complexity may be 
needed to provide reasonable assurance in the calculations at Koongarra. 

A better understanding of the distinction between model validation and model calibration has 
resulted from the Phase I INTRAVAL study. Much of what was attempted during phase I 
towards model validation was in effect model calibration. Through the adjustment of input 
parameters, a number of models were able to adequately simulate a number of physical 
processes. However, the adequacy of the resulting models was not clearly established. The 
question has evolved into one of providing means of establishing the adequacy of the models. 
Thus, the importance of uncertainty analysis has become increasingly highlighted in the 
performance assessment arena. This includes components of parameter uncertainty, model 
uncertainty, and scenario analysis. In part this can be achieved by examining the differences 
between different modelling approaches. Can more than one model be used to describe the 
system? Can tests be devised to discriminate between several models to screen out the 
inadequate ones? 

The Koongarra analogue provides the opportunity to study uranium species migration through 
a host rock over geologic time. Consequently, the analogue provides a data set for the 
integrated evaluation of the hydrogeologic and geochemical processes of importance for 
long-term performance assessment. 
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These considerations lead on to a number of questions that should be addressed in drawing 
all of the Phase I contributions together. In particular, what do we learn from the differences 
between the approaches and are there any contradictions? What are the important processes 
and which are the most appropriate? A number of advances have been made in the 
hydrogeology of the site by researchers using the different approaches outlined in Chapter 4. 
Initial modelling attempts assumed that groundwater flow was parallel to the reference geologic 
cross section (Figure 3). Consequently, several two-dimensional modelling studies were 
conducted along this plane as described in sections 4.4 and 4.5. These studies investigated the 
sensitivity of the system to the hydraulic properties of the various hydrogeologic units at 
Koongarra, including the Kombolgie Sandstone, the Koongarra Fault breccia, and the weathered 
and unweathered Cahill schists. 

These initial studies were followed by studies aimed at gaining additional insight into the 
three-dimensional nature of the system (sec sections 4.6, 4.2, and 4.3). In particular, section 
4.2 k'*:ntifies a number of potential zones widiin the Cahill Formation on the basis of pump 
test data, geophysical data, and other considerations. Inverse analyses of ten pump tests will 
be conducted to investigate the :ransmissivity distribution across these zones. Measured 
transmissivity values are of the order of 10's cf m2/d. However, analyses of transmissivity data 
presented in section 4,3 indicate that there may not be statistically significant differences across 
the zones. The inverse modelling may be a means of testing this hypothesis. An important 
aspect of model validation at the field scale is the interaction between measured data and 
model parameters, particularly the interpolation of measured data of limited extent across the 
model domain. Continued work at the site should help to address two important questions with 
respect to zonation: 

1) Do specific hydrogeologic zones exist at Koongarra? 

2) Is consideration of zonation necessary with respect to performance assessment type 
calculations at the site? 

Section 4.6 describes an expanded view of the site to consider the hydrogeology on a regional 
scale. Both two-and three-dimensional simulations were conducted. 

The main result of these large-scale simulations was that regional groundwater flows are 
probably topographically controlled, and this provided confidence that three-dimensional 
modelling of a smaller region near the orebody may be relatively insensitive to the thickness 
of the Kombolgie sandstone and the depth to impermeable bedrock. The model also indicated 
that the flow may be in numerous directions, almost radial from the Mount Brockman Massif 
rather than uni-directional in the SE direction. 

Are there approaches that we would have adopted had time allowed? Having concluded Phase 
1 of INTRAVAL, it is important to reflect on the approaches taken and those which need to 
be taken with respect to Phase 2. The approaches taken to date were described above. Initially, 
the conceptual model of the hydrogeology was described in two dimensions along the reference 
cross section. Several numerical models were constructed based on the conceptualization of the 
reference cross section. Sensitivity analyses of certain components such as fault hydraulic 
properties were conducted. Initial understanding from the hydrogeologic conceptualization and 
two-dimensional modelling results, combined with geochemistry and transport modelling 
considerations, have provided a foundation for investigations of the site on a regional scale. 
These first studies were a necessary step to understanding the site at the field scale. 
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Consequently, these initial steps serve as building blocks towards our ultimate confidence and 
understanding of the system. 

What do we leam from the sensitivity studies? The sensitivity studies have provided insight 
into several hydrogeologic issues. The major issues are the hydrologic properties of the fault 
and the role of the fault within the flow field. The initial two-dimensional simulations 
investigated the fault over a range of hydrologic properties. The goal of these sensitivity 
analyses was to compare the role of the fault as a high versus low conductivity zone. However, 
realizations from both types of analyses provided reasonable representations of the flow field. 
The results have raised questions and focused thought on the interrelationships of hydraulic 
conductivity among the various units. The sandstone upgradient of the fault and the schist 
downgradient of the fault are both relatively low conductivity units. Consequently, the 
conductivity of the fault may be relatively low and still be adequate to supply the quantities 
of water that the schist is able to conduct. 

Another role of the sensitivity analyses has been to investigate the effective hydraulic 
thicknesses of the sandstone and schists in the models. The model results tend to be relatively 
insensitive to the thickness of the units such that it is probably adequate to model 60 to 100 m 
of thickness on the field scale. At greater depths, water flow tends to become very small and 
all of the significant transport is within this thickness. 

What can we say about time scales? The site is of primary interest because of the long time 
scale of migration in a field setting. However, the initial investigation of the hydrogeology 
has focused on the groundwater flow system under current conditions. There are several reasons 
for this. The first is that we need to understand the present before extrapolating back to the 
past. Second, the data collected at the site generally describes current conditions with respect 
to both hydrogeology and geochemistry, with the exception of some dating of groundwater. 
The development of a reasonable understanding of present conditions will provide a foundation 
for extrapolation into the past. 

What are the outstanding issues and uncertainties? Several issues and uncertainties remain with 
respect to the hydrogeology of the site. The issues reflect basic, conceptual concerns about the 
heterogeneity and anisotropy of the site. First, do fractures play a significant role in the 
hydrogeologic framework or is an equivalent continuum porous medium approximation 
adequate? Second, does the domain contain subregions with different axes of principal 
anisotropy? And third, did the unsaturated zone play a significant role in the evolution of the 
deposit, as indicated by geochemical evidence? All of these questions have been raised as a 
result of Phase 1 investigations and are intended for further investigation during Phase 2. 

The role of fractures and the adequacy of equivalent porous medium approximations is a 
question at potential nuclear waste repositories and disposal sites throughout the world. 
Fractures are significant in that they may provide the critical path to the accessible environment 
for groundwater flow and contaminant transport. Investigations over the course of ARAP 
indicate that many of the fractures are oriented subparallel to the Koongarra Fault while 
mapping and modelling of the groundwater flow field indicates that the principal direction of 
flow may be subperpendicular to the fault and fracture direction. In addition, the weathering 
of the s'-*ust tends to be initiated along the fractures and then spreads into the matrix until 
finally ne r̂ ck is completely weathered. During this process, the chlorite schist tends to 
weather to veimiculite and then kaolinite with the development of iron hydroxides and other 
amorphous iron species. These weathering species are increasingly sorptive with respect to 
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migrating uranium species. Consequently, while the fractures would tend to provide conduits 
for the migration of uranium species, the weathering products would tend to generate an 
opposing process causing retardation of uranium in transport along the fractures. 
Alpha-autoradiographs of fractured schist samples indicate concentration of uranium along the 
fractures. 

However, matrix flow is probably responsible for most of the flow through the host rock on 
a volume basis at any given time. Given current understanding of the flow field, a significant 
component of flow across fractures that are transverse to the flow direction is likely. The 
weathering rind in the fracture may then act like a filter to sorb all or part of the uranium 
carried in the groundwater. 

What are the implications for performance assessment? The major implications for performance 
assessment with respect to the Alligator Rivers Analogue focus on our ability to conceptualize, 
characterize, and model a natural system at the field scale. The analysis must be complete, yet 
only needs to be adequate to demonstrate required performance of the system. A wide variety 
of approaches are being used to investigate the geochemistry and hydrogeology at Koongarra. 
An important task with respect to performance assessment methodology will be synthesizing 
the various approaches and pieces of work to discriminate the critical portions of the work for 
performance assessment within the context of the larger research program. 

Some of this picture has been completed after Phase 1 of INTRAVAL. Much of the emphasis 
of ARAP early on prior to 1NTRAVAL and into Phase 1 of INTRA VAL was on geochemistry. 
An important component of ARAP and a key component of many performance assessments 
involves radionuclide transport simulations or calculations in order to assess risk. However, 
the hydrogeology of the site is an important component of the transport simulation along with 
the geochemistry. Work reached a point in the project where work was needed on the 
hydrogeology before a synthesis of data could be completed for transport simulations. This 
need has resulted in a more balanced approach towards hydrogeologic and geochemical 
investigations in support of performance assessment related transport calculations. 

An important aspect within the geochemical investigations has been understanding sorption of 
uranium species within the schist and in particular the need for complex sorption mechanisms 
to be employed to adequately describe the observed uranium distribution. The work raises the 
question of the needed complexity to describe sorption for performance assessment purposes. 
Given that traditional methods of performance assessment use a distribution coefficient 
approach for reversible sorption, the understanding gained from more complex analyses will 
provide important supporting documentation for the consideration of sorption in performance 
assessment applications. This work is still pending within the project, but should provide an 
important case study. The results may point to the need for the inclusion of more complex 
sorption mechanisms into performance assessments or perhaps only a refinement of the actual 
numbers used for distribution coefficients. 
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8. Conclusions 

A good basis for modelling the migration of radionuclides in the vicinity of the Koongarra 
uranium ore deposit has been established during the period of INTRAVAL Phase 1. The 
experimental field and laboratory programs within the Alligator Rivers Analogue Project have 
continued throughout the period and provide an extensive data source for the modelling; this 
support will be available during the period of INTRA VAL Phase 2. Although much of the 
modelling effort has so far been carried out within the ARAP, other INTRA VAL groups, such 
as the RIVM, have made significant contributions. 

Although the concept of INTRA VAL was to allow groups to inter-compare tfieir work, the 
ARAP experience has found that there was just too much unknown for different groups to 
actually intercompare from the same starting position. The whole ARAP study so far has been 
about all of the groups learning to crawl, then walk, before they could run with their own 
models. We have had the advantage of seeing all the pioblems that a real-world case study 
creates i.e. there are so many unknowns and it is so difficult, perhaps impossible to get all 
the information together at the start in a way which satisfies any single group. 

It has been concluded during the study period that the Koongarra test case may be investigated 
as two types of analogues of radionuclide migration. In addition, the full process of 
experimental evaluation, understanding of what were the significant processes and development 
of models has provided valuable information on the procedures of field site investigation. 

It is now believed that the geochemistry and geochemical processes at Koongarra can be 
divided into two categories: those relevant to present-day geochemical processes, and those that 
have operated in the geologic past. 

Information on the present-day geochemistry, hydrogeology and geochemical processes forms 
a basis for a present-day analogue for nuclear waste migration, based on the uranium dispersion 
in the tail of the uranyl phosphate zone in the weathered layer. This present-day analogue can 
be built on studies of the mineralogy and petrology of the Koongarra deposit, and chemical 
analyses of present-day groundwaters from the deposit in order to make a quantitative 
assessment of the speciation, state of saturation of the present-day groundwaters and 
radionuclide transport. In addition to this, the experimental, theoretical, and applied aspects of 
the sorption studies provide quantitative insights into the dispersion processes operating at the 
present-day. 

Information and inferred reconstructions of geochemical processes thought to have operated in 
the geologic past form a basis for a paleo-analogue for nuclear waste migration, based on the 
formation of the uranyl phosphate zone itself, and of its dispersion from the position of the 
original uraninite, and this work can be supported by studies of geomorphology and may be 
considered by scenario development procedures. The complex geologic history of the Koongarra 
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deposit makes it imperative to establish what role the present-day groundwaters play in the 
alteration and dispersion of the deposit. 

The ARAP experience has shown the value in combining together the different skills and 
viewpoints of a number of research groups and suggests that in such an important problem as 
the design of a repository it is not necessarily a good idea to use one group of experts to 
sequentially carry out some sequence of field tests and model runs. The design must be 
iterative and must keep bringing in new blood to question what has happened to date. In a real 
situation, there would be more money and more incentive for the "right people" to become 
involved early on, but it seems that competition of ideas can result in a better answer, and can 
facilitate an informed discussion on the wide range of topics needed to be considered. 
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