
AU9917765

ALLIGATOR RIVERS ANALOGUE PROJECT

ISBN 0-642-59942-4

DOE/HMIP/RR/92/086

SKI TR 92:20-16

FINAL REPORT
VOLUME 16

SCENARIOS

1992

30 - 05

AN OECD/NEA INTERNATIONAL PROJECT MANAGED BY:
AUSTRALIAN NUCLEAR SCIENCE AND TECHNOLOGY ORGANISATION



ALLIGATOR RIVERS ANALOGUE PROJECT

FINAL REPORT

VOLUME 16

APPLICATION OF SCENARIO DEVELOPMENT METHODS IN
EVALUATION OF THE KOONGARRA ANALOGUE

Authors: K. Skagius1 and S. Wingefors2

1Kemakta Consultants Co
Box 12655, S-112 93 Stockholm, Sweden

2Swedish Nuclear Power Inspectorate
Box 27106, S-102 52 Stockholm, Sweden



PREFACE

The Koongarra uranium ore deposit is located in the Alligator Rivers Region of the Northern
Territory of Australia. Many of the processes that have controlled the development of this natural
system are relevant to the performance assessment of radioactive waste repositories. An
Agreement was reached in 1987 by a number of agencies concerned with radioactive waste
disposal, to set up the International Alligator Rivers Analogue Project (ARAP) to study relevant
aspects of the hydrological and geochemical evolution of the site. The Project ran for five years.

The work was undertaken by ARAP through an Agreement sponsored by the OECD Nuclear
Energy Agency (NEA). The Agreement was signed by the following organisations: the Australian
Nuclear Science and Technology Organisation (ANSTO); the Japan Atomic Energy Research
Institute (JAERI); the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC);
the Swedish Nuclear Power Inspectorate (SKI); the UK Department of the Environment (UKDoE);
and the US Nuclear Regulatory Commission (USNRC). ANSTO was the managing participant.

This report is one of a series of 16 describing the work of the Project; these are listed below:
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EXECUTIVE SUMMARY

The study of natural analogues is recognized as one of the most important methods for
validation of concepts and models for performance assessment of repositories for
nuclear waste. The objectives of such studies range from detailed investigations of
processes and features on a small scale to attempts of explaining the evolution of whole
sites. Especially in the latter case it is quite obvious that the analogue studies have many
features in common with a performance assessment. However, for studies of detailed
processes it may well be as important to consider the larger scale settings when
transforming the results of an analogue study into a better understanding of repository
performance in the long term. These are a few, but not all, reasons why it should be
valuable to utilize methodologies developed for performance assessments also in the
evaluation of analogues. Another important aspect is the need to ensure that the proper
questions are being asked and that the investigations are being focussed on phenomena
relevant to validation objectives.

In many respects the study of the Koongarra analogue involves a full spectrum of
challenges and possibilities of this kind, e.g., it is a multi-disciplinary project covering
studies of small scale processes as well as attempts of explaining and modelling the
evolution of the site and the dispersion of uranium from the primary ore-body. Thus, the
present work was initiated with the objective to apply experiences from development of
scenarios for performance assessments in the evaluation of Koongarra. Two main partial
objectives have been,

- establishing of a systematic description of the analogue, i.e. a description of how
different processes have contributed to and caused the development of the dispersion
fan, and,

- attempting a logical derivation of alternative evolution scenarios for the analogue.

The purpose of a systematic description of the analogue is to facilitate the exchange of
information and ideas between the different scientific disciplines and modellers. It is also
believed that such an approach will be of help in focussing the evaluation on issues
relevant for performance assessments.

A major difficulty in trying to model the evolution of a natural analogue, including
dispersion of natural radionuclides, is to define the time-frame and initial and boundary
conditions. Information on the history of the site and the time-frame may be obtained
from analysis of, e.g., radioactive disequilibria. However, for validation of transport
models and concepts independent information about these conditions are needed. It is
then important to test not one, but several possible alternatives of the site history, i.e.
scenarios. The testing of several scenarios and models wili contribute to a better
understanding of the ability and limitations of different concepts and models to describe
processes relevant for performance assessments.

The methodology adopted in this work is similar to that used in a joint SKI/SKB scenario
development project. The technique was originally developed by Sandia. The initial
activities comprised the following steps:
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- Identification of ail features, events and processes (FEPs) that may have had an
influence on the evolution of the analogue, involving several research groups engaged
in ARAP in order to cover all relevant disciplines.

- Documentation of each FEP in a short memo-text containing a description of the FEP,
the causes and effects of the FEP, modelling aspects and references to literature.

- Screening of FEPs based on well-defined criteria regarding importance and role in the
evolution of the uranium mineralisation.

- Classification of the remaining FEPs depending of the nature of the FEP and lumping
of related FEPs into subgroups.

Subsequent steps involved the work on a systematic description of the analogue and
formulation of scenarios.

In total, 242 FEPs were identified by five groups or persons. The preparation of memo-
texts was found to be very time consuming, and, in addition, depending on contributions
from many sources and groups within the ARAP. Thus, the following steps were carried
out in parallel to preparations of memo-texts.

It was found that each FEP could be screened into one of the following groups:

- OUT, i.e. screening outfor reasons such as duplication, poor definition, low probability
or low consequence. (52 FEPs)

- PROCESS SYSTEM, defined as comprising all deterministic chemical and physical
phenomena that might have influenced the formation of the secondary uranium
mineralisation and the dispersion in the weathered zone. Typical examples are the
major FEPs "Groundwaterflow" and "Adsorption". (138 FEPs)

- EXTERNAL CONDITIONS, i.e. FEPs having occurred independent of the phenomena
in the PROCESS SYSTEM. Examples are "Rainfall range and intensity" and "Erosion
to major peneplanation". (39 FEPs)

- EXTERNAL FEATURES, i.e. FEPs reflecting the history of the region but not
influencing the evolution of the analogue. Examples are "Talus deposits" and "Old
coastline". (13 FEPs)

The FEPs in the PROCESS system were subsequently employed in the systematic
description of the analogue in terms of schematic diagrams displaying the
interconnections and links of causes and effects between different processes. Two
diagrams have been developed,

- for the SOURCE, i.e. the combination of phenomena which have influenced the
distribution of uranium between solid and liquid phase at the location of the primary
ore, and,
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- for the MIGRATION, i.e. the combination of processes directly involved in the
formation of the dispersion fan.

The attempted formulation of scenarios has been based on the EXTERNAL
CONDITIONS and EXTERNAL FEATURES. A rapid weathering of the host rock, i.e. the
chlorite schist, is assumed to have started around the onset of the Pleistocene Ice Age
(ca 1.6 Ma BP). The eventual oxidation and mobilisation of the uranium ore could then
have occurred under unsaturated or saturated conditions. This leads to the following
major scenarios:

- Uranyl Phosphates Formed under Unsaturated Conditions, with a periodical evolution
of the dispersion fan in conjunction with alternating dry (glacial) and wet (interglacial)
periods during the Pleistocene Ice Age.

- Uranyi Phosphates Formed under Unsaturated Conditions as a Single Event, taking
place either early or late during the Pleistocene Ice Age.

- Uranyl Phosphates Formed under Saturated Conditions, in conjunction with periods
of higher and lower flow due to the climatic cycling.

In addition to these major scenarios there are alternatives, e.g. depending on the water
table level in relation to the weathering front.

It should be noted that the development of scenarios, including a description of the
process system, must be regarded as a continuous and iterative process. As long as the
evaluation of an analogue proceeds, scenarios may be rejected or added to the list. In
this respect the present work is a first step. Application of the scenarios for modelling of
the analogue would be an obvious next step providing more evidence of their viability.
More work is needed before the possibilities of the chosen approach are explored in full.
The methodology is complex and simplifications would make it more practical.

Although the original objectives may not have been fully achieved, this work is believed
to contribute to a better understanding of the Koongarra Analogue as well as to give a
basis for further scenario work.

VI



1 INTRODUCTION

1.1 Background

The study of natural analogues has been established as one of the most important
methods for validation of concepts and models applied for the assessment of long-term
performance of repositories for nuclear waste. The objectives of such studies range from
detailed investigations of processes and features on a small scale to attempts of
explaining the evolution of whole sites. Useful results obtained in such studies have often
been restricted to some specific features on a local or small scale in the geological
formation. However, this follows quite naturally from the fact that no single natural
analogue is a perfect analogue of a repository with all its components, natural and man-
made.

This dissimilarity between natural analogues and repositories is not that important
provided that the application of the results from analogue studies are made with care,
recognizing the differences in, e.g., geological setting, chemistry and scales. On the
contrary, this difficulty may be of benefit in that new important aspects may be
discovered when evaluating and transferring information from analogue studies into a
better understanding of repository performance.

Obviously, analogue studies incorporating the site evolution as a main objective have
many features in common with a performance assessment. However, for studies of
specific processes it may well be as important to consider the larger scale settings as
boundary conditions. This appreciation of context and an integrated view may be as
important for evaluation of most natural analogues as for performance assessments.
This is more evident the more the evaluation dépends on a knowledge about the
evolution of the natural analogue.

Utilization of performance assessment methodologies in evaluation of natural analogues
may then be valuable for several reasons, e.g.

- to ensure that the proper questions are being asked and that the investigations are
being focussed on phenomena relevant for validation objectives;

- to facilitate the exchange of information and ideas between the different scientific
disciplines and the modellers.

From these aspects the study of the Koongarra analogue involves almost a full spectrum
of challenges:

- it is a multi-disciplinary project,

- several studies of separate detailed processes and features are included,

- the evaluation depends on the historical evolution of the site to a high degree, and

- one of the main objectives is the modelling of uranium transport in the dispersion fan.
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The last of these items must rely on an integrated understanding of knowledge from
several fields, especially hydrology and geochemistry. It is quite obvious that this
objective of an integrated analysis of the analogue involves about the same elements as
a performance assessment.

The Swedish Nuclear Power Inspectorate (SKI) together with its consultant Kemakta has
conducted a project focussing on the application of performance assessment
methodologies for evaluation of the Koongarra Analogue.

Part of this effort has been the application of available performance assessment models
for describing the evolution of the uranium dispersion fan in Koongarra. The results of
that work are presented in Volume 14 of this series. Another part, presented in this
report, has been an attempt to systemise the description of the analogue and its
evolution by applying the principles employed for development of scenarios for
performance assessment modelling.

It should be noted that the prime objective of this study is not to validate scenario
development methods, but an application of such methods to describe the evolution of
a natural analogue. However, the application of a systems analysis approach might be
worthwhile in its own right as an exercise in describing similar processes as those
occurring in a repository.

This introductory chapter continues with a presentation of the objectives and scope of
the study. It has also been found necessary to put these efforts in perspective by
elaborating somewhat on application of natural analogues for validation of performance
assessment models and methods and the role of scenario analysis in that context.

1.2 Objectives and Scope

The objective of this work has been to try the same approach for analysing the evolution
of the uranium dispersion fan in Koongarra as had been used earlier for development of
scenarios within the Swedish program. The concept of scenario in the present case
should be understood as one of several possible histories of the analogue.

It is believed that a scenario development exercise of this kind could be of value for
several reasons, notably,

- in deriving several alternatives for the conditions that has to be considered in
modelling the evolution of the analogue;

- in providing a systematic description of the processes that has been active in
formation of the dispersion fan;

- in promoting a consensus among the different research groups of the important issues
that should be focussed on in the integrated analysis of Koongarra.



1.3 Validation of Performance Assessment Concepts and Models

In performance assessments of repositories, a broad range of physical, chemical and
mathematical models are used to predict the long-term behaviour of the system of
natural and engineered barriers. Validation of these models and other methods is an
area of high concern among implementors of waste disposal systems and regulatory
authorities.

However, eventually it has been recognized that validation in the sense of absolute proof
never can be obtained. Only an acceptable degree of validation could be strived for and
then only for models or concepts applied in their proper context.

Uncertainties of various kinds play an important role in the assessment of repository
safety. Scenarios describing the evolution of the site, the characteristics of the site and
data for the models employed are all sources of uncertainties. The calculation or
estimation of propagation of such uncertainties into a global uncertainty of calculated
risk, or other safety indicators, is a difficult but important task of a performance
assessment. However, it may not be possible to address uncertainty in the models, i.e.
whether or not a given model describes the behaviour of the system over the spatial
scales and the time scales of interest, in the same manner as parameter or scenario
uncertainty. On the other hand, it is always possible to test the outcome of different
models for describing the same process or group of processes. The range of results from
such testing of alternative models will at least give a qualitative measure of the model
uncertainty connected with a given process.

It has been suggested that the relative contribution from a model to the total or global
uncertainty in a safety analysis calculation might be used as a qualitative measure, or
for ranking, of the degree of validation of that model (Skagius et al., 1991). In line with
this reasoning a definition of validation was also proposed:

Validation of a performance assessment model is the assurance that the model
provides an acceptable degree of accuracy when applied for prediction of
consequence within the framework of a total safety analysis, considering input
uncertainties as well as the necessary extrapolations in space and time.

Thus, the analysis of uncertainties are seen as a central part of a performance
assessment. In fact, such analysis may even provide a qualitative measure of the
confidence in the concepts and models employed in the assessment.

1.4 The Role of Scenarios in the Application of Natural Analogues for Validation
Purposes

In seeking to use the experience gained from the study of natural analogues in building
confidence in performance assessment models, uncertainties also in scenarios must be
considered. A major difficulty in trying to model the evolution of a natural analogue,
including dispersion of natural radionuclides, is to define the time-frame and initial and
boundary conditions. Information on the history of the site and the time-frame might be



obtained from the analysis of phenomena such as radioactive disequilibria. However, for
validation, not calibration, of transport models and concepts independent information
about these conditions are needed. It is then important to test not one, but several,
possible alternatives of the site history, i.e. scenarios. The testing of several models and
scenarios will contribute to a better understanding of the ability and limitations of different
concepts and models, and, thereby, also increasing the confidence in our ability to utilize
them properly in a performance assessment.



2 METHODOLOGY AS APPLIED IN PERFORMANCE ASSESSMENT

2.1 Introduction

The methods applied for identification of scenarios for the Koongarra Analogue and its
description are based on experiences from the SKI/SKB scenario development project
(Andersson et al., 1989), the SKI Project-90 (SK11991) and the scenario analysis of the
Swedish repository for low and intermediate level waste, SFR-1 (Skagius and Hôglund,
1991). The chosen approach is derived from the so called "Sandia Methodology" which
was developed at the Sandia National Laboratories (Cranwell et al., 1990). This method
and other approaches to scenario identification and evaluation have been discussed by
the NEA/PAAG "Working Group on the Selection of Scenarios for Performance
Assessment of Nuclear Waste Disposal" (NEA, 1992).

The results of the exercises in the SKI/SKB project and in Project-90 clearly indicate that
the scenario analysis for repositories must be updated continually, in an iterative
manner, during the different phases of research, site selection and construction of a
repository. Thereby, it will be possible to include new knowledge and build on
experiences from application of scenarios in the likewise recurrent performance
assessments. Thus, this strategy will not be fully tested until the final phase before
licensing of a repository.

For obvious reasons the application of scenario development methods for studies of a
natural analogue can not be as comprehensive as for a performance assessment. The
main efforts should be directed into utilising the principles for systématisation of
information and documentation as parts of scenario development. It is clear that in
performance assessments it will probably always be necessary to consider a number of
scenarios, whereas in the study of the evolution of a natural system to its current state,
the number will probably decrease as the understanding increases.

The application of the chosen approach for scenario development to the Koongarra
Analogue is described in Chapter 3.

2.2 Technique for Scenario Identification

The starting point has been the "Sandia Methodology" (Cranwell et al., 1990). In short,
it consists of the following steps:

- Identification of Features, Events and Processes (FEPs);

- Classification of FEPs in order to attempt ensuring of comprehensiveness;

- Screening of the FEPs based on well-defined criteria;

- Formation of scenarios by combining the remaining FEPs;

- Initial screening of the formed scenarios;



- Selection of a final set of scenarios.

In principle, this methodology aims at identifying all possible features, events and
processes as well as the combinations of FEPs, which may influence the future
development of a repository, or, as in this case, the evolution in the past of a natural
analogue, it is obvious that the number of FEP-combinations easily grow beyond all
manageable limits. This problem may be resolved by means of a proper handling
(classification, screening etc.) of FEPs. An element of subjective judgement is
inescapable in this process, however.

2.2.1 Screening of features, events and processes

The screening process involves the distributions of FEPs among a number of mutually
exclusive classes or groups. In the SKI/SKB project the screening was based on four
such classes:

OUT. This class contains those FEPs that are not considered in the further analysis.
Such screening should be based on well-defined criteria that has to be developed for
each project.

PROCESS SYSTEM. Essentially, one can envisage the Process System as a
"machinery", the components of which are comprised by the barriers in a repository. The
scenarios are the external controls modifying the behaviour of this machinery. See
section 2.2.3.

EXTERNAL CONDITIONS comprise, in the first place, those FEPs external to the
repository and its barriers, which may initiate, drive or modify the behaviour of the
Process System, e.g. the climate and its changes. Scenarios are defined by single or
combinations of FEPs in this group. A FEP in this group may physically be contained
within the Process System but it must not be induced by it. A geological feature with
potential effects on barrier performance, or possible built-in defects of the man-made
barriers are typical examples belonging to the latter category.

ISOLATED SCENARIOS comprise FEPs requiring attention without being possible to
treat in the normal scenario development process. FEPs in this group should not be
combined with other FEPs to form new scenarios. The reason could be that release and
transport mechanisms considered in the Process System are unimportant in comparison
to the FEP or that the FEP requires a special discussion on ethics. In particular, some
human intrusion scenarios are Isolated Scenarios.

It is not given a priori how the above classes should be defined. Redefinitions and/or the
introduction of new groups may be necessary depending on the objectives of a certain
study.



2.2.2 Lumping and linking of FEPs

Lumping is an effective tool for reducing the number of FEPs. In this process FEPs
sharing a common property are combined into groups that may be handled as one FEP.
The common property may be that two or more FEPs have a common or similar cause,
or that the FEPs have similar effects.

Cause and effect may also be utilized for linking of FEPs, primarily those belonging to
the Process System. The assignment of causes and effects to each FEP is an important
step in the description of the Process System.

2.2.3 The Process System

An important extension of the original Sandia method introduced by the SKI/SKB working
group is the Process System. In the screening process it is soon found that the FEPs
belong to widely differing categories ranging from large-scale or external events, e.g.
climate changes, to specific processes at the very local scale, e.g. mechanisms for
mineral dissolution. Only the external events should be treated or combined as
scenarios. For the local small-scale FEPs the links of causes and effects are more or
less given and a permutation of possible combinations have little meaning.

The Process System may be defined or described as: the organised assembly of the
phenomena (FEPs) required for description of the barrier performance and radionuclide
behaviour in a repository and its environment, and that can be predicted with at least
some degree of determinism for given external conditions.

2.2.4 Documentation - memo texts

It is essential that all steps of a scenario development are traceable and sufficiently
documented. For this purpose all FEPs should be entered into a database. A short
explanatory memo-text should be written for each FEP and included in the database.
Ideally, the outline of a memo-text includes a definition of the FEP, a description of its
causes and effects, motivations for screening and lumping and references.



3 METHODOLOGY AS APPLIED IN ANALYSIS OF THE KOONGARRA ANALOGUE

3.1 Introduction

With reference to the previous Section the initial activities to be carried out to form the
base for the actual formulation of scenarios for the evolution of the Koongarra uranium
deposit are:

- An initial comprehensive identification of all FEPs that may have had an influence on
the evolution and behaviour of the analogue, preferable involving all research groups
engaged in the ARAP in order to cover all relevant disciplines.

- Documentation of each FEP in a short memo-text containing a description of the FEP,
the causes and effects of the FEP, modelling aspects of the FEP and references to
literature on the subject.

- Screening of FEPs based on well-defined criteria regarding importance and role in the
evolution of the uranium mineralisation.

- Classification of remaining FEPs dependent on the nature of the FEP and lumping of
FEPs into subgroups.

Originally, the intention was to proceed stepwise according to the above list of activities.
However, the preparing of memo-texts was found to be very time consuming and to a
large extent relied on contributions from different persons and groups within the ARAP,
because of the diversity in disciplines involved. It was therefore decided to carry out the
work with the following steps in parallel with the preparation of the memo-texts. This is
described in more detail in the following sub-sections. Although the documentation of
FEPs still is rather incomplete, the results achieved from a first iteration of the initial
stages has made it possible to at least make an attempt on formulation of scenarios. This
is further described in the next chapter.

3.2 Identification of Features, Events and Processes

The scenario identification and development study was initiated by asking different
research groups to produce a list of FEPs which might have influenced the evolution of
the analogue. In total, 242 FEPs were identified by five groups/persons, and all FEPs
were merged into a list of primary FEPs which is given in Appendix 1.

3.3 Screening

By going through the merged list of primary FEPs it was found that each FEP could be
screened into one of the following four groups: OUT, PROCESS SYSTEM, EXTERNAL
CONDITIONS or EXTERNAL FEATURES.
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OUT

The most obvious reasons for screening out a FEP are merely administrative, such as:

- The proposed FEP is not a Feature, Event or a Process. For example, tools and
methods used to describe the analogue, such as geological maps and geochemical
models are not considered to be a FEP, neither are parameters such as retardation
factor or distribution coefficient.

- The proposed FEP is a duplicate FEP, i.e. proposed by several persons/groups.

- The proposed FEP is poorly defined or too general. A FEP which is considered to be
poorly defined is "Dislocation" while the FEP "Geological history" is too general.

Other criteria which were used to screen out FEPs are:

- The probability of the FEP is assessed to be low.

- The consequence of the FEP for the uranium mobilisation and formation of the
dispersion fan is assessed to be negligible compared to the consequence of other
FEPs.

A compilation of screened out FEPs and the explanation to the screening is given in
Appendix 2.

PROCESS SYSTEM

The PROCESS SYSTEM for the Koongarra Analogue is defined as comprising all
deterministic chemical and physical phenomena that might have influenced the formation
of the secondary uranium mineralisation and the dispersion in the weathered zone. FEPs
assessed to fulfill this criteria, such as "Groundwater flow" and "Adsorption", were
screened to the PROCESS SYSTEM.

EXTERNAL CONDITIONS

FEPs that are assessed to have occurred independent of the phenomena in the
PROCESS SYSTEM and not are induced by the presence of the uranium mineralisation
were screened to EXTERNAL CONDITIONS. Examples of such FEPs are "Rainfall
range and intensity" and "Erosion to major peneplanation".

EXTERNAL FEATURES

FEPs that are features that reflect the history of the region, i.e. remnants of EXTERNAL
CONDITIONS, were screened to EXTERNAL FEATURES. Although FEPs in this group
are not influencing the evolution of the analogue, they are still important as an



information source. Examples of EXTERNAL FEATURES are "Talus deposits" and "Old
coastline". The full list is given in Appendix 3.

3.4 Classification of FEPs in PROCESS SYSTEM

!n order to get a main structure of the PROCESS SYSTEM, a classification was made
based on the nature of the FEPs. Five main classes were defined:

- Groundwater Flow

- Geochemistry

- Transport Phenomena

- Release Phenomena

- Geologic Features

Each FEP was classified into only one of the groups despite that some of the FEPs
strictly speaking could belong to more than one group. The result of the classification is
given in Appendix 4.

3.5 Linking and Lumping of FEPs Screened to EXTERNAL CONDITIONS

Scenarios are formed by combining the PROCESS SYSTEM with FEPs screened to
EXTERNAL CONDITIONS. Each FEP has therefore been linked to one or several of the
classification groups in the PROCESS SYSTEM to show how the PROCESS SYSTEM
is influenced by EXTERNAL CONDITIONS. Furthermore, in orderto reduce the number
of FEPs that are to be combined into scenarios, similar FEPs screened to EXTERNAL
CONDITIONS are lumped together into groups.

Lumping was made on different levels, i.e. one group of FEPs may contain several
subgroups. The first level of lumping resulted in two main groups where the FEP
"Pafeolandscape" is the heading of one of the groups and the FEP "Paleoclimate" is the
heading of the other. Within these groups, FEPs are further lumped into smaller
subgroups. Lumping is based on similar causes and/or effects, or just to get sets of FEPs
that in some way are related to each other.

The result after linking and lumping is shown in Appendix 5.

3.6 Memo Texts

The writing of memo texts has been found to be very worthwhile in scenario development
work. In this case, memos should contain very condensed information about phenomena
of importance for describing the sequence of events and evolution of the analogue. The
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purpose of memos is to promote a better interdisciplinary understanding and to give a
background for a systematic approach in describing and simulating the analogue.

First, a memo should contain a description of the phenomenon (FEP) in a form
comprehensible also for non-specialists in a certain field. The description should be
divided in three parts: a general, "dictionary", kind of definition and explanation, a
description of the causes for occurrence of the FEP, and a description of the effects of
the FEP in the evolution of the analogue.

Second, a memo should explain the relevance of a given FEP for the Koongarra case,
e.g. the occurrence of features and how processes might have influenced on the
formation of geological strata etc.

Third, some ideas should be given about how the FEP may be utilised: in formulating or
choosing calculation models and data, or in definition of scenarios, e.g. in trying
alternative sequences of events, or "time tables" for Koongarra.

Least, but not last, the memo should contain (a few) references to literature on the
subject.

The above guidelines for writing memo texts demonstrate that a substantial effort by
experts in different disciplines is required to prepare a complete set of memo texts to the
identified FEPs. Unfortunately, it has not been possible to achieve this goal within the
time-frame of this work. A complete set of memos to the identified FEPs would have
been very valuable since it in a condensed way compiles the present understanding of
the evolution of the analogue and also highlights areas where the present knowledge not
is enough. The preparation of memo texts is therefore recommended as having high
priority in any future scenario work regarding Koongarra.

Some examples of memo texts are given in Appendix 6.

3.7 Organisation and Description of PROCESS SYSTEM

3.7.1 Introduction

The result after screening, classification, linking and lumping of FEPs is depicted in a
simplified manner in Figure 3.1. The phenomena that primarily are needed to describe
the mobilisation and transport of uranium and daughter nuclides are those classified as
Release Phenomena and Transport Phenomena. These phenomena are in turn
dependent on Groundwater Flow, Geochemistry and Geologic Features which interact
with each other. In a strict sense there is also an interdependence between these latter
groups of FEPs and the Release and Transport Phenomena. However, focussing the
Release and Transport Phenomena on uranium and daughter nucfides the one-way
dependence illustrated in Figure 3.1 may be justified.

Figure 3.1 also shows in a simplified manner how phenomena screened to EXTERNAL
CONDITIONS are linked to the PROCESS SYSTEM. The two groups remaining after
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lumping of FEPs screened to EXTERNAL CONDITIONS, Paleoclimate and
Paleolandscape, are both of importance for the description of release and transport of
components from the primary uranium ore.

Process System

Release

Phenomena

Transport

Phenomena

Groundwater

Flow
Geochemistry

Geologic
Features

Palaeoclimate Palaeolandscapes

External Conditions

Figure 3.1 Simplified illustration of the PROCESS SYSTEM and the influence of
EXTERNAL CONDITIONS.

To facilitate the formulation of scenarios a logical and more detailed description of the
PROCESS SYSTEM is needed. A first step could be to organise and describe the
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PROCESS SYSTEM in graphical form which then is used as a base for a verbal
description. The starting point would be the identification and description of phenomena
that directly influence the behaviour of uranium. These phenomena are in turn
dependent on other features, events and processes which then indirectly influence the
behaviour of uranium. In this way phenomena are linked according to cause and effects.
The so built up chain or branch of FEPs ends with a link between a phenomenon
belonging to the PROCESS SYSTEM and a phenomenon belonging to EXTERNAL
CONDITIONS.

An attempt has been made to describe the PROCESS SYSTEM in somewhat more
detail than shown in Figure 3.1 what concerns the phenomena directly affecting the
release and transport of uranium and daughter nuclides. In the following description, the
terms Source and Migration are used instead of Release Phenomena and Transport
Phenomena. Source includes phenomena which have influenced the distribution of
uranium between solid and liquid phase at the location of the primary ore. Migration is
defined as phenomena which have affected the movement of uranium from the location
of the primary ore.

3.7.2 Source

Hydrothermal activities taking place about 1,600 million years ago resulted in deposition
of uraninite, forming the primary uranium orebody at Koongarra. During the very long
time period from the formation of the primary orebody to present day, different
phenomena have changed the composition and shape of the orebody. In this sub-
section, phenomena which may have influenced the primary uraninite orebody in-situ are
identified.

A schematic picture of how different phenomena may have caused the distribution of
uranium between solid and liquid phase in the primary ore is given in Figure 3.2.
Uranium was distributed between primary uranium minerals (uraninite) and groundwater
by leaching (dissolution)and precipitation. Uranium became available for transport as a
dissolved species and possible also in colloidal form if the prevailing conditions were
favourable to colloid formation or if uptake of uranium by colloids potentially present in
the water occurred. The solubility of uranium under reducing conditions is low, thereby
limiting the amount of uranium available for transport.

A change to a more oxidising environment resulted in oxidation of dissolved uranium and
precipitation of uranium and formation of secondary uranium minerals, such as uranyl
silicates and uranyl phosphates, depending on the water composition. Coprecipitation
of uranium with components dissolved as a result of weathering of the quartz-chlorite
schist may have led to the inclusion of uranium in weathering products. Uranium still in
solution and uranium which may have been leached from these formed uranium solids
and weathering products became available for transport. In addition, mobile, colloidal
uranium might have been formed.

Uranium included in weathering products may have been incorporated into new
minerals, e.g. as a result of recrystallisation; a-recoil is another process that may lead
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Figure 3.2 Schematic description of the Source.

to such incorporation.

In addition to dissolved uranium in different oxidation states and uranium in colloidal
form, particles liberated from the uranium minerals into the water could have contributed
to the source, although this does not seem very likely.

This first, brief overview of the source leads to the suggestion that since the deposition
of the primary uraninite orebody, a distribution of uranium between immobile and mobile
phases has taken place. In addition to the primary uraninite, the immobile phases are
secondary uranium minerals (uranyl silicates and uranyl phosphates) as well as different
forms of weathering products (amorphous and crystalline iron oxy-hydroxides and clays)
and minerals such as quartz which initially did not contain uranium. The identified mobile
phases are dissolved uranium in different oxidation states and potentially also uranium
in colloidal form and particles of uranium minerals. The distribution of uranium is a result
of the following proposed phenomena:
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- dissolution (!eaching)/precipitation of uranium,
- coprecipitation, crystallisation and dissolution of weathering products,
- oxidation of uranium,
- decay and a-recoil,
- uptake on colloids/particles, and
- liberation of particles containing uranium.

These phenomena and their coupling to phenomena defined as EXTERNAL
CONDITIONS are further discussed below.

Dissolution/precipitation

The dissolution/precipitation of uranium is dependent on the access to water, the
chemical composition of the water, the kinetics of the dissolution/precipitation reaction
and the rate with which dissolved uranium is transported away from the source.

Under reducing conditions the solubility of uranium is low. Consequently, groundwater
in contact with primary uranium minerals should have had very low uranium
concentration. This together with a potential slow reaction rate probably resulted in a low
dissolution (leaching) rate of the primary uranium minerals. In addition, the groundwater
flow was probably restricted to single fractures limiting the amount of primary uranium
minerals in contact with flowing groundwater, and thereby the amount of dissolved
uranium. The groundwater flux through the area and its impact on the dissolution of
uranium from the primary ore is difficult to assess, but it is possible that the hydraulic
gradient was smaller than during later times because of smaller differences in surface
level prior to weathering and erosion of the Koongarra Valley.

A change to more oxidised conditions resulted in oxidation of uranium and formation of
secondary uranium minerals. The solubility of uranium in the higher oxidation states are
larger than in lower oxidation states, but in Koongarra also the concentration in the water
of elements such as silica, phosphates and possibly carbonate should have been of
importance for the dissolution/precipitation of secondary uranium minerals. The change
to a more oxidising environment is connected to chemical weathering of the rock
minerals.

Weathering of the rock may have created more flow paths through the uranium
mineralisation thereby increasing the amount of secondary uranium minerals in contact
with flowing water and thereby also the dissolution rate. On the other hand, the
secondary uranium minerals may have been embedded in weathering products (see
below) which, if acting as a hydraulic barrier, could have restricted uranium dissolution.
Another aspect of importance for the dissolution/precipitation of secondary uranium is
the fluctuation in water table that is believed to have occurred due to different climatic
conditions. A lowering of the water table resulted in precipitation of uranium and reduced
the amount of uranium minerals in contact with groundwater. An increase in water table
could once again have made more uranium minerals accessible to water and uranium
dissolution.
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To summarise it can be concluded that the dissolution and precipitation of uranium
minerals in Koongarra over the times of interest has been dependent on groundwater
flow, water table, groundwater chemistry and rock characteristics. These entities are in
turn linked to the climatic and geomorphological history of the area in terms of rainfall
range and intensity, evapotranspiration, sea-level, topography, weathering and erosion.

Coprecipitation, crystallisation and dissolution of weathering products

Weathering of the quartz-chlorite schist resulted in the formation of clays (vermiculite to
kaolinite) and iron minerals (iron oxy-hydroxides such as ferrihydrite to goethite or
hematite). Crystals of secondary uranium minerals may have been embedded in these
weathering products by coprecipitation. Since iron oxy-hydroxides are very surface
active they could also have acted as a scavenger by sorbing, for example, uranyl ions
which subsequently formed crystals of secondary uranium minerals such as uranyl
phosphates (Murakami et al., 1992) or became progressively occluded as more iron
precipitated (Koppi and Klessa, 1992).

Ageing of the amorphous iron oxy-hydroxides lead to crystallisation and transformation
fo goethite or hematite with further inclusion of uranium. However, it is not likely that
uranium replaced iron in the crystal structures of the iron minerals (Koppi and Klessa,
1992).

The solubility of the iron oxy-hydroxides is dependent on the groundwater chemistry,
especially Eh and pH. Fluctuations in these entities have therefore influenced the
distribution of uranium between solid phase and groundwater, with liberation of uranium
from the solid phase during periods favourable for dissolution and fixation of uranium
during periods favourable for precipitation of iron oxy-hydroxides. An alternating water
table will have had the same effects, with precipitation during periods of falling and
dissolution during periods of rising water table.

The fixation and dissolution of uranium in weathering products is, of course, dependent
on the weathering history at Koongarra. The weathering processes are in turn connected
to EXTERNAL CONDITIONS such as variations in rainfall and erosion.

Oxidation

A change from a reducing environment to a more oxidising resulted in oxidation of the
primary uraninite to uranium silicates, which were further altered to uranyi phosphates.
It is also possible that uraninite to some extent was oxidised directly to form uranyl
phosphates, it is not clear whether uranium was oxidised as a solid or dissolved species,
but since the solubility of uranium in reduced state is very low it seems likely that
uranium was oxidised as a solid species which then became more soluble and
reprecipitated (recrystallised) as uranium silicates and/or phosphates depending on the
composition of the groundwater.
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The shift from reducing to oxidising conditions in the ore zone defines the onset of a
period with larger amounts of uranium in a mobile form. EXTERNAL CONDITIONS in
terms of climatic conditions and phenomena influencing the topography and
geomorphological situation in the area is important for how long ago this occurred and
with what rate and to what extent oxidation took place, because of their impact on the
groundwater flow situation and hydrochemistry in the ore body.

Decay and a-recoil

Decay and a-recoil are other processes which may have influenced the partitioning of
uranium and daughters between groundwater and different solid phases, in Koongarra,
analyses of activity ratios show excess of both 234U and 230Th compared to 25SU in
crystalline phases (Volume 8 of this series). This could to some extent be the result of
transfer from amorphous to crystalline phases of thorium nuclei recoiled by the emission
of a-particles during decay of uranium parents. It should also be possible for a nucleus
to cross boundaries between groundwater and solid phase by decay and recoil.

The probability of recoil transfer across a phase boundary and the ejection range of the
recoiled nucleus depends on the contact surface between the phases, the geometry of
the system and physical characteristics of the phases, for example amorphous or
crystalline. In the case of recoil transfer between amorphous and crystalline iron
materials, the weathering history at Koongarra is of importance and thus, also
EXTERNAL CONDITIONS which are of importance for weathering.

Uptake on colloids/particles

Uranium and daughter products could have been mobile as particuiate matter if
associated with colloids or particles potentially present in the water. Analyses of the
present day water at Koongarra have shown that particuiate matter is mainly found in
water extracted from the weathered zone, but also to some extent in water from the
unweathered zone. The particuiate matter from the weathered zone were considered to
be clay particles, kaolinite, while chlorite particuiate materials were found in the water
from the unweathered zone (Volume 7 of this series).

In water from the weathered zone, much larger amounts of uranium (238U) and thorium
(230Th) were associated with particles in larger size ranges than with colloids (<1jJ.m)
(Volume 7 of this series). Because of the filtering effect of the rock the mobility of
uranium and thorium containing particles may have been restricted. However, they may
have played an important role in the solution chemistry thereby influencing the solubility
and speciation of uranium and other radionuclides present.

Since the particuiate matter found in present day groundwater mainly consist of clays
and iron rich materials, the weathering history and other EXTERNAL CONDITIONS of
importance to weathering should have played a role in the formation of colloids and
particles and their association with uranium and daughters.
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Liberation of particles containing uranium

This heading is referring to liberation of uranium mineral particles by mechanical
activities, such as erosional events. If occurred, this type of mechanical mobilisation of
uranium should have been most extensive in the uppermost parts of the rock. Here also
the potential for subsequent transport should have been larger than deeper down in the
rock where the rock most likely had a higher filtration capacity because of smaller
influence of denudation.

This phenomena is linked with weathering and erosion in the area and other EXTERNAL
CONDITIONS of importance for denudation.

3.7.3 Migration

The formation of the dispersion fan in the weathered zone is envisaged to be the result
of migration of uranium mobilised at the location of the former primary ore body.
Processes that directly may have been involved in the formation of the dispersion fan,
and how they have influenced the migration of uranium are schematically described in
Figure 3.3.

Mobile U
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Figure 3.3 Schematic illustration of MIGRATION
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Uranium mobilised at the source (the location of the former primary ore body) could have
been transported away from the source with groundwater flow (advection) and by
diffusion. Vertical spreading could have occurred as a result of fluctuations in the water
table and capillary suction in the vadose zone above the water table. Uranium
transported upwards to the surface by a rising water table may have been captured and
further transported by surface flow.

During the transport a number of phenomena may have taken place which resulted in
a redistribution of uranium between solid and water phases. These phenomena are to
a large extent similar to the phenomena influencing the distribution of uranium between
solid and water at the source. Changes in groundwater chemistry, degree of water
saturation and weathering may have caused alternating periods of precipitation and
dissolution of uranium minerals, and coprecipitation and dissolution of uranium with
weathering products along the transport paths. Some uranium was potentially
immobilised as a result of inclusion in crystalline weathering products by a-recoil and
crystallisation of amorphous material.

Sorption onto solid surfaces in contact with water in the main flow paths have also
influenced the dispersion of uranium. Furthermore, diffusion of uranium into smaller,
water-filled cracks/pores in the rock matrix increased the amount of solid surfaces
accessible for sorption. To some extent sorbed uranium may have been immobilised by
a-recoil and crystallisation of weathering products, but may also have been transferred
back to the water by desorption as a result of changes in groundwater chemistry. Dilution
of the water carrying uranium with water which have not been in contact with the ore
body is another process which may have influenced the dispersion of uranium.

To summarise, the following phenomena have been identified to be of potential
importance for the migration of uranium from the source:

- groundwater flow and diffusion,
- water table fluctuations and capillary suction,
- surface flow,
- matrix diffusion,
- sorption/desorption,
- dilution,
- precipitation/dissolution of uranium,
- coprecipitation, crystallisation and dissolution of weathering products, and
- decay and a-recoil.

Uranium (and daughters) are assumed to be mobile as dissolved species and in colloidal
form. Transport of particles with groundwater is not considered since it seems very likely
that the transport paths are too small to allow particles to pass. One potential exception
is transport of particles with surface flow because of smaller filtering effects at or close
to the surface.

The identified phenomena and their coupling to EXTERNAL CONDITIONS are discussed
below, except the last three which are the same as previously described in 3.7.2.

19



Groundwater flow and diffusion

Both groundwater flow and diffusion have contributed to the transport of mobile uranium
from the primary source, but their relative importance is uncertain. During periods with
higher flow rates transport by diffusion were probably negligible and uranium was
transported in the direction of the groundwater flow. During periods with low flow rates,
transport by diffusion may have dominated, and, since the driving force for diffusional
transport is the concentration gradient, uranium may have been dispersed more
symmetrically around the ore body. It is also possible that the hydraulic resistance has
differed within the ore zone, and that uranium dissolved in areas with more stagnant
water was transported by diffusion to larger flow paths where the main groundwater flow
took place.

The groundwater flow rate through the ore body is dependent on the characteristics of
the flow paths and the hydraulic gradients and water recharge and thereby also the
importance of diffusion. The EXTERNAL CONDITIONS that are essential for the
description of transport by groundwater flow and diffusion are related to both the climatic
history and the evolution of the landscape, such as variations in rainfall, topography and
its changes and the extent of weathering and erosion.

Water table fluctuations and capillary suction

Fluctuations in the water table and capillary suction may have contributed to a vertical
transport of uranium. A lowering of the water table probably resulted in a downward
movement of uranium, but could to some extent have been counteracted by capillary
suction in the unsaturated zone above the water table. During periods of low water table
some vertical upward transport in the unsaturated due to capillary suction probably took
place. A raise in water table may have resulted in upward movement of uranium, but
downward movement could also have occurred with water infiltrating from the surface.

Fluctuations in the water table and the extent to which vertical water flow occurred in the
vadose zone due to capillary suction are mainly dependent on EXTERNAL
CONDITIONS related to the climatic history in the area, such as rainfall and
evapotranspiration. However, also weathering and erosion is important since these
processes have influenced the physical characteristics of the rock exposed to alternating
saturated and unsaturated conditions.

Surface flow

Uranium transported to the surface by a rising water table or capillary suction may during
periods of heavy rain have been transported by surface flow. In addition, surface
lowering have exhumed the ore body and parts of the mineralisation may for some times
have been exposed to surface flow. Transport by surface flow is probably the only
mechanism with which uranium particles could have moved.
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As indicated above, the extent to which surface flow have contributed to the dispersion
of uranium is dependent on EXTERNAL CONDITIONS such as rainfall and denudation
processes as well as the topography in the area.

Matrix diffusion

During time periods and/or at places in the ore body where groundwater mainly flowed
in fractures, this flowing water was probably depleted of uranium as a result of uranium
diffusion into stagnant water in smaller cracks and pores. The main importance of this
process is that it has made more solid accessible for sorption and thereby contributed
to restrict the dispersion of uranium. Mobile uranium in colloidal form have probably not
been distributed into the rock matrix by matrix diffusion to the same extent that dissolved
uranium.

Matrix diffusion may also have contributed in the opposite way by transporting uranium
from sources in the rock in contact with stagnant water to paths where the main water
flow occurred (see also diffusion).

The importance of matrix diffusion is connected to the groundwater flow rate and the
physical characteristics of the rock and also influenced by the same EXTERNAL
CONDITIONS.

Sorption/desorption

Because of sorption onto rock surfaces in contact with water containing uranium (and
daughters) the transport and dispersion of components in the water is delayed. The
extent of sorption is dependent on the characteristics of the solid surfaces and on the
groundwater chemistry. In Koongarra the weathering products iron oxy-hydroxides and
clays has been shown both by laboratory experiments and field studies to have large
sorption capacities (Volume 13 of this series). Minerals in unweathered rock also exhibit
sorption capacity, however small compared to the weathering products. The aspects of
groundwater chemistry that are most important to sorption seem to be conditions
influencing the speciation of uranium, mainly pH.

Sorption is generally considered to be a reversible process. This means that a change
in groundwater composition may desorb previously sorbed material. What concerns the
amorphous iron oxy-hydroxides at Koongarra sorption may to some extent be regarded
as irreversible since the ageing and crystallisation of the amorphous phase may have
made the uranium inaccessible to desorption. Whether this should be defined as
irreversible sorption or coprecipitation is not clear-cut, and here it has been defined as
coprecipitation (see 3.7.2).

Colloids in the water may influence the sorption onto the rock surfaces by acting as a
competing sorbent. If sorption on colloids is reversible a sorption equilibrium between
dissolved uranium, uranium on colloids and uranium on rock surfaces may have been
established.
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EXTERNAL CONDITIONS of importance to sorption are those that have influenced the
mineralogical composition of the rock and the groundwater chemistry, for example
rainfall and erosion.

Dilution

With dilution is here meant a mixing of water containing uranium with water free from
uranium. This could have occurred deeper down in the rock at fracture intersections but
also higher up in the rock due to mixing with infiltrating rainwater. The most obvious
effect of dilution is a decrease in uranium concentration in the water and a higher
possibility that uranium remains in the water phase downstream of the mixing point.
However, a decrease in concentration may in turn initiate desorption or even dissolution
of uranium in solid state. For example, during periods with high infiltration of rainwater
causing dilution of the water in the rock uranium that came in contact with the diluted
water may have been remobilised by desorption and dissolution.

The potential for dilution by mixing of different waters and the extent to which this may
have occurred is determined by EXTERNAL CONDITIONS that have influenced the
hydrogeological situation at the site overthe times of interest, i.e. both climatic conditions
and conditions related to the geomorphological history at the site.

22



4 SCENARIO FORMULATION

4.1 General

This Chapter describes a first attempt to formulate scenarios for the formation of the
uranium dispersion fan at Koongarra. The attempted formulation of scenarios has been
based on possible evolutions of EXTERNAL CONDITIONS and EXTERNAL
FEATURES, and their impact on the important FEPs in the PROCESS SYSTEM. A rapid
weathering of the host rock, i.e. the chlorite schist, is assumed to have started around
the onset of the Pleistocene Ice Age (ca 1.6 Ma BP). The eventual oxidation and
mobilisation of the uranium ore could then have occurred under unsaturated orsaturated
conditions. This leads to the following major scenarios:

- Uranyl Phosphates Formed under Unsaturated Conditions, with a periodical evolution
of the dispersion fan in conjunction with alternating dry (glacial) and wet (interglacial)
periods during the Pleistocene Ice Age.

- Uranyl Phosphates Formed under Unsaturated Conditions as a Single Event, taking
place either early or late during the Pleistocene Ice Age.

- Uranyl Phosphates Formed under Saturated Conditions, in conjunction with periods
of higher and lower flow due to the climatic cycling.

In addition to these major scenarios there are alternatives, e.g. depending on the water
table level in relation to the weathering front.

The evolution of the system priorto the oxidation and mobilisation of the primary uranium
mineralisation and the identified scenarios are described in the following sections.

4.2 System Evolution priorto Uranium Oxidation and Mobilisation

The two orebodies at Koongarra, orebody No 1 and 2, were probably formed by
hydrothermal activities approximately 1,600 million years ago resulting in the
precipitation of uranium as uraninite lenses. Since then different geological events and
processes have altered the geology and landscape in the area, but the primary
mineralisation is believed to have remained intact at least until a few million years ago
(Volume 2 and Volume 3 of this series). At that time the primary orebody No 1 was
covered with unweathered quartz-chlorite schist and a latérite capping, preventing
weathering and oxidising groundwaters to reach the primary uranium mineralisation. A
fault zone, the Koongarra Reverse Fault, extending from the surface and dipping 55°
formed the lower boundary (or foot wall) to the orebody. The fault also separated the
orebody from the Kombolgie sandstone escarpment, northwest of the orebody.
Southeast of the orebody a thin layer of quartz-chlorite schist with large amounts of
graphite formed a hanging wall unit. The suggested situation atthat time is schematically
shown in Figure 4.1.
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Figure 4.1 Schematic view of orebody No 1 a few My ago.

During Pleistocene, around the onset of the Pleistocene Ice Age (~1.6 Mya) lowering of
the sea-level resulted in rapid erosion of the schist above the orebody by surface run-off
from the Kombolgie escarpment (Volume 2 of this series). As erosion proceeded, deeper
flowing groundwater discharged from the Kombolgie escarpment through the fault, and
possibly also water recharge from the surface via the fault lead to the in-situ oxidation
and alteration of uraninite to uranyl silicates in the upper part of the orebody, and
possibly also deeper down along the fault.

As a result of the rapid erosion of the schist above the orebody, the weathering front
reached the top of the primary uranium mineralisation and a major oxidation of the ore
was initiated. Alternatively, weathering preceded erosion and oxidation was initiated
during times of deeper weathering and the ore exhumed by surface lowering (Volume 3
of this series). Whether this oxidation resulted in the formation of secondary uranyl
phosphates depends on the required conditions. One such condition which has been
highlighted as being of potential importance is the buffering by atmospheric CO2 and O2

(Volume 11 of this series). Since this is related to the development of the climate and the
geology in the area a distinction between the formation of urany! phosphates under
unsaturated (buffered by atmospheric CO2 and O2) and saturated conditions is made in
the following attempted formulation of scenarios. Under saturated conditions CO2 could
have been provided by microbial degradation of carbon substrates, leached from the soil
during infiltration or maybe by oxidation of the graphitic hanging wall unit.
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4.3 Uranyl Phosphates Formed under Unsaturated Conditions

The Pleistocene Ice Age involved cycles of dry (glacial) and wet (interglacial) periods,
with a decrease in rainfall, sea-level and water table during dry periods and increased
rainfall and rising sea-level and water table during wet periods (Volume 2 and Volume 3
of this series). During dry periods a lowering of the water table below the top of the
primary ore resulted in oxidation and leaching of uraninite and secondary uranyl silicates
in the unsaturated zone just above the water table. Weathering of the quartz-chlorite
schist was most intensive in the unsaturated zone above the water table and resulted in
the formation of weathering products such as iron oxides and clays. Horizontal transport
of dissolved uranium was restricted by the prevailing unsaturated conditions in the
weathered zone as well as by precipitation of uranyl phosphates and sorption of uranium
onto weathering products. Phosphorous in the water which caused precipitation of uranyl
phosphates arose from the weathering of apatite. At the interface between weathered
and unweathered rock, uraninite was altered to uranyl silicates. The above described
situation is schematically depicted in Figure 4.2.

The transfer from glacial to interglacial periods meant a change in climate in the area.
The water table raise as a result of increasing sea level and rainfall. In addition, heavy
rainfall caused high surface flow and erosion of the top surface layer. Uranyl phosphates
in the weathered zone, i.e. the zone above the location of the previous dry period water-
table, was leached and uranium previously sorbed to weathering products was
desorbed. In addition, uranium coprecipitated with weathering products was mobilised
as a result of dissolution of the precipitates. Dissolved uranium was mainly transported
by water flowing from NW towards SE in the weathered zone. Vertical movement of
uranium with infiltrating water as well as with the raising water table may also have
occurred. The spreading of uranium was, however, restricted due to sorption onto
weathering products.

Weathering of the upper part of the rock proceeded as a result of infiltration of water from
the surface, leading to a more extensive weathering in the near-surface layer. Dissolved
uranium sorbed to amorphous weathering products, and the weathering sequence from
amorphous to crystalline also resulted in the incorporation of uranium in crystalline
phases.

By the end of a wet period erosion had moved the ground surface closer to the top of the
orebody (see Figure 4.3). The top part of the orebody was extended in the direction of
the groundwater flow by uranium sorbed to weathering products, and possibly also
upwards as a result of the raise in water table.

At the next dry (glacial) period, the water table was again lowered. Two different
alternatives may be postulated depending on the level of the water table compared to
the front of weathering, i.e. the level of the water table during previous dry periods.

25



Kombolgie
sandstone
escarpment Fault Secondary and

sorbed U
eroded
surface

I
continuous weathering

" ' water"tabTé" "

i Primary uranium

Figure 4.2 Schematic illustration of the situation during a dry period in the
beginning of the Pleistocene Ice Age.

Water table above weathering front

In the zone which once again became unsaturated as a result of the lowering of the
water table, uranium in the water precipitated as uranyl phosphates as the water content
decreased. Because of unsaturated conditions, horizontal transport of uranium in the
unsaturated zone was probably minimal.

The continuous extensive weathering in the unsaturated zone led to incorporation of
uranium in crystalline phases of weathering products and possibly also to uranyl
phosphate crystals embedded in clayish weathering products.

In the saturated weathered zone between the prevailing water table and the weathering
front leaching of uranyl phosphates and transport of uranium by groundwater flow
continued. Uranium transport was delayed by sorption onto weathering products.
Weathering of rock minerals continued, but not as extensive as in the zone above the
water table. At the weathering front, uraninite was altered to uranyl silicates.
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Figure 4.3 Schematic illustration of the situation during a wet period in the
Pleistocene Ice Age.

By the end of the dry period more uranium should have been mobilised in the weathered
zone below the water table than above the water table. However, the magnitude of the
water flow in the saturated part of the weathered zone during dry periods was probably
small, and thereby also the difference in horizontal extension of dispersed uranium
between the unsaturated and saturated parts of the weathered zone. The more
extensive weathering in the unsaturated zone would have made more uranium
inaccessible to water by incorporation of sorbed uranium into crystalline phases of
weathering products and inclusion of uranium minerals into clayish weathering products.

The situation during a dry period is schematically depicted in Figure 4.4

Water table equal to or below weathering front

If the water table decreased down to or below its previous lowest position, uraninite and
uranyl silicates now exposed to unsaturated conditions were oxidised and leached.
Together with phosphate, from weathering of apatite, dissolved uranium formed
precipitates of uranyl phosphates. Uranium was also sorbed to amorphous weathering
products. Because of unsaturated conditions above the water table, horizontal transport
of dissolved uranium was minimal. In the saturated zone just below the water table
uraninite was altered to uranyl silicates.
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Figure 4.4 Situation during a dry period with a water table above the weathering
front.

Rock minerals in the unsaturated zone were exposed to weathering resulting in a
downward movement of the weathering front. The previous lowest level of the water
tabie constituted, however, an interface between more and less extensive weathering.
As a result of the more extensive weathering in the upper part of the zone, uranium
became to a larger extent incorporated and included in weathering products and thereby
also less accessible to water compared to the uranium in the partially weathered zone
(see Figure 4.5).

Summary

In conjunction with alternating dry (glacial) and wet (interglacial) periods during the
Pleistocene Ice Age a periodical evolution of the dispersion fan occurred. During wet
periods with high water table uranium in the weathered zone was mobilised by
dissolution of secondary uranium minerals and weathering products and transported by
groundwater flow, but no formation of uranyl phosphates as a result of oxidation of
uraninite occurred. During dry periods, uranium was transported with groundwater in the
weathered zone below the water table and upwards by capillary suction in the
unsaturated zone. In the unsaturated zone, previously dissolved uranium was
precipitated, but formation of uranyl phosphates by oxidation of uraninite only occurred
when the water table was lowered down to or below the weathering front.
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Figure 4.5 Situation during a dry period with water table below previous location
of the weathering front.

At the last glacial maximum, -18,000 years ago, the water table reached its lowest value,
reflecting the present day location of the interface between partly weathered and
unweathered rock. Since the end of the last glacial maximum the climate has been
tropical monsoonal. Variations in rainfall still resulted in fluctuations in water table in the
upper part of the weathered zone. The direction of the groundwater flow changed from
southeast to the present south direction. The last 5000-6000 years, fluctuations in water
table has been seasonal, with the lowest level -10 m below surface at the dry season
of the year.

The situations at the last glacial maximum and at the following wet period are
schematically depicted in Figures 4.6 and 4.7.
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Figure 4.6 Situation at last glacial maximum when the water table reached its
lowest position.
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Figure 4.7 Situation during a wet period after last glacial maximum.
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4.4 Uranyl Phosphates Formed under Unsaturated Conditions as a Single Event

A few million years ago, around the onset of the Pleistocene Ice Age, the water table was
lowered down to the level of the present day interface between partly weathered and
unweathered rock (Figure 4.8). In the unsaturated zone above the water table the rock
was exposed to weathering. Uraninite and uranium silicates were oxidised and leached,
and dissolved uranium and phosphate from weathering of apatite formed precipitates of
uranyl phosphates in the unsaturated zone and uranium was coprecipitated with
weathering products. Because of unsaturated conditions, transport of uranium was
minimal, probably restricted to some upward movement by capillary suction of water.

Kombolgie
sandstone
escarpment leaching of primary U

Fault and
deposition of secondary U

water table

Primary uranium

Figure 4.8 Schematic illustration of the situation at the first glacial period during
the Pleistocene Ice Age.

During subsequent interglacial and glacial periods, the water table never again reached
the same low level as during the first glacial period. During wet periods (interglacials),
the weathered zone was water saturated and uranium was dissolved from uranyl
phosphates and coprecipitates and transported by groundwater flowing in the SE-
direction (Figure 4.9). Sorption, mainly on weathering products, and inclusion of uranium
due to crystallisation of amorphous weathering products restricted the dispersion of
uranium. High surface flow resulted in lowering of the surface by erosion, and chemical
weathering of the rock was most extensive close to the surface.

During dry periods (glacial periods), dissolved uranium precipitated as uranyl phosphates
and coprecipitates with weathering products in the unsaturated zone above the water
table (Figure 4.10). This together with sorption of uranium and the limited water flow
above the water table resulted in minimal transport of dissolved uranium in this zone. In
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Figure 4.9 Schematic illustration of the situation during wet periods
(interglacials) after the first glacial period.

the weathered zone below the water table secondary uranium was dissolved and
transported with water. Because of low groundwater flow and sorption, the migration rate
was small. In addition, the dissolution rate of uranium was small due to low water flow.
Weathering of the rock was most extensive in the unsaturated zone, but occurred also
below the water table, decreasing with depth down to the level of the water table during
the first glacial period. Surface lowering by erosion was negligible.

Since the end of the last glacial maximum, variations in rainfall resulted in water table
fluctuations within the upper part of the weathered zone, and the groundwater flow
changed direction from SE to S. The last 5000-6000 years, fluctuations in water table
has been seasonal, with the lowest level -10 m below surface at the dry season of the
year.

An alternative to the scenario described above, is one in which the event leading to the
formation of the secondary uranium mineralisation, namely the water table reaching its
lowest level, occurred during the last glacial maximum, around 18000 years ago. During
earlier glacials, the water table never reached the top of the uranium mineralisation.
Fluctuations in water table after the last glacial maximum influenced the evolution of the
dispersion fan as described above, but in a much shorter time.

The two scenario alternatives suggested could be seen as two extremes regarding the
time for the formation of the dispersion fan.
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Figure 4.10 Schematic illustration of the situation during dry periods (glacials)
after the first glacial in the Pleistocene Ice Age.

4.5 Uranyl Phosphates Formed under Saturated Conditions

In this scenario it is assumed that unsaturated conditions were not necessary for the
formation of uranyl phosphates in the weathered zone. As in the scenarios described
already, suitable conditions for leaching of primary uranium and formation of uranyl
phosphates were probably restricted to the dry glacial periods with low water flow in the
weathered zone. However, precipitation of secondary uranium did not only occur above
the water table, but also below the water table in the weathered zone.

Assuming that the weathering front reached the top of the primary uranium
mineralisation around the onset of the Pleistocene Ice Age, oxidation and leaching of
primary uranium was initiated. Because of surface erosion and downward movement of
the weathering front more and more of the primary uranium mineralisation was exposed
to oxidising conditions.

During dry glacial periods, secondary uranium was formed above the base of weathering
because of unsaturated conditions above the water table and because of low water flow
below the water table. A more extensive weathering close to the surface made to a
higher degree secondary uranium associated with weathering products in this part of the
weathered zone. The less extensive weathering close to the weathering front meant that
the rock in this part of the weathered zone was not as permeable as the weathered rock
above.
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During wet interglacial periods, the weathered zone was water saturated. Secondary
uranium accessible to water was leached, and dissolved uranium was transported down-
gradient with the flowing water. The water flow was probably higher near the surface, but
the amount of weathering products available for retention of uranium by sorption and
coprecipitation was also higher. Because of this, no larger differences in the extension
of dispersed secondary uranium between different depths in the weathered zone
occurred.

The difference in extension of the dispersion fan of uranium is not expected to be large
between this scenario and a scenario assuming that unsaturated conditions are required
fortheformationof uranyl phosphates. In both scenarios, small amounts of water or very
small water flow is required for the formation of uranyl phosphates, implicating that this
formation took place during dry glacial periods. The difference concerns the amount of
dissolved uranium available for transport below the water table in the weathered zone
during dry periods. However, the migration of uranium in this zone was probably
restricted by the lowwaterflow, and differences in migration distances due to differences
in concentrations of dissolved uranium in the weathered zone below the water table
during dry periods are probably small.

4.6 Other Scenarios

In the previous sections a first attempt has been made to formulate some scenarios for
the evolution of the analogue. A number of additional scenarios could probably identified
and the identified scenarios can be developed to give more detailed descriptions of the
phenomena involved in the mobilisation and dispersion of uranium. Some additional
suggestions concerning scenarios and development of scenarios are given below.

In Koongarra, uranium redistribution in the weathered zone seems to have occurred not
only in one direction. In addition to the direction of the uranyl phosphate occurrence SE
of the primary mineralisation, enhanced uranium concentrations are observed in the
weathered zone at distances longer than 300 m from the primary mineralisation in the
SSW direction (Volume 8 of this series). This latter direction coincides with the
interpreted present day groundwater flow direction (Volume 4 and Volume 7 of this
series). In Volume 8 of this series, it is suggested that the uranyl phosphate zone was
formed at an earlier period and that the SSW dispersion fan is a result of later dispersion
which probably is continuing at the present time. To get a consistent picture of the
uranium dispersion in different directions from the primary orebody, more detailed
scenarios should be developed, for example what concems the direction of the
groundwater flow and changes with time, and the role of the graphitic hanging wall unit
for the dispersion of uranium. It is also possible that alternative scenarios are needed.
Maybe the assumptions regarding the initial shape of the ore body are wrong, or maybe
the two dispersion plumes emanate from two different ore bodies originally located in
different hydrologie regimes.
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Another example of where a more detailed scenario description would be beneficial
concerns the weathering processes and their interaction with both hydrology and mass
transport. At an early stage of weathering it seems likely that the rock became more
permeable thereby increasing the size and number of paths available for water flow. As
a consequence the amount of uranium minerals accessible to leaching by the water is
increased. However, as weathering proceeded and more clay-like weathering products
were formed it is possible that the rock in the most extensively weathered parts became
less permeable. This could have restricted the water flow in these zones and the
accessibility of uranium minerals as well as the mobility of uranium because of the high
sorption capacity of the weathering products. Weathering scenarios could help to
highlight potential differences in the extent of weathering between wet and dry periods
as well as differences in extent of weathering and rate and direction of the weathering
front between infiltration of rain water from the surface and through the reverse fault or
a combination of both.
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5 CONCLUDING REMARKS

The development of scenarios, including a description of the process system, should be
regarded as a continuous and iterative process. By evaluating scenarios and comparing
the modelling results against measured data and observations at the site, formulated
scenarios may be further developed or rejected, or new scenarios may be identified. This
testing of several scenarios and models will contribute to a better understanding of the
ability and limitations of the different concepts and models in description of processes
relevant for performance assessment of nuclear waste repositories.

In this context, the present work is a first step. Before the possibilities of the chosen
approach are fully explored more work is needed in terms of modelling of the scenarios
and comparison with field observations. However, so far it can be concluded that the
methodology is complex and simplifications would make it more practical.

Although the original objectives may have been only partially achieved, the work has
resulted in a checklist of phenomena of potential importance for both the evolution and
evaluation of the analogue as well as in a first attempt on a description of the process
system and scenario formulation. This outcome could serve as a basis for subsequent
scenario work, which could be further improved by completing the description of the
identified phenomena in memo texts. It is also believed that the work to some extent has
contributed to a better understanding of the Koongarra analogue.
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APPENDIX 1

MERGED LIST OF PRIMARY FEPs, ALLIGATOR RIVERS ANALOGUE

Contributors:
L = David Lever, Harwell
P = Geoff Prowse, Australia
S = Keiichi Sekine, JAERI
K = Kemakta/SKI

L. 1 G roundwater flow
L.2 Saturated vs unsaturated flow
L.3 Flow in fractures
L.4 Different types of flow in different parts of the ore body
L.5 Flow in the detected fault
L.6 Change in flow in the detected fault
L.7 Flow in undetected fault(s)
L.8 Change in flow in undetected fault(s)
L.9 Effects on groundwater flow of boreholes drilled by the mining company and

by ANSTO
L.10 Effects of undetected boreholes on groundwater flow
L.11 Effects of undetected previous human intrusion
L. 12 Geological structure
L.13 Change in geological structure - as a result of weathering
L.14 Change in geological structure - as a result of seismic activity
L.15 Change in hydrogeological parameters - as a result of weathering
L.16 Change in hydrogeological parameters - as a result of seismic activity
L. 17 Sudden weathering vs gradual weathering
L. 18 Erosion of overlying strata
L.19 Spatial variability of hydrogeological parameters
L.20 Effects of past saline waters - if they have ever been present
L.21 Topography
L.22 Change in topography - as a result of erosion
L.23 Boundary conditions on regional flow (upstream/downstream/base)
L.24 Changes in boundary conditions as a result of some of above changes
L.25 Surface streams
L.26 Changes to surface streams (meanders)
L.27 Seasonal variations in groundwater flow
L.28 Seasonal variations in water table
L.29 Change in water table as a result of climate change
L.30 Change in annual precipitation
L.31 Change in temporal distribution of precipitation
L.32 Change in spatial distribution of precipitation
L.33 Surface water hydrology
L.34 Change in surface water hydrology
L.35 Evapotranspiration
L.36 Change in evapotranspiration
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L.37 Effects of gas from radioactive decay on flow
L.38 Incorporation in minerals
L.39 Mobilisation by weathering (oxidation) (Dissolution chemistry)
L.40 Solubility limitations
L.41 Speciation
L.42 Recrystallisation
L.43 Temporal change in pH, carbonate, phosphate, etc.
L.44 Local spatial variability in pH, Eh, carbonate, phosphate, etc.
L.45 Sub-regional spatial variability in pH, Eh, carbonate, phosphate, etc.
L.46 Equilibrium vs disequilibrium chemistry
L.47 Adsorption
L.48 Desorption
L.49 Linear vs nonlinear sorption
L.50 a recoil
L.51 Different phases of rock having different chemical interactions with each other

and with porewater: amorphous iron hydroxides, crystalline iron hydroxides,
clays, quarts, etc.

L.52 Spatial variability in quantities of different rock phases
L.53 Uranium series disequilibrium in porewater
L.54 Uranium series disequilibrium in different rock phases
L.55 Chemistry of tracer amounts of fission products (eg I)
L.56 Chemistry of tracer amounts of transuranics (eg Pu)
L.57 Advection
L.58 Change in magnitude of advection
L.59 Change in direction of advection
L.60 Diffusion
L.61 Matrix diffusion
L.62 Surface diffusion
L.63 Hydrodynamic dispersion
L.64 Dilution/mixing
L.65 Radioactive decay
L.66 Colloid transport
L.67 Change in colloid stability as different groundwater chemistries are

experienced
L.68 Transport by organic complexants
L.69 Particle transport
L.70 Equilibrium vs non-equilibrium chemistry for interactions of radionuclides on

colloids with those in the porewater
L.71 Meteorite impact

P.1 Monsoon wet and dry pattern
P.2 Temperature ambient and ground
P.3 Rainfall range and intensity
P.4 Paleoclimates
P.5 Valley morphology and features
P.6 Stream and tributaries patterns, grade etc
P.7 Landscapes developed
P.8 Scree grades, bevelled rock grades
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P.9 Plateau
P. 10 Escarpment
P. 11 Talus deposits
P. 12 Scarp nick (erosion) points indicative of prior valley elevations
P. 13 Erosion
P. 14 Planation
P.15 Peneplanation - regionally
P. 16 Fluvial alluvium deposits, levee, floodout, channel out and fill, source type
P.17 Geomorphological history
P. 18 Paleolandscapes
P. 19 Marine transgressions, regressions
P.20 Old coastline
P.21 Connate water
P.22 Recharge - throughflow - discharge groundwater
P.23 Springs especially along fault
P.24 Preferential flow paths
P.25 Vertical zone of water table fluctuations
P.26 Saturated and vadose zone
P.27 Surficial flooding from major rainstorms
P.28 Hydraulic parameters of discrete zones: Transmissivity, Storage coefficients,

Hydraulic Conductivity, Deep Zone throughflow, Surficial Zone throughflow,
Medium Zone throughflow

P.29 Primary and secondary porosity
P.30 Adsorbed versus free draining groundwaters
P.31 Siiiclastic
P.32 Carbonates
P.33 Original deposition products
P.34 Metamorphic rocks eg chloritic, graphitic etc
P.35 Retrograded rocks
P.36 Mineralogy: economic and of bulk rock
P.37 Alteration to trizonal latérite divisions
P.38 Igeneous eg Dolerite
P.39 Breccia
P.40 Syngenetic, epigenetic
P.41 Archean aged basement rock
P.42 Lower Proterozoic metasediments including Cahill Formation
P.43 Lower Proterozoic Volcanic Intrusives - Zamu Dolerite
P.44 Later Volcanic Intrusives - Oenpelli Dolerite
P.45 Folding and erosion
P.46 Upper Proterozoic Sandstone
P.47 Major faulting
P.48 Erosion to major peneplanation
P.49 Cretaceous aged marine seas - erosion/deposition
P.50 Aerial exposure resulting in laterisation in Tertiary
P.51 Erosion and deposition subsequent
P.52 Quaternary to recent age, veneer erosion and deposition
P.53 Dips and strikes of formations
P.54 Folds
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P.55 Synclines and anticlines
P.56 Fault mechanisms
P.57 Fault products
P.58 Fault style and orientation and dimensions
P.59 Footwall
P.60 Hanging wall
P.61 Rotated blocks
P.62 Unconformities
P.63 Jointing (control groundwater preferential flowpaths)
P.64 Sandy soils
P.65 Rocky soils
P.66 Scree slopes
P.67 Alluviums
P.68 Channel deposits
P.69 Weathered (oxidised) zone
P.70 Unweathered zone
P.71 Latérite duricrust: insitu, reworked and recemented as lateritic conglomerate
P.72 Trizonal latérite profile: ferricrete (ironstone), mottle zone, pallid zone

(saprolite)
P.73 Renewed imprint (chemical) of ferricrete on truncated profile
P.74 Clay mineralogy in each above
P.75 Mobile and fixed elements
P.76 Physical structures/characteristics eg piping, vuggy, vermicular, pisolitic
P.77 Extension of eroded remnants of above
P.78 Remote sensing: Satellite imagery color prints, Computer packaged remote

sensing via color, Visual display "Microbian system", Airphoto stereo pair,
Geological map, Topographical

5.1 Migration
5.2 Uranium series nuclides
5.3 Thorium series nuclides
5.4 Decay chain
5.5 Disequilibrium
5.6 Activity ratio
5.7 pH of groundwater
5.8 Eh of groundwater
5.9 Zero point of charge
5.10 Characterisation of radionuclides
5.11 Uranium(IV) and uranium(VI)
5.12 Effects of anion and cation present in groundwaters
5.13 Colloids
5.14 Distribution coefficient
5.15 a-recoil
5.16 Recoil mechanism: (Recoil enrichment, Recoil loss, Recoil displacement)
5.17 Minerals
5.18 Mineral composition
5.19 Mineral phases
5.20 Distribution of radionuclides in mineral phases of rock

41



S.21
S.22
S.23
S.24
S.25
S.26
S.27
S.28
S.29
S.30
S.31
S.32
S.33
S.34
S.35
S.36
S.37
S.38
S.39
S.40
S.41
S.42
S.43
S.44
S.45
S.46
S.47
S.48
S.49
S.50
S.51
S.52
S.53
S.54
S.55
S.56
S.57
S.58
S.59
S.60
S.61
S.62
S.63
S.64
S.65
S.66
S.67
S.68

Primary uranium minerais
Secondary uranium minerais
Alteration
Alteration of chlorite
Paragenesis
Diagenesis
Crystal growth
Fracture
Vein
Clay minerals
Microstructure of minerals
Dislocation
Stacking fault
Mixed layer minerals
Order/disorder minerals
Geological setting
Surface soil
Iron minerals
Iron oxide
Iron hydroxide
Amorphous phase
Amorphous iron
Crystallization
Adsorption/desorption
Adsorption kinetics
Surface complex
Precipitation
Hydrolysis
Isomorphous substitution
Fixation
Dissolution
Humic acid
Fulvic acid
TOC (total organic carbon)
Water flow direction
Water flow velocity
Retardation factor
Porosity
Hydrological history
Geological history
Geotectonic history
Weathering
Weathered zone
Transitional zone
Unweathered zone
Primary ore body
Secondary ore body
Distribution of radionuclide in ore body
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S.69
S.70
S.71
S.72

K.1
K.2
K.3
K.4
K.5
K.6
K.7
K.8
K.9
K.10
K.11
K.12
K.13
K.14
K.15
K.16
K.17
K.18
K.19
K.20
K.21

Migration model
Geochemical model
Surface precipitation mode!
Two phase model

Change in hydrogeological parameters - as a result of changes in stress
Erosion of surface-sediments
Change in sea-level
Resaturation
Redox potential
Redox front
Themnochemical changes (effects)
Weathering of flow paths
Sorption
Saturation of sorption sites
Extreme channel flow of nuclides and oxidants
Colloid generation
Complexing agents
Radiolysis
Microbial activity
Termites
Recharge
Pleistocene desert
Discharge zone
Recharge chemistry
Deposition
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APPENDIX 2

FEPs SCREENED OUT

L.20 Effects of past saline waters - if they have ever been present
Negligible consequence

L.32 Change in spatial distribution of precipitation
Negligible consequence

L.37 Effects of gas from radioactive decay on flow
Negligible consequence

L.50 a recoil
Administrative - duplicate FEP

L.71 Meteorite impact
Low probability

P. 13 Erosion
Administrative - too general

P. 17 Geomorphologica! history
Administrative - too general

P.22 Recharge - throughflow - discharge groundwater
Administrative - duplicate FEP

P.35 Retrograded rocks
Negligible consequence

P.40 Syngenetic, epigenetic
Negligible consequence

P.41 Archean aged basement rock
Negligible consequence

P.42 Lower Proterozoic metasediments including Cahill Formation
Administrative - too general

P.43 Lower Proterozoic Volcanic Intrusives - Zamu Dolerite
Administrative - too general

P.44 Later Volcanic Intrusives - Oenpelli Dolerite
Administrative - too general

P.45 Folding and erosion
Administrative - duplicate FEP
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P.46 Upper Proterozoic Sandstone
Administrative - too general

P.47 Major faulting
Low probability

P.54 Folds
Negligible consequence

P.55 Synclines and anticlines
Negligible consequence

P.56 Fault mechanisms
Administrative - poorly defined

P.61 Rotated blocks
Negligible consequence

P.62 Unconformities
Administrative - poorly defined

P.78 Remote sensing: Satellite imagery color prints, Computer packaged remote
sensing via color, Visual display "Microbian system", Airphoto stereo pair,
Geological map, Topographical
Administrative - no FEP

5.2 Uranium series nuclides
Administrative - too general

5.3 Thorium series nuclides
Administrative - too general

S.5 Disequilibrium
Administrative - duplicate FEP

5.7 pH of groundwater
Administrative - duplicate FEP

5.8 Eh of groundwater
Administrative - duplicate FEP

S. 10 Characterisation of radionuciides
Administrative - poorly defined

S.14 Distribution coefficient
Administrative - no FEP
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S.21

S.22

S.25

S.26

S.32

S.33

S.36

S.44

S.48

S.57

S.60

S.61

S.63

S.65

S.69

Primary uranium minerals
Administrative - duplicate FEP

Secondary uranium minerals
Administrative - duplicate FEP

Paragenesis
Administrative - poorly defined

Diagenesis
Administrative - poorly defined

Dislocation
Administrative - poorly defined

Stacking fault
Administrative - poorly defined

Geological setting
Administrative - poorly defined

Adsorption/desorption
Administrative - duplicate FEP

Hydrolysis
Administrative - poorly defined

Retardation factor
Administrative - no FEP

Geological history
Administrative - too general

Geotectonic history
Administrative - too general

Weathered zone
Administrative - duplicate FEP

Unweathered zone
Administrative - duplicate FEP

Migration model
Administrative - no FEP

S.70 Geochemical model
Administrative - no FEP
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5.71 Surface precipitation model
Administrative - no FEP

5.72 Two phase model
Administrative - no FEP

K.4 Resaturation
Administrative - duplicate FEP

K.5 Redox potential
Administrative - duplicate FEP

K.9 Sorption
Administrative - duplicate FEP

K.14 Radiolysis
Negligible consequence
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APPENDIX 3

FEPs SCREENED TO EXTERNAL FEATURES

L.9 Effects on groundwater flow of boreholes drilled by the mining company and
by ANSTO

L.10 Effects of undetected boreholes on groundwater flow
P.8 Scree grades, bevelled rock grades
P. 11 Talus deposits
P.12 Scarp nick (erosion) points indicative of prior valley elevations
P.16 Fluvial alluvium deposits, levee, fioodout, channel out and fill, source type
P.20 Old coastline
P.37 Alteration to trizonal latérite divisions
P.49 Cretaceous aged marine seas - erosion/deposition
P.66 Scree slopes
P.67 Alluviums
P.73 Renewed imprint (chemical) of ferricrete on truncated profile
P.77 Extension of eroded remnants of above
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APPENDIX 4

FEPs SCREENED TO THE PROCESS SYSTEM

Classification: GF = Groundwater Flow
GC = Geochemistry
TP = Transport Phenomena
RP = Release Phenomena
G = Geologic Features

Groundwater Flow, G F

L. 1 Groundwater flow
L.2 Saturated vs unsaturated flow
L.3 Flow in fractures
L.4 Different types of flow in different parts of the ore body
L.5 Flow in the detected fault
L.6 Change in flow in the detected fault
L.7 Flow in undetected fault(s)
L.8 Change in flow in undetected fault(s)
L.15 Change in hydrogeoiogical parameters - as a result of weathering
L.16 Change in hydrogeoiogical parameters - as a result of seismic activity
L. 19 Spatial variability of hydrogeoiogical parameters
L.27 Seasonal variations in groundwater flow
L.28 Seasonal variations in water table
L.29 Change in water table as a result of climate change
P.24 Preferential flow paths
P.25 Vertical zone of water table fluctuations
P.26 Saturated and vadose zone
P.28 Hydraulic parameters of discrete zones: Transmissivity, Storage coefficients,

Hydraulic Conductivity, Deep Zone throughflow, Surficial Zone throughflow,
Medium Zone throughflow

P.30 Adsorbed versus free draining groundwaters
S.37 Surface Soil
5.55 Water flow direction
5.56 Water flow velocity
S.59 Hydrological history
K.1 Change in hydrogeoiogical parameters - as a result of changes in stress
K.17 Recharge
K.19 Discharge zone

Geochemistry, GC

L.17 Sudden weathering vs gradual weathering
L.40 Solubility limitations
L.41 Speciation
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L.42 Recrystallisation
L.43 Temporal change in pH, carbonate, phosphate, etc.
L.44 Local spatial variability in pH, Eh, carbonate, phosphate, etc.
L.45 Sub-regional spatial variability in pH, Eh, carbonate, phosphate, etc.
L.46 Equilibrium vs disequilibrium chemistry
L.51 Different phases of rock having different chemical interactions with each other

and with porewater: amorphous iron hydroxides, crystalline iron hydroxides,
clays, quarts, etc.

L.55 Chemistry of tracer amounts of fission products (eg I)
L.56 Chemistry of tracer amounts of transuranics (eg Pu)
L.65 Radioactive decay
L.67 Change in colloid stability as different groundwater chemistries are

experienced
P.31 Siiiclastic
P.32 Carbonates
P.33 Original deposition products
P.34 Metamorphic rocks eg chloritic, graphitic etc
P.68 Channel deposits
P.69 Weathered (oxidised) zone
P.70 Unweathered zone
P.71 Latérite duricrust: insitu, reworked and recemented as lateritic conglomerate
P.72 Trizonal latérite profile: ferricrete (ironstone), mottle zone, pallid zone

(saprolite)
P.74 Clay mineralogy in each above
S.9 Zero point of charge
5.11 Uranium(IV) and uranium(VI)
5.12 Effects of anion and cation present in groundwaters
5.13 Colloids
5.17 Minerals
5.18 Mineral composition
5.19 Mineral phases
5.23 Alteration
5.24 Alteration of chlorite
S.27 Crystal growth
S.30 Clay minerals
S.35 Order/disorder minerals
5.38 Iron minerals
5.39 Iron oxide
5.40 Iron hydroxide
5.41 Amorphous phase
5.42 Amorphous iron
5.43 Crystallization
S.47 Precipitation
5.52 Humic acid
5.53 Fulvic acid
5.54 TOC (total organic carbon)
S.62 Weathering
S.64 Transitional zone
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K.6 Redox front
K.7 Thermochemical changes (effects)
K.8 Weathering of flow paths
K. 10 Saturation of sorption sites
K.12 Colloid generation
K.13 Complexing agents
K.15 Microbial activity
K.20 Recharge Chemistry

Transport Phenomena

L.38
L.47
L.48
L.49
L.53
L.54
L.57
L.58
L.59
L.60
L.61
L.62
L63
L.64
L.66
L.68
L.69
L.70

P.29
S.1
S.4
S.6
S.15
S.16
S.20
S.31
S.34
S.45
S.46
S.49
S.50
S.58
S.68
K.11

Incorporation in minerals
Adsorption
Desorption
Linear vs nonlinear sorption
Uranium series disequilibrium in porewater
Uranium series disequilibrium in different rock phases
Advection
Change in magnitude of advection
Change in direction of advection
Diffusion
Matrix diffusion
Surface diffusion
Hydrodynamic dispersion
Dilution/mixing
Colloid transport
Transport by organic complexants
Particle transport
Equilibrium vs non-equilibrium chemistry for interactions of radionuclides on
colloids with those in the porewater
Primary and secondary porosity
Migration
Decay chain
Activity ratio
a-recoil
Recoil mechanism (Recoil enrichment, Recoil loss, Recoil displacement)
Distribution of radionuclides in mineral phases of rock
Microstructure of minerals
Mixed layer minerals
Adsorption kinetics
Surface complex
isomorphous substitution
Fixation
Porosity
Distribution of radionuclide in ore body
Extreme channel flow of nuclides and oxidants

51



Release Phenomena

L39 Mobilisation by weathering (oxidation) (Dissolution chemistry)
P.75 Mobile and fixed elements
S.51 Dissolution
5.66 Primary ore body
5.67 Secondary ore body

Geologic Features

L.11 Effects of undetected previous human intrusion
L.12 Geological structure
L.13 Change in geological structure - as a result of weathering
L.14 Change in geological structure - as a result of seismic activity
L.52 Spatial variability in quantities of different rock phases
P.21 Connate water
P.36 Mineralogy: economic and of bulk rock
P.38 Igeneous eg Dolerite
P.39 Breccia
P.53 Dips and strikes of formations
P.57 Fault products
P.58 Fault style and orientation and dimensions
P.59 Footwall
P.60 Hanging wall
P.63 Jointing (control groundwater preferential flowpaths)
P.76 Physical structures/characteristics eg piping, vuggy, vermicular, pisolitic
5.28 Fracture
5.29 Vein
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APPENDIX 5

FEPs SCREENED TO EXTERNAL CONDITIONS

P.4 Paleoclimates
Screening: External Conditions
Lumping:
Linking: Groundwater Flow, Geologic Features, Geochemistry

P.3 Rainfall range and intensity
L.30 Change in annual precipitation
L.31 Change in temporal distribution of precipitation
P.1 Monsoon wet and dry pattern
Screening: External Conditions
Lumping: P.4 Paleoclimate
Linking: Groundwater Flow, Geologic Features, Geochemistry

L.35 Evapotranspiration
L.36 Change in evapotranspiration
Screening: External Conditions
Lumping: P.4 Paleoclimate
Linking: Groundwater Flow, Geochemistry

P.2 Temperature ambient and ground
Screening: External Conditions
Lumping: P.4 Paleoclimate
Linking: Geochemistry

P. 18 Paleolandscapes
Screening: External Conditions
Lumping:
Linking: Groundwater Flow, Geologic Features, Geochemistry

L.21 Topography
Screening: External Conditions
Lumping: P. 18 Paleolandscape
Linking: Groundwater Flow

P.9 Plateau
Screening: External Conditions
Lumping: P. 18 Paleolandscape, L.21
Linking: Groundwater Flow

P. 10 Escarpment
Screening: External Conditions
Lumping: Paleolandscape, L.21
Linking: Groundwater Flow
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L.22 Change in topography - as a result of erosion
Screening: External Conditions
Lumping: P. 18 Paleolandscape
Linking: Groundwater Flow, Geologic Features

P.48 Erosion to major peneplanation
P. 14 Pianation
P.15 Peneplanation - regionally
Screening: External Conditions
Lumping: P.18 Paleolandscape, L.22
Linking: Groundwater Flow, Geologic Features

K.2 Erosion of surface-sediments
Screening: External conditions
Lumping: P. 18 Paleolandscape, L.22
Linking: Groundwater Flow, Geochemistry

K.21 Deposition
Screening: External Conditions
Lumping: P.18 Paleolandscape, L.22
Linking: Groundwater Flow, Geochemistry

P.51 Erosion and deposition subsequent
Screening: External Conditions
Lumping: P.18 Paleolandscape, L.22
Linking: Groundwater Flow, Geochemistry

L. 18 Erosion of overlying strata
Screening: External Conditions
Lumping: P.18 Paleolandscape, L.22
Linking: Groundwater Flow, Geochemistry

P.52 Quaternary to recent age, veneer erosion and deposition
Screening: External Conditions
Lumping: P.18 Paleolandscape, L.22
Linking: Groundwater Flow, Geochemistry

P.7 Landscapes developed
Screening: External Conditions
Lumping: P.18 Paleolandscape
Linking: Groundwater Flow, Geologic Features

P.19 Marine transgressions, regressions
Screening: External Conditions
Lumping: P.18 Paleolandscape, P.7
Linking: Groundwater Flow, Geologic Features
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K.3 Change in sea-level
Screening: External Conditions
Lumping: P. 18 Paleolandscape, P.7
Linking: Groundwater Flow

K.18 Pleistocene desert
Screening: External Conditions
Lumping: P. 18 Paleolandscape, P.7
Linking: Groundwater Flow, Geochemistry

P.50 Aerial exposure resulting in laterisation in Tertiary
Screening: External Conditions
Lumping: P. 18 Paleolandscape, P.7
Linking: Geochemistry

P.5 Valley morphology and features
Screening: External Conditions
Lumping: P.18 Paleolandscape, P.7
Linking: Groundwater Flow

P.64 Sandy soils
Screening: External Conditions
Lumping: P. 18 Paieolandscape, P.7
Linking: Groundwater Flow, Geologic Features

P.65 Rocky soils
Screening: External Conditions
Lumping: P. 18 Paleolandscape, P.7
Linking: Groundwater Flow, Geologic Features

L.33 Surface water hydrology
L.34 Change in surface water hydrology
P.6 Stream and tributaries patterns, grade etc
L.25 Surface streams
L.26 Changes to surface streams (meanders)
Screening: External Conditions
Lumping: P. 18 Paleolandscape
Linking: Groundwater Flow

P.27 Surficial flooding from major rainstorms
Screening: External Conditions
Lumping: P. 18 Paleolandscape, L.33
Linking: Groundwater Flow

P.23 Springs especially along fault
Screening: External Conditions
Lumping: P. 18 Paleolandscape
Linking: Groundwater Flow
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L.23 Boundary conditions on regional flow (upstream/downstream/base)
L.24 Changes in boundary conditions as a result of some of

above changes
Screening: External Conditions
Lumping: P.18 Paleolandscape
Linking: Groundwater Flow

K.16 Termites
Screening: External Conditions
Lumping: P.18 Paleolandscape
Linking: Groundwater Flow, Geochemistry
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APPENDIX 6

EXAMPLES OF MEMO TEXTS

P.4 Paleoclimates
Screening: External Conditions
Lumping:
Linking: Groundwater Flow, Geologic Features, Geochemistry

Description:
Paleoclimates are climatic conditions obtaining in past geological eras, such as
rainfall, wind directions and atmospheric, oceanic and ground temperatures. This FEP
thus covers the FEP's:

P.3 Rainfall range and intensity
L.35 Evapotranspi ration
P.2 Temperature, ambient and ground

Effects:
Climatic conditions have influenced the hydrology and geochemistry in the ground in
the exposed area. In addition, these conditions have had implications for the
appearance of the landscape, for example, the relative positions of land and water
and the topography of land.

Relevance to Koongarra:
The paleoclimate is relevant to the Koongarra analogue because the formation of the
secondary dispersion fan of uranium is believed to have been initiated a few million
years ago (Volume 2 and Volume 3 of this series). The Pleistocene Ice Age, beginning
around 1.6 My ago, is regarded as involving fluctuations of climatic conditions as a
result of glacial advances and retreats, and falls and rises in sea level. At the last
glacial maximum, around 18000 years ago, a time of aridity was prevailing in the
region and the Koongarra area was probably in a desert zone. At the end of the last
glacial maximum of the Pleistocene Ice Age, climatic conditions rapidly changed from
dry semi-desert to tropical monsoonal as a result of a rise in sea level. At around 5800
y and onwards, the sea level and probably also the climate was stabilised.

Interpretation and modelling aspects:
These items are discussed under each of the identified climatic factors (P.3, L.35,
P.2).

Motivation for screening, lumping and linking:
This FEP is defined as a heading for a group of FEP's (climatic conditions) which
indirectly have affected the evolution of the dispersion fan, but are independent of the
existence of the uranium mineralisation. Therefore, this FEP is screened to
EXTERNAL CONDITIONS. The different paleoclimatic conditions have influenced
phenomena which are connected to the groundwater flow, geochemistry and geologic
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features in the Koongarra area and is therefore linked to these group of FEP's
belonging to the PROCESS SYSTEM.

References:

P.3 Rainfall range and intensity
Screening: External Conditions
Lumping: Paleoclimate
Linking: Groundwater Flow, Geologic Features, Geochemistry

Description:
This phenomena also covers the FEP's:

L.30 Change in annual precipitation
L.31 Change in temporal distribution of precipitation
P.1 Monsoon wet and dry pattern

Effects:
Rainfall range and intensity have influenced the hydrology in the area, both surficial

. and groundwater flow. Large fluctuations in rainfall, as between wet and dry seasons
in a monsoonal climate, leads to corresponding fluctuations in water table and water
flow. This also affects the geochemistry in near-surface layers through which
infiltration occurs. Large surface run-off as a result of heavy rainfall may also lead to
mechanical erosion.

Relevance to Koongarra:
This group of FEP's are relevant to Koongarra because infiltration and surface flow
during Pleistocene caused weathering and erosion of the schist above the ore body
and subsequent exposure of the primary ore to oxidation. Once this had happened,
the continued rate of weathering and erosion, the level of the water table, the
groundwater flow, and fluctuations in these, influenced the leaching and dispersion
of uranium from the primary ore.

As a result of glacial advances and retreats during the Ice Age large variations in
climatic factors such as rainfall occurred. At the last glacial maximum, around
18000 y, the Koongarra area was probably in a desert zone. At the end of this period
rainfall increased and was probably highly variable. During the last 10000 years,
rainfall levels in Koongarra has been similar to that of today. The monsoonal climate
prevailing during the last 18000 to 10000 years have probably also resulted in annual
variations in rainfall between wet and dry seasons.

A paleoclimate framework for the last 700000 years has been suggested by Wyrwoll
(Volume 3 of this series) to consist of : (1 ) drier glacial periods lasting for the best part
of 100000 years, with extreme dryness prevailing at glacial maxima, and (2)
interglacials lasting of the order of 10000 years during which precipitation levels were
similar to those which prevail today.
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Interpretations and modelling aspects:
- Important for weathering and erosion which determines the time of initiation of
oxidation and formation of the dispersion fan, and the rate with which mobilisation of
uranium continued.
- Gives information on fluctuations in groundwater flow, both magnitude and direction,
which are important in the modelling of uranium migration. One extreme case are dry
periods with very low water table, no horizontal flow in the unsaturated zone, but
possibly vertical upwards flow due to evapotranspiration and capillary suction. Another
extreme case is wet periods with heavy rainfall and high water table, large horizontal
flow and high surface run-off.

Motivation for screening, lumping and linking:
cf. P.4 Paleoclimates

References:

INTRAVAL Final Report Phase 1, Test Case 8, Alligator Rivers Natural Analogue, Ed:
P. Duerden, OECD/NEAand SKI, 1992.

L.35 Evapotranspiration
Screening: External Conditions
Lumping: P.4 Paleoclimate
Linking: Groundwater Flow, Geochemistry

Description:
Evapotranspiration describes the loss of water from a ground surface to the
atmosphere by direct evaporation from the surface and by uptake and subsequent
transpiration from vegetation on the surface. This FEP also covers the FEP L.36
Change in evapotranspiration.

Effects:
Evapotranspiration is part of the total water balance for a system and will then
influence the amount of water in surficial layers (level of water table) as well as
groundwater recharge. Evapotranspiration causes vertical movement of water in
unsaturated zones of the ground due to capillary suction.

Relevance to Koongarra:
Evapotranspiration has influenced the groundwater flow in the weathered and
unweathered zones at Koongarra, and thereby also the transport of uranium with
groundwater flow. In addition, evapotranspiration in combination with the other
components of the water balance (i.e. rainfall, surface run-off and groundwater flow)
has affected the level of the water table which also have had implications on the
movement of dissolved uranium. Furthermore, the level of the water table has
influenced the chemical conditions which are of importance for the partitioning of
uranium between solid and liquid phase. Evapotranspiration causing capillary rise of
water in the unsaturated zone above the water table may have caused vertical
movement of uranium.
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Interpretation and modelling aspects:
- Gives together with other components in the water balance indications of the
magnitude of water flow in weathered and unweathered zones and level of water
table.
- Vertical movement of water and solutes in the unsatu rated zone because of capillary
rise and evapotranspiration could have been of importance during arid periods.

Motivation for screening, lumping and linking:
cf. P.4 Paleoclimates

References:

P.2 Temperature ambient and ground
Screening: External Conditions
Lumping: P.4 Paleoclimates
Linking: Geochemistry

Description:

Effects:
Geochemical reactions are generally dependent on temperature and thereby also the
composition of water and rock, in addition, ambient and ground temperatures are of
significance to the water balance. Spatial differences in temperature may also act as
a driving force for water flow.

Relevance to Koongarra:
Alternating glacial and interglacial periods during the Pleistocene Ice Age also
involved temperature variations, but the temperature probably never dropped
drastically. Estimates of the reduction in mean annual temperature at glacial maxima
are smaller than 10°C (Volume 3 of this series). The effects of such relatively small
variation in temperature are probably negligible compared to variation in other climatic
conditions, such as rainfall. Assuming that the present day temperature also reflects
the past could therefore be motivated.

Interpretation and modelling aspects:

Motivation for screening, lumping and linking:
cf. P.18Paleoclimate

References:
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