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Abstract 

Geochemical studies of deeply buried intrusive rocks provide the foundation 

for evaluating the suitability of crystalline rocks as repositories for solidified High

Level Nuclear Waste (HLW). This geochemical study examines the migration of 

natural and introduced radionuclides during interaction between groundwater and 

plutonic rock, to provide an understanding of the processes which may operate in the 

potential repository environment. 

Rock cores from the Coles Bay Granite (Tasmania), Kambalda Granodiorite 

(Western Australia) and the Roxby Downs Granite (South Australia) were selected for 

this study on the basis of the variation in mineralogy, fracture density and degree of 

alteration. Firstly, the behaviour ofU- and Th-decay series radionuclides in each rock 

was investigated as a natural analogue for some HLW elements to identify the nuclide 

migration pathways and significant sites of rockJradionuclide interaction. Secondly, 

Synroc doped with actinides and fission products was used as a source of 

radionuclides to evaluate the interactions between waste elements and intrusive rocks 

in a simulated water-saturated repository environment. This integrated approach has 

identified the mechanisms controlling radionuclide release, migration and retention. 

In the natural analogue studies, the application of fission-track micromapping 

has determined that primary uranium is distributed in the three intrusives as 

background U in the major rock-forming minerals, and as resistate U in the primary 

accessory phases. Two modes of redistribution of this uranium are evident; as 

secondary U in the secondary minerals formed during alteration, and as fracture U 

associated with the fracture-infilling minerals. The mechanisms for uranium retention 

are dominated by adsorption and ion exchange. The study of uranium-series 

disequilibrium has determined that significant radionuclide mobilisation has occurred 

in the recent past «1.2 Ma) as a result of groundwater interaction. Disequilibrium 

between 23OTh, 234U and 238U in the three intrusives indicates that fractures form the 
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dominant nuclide migration pathways and the most significant sites of 

rock/radionuclide interaction are the secondary and fracture-infilling minerals. 

Leach testing of Synroc with the three intrusives was carried out to determine 

the mechanisms and processes which occur during Synroc/water/granitic host rock 

interaction. Significant geochemical and mineralogical changes were observed in all 

three intrusives during leach testing, including loss of crystal structure and formation 

of surface reaction products. These changes are reflected in a change in the leach 

solution conditions and may also affect the distribution of radionuclides during leach 

testing. The presence of the intrusives significantly inhibited the total release of the 

actinides (Np, Pu and Cm) and the less soluble fission products (Zr, Ce, Nb and Ru) 

from Synroc, as a result of the change in solution chemistry and nuclide solubility 

induced by the presence of the granites. Substantial preferential uptake of all 

radionuclides by specific secondary and fracture infilling minerals (such as sericite, 

hematite, Fe- and Ti-oxides/hydroxides) in intrusives was also observed, which was 

controlled by rapid ion exchange, redox reactions, sorption and surface deposition of 

colloids and pseudocolloids. 

These results imply that fractures will form the main pathways for radionuclide 

mobilisation in the HLW disposal environment, and that the most significant sites for 

rock/radionuclide interaction will be the secondary and fracture-infilling minerals. 

Sorptive processes will dominate radionuclide retention and therefore retard migration 

of these elements away from the waste package into the surrounding near-field 

geological environment. The geochemical evolution which occurs during rock/water 

interaction may affect radionuclide release, migration and retention through changes in 

solution characteristics and sorptive capacity. These qualitative experimental 

observations of the chemically complex interactions which occur in the predicted 

repository environment may be used for quantitative predictive modelling in repository 

assessment. 
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SECTION I
 

INTRODUCTION AND BACKGROUND 



Chapter 1 

The Nuclear Waste Disposal Problem 

1.1 Introduction 

One of the key environmental issues facing the scientific community today is toxic 

waste disposal. Of the many types of toxic and chemical wastes which present a potential 

hazard to both the environment and mankind (i.e. the biosphere), the most challenging is 

that containing radioactive material. In particular, the intensely radioactive high-level 

nuclear wastes (HLW) which arise from nuclear power production require unique 

conditions of disposal, such as remote handling and isolation for extremely long time 

periods. Today's society also expects that once disposal of such wastes has been 

undertaken, isolation should be complete and total, and the consequences of this disposal 

in the environment should no longer be apparent 

The currently favoured concept for permanent and safe HLW disposal which 

maximises the degree of isolation is the solidification of the wastes followed by burial in a 

vault system in rocks deep beneath the Earth's surface (Bird and Fyfe, 1982; Ringwood, 

1985). It is generally accepted, in the scientific and engineering communities, that the 

construction of disposal sites (or repositories) can be managed using current engineering 

technology (Krauskopf, 1986). However, the environmental effects of burying significant 

amounts of highly radioactive, hot materials at depth in a rock formation are not well 

understood. Implicit in the concept of deep burial is the assumption that groundwater will 

eventually penetrate the vault system, thereby returning the radionuclides to the biosphere 

(Ringwood, 1985). It is therefore important that the geochemistry of these radionuclides, 

including the mechanisms by which they are released from the waste form and migrate 
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through the environment and their interactions with the host rock, be more fully 

understood before permanent disposal is undertaken. 

Current international earth science research into HLW disposal is focussed on 

evaluating these processes so that a safe and predictable disposal environment may be 

developed and utilised in the near future. Whereas the need for a HLW disposal policy in 

Australia is far less pressing than in many other countries, it is nevertheless important and 

of benefit to our future community that the questions posed by HLW disposal be 

addressed, and that the environmental consequences be understood. This study aims to 

contribute to this understanding through the evaluation of the geochemical mechanisms 

and processes which may exist in the disposal environment. 

1.2 Background 

1.2.1 The Fundamental Problem - Nuclear Waste 

The nuclear (or radioactive) wastes for which long-term disposal is considered are 

produced at all stages of the nuclear fuel cycle. These cover a wide spectrum of solid, 

liquid and gaseous wastes which range from low to extremely high levels of radioactivity 

and long-lived radionuclides as can be seen in Figure 1.l. 

Nuclear wastes may be separated into five descriptive categories on the basis of 

their degree of radioactivity; 

•	 effluents which are of sufficiently low radioactivity that they may be discharged directly 

into the environment where they dilute and disperse 

•	 low-level wastes (LLW) which are usually of low radioactivity that are generated at all 

stages of the nuclear fuel cycle and include mine and mill tailings and waste solutions, 

gaseous releases and solid materials from fuel fabrication and reactor operations 

•	 intermediate-level wastes (ILW) from reactor operations and reprocessing are 

composed of similar materials to low-level wastes but with increased activity. These 

include ion-exchange resins, sludges and precipitates, and control rods 
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•	 a-bearing wastes which are moderate volumes of low- and intermediate-level wastes 

contaminated with high-activity a-emitting material such as Pu, and include ion

exchange resins, fuel cladding and storage pond residues 

•	 high-level wastes (Ill..W) are low volume, extremely radioactive materials produced 

during reactor operation and reprocessing. There are two principal types of HLW; 

solidified wastes from fuel reprocessing and spent fuel rods. Solidified wastes are 

composed principally of low volatility fission products, small amounts of U and Pu 

(typically < 1%) which are not extracted during reprocessing, plus other transuranic 

elements produced during reactor operation, including Np, Cm and Am. On the other 

hand, spent fuel rods contain much higher levels of U and Pu and therefore exhibit 

higher actinide and daughter product activities over a longer time period (OEeD, 

1984). 

Disposal is required for all of these waste types. In most countries, effluents are 

currently discharged directly into the environment, and LLW and ILW are disposed of in 

shallow land burial sites or abandoned mines. For instance, shallow land burial was 

proposed in the United Kingdom in the early 1980's (Chapman and McEwen, 1986) and 

the Asse salt mine, Federal Republic of Germany, currently operates as a LLW disposal 

site. a-wastes are usually immobilised firstly in concrete, plastic or bitumen (OECD, 

1984), and are currently stored at the Earth's surface, although disposal in dedicated 

sections of mined repositories is proposed. 

Of the types of wastes produced, HLW are of greatest concern, as they require 

isolation from the biosphere for periods of thousands of years to allow the intensely 

radioactive, shorter-lived elements to decay below acceptable levels, followed by 

continued isolation of up to one million years so that contamination from the long-lived 

radionuclides does not occur. 



INTRODUCTION 1:4 

Atmospheric Discharge ..
 
GASEOUS WASTES 

I 

RFACTOR~
 

.---;SOLID WASTES----'LIQUID WASTES 

J lLow-Level High-Level 
Effiuents 

..... Intermediate-Level. (X-Wastes
 

Treatment.
 

Direct Discharge Disposal .....
 ..... 
Storage and Disposal r Storage .,. 

Reprocessing Conditioning 

..... 
Disposal 

Figure 1.1 Types ofradioactive wastes generated I:Jy a 1000 MWe Light Water Reactor 

(after ASTEC.1984). 

These dual requirements can be seen in Figure 1.2 which shows the total and 

individual activities of HLW as a function of time. It is generally considered that the most 

practical method of meeting these requirements involves firstly the incorporation and 

immobilisation of HLW into a solid matrix followed by long-term isolation in a suitable 

repository. 
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1.3 Geological Disposal ofHLW 

A number of alternative disposal options have been proposed for HLW, including 

nuclear incineration, space disposal by launching the solidified HLW into a space orbit in 

the solar system, and marine disposal (including seabed dumping, ocean and ice-bed 

disposal) which is considered to have little impact upon the environment due to the 

dilution and dispersion characteristics of the ocean itself (Costello, 1977). However, 

questions regarding the safety, feasibility and moral issues, particularly the continued 

usage of the sea as a resource have precluded the development of these alternatives for 

HLW disposal. 

The most widely considered alternative is geological disposal which involves the 

burial of solidified HLW in a variety of geological formations at depths exceeding a few 

hundred metres. The objective of geological disposal is to isolate the waste so that any 

subsequent release of radionuclides to the environment would be low enough to ensure the 

radiation hazard to people would be less than the currently acceptable limits (ASTEC, 

1984). There are five principal considerations for geological disposal of HLW. The 

disposal system should remain passive and be entirely safe such that it does not require 

human intervention to maintain safety or reliability. The suitability of a variety of 

geological environments should be considered to provide flexibility and convenience in the 

disposal option. The construction of the disposal site should be practical such that existing 

technology is used and the waste should be retrievable in the event of accidental release of 

radionuclides or improved reprocessing technology (CEC, 1983). Two main concepts for 

geological disposal which fulfill these criteria are shown in Figure 1.3 - the mined 

geological repository and the very deep borehole concept (Woodward-Clyde Consultants, 

1983; ASTEC, 1984). Mined geological repositories are proposed to a few hundred 

metres depth, and must be designed to account for the type and form of waste, geological 
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characteristics and site specific factors such as the groundwater regime. The alternative 

concept is that of a very deep borehole drilled to a few thousand metres depth which relies 

on the geological and hydrological qualities of the host rock to serve as a barrier to waste 

migration. This approach is conceptually attractive from the viewpoint of increased 

isolation and decreased maintenance. 

Mined 
Geological 
Repository 

salt 

Figure 1.3 Two main approaches to deep geological disposal ofHigh-Level Waste

the mined geological repository and the very deep borehole concepts (ASTEC, 1984). 
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Both of these concepts have two fundamental options available for disposal of 

HLW - either 'containment and isolation' or 'dilution and dispersion' (ASTEC, 1984). 

The concept of 'containment and isolation' aims to ensure complete immobilisation of the 

waste radionuc1ides in one place for an extended time period, whereas 'dilution and 

dispersion' relies on the natural processes to mobilise and transport the waste so that the 

radiation does not present an unacceptable hazard (Chapman and McKinley, 1987). It is 

now recognised that absolute isolation of HLW for extended time periods is neither 

necessary or possible (ASTEC, 1984), as the geochemical processes that will eventually 

interrupt the isolation system will also provide a natural barrier to radionuclide migration. 

As a result, the multiple barrier concept has been widely adopted for geological disposal of 

HLW to meet the requirements of 'containment and isolation' in the short-term, followed 

by 'dilution and dispersion' over extended time periods. 

1.3.1 The Multiple Barrier Concept 

The multiple barrier concept is based on the 'nesting' of one barrier inside the 

other, so that the individual characteristics of all of the barriers act together to ensure 

adequate isolation of HLW (Chapman and McKinley, 1987). The three main barriers 

required for isolation which are shown in Figure 1.4 include the wasteform barrier, 

engineered barrier (including the canister, overpack/backfill and buffer), and the 

geological barrier. 

In the multiple barrier concept, it is generally recognised that the release of 

radionuclides to the biosphere will be controlled by the passage of groundwater through 

the waste package and into the geological environment. Each of these barriers is therefore 

designed to either maintain a long isolation period, or reduce the radionuclide release rate 

to the biosphere. 
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Figure 1.4 Schematic representation ofthe Multiple Barrier Conceptfor High-Level 

Waste isolation showing some ofthe components which may be involved in the repository 

design. Not all components are included in the diagram. 

The role of the wasteform barrier is to incorporate the HLW into a form which is 

resistant to leaching by the groundwater, thereby restricting release of radionuc1ides. The 

engineered barrier is designed to delay the mobilisation of the released radionuc1ides into 

the geological environment through increased resistance to erosion and water penetration 
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(i.e. the canister) and restriction of radionuclide release by providing a chemical barrier 

(e.g. the buffer). Together these barriers form the waste package or near-field 

environment. Finally, the ultimate barrier to prevent, delay and attenuate radionuclide 

release to the biosphere is the geological barrier which forms the far-field environment 

(Bird and Fyfe, 1982). 

The characteristics of the near-field environment are within the control of man, to 

the extent that properties may be varied to suit the type of waste, disposal environment etc. 

(Chapman and McKinley, 1987). This control is displayed in the development of a variety 

of wasteforms, for example borosilicate glass, Synroc and spent fuel, as well as canister 

(stainless steel or copper) and backfill materials (bentonite or crushed rock). However, the 

principal control over the performance of the geological barrier is limited to site-selection, 

so that a thorough understanding of the properties of the selected rock is essential for 

repository evaluation. 

1.3.2 The Geological Barrier 

The selection of a suitable geological component of a multiple barrier system is 

based upon a number of criteria. Of primary importance are the hydrogeological 

characteristics of the rock (such as porosity and permeability) which should ensure 

minimal exposure of the waste package to circulating groundwaters. The rock itself should 

also display significant radionuclide retardation properties (such as high sorptive capacity) 

and high thermal capacity to accommodate the increased thermal loading which will be 

induced by the emplacement of the HLW. Also the physical integrity of the potential 

repository should be ensured by a high degree of structural strength and long-term 

stability in the rock. While no ideal rock type exists which displays all of these 

characteristics, a number of rock types have been proposed as potential repository host 

materials, including the concept of multiple geological barriers to improve the isolation 

characteristics (for example, granite with overlying sediments) (Bredehoft and Maini, 
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1981). The main rock types include evaporites (bedded and dome deposits), sediments 

(clays and shales), volcanic rocks (including basalrs and tuffs) and crystalline rocks 

(igneous intrusives and high-grade metamorphic rocks). 

Evaporites 

Evaporites that are considered as host rocks for HLW repositories may be either 

bedded or domed deposits and are composed mainly of halite with some impurities. They 

have many advantages, including high plasticity, which allows for self-sealing of 

fractures, thermal stability so that they can accommodate the increased heat loading of the 

waste package and almost negligible permeability and high stability in the groundwater 

environment Some problems may occur in the use of salt deposits which contain many 

impurities and corrosive inclusions, as decomposition of these may increase the fluid 

content thereby decreasing the stability of the deposit. Localised dissolution of the salt 

may also occur, particularly in bedded deposits where fluids are easily mobilised along 

bedding planes (OECD, 1984). Salt deposits are currently under extensive investigation in 

the Federal Republic of Germany (at Gorleben), and the Netherlands, and more limited 

studies are being undertaken in Denmark and the USA (lAEA, 1988). 

SedimentarY rocks 

The sedimentary rocks which are primarily being considered as HLW repository 

host rocks are clays and shales. Clays are generally more plastic than shales and both 

display low hydraulic permeability, generally a reducing groundwater environment and an 

extremely high sorptive capacity. Unfortunately, the difficulties experienced in mining 

these rocks, their interbedded nature (leading to increased possibility of water penetration) 

and high sensitivity to heat have led to only limited development, mainly in Belgium, 

Italy, Japan and the Netherlands (IAEA, 1988). A repository site currently under 

development in the Boom Clay at Mol, Belgium has provided much of the current data 

regarding the performance of clays as repository host rocks. 
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Basalts and Tuffs 

Basalts and tuffs which may be considered as host rocks for HLW repositories 

display many suitable qualities including stability, strength and thermal capacity, but have 

variable physical properties such as density, structure and the number of fractures. As a 

result, they also usually display variable hydrogeological characteristics, including 

porosity and permeability, which are significant in the control of groundwater penetration. 

These may also be further affected by the inconsistent and interbedded nature of some 

flows, so that site variability is an important consideration. 

Consequently, investigations into the proposed usage of basalts and tuffs as HLW· 

repositories has been limited to site specific studies, mainly in the USA where tuff has 

been selected as the candidate repository rock. Site characterisation studies of the newly 

developed candidate site at Yucca Mountain Project provide the current data regarding 

tuffs as repository host rocks, although much ofthis is site specific due to the unique 

hydrological conditions which prevail at this site (Le. desert conditions) (Shaw, 1990). 

Crvstalline rocks 

Crystal1ine rocks (particularly granites) display many of the characteristics which 

are required for a HLW repository. They generally occur in large masses and therefore 

display long-term stability and slow rates of change in the geological environment. As 

most crystalline rocks have formed at high temperatures, they are thermally stable and 

display good heat conductivity around an expected HLW heat source. They also have 

typically low porosity and permeability, high structural strength and are easily mined. 

Unfortunately, large crystalline bodies are often jointed and fractured which may lead to 

increased groundwater penetration. However, some studies have shown that where major 

fracture zones are avoided during site selection, groundwater penetration is limited to 

localised flow cells and is therefore easily predictable (Chapman and McKinley, 1987). 
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In the past, crystalline rocks have been widely studied as potential HLW 

repository materials, and many extensive investigations into their behaviour are still 

current. Some selected underground repository test sites are currently in operation, 

including the international cooperative projects at Stripa (Sweden) and Grimsel Pass 

(Switzerland), and the Underground Research Laboratory of the Atomic Energy of 

Canada Limited (Canada). Other studies of crystalline rock characterisation are also 

underway in France, Finland, Japan and the United Kingdom (IAEA, 1988). 

All of the alternative geological barriers display adequate isolation characteristics 

for them to be considered as candidate HLW repository host media. However, the 

question arises - should the chosen repository be merely adequate or should the best 

possible alternative only be considered? Unfortunately, the ideal repository rock which 

displays all of the most favourable characteristics (that is, the best possible alternative) 

does not exist in nature, as each of the rock types considered display some adverse 

properties (Bird and Fyfe, 1982). Moreover, the flexibility which is provided by having a 

number of possible alternatives for the geological barrier fulfills the initial criteria for 

HLW disposal, and allows site selection and repository development where it might 

otherwise have been precluded, particularly on political or economic grounds. 

The concept of an ideal repository rock type which alone acts as an impenetrable 

barrier to HLW migration, thereby rendering each of the other barriers redundant, is both 

unrealistic and impractical (Chapman and McKinley, 1987). The more realistic approach is 

to attempt to quantify and predict the behaviour of each alternative geological barrier as it 

interacts with the other components of the multiple barrier system, that is, to adopt a 

'systems approach' to repository assessment. In this way, each individual component of 

the waste disposal system, including the selected geological barrier, may display 

appropriate isolation characteristics to provide a multiple barrier system which is realistic 

and predictable. Moreover, this type of system ensures the long-term protection of the 
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biosphere by fulfilling the dual roles of 'containment and isolation' and 'dilution and 

dispersion' of HLW in the repository environment. 

1.4 Aims and Objectives of this Study 

The primary objective of this study is to identify the geochemical processes which 

occur during natural and introduced radionuclide migration through intrusive rocks which 

have been selected as candidate HLW repository materials. It also aims to determine the 

mechanisms involved in both rock!groundwater and rock!radionuclide interaction, and to 

develop an understanding of the evolution of the rock!groundwater/radionuclide system. 

The study does not attempt to provide quantitative evaluations of these mechanisms and 

processes, nor to estimate the 'best possible' alternative for each of the individual 

components which comprise the multiple barrier system. It does however, aim to evaluate 

the behaviour of and interactions between the components of the total system under 

simulated repository conditions. 

The aims and objectives of this study have been implemented through two types of 

investigation. Firstly in Section n, the behaviour of natural radionuclides has been 

assessed as an analogue of the processes and mechanisms which may occur for some 

HLW elements in the predicted repository environment. This has been followed in Section 

III by the an integrated study of the interactions which occur between components of the 

potential HLW repository. 

In Chapter 2 the rationale for the selection of granites as a candidate repository 

rock is outlined, and the three Australian intrusives selected for this study are described. 

Chapters 3 and 4 form the natural analogue study in Section n. Chapter 3 describes the 

concentration and distribution of natural uranium in each of the three granites and 

identifies the mineralogical and geochemical processes which have produced the observed 

radionuclide distribution. These processes have then been considered as an analogue of 

the long-term dynamics ofradionuclide mobilisation and retention in the potential HLW 
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repository environment. In Chapter 4, the abundance of and relationship between the 

isotopes of the natural uranium-decay series have been determined and the natural 

disequilibrium which has occurred in the last I Ma has been identified. Where 

disequilibrium has been observed the geochemical processes leading to this disruption 

during rock/water interaction have been determined and the pathways of groundwater 

mobilisation have been identified. Finally the application of these results as a natural 

analogue of the geochemical processes which are likely to occur in the potential repository 

environment over a similar timescale are discussed. 

Section ill uses an integrated approach to evaluate the interactions and processes 

between three components that are present in the potential repository environment. 

Chapter 5 presents a review of the chemical durability of alternative wastefolIDS which are 

currently under investigation including borosilicate glass, Synroc and spent fueL Chapter 

6 aims to determine the geochemical evolution of a candidate host rock through an 

evaluation of the dynamics of rock/water interaction in a two component system. This 

provides a baseline which is essential for the understanding of radionuclide behaviour and 

the processes which may be operative in a similar environment 

The results of this two-component study are applied in the understanding of the 

three component studies of Chapters 7 and 8. The aim of Chapter 7 is to determine the 

interactions between Synroc, water and granite during leaching under simplified 

repository conditions, and to understand the behaviour of the actinides Np, Pu and Cm 

which may be released from the Synroc in this interactive environment. Where interaction 

between the actinides and granite has been observed, the sites of selective uptake of the 

actinides are identified and the geochemical mechanisms for and mineralogical controls 

over this uptake are evaluated. 

The interactions between the three components Synroc, water and granite have also 

been investigated in Chapter 8 through leach testing, and the differential behaviour of a 

range of the fission products including Ru, Ce, Cs, Ba, Zr and Nb under the same 
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conditions have been assessed. Following identification of interaction between the granites 

and radionuclides released from Synroc, the sites of selective uptake of the fission 

products Cs and Sr by the granites have been identified and the geochemical processes 

influencing uptake have been determined. The implications of Chapters 7 and 8 for HLW 

disposal utilising the multiple barrier concept have been discussed. 

Finally, Chapter 9 presents a summary of the conclusions of this study, and a 

discussion of the implications of both the natural analogue and simulated repository 

environment studies for HLW disposal, with particular reference to the role that this type 

of study may play in predictive modelling for repository assessment. Further ideas for 

proposed research arising from this study have also been presented. 



Chapter 2 

Regional Geology 

2.1 Granites in the High-Level Waste Disposal Environment 

Crystalline rocks which are being considered as High-Level Nuclear Waste 

(HLW) repository materials (see Chapter 1) include both igneous and metamorphic 

rocks. In particular, granite and gneiss have attracted a great deal of attention as they 

are abundant in the Earth's crust and are usually found in regions of high stability 

(OECD, 1984). Currently throughout the world, granites are being investigated as 

potential HLW repositories principally in Canada, Scandinavia, France and 

Switzerland, with repository operations proposed post-2000 (IAEA, 1988). The 

commitment to granite has been made because of the distinct advantages it offers in 

physical, hydrogeological, thennomechanical and geochemical characteristics which 

ensure the effective isolation ofHLW (ASlEC, 1984). 

Granites display great structural strength and stability and resistance to erosion 

(OECD, 1984). Most are found as part oflarge, tectonically stable continental shields 

(e.g. the Canadian Precambrian shield, the Fenno-Scandinavian shield) and therefore 

are unlikely to be subjected to disruptive geological forces (such as volcanism, 

earthquakes and faulting) which may disturb a potential repository. They are also 

resistant to climatic forces and erosion is generally slow - of the order of tens to some 

hundreds of metres in the last 600 Ma (OECD, 1984). Granite is also rigid and does 

not deform under stresses near the Earth's surface or up to 1500 m depth (Brookins, 

1984), which allows it to be easily mined as self-supporting underground 

constructions using existing technology (Chapman and McKinley, 1987). 

Granites generally form well below the Earth's surface and have been typically 

emplaced into the crust as massive deep-seated plutons during a tectonically active 

period (OECD, 1984). As a result, they exhibit low total porosity and permeability 

and contain very little natural moisture (Brookins, 1984). This type of emplacement 
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also causes fracturing and jointing generally within well-defined fracture zones or 

interconnecting throughout the pluton. The development of these fracture systems 

early within the emplacement history, and the inherent structural strength of granites 

implies that new fracture systems are not expected to develop away from the major 

fracture zones (OECD, 1984), and ensures the predictability of the hydrogeology of 

the intrusive in the repository environment. 

The fractures which have formed generally contribute little to the overall 

porosity of the rock, but do provide a mechanism for fluid flow (Chapman and 

McKinley, 1987). As a result of long-term fluid-rock interactions, they are commonly 

infilled with secondary clay-like minerals which effectively reduce the aperture for 

fluid flow (Brookins, 1984), and decrease the hydraulic conductivity of the granite. 
"--- . -- --

The predictability of larger fracture zones and the behaviour of fluid flow throughout 

the smaller interconnecting fractures will vary within and between piutons such that 

further investigation of individual plutonic bodies is required for repository 

assessment. 

As most granites display predominantly crystalline mineralogy formed at high 

temperatures and at depth within the Earth, they typically have a high thermal 

conductivity (Chapman and McKinley, 1987). Under dry conditions, these rocks are 

generally not reactive at temperatures predicted to occur around a HLW vault Cl00° 

150°C; OECD, 1984), which indicates a reduction in differential thermal expansion 

and microfracturing in intrusives (McLaren et al., 1982). However, in the presence of 

mobilising fluids and at these expected temperatures, granite primary mineral 

assemblages become thermodynamically unstable. This may be significant in the 

performance of granites as repository host rocks, in view of the increase in fluid 

mobilisation at higher temperatures in thermal convective currents around a HLW 

vault (fhunkvik: and Braester, 1982). 

Inherent in a discussion of fluid flow within granites is an evaluation of the 

interaction between the rock and the aqueous phase. Granites are thermodynamically 

unstable at ambient temperature and under a variety of hydrological regimes, including 
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compositional variations and variable flow rates. The interaction of radionuclides 

which may have been released from a breached HLW vault into the repository 

environment therefore cannot easily be predicted from the mineralogical and 

geochemical characteristics of the granites alone. 

This study aims to investigate the geochemical behaviour of granites in the 

presence of radionuclides through the study of three plutonic bodies (hereafter called 

'granites'! ). Although the importance of the role of the aqueous phase in determining 

the degree of interaction is recognised, the lack of access to and availability of the 

corresponding groundwaters to these granites necessarily limits the extent and nature 

of this investigation, such that only a simplified system is assessed. 

The Coles Bay Granite, Kambalda Granodiorite and Roxby Downs Granite 

were selected for study as they provided a range of intrusive environments which may 

be used to form HLW repositories. Selection was based upon 

•� the geological (and related geomOlphological) environment, such as cratonic shield, 

fold belt zone, mineralisation environment 

•� their primary magmatic, primary alteration and secondary alteration mineral 

assemblages 

•� the degree and type of post-magmatic alteration 

The Kambalda Granodiorite represents the least altered and least fractured 

granite and displays predominantly crystalline secondary mineralogy; the Coles Bay 

Granite is a highly fractured composite pluton with crystalline sheet-silicates and non

crystalline phases infilling the fractures; and the Roxby Downs Granite is the most 

severely altered of these samples and has suffered numerous hydrothermal alteration 

events and associated brecciation. 

1 The generic term granites is employed throughout this study to describe the coarsely crystalline 
plutonic rocks which may be considered as potential repositories for HLW disposal. It includes 
granites. granodiorites. adamellires and diorites. 
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22 Sampling Techniques and Analytical Methods 

Cored diamond drill holes were sampled in each pluton to at least 1000 m 

depth. This depth was selected to ensure that effects of suificial weathering and 

meteoric water penetration were minimal. Also, in current practice HLW test 

repositories in crystalline rocks are sited to at least 1000 m for mined repositories or 

up to 4000 m for deep boreholes to maximise the isolation characteristics of the 

geological environment and to ensure predictability of behaviour such as water 

penetration, fracturing and thermal loading (Chapman and McKinley, 1987). As this 

study aims to determine the favourable geochemical characteristics of potential 

repository host rocks, similar conditions to those in current practice were investigated. 

Diamond drill core to 1008 m depth in the Coles Bay Granite was made 

available by the Tasmanian Department of Mines. This hole was drilled in 1981-2 as a 

geothermal test hole to determine the mineralogical and geochemical characteristics of 

high-heat flow granites. The drill site is located 1 km north of the Coles Bay townShip 

as shown in Fignre 2.1. A lithologicallog of the hole is given in Appendix 2 A. 

Core from two drill holes in the Kambalda Granodiorite was made available by 

Western Mining Corporation - Kambalda Nickel Operations. These holes were drilled 

during 1986 as part of the ongoing Kambalda Nickel Operations .exploration and 

mining development. The location of the holes is shown in Fignre 2.2. The first hole, 

KD 5027 was selected as a sample of the Kambalda Granodiorite within the surficial 

weathering zone, and penetrates to 220 m depth. The second hole, KD 6003 intersects 

approximately 200 m of overlying footwall basalt before penetrating the Kambalda 

Granodiorite to 1260 m depth. Logs of the cores are given in Appendix 2 B. 

The Roxby Downs Granite samples were provided by the Olympic Dam 

Project from drill hole RD 478 which is located approximately I km north of the main 

zones of mineralisation of the Olympic Dam deposit, as shown in Figure 2.3. This 

hole was drilled by the Olympic Dam Project during exploration in 1982. The drill 

hole intersects -340 m of sedimentary units of the overlying Proterozoic to Cambrian 
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Stuan Shelf Sequence (Roberts and Hudson, 1983), and -190 m of granitic breccia 

with variable alteration and mineralisation before passing into the highly altered alkali

feldspar granite basement. Appendix 2 C gives a detailed log of the core. 

Representative samples of each pluton were taken on average every 100 m 

throughout the core, with the nominated depths given to each sample being the down

hole depths. Specific sites of alteration and veining in all three plutons, and of 

brecciation in the Roxby Downs Granite were noted and sampled separately. For each 

granite, polished thin sections, polished discs 10 = diameter by 2 = thick and 

powdered samples for major and isotopic analyses were produced. 

The mineralogy of the three granites was initially determined using optical 

microscopy. Further identification was undertaken through elemental analyses of 

individual minerals (both quantitative for silicate minerals and qualitative for 

secondary and non-silicate minerals), using a JEOL JX 50A Scanning Electron 

Microscope (SEM) and microprobe attachment with a Tracor Northern TR-2000 

Energy Dispersive Spectrometer in the Central Science Laboratory of the University of 

Tasmania. As a result of the non-silicate nature of many of the alteration minerals, 

analyses for these phases were used only as an indication of composition. 

Whole rock samples were powdered to <250 Ilm for major element analysis in 

a tungsten-carbide centrifugal Tema swing-mill to minimise contamination during the 

crushing process. Major elements concentrations were determined by X-Ray 

fluorescence spectrometry on duplicate glass discs using a Phillips PW1410 X-ray 

spectrometer following the procedures reco=ended in Norrish and Chappell (1977). 

Samples were run against the University of Tasmania internal composite standard 

TasGran. Data reduction was performed on a PC-based system and errors (20') based 

on counting statistics were consistently < 1%. Loss on ignition was determined by 

weight loss from a powdered sample after heating at 1000°C for 12 hours. 

The degree of alteration and chemical trends with increasing depth and 

different mineralogy in each of the three granites has been determined using mass 

balance analysis of the major and trace element data. Mass balance has been calculated 
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using a Zr-constant reference frame and the gain or loss of elements relative to the 

freshest sample in each granite has been determined using the approach outlined by 

Nesbitt (1979). The procedure for mass balance calculation is given in Appendix ID, 

and the values for the relative percentage changes in the major and trace elements for 

all samples are presented in Appendix 2E. 

2.3 Cotes Bay Granite 

2.3.1 Field Relationships 

The Coles Bay Granite pluton is located on the east coast of Tasmania (Figure 

2.1). It is one of the smaller plutons that forms part of the mid-Palaeozoic granitoid 

suite extending southward from the Blue Tier, Scottsdale and Eddystone Batholiths in 

north-east Tasmania (MCOenaghan, 1989). It is intruded into early Ordovician to early 

Devonian sedimentary rocks and forms narrow contact metamorphic aureoles to 

sandstone and mudstone members of the Mathinna Beds which have been deformed 

by several movements of the Tabberabbean Orogeny (Cocker, 1977). Emplacement is 

considered to have been post-kinematic and passive (non-deformational) 

(McOenaghan, 1989), and the pluton displays textural features which are attributable 

to relatively shallow emplacement (Gee and Groves, 1971). 

Two distinct compositional groups have been recognised in the Coles Bay 

pluton (Cocker, 1977) - granites, comprising both altered and unaltered biotite 

granites, and the hornblende-biotite granodiorites. The granodiorites display typically 

I-type characteristics such as mafic inclusions and relatively low initial 87Srj86Sr ratios 

(0.7073 ± 0.0007; Cocker, 1982), and appear to have undergone crystal fractionation. 

They comprise only a subordinate amount of the total intrusive sequence in the Coles 

Bay region. The granites generally range from unaltered, grey porphyritic to 

equigranular granite to more variable porphyritic to sometimes equigranular cream to 

red members. They are generally non-foliated and contain rare inclusions. The more 

altered members may display alteration features such as miariolitic cavities and 

increase in degree of hydrothermal alteration in proximity to fault and joint zones, 
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indicating that the hydrothermal fluids originated below the present exposure level 

(Cocker, 1977). Compositionally, the granites display high Si, high K and initial 

87Sr/86Sr ratios of 0.7070 ± 0.0005 (Cocker, 1982), which overlap the range for the 

I-type granodiorites. However, on the basis of their mineralogy and composition, 

these rocks have been recognised as S-type granitoids which were generated by partial 

melting of pelitic crusta! rocks of upper Proterozoic age (Cocker, 1977). 

K-Ar dating of the red Coles Bay Granite by McDougall and Leggo (1965), 

defmes an emplacement age ranging from 354 to 360 Ma; Rb-Sr dating of biotites 

from the same granite (with an initial 87SrfS6Sr = 0.705) gives an age of 375 Ma and 

360 Ma for whole rock samples. Further Rb-Sr dating of biotite and whole rock 

samples by Cocker (1977, 1982), indicates a range of ages for the composite Coles 

Bay pluton with open system Sr behaviour prevailing over a narrow time interval 

between intrusion and alteration (Cocker, 1982). The granodiorite appears to be the 

oldest intrusive with ages ranging from 373 to 380.9 Ma, and is followed by intrusion 

of granite between 363 and 371 Ma. This age relationship is supported by the field 

evidence of emplacement history (Gee and Groves, 1971) with the age decreasing 

from east to west in the piuton (Cocker, 1977). 

2.3.2 Petrography 

Samples of the Coles Bay Granite were selected from the fully-cored 1008 

metre deep vertical hole which passes through both grey and red members of the 

composite biotite granite piuton defined by Cocker (1977), however no granodiorite 

was intersected. A log of the hole is given in Appendix 2A. 

The granite is generally porphyritic to coarse-grained equigranular and varies 

from pink, cream or brick-red to less commonly grey in colour. It is intruded by a 

subordinate fine-grained equigranular pink granite occurring as shallowly dipping 

sheets. The porphyritic granite is composed of quartz and pale pink to cream K

feldspar phenocrysts up to 3 cm diameter, set in a coarse-grained groundmass of 

quartz, K-feldspar, plagioclase and biotite as can be seen in Plate 2.1. 
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Plate 2.1 Composition of the Coles Bay Granite as seen in thin section using a 

transmitted light optical microscope. xlOO magnification. Q = quartz, F :: feldspar, B 

:: biotite and A = accessory minerals including monazite, zircon and ilmenite. 

Plate 2.2 The development ofmicrofractures infilled with sericite, siderite and Fe

oxides in the Coles Bay Granite. Transmitted plain polarised light, xlOO 

magnification. 
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Accessory minerals include apatite, monazite, zircon (and isostructural xenotime), 

ilmenite, rutile, rare fluorite and unidentifiable sub-microscopic U{Th-rich minerals. 

This porphyritic member grades both laterally and with depth into a coarse

grained equigranular granite of similar mineralogy. The fine-grained microgranite is 

also mineralogically consistent with the coarser varieties. The variation in colour 

between grey, cream, pink and brick-red does not correspond to any change in 

primary mineralogy, rather it reflects the degree of hydrothermal alteration. 

The K-feldspars are perthitic orthoclase (see K-feldspar analyses 21 - 869, 

Table 2.1) and contain minute fluid inclusions which produce a cloudiness in thin 

section. The colour of K-feldspar changes from pale pink to brick-red with increasing 

alteration, which has also been attributed by Cocker (1977) to the increase in density 

of fluid inclusions. Albitic plagioclase (plagioclase analyses 21 - 869, Table 2.1) 

generally occurs in the groundmass and displays distinctive zoning and some perthitic 

development, as a result of exsolution. Pleochroic red-brown biotite forms ragged 

subhedrallaths which are commonly altered along margins and cleavage planes to 

chlorite, sericite and in the most severe cases, very finely-divided Ti-oxides. 

Hydrothermal alteration of the granite is reflected in an increase in the 

proportion ofprirnary alteration minerals, particularly chlorite (see Table 2.1), sericite 

and Ti-oxides, and by the development of microfractures as can be seen in Plate 2.2. 

Sericite partially replaces both feldspars and biotite in all varieties of the granite, and 

may be Fe-rich in composition (Table 2.2). Definition of the Ti-oxides is difficult due 

to their fine-grained nature, but rutile (including brookite) and its low temperature 

polymorph anatase as well as some 'secondary sphene' have been detected (Table 

2.2). 

The density of microfractures increases in proximity to the microgranite 

intrusions. They may be up to 3 mm in width and are open or infilled with fine

grained intergrowths of sericite, clays, calcite and siderite, and amorphous hydrated 

Fern oxides. Some chlorite is also present. The amorphous Fe-oxides are found in 

close association with siderite and appear to be a product of further alteration. 



K-feldspar Plagioclase Biotite Chlorite 

Sample No. 21 650 869 21 669 869 119 270 869 963 21 423 650 963 

SiOz 64.91 65.00 65.52 67.24 68.97 66.47 35.84 34.53 34.78 35.81 32.51 23.44 29.77 24.24 

Ti02 2.70 3.24 3.14 2.39 

A1203 

FeO(total) 

MnO 

MgO 

CaO 

18.50 

0.28 

18.49 

0.23 

18.61 

0.26 

20.43 

1.09 

19.81 

0.15 

20.00 

29.31 

0.24 

4.01 

0.71 

16.18 

30.35 

0.36 

3.90 

14.63 

27.89 

0.39 

1.84 

0.15 

18.38 

25.96 

0.31 

3.07 

19.44 

26.68 

0.24 

1.51 

0.19 

28.77 

43.04 

1.11 

4.32 

20.68 

32.15 

0.55 

1.64 

24.28 

41.17 

0.57 

3.86 

21.38 I 

I 
I 

I 
I 

:., 
t'l 
Cl 
Cl 
~ 

Cl 
t'l 
0 
t'" 
0 
Cl... 

K20 15.50 15.52 15.01 0.32 0.14 0.14 8.65 8.74 9.21 9.31 0.32 1.83 

Na20 0.51 0.41 0.87 10.21 11.22 10.85 0.38 

TOlal 99.70 100.59 100.28 99.28 100.29 98.18 97.31 95.90 95.64 96.48 90.04 89.84 92.90 91.22 

Table 2.1 Representative analyses offe/dspars, biotite and ch/orite, Cotes Bay Granite. 
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Sericite Siderite* Ti-oxides Fracture-infilling phases 

Sample No. 119 423 650 21 270 669 270 423 963 119 423 650a 650b 

Si02 50.99 50.64 48.45 2.82 2.96 2.21 0.20 0.33 41.58 45.36 25.29 24.69 

Ti02 94.85 95.67 92.42 92.42 

A1203 32.65 30.75 28.92 2.39 2.16 1.81 35.00 36.47 22.81 22.12 

FeO(total) 2.25 3.75 7.09 56.44 49.08 51.91 0.29 0.36 1.91 0.67 4.16 36.57 37.32 

MnO 1.72 0.96 2.50 0.62 0.50 I 

t'l " c:lMgO 0.93 0.41 1.12 2.52 3.25 0.68 0.69 0.57 2.44 2.13 I .... 
0 

CaO 0.26 0.15 1.27 0.99 1.64 1.47 0.57 I ~ 

c:l 
t'lKzO 8.04 10.24 9.71 0.47 2.62 0.87 0.36 0.48 I 0 

I 
0
t-

c:lNazO 0.40 0.28 
~ 

PZOj 0.23 0.29 

Total 95.34 95.78 95.45 67.16 60.26 60.75 95.14 96.23 96.13 81.13 88.02 88.08 87.24 

• ~ remaining percentage of total present as C03. 

Table 22 Representative analyses of the secondary minerals sericite, siderite, ri-oxides and thefracture-infilling phases, Coles Bay Granite. 
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The clays are too fine-grained to be analysed, but previous work (D.C. Green, 

unpublished data) suggests that they may be illitic in composition. The secondary 

mineralogy of the microfractures, their association with the microgranite and the 

increase in intensity of hydrothermal alteration in proximity to both features suggests 

that they may be a product of the hydrothermal alteration process. 

2.3.3 Whole Rock Geochemistry 

Major and trace element analyses of samples from varying depths of the Coles 

Bay Granite core are presented in Table 2.3. The Si- and K-rich granite displays 

limited compositional variation in major element geochemistry with depth or between 

the different members of the pluton (grey, cream, pink or microgranite). However, 

varying degrees of hydrothermal alteration are reflected in the mobilisation of both 

major and trace elements. 

Mass balance calculations using a Zr-constant reference frame (see Appendix 

2D and 2E) indicate that the concentrations of the more mobile major elements NaZO, 

KZO, MuO and sometimes CaO generally increase with increasing degree of 

alteration. This reflects the alteration mineralogy and is best demonstrated by the more 

severely altered and fractured samples CB 423 and CB 669 in the plot of the percent 

change in elemental concentrations for each sample relative to the freshest sample CB 

963 (Figure 2.4). SiOZ and Alz03 also exhibit a significant increase for these samples, 

and a slight depletion in TiOz and PzOS in CB 669 is also observed. 

The intensity of alteration is also indicated by the mobilisation of some trace 

elements, as shown in Figure 2.5. In particular, increases in Sc, Rb, Nb and Y are 

observed in the more altered samples such as CB 21, 119,423 and 669, whereas Ba 

is significantly depleted in the fractured samples CB 423 and CB 669. These 

variations in major and trace element concentrations therefore reflect the increase in 

density of microfractures and associated primary and secondary alteration minerals, 

and indicate that a localised increase in degree of oxidation and solution penetration 

has occurred. 



CB 21 CB 119 CB 235 CB 270 CB 423 CB 650 CB 669 CB 869 CB 963 

Si02 
Ti02 

Al203 
Fe203 
FeO 
MnO 
MgO 
CaO 

Na20 
K20 
n05 
LO!* 

74.61 
0.13 
12.35 
0.61 
1.44 
0.06 
0.20 
0.58 
2.87 
4.89 
0.05 
1.36 

74.52 
0.14 
12.49 
0.34 
1.53 
0.06 
0.15 
0.81 
2.99 
5.19 
0.06 
1.82 

73.88 
0.17 
12.92 
0.60 
1.08 
0.02 
0.16 
0.97 
3.10 
5.36 
0.06 
1.68 

73.67 
0.22 
12.77 
0.57 
1.62 
0.05 
0.25 
1.12 
2.13 
5.52 
0.09 
2.57 

76.48 
0.07 
12.48 
0.38 
0.90 
0.05 
0.08 
0.62 
3.17 
4.82 
0.01 
1.17 

74.04 
0.21 
12.84 
0.49 
1.53 
0.04 
0.19 
0.85 
2.50 
5.46 
0.07 
1.30 

76.45 
0.02 
13.09 
0.11 
0.72 
0.02 
0.05 
0.50 
3.24 
4.30 
0.01 
1.16 

75.63 
0.11 
12.30 
0.39 
1.35 
0.03 
0.12 
0.69 
2.86 
5.23 
0.05 
0.64 

75.37 
0.17 
12.29 
0.38 
1.53 
0.03 
0.16 
0.83 
2.80 
5.06 
0.07 
1.66 

~  

t'J 
!2 
Cl 

~ 

La 
Ce 
Nd 
Ba 
Se 
Nb 
Zr 
y 
Sr 
Rh 

28 
66 
28 
120 
4 
16 
139 
86 
31 

478 

26 
60 
26 
218 
4 
14 
116 
64 
36 

435 

36 
81 
35 
289 
5 
14 
177 
61 
53 

448 

36 
84 
35 
239 
4 
17 
188 
77 
44 

456 

26 
63 
28 
28 
2 
17 
95 
114 
13 

579 

46 
100 
45 
289 
6 
17 
191 
85 
62. 
500 

19 
45 
21 
24 
3 

21 
62 
109 
14 

594 

24 
55 
24 
126 
5 
15 

120 
94 
33 

471 

38 
86 
39 
213 

3 
16 
158 
99 
50 
394 

f:l 
12 
Cl 
<;') 
." 

TOla' 99.15 100.10 100.00 100.58 100.23 99.52 99.67 99.40 100.35 

major elements in percent of total (%), trace elements as ppm. 
* = determined by Joss on ignition, comprises C02, H20 and other volatiles. 

Table 23 Whole rock analyses, Coles Bay Granite. '";.:. 
~ 
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Figure 2.4 The percentage change in selected major elements a) SW2, Ti02, A120] 

and P20j and b) MnO, CaO, Na20 and K20 relative to Zr at varying deprhs ofthe 

Coles Bay Granite. The freshest sample which is taken as the parent is CB 963. 
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Figure 2.5 The percentage change in selected trace elements relative to Zr at varying 

depths ofthe Coles Bay Granite. Thefreshest sample which is taken as the parent is 

CB 963. 

2.4 Kamhalda Granodiorite2 

2.4.1 Field Relationships 

The Kambalda Granodiorite is a dome-like piu ton which intrudes Archaean 

greenstone stratigraphy in the Eastern Goldfields Province of the Yilgarn Block of 

West Australia (Figure 2.2) (Archibald et al., 1978). It occupies part of the fault

bounded, NNW trending Kambalda dome (Gemuts and Theron, 1975) and forms 

contact metamorphic aureoles to the surrounding mafic-ultramafic country rocks. Two 

main types of intrusives have been distinguished in the Yilgarn Block by a number of 

workers - synkinematic and postkinematic plutons (Gemuts and Theron, 1975; 

2 The Kambalda Granodiorite is an informal name and is equivalent to the Durkin Granodiorite. 
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Archibald et al., 1978; Gresham and Loftus-Hills, 1981), which correspond to the 

internal and external granites of Campbell and Hill (1988). 

Synkinematic granitoids are the oldest, dome-like intrusives which display 

well-preserved igneous textures and very little compositional variation from biotite

granodiorite to adarnellite (Archibald et al, 1978). They are generally polydiapiric and 

occur in dynamic metamorphic terrains principally as discordant stocks within 

greenstone belts (Gemuts and Theron, 1975). 

The younger postkinematic granitoids are geochemically indistinguishable 

from synkinematic bodies and they generally occur as batholiths with cross-cutting 

relationships to greenstone belts over a wide area (Gemuts and Theron, 1975). They 

appear to represent re-working of the pre-greenstone sialic basement (Campbell and 

Hill, 1988). Field evidence also indicates a fractionated leuco-adamellite member and 

gradation to synkinematic p1utons. 

The Kambalda Granodiorite displays little compositional variation or evidence 

of diapirism and it may be regarded as part of the synkinematic granitoid group. It 

differs from most other intrusives of the region in that it is more highly sodic and 

appears to be related to felsic volcanism rather than intrusive emplacement (Gresham 

and Loftus-Hills, 1981). Plate 2.3 shows the textural features of the Kambalda 

Granodiorite. 

The relationship of the two intrusive groups to structural and metamorphic 

activity is complex (Gresham and Loftus-Hills, 1981). Dating by Rb-Sr and Pb-Pb 

methods gives a range of ages for intrusive activity, varying from 2850 ± 90 Ma 

(Ross and Hopkins, 1975) to 2610 Ma (Campbell and Hill, 1988). Pb-Pb dating of 

zircons from xenocrysts in the core of the Kambalda dome indicates an age of 2760 ± 

70 Ma (Oversby, 1975), which defines emplacement within this intrusive period. As 

the synkinematic Kambalda Granodiorite truncates deformed greenstone and is not 

deformed or metamorphosed itself, it appears to have been emplaced following 

polyphase deformation and regional metamorphism of the greenstone. This 

emplacement has been dated at about 2662 ± 6 Ma (Compston et aI., 1985; Claoue
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Long et aI., 1988), apparently occurring during a 100 Ma thermal anomaly period 

involving anatexis and crustal reworking (Archibald et al., 1978). It concluded with a 

K-metasomatic event and batholithic development of the postkinematic granitoids 

(Campbell and Hill, 1988). 

2.4.2 Petrography 

Sixteen diamond drill core samples of the Kambalda Granodiorite were taken 

from two drill holes ranging from near surface (32 metres) to 1260 metres depth. In 

KD 5027, samples from between 32 and 202 metres were collected and in KD 6003, 

samples range between 199 and 1246 metres depth. In KD 6003 the granodiorite is 

overlain by 190 metres of footwall basalt which crops out at the surface. 

The granodiorite is massive, light grey in colour, equigranular, fine-grained 

and homogeneous at all depths. It comprises anhedral quartz, plagioclase and biotite 

laths 1 to 3 mm in diameter with lesser muscovite, plagioclase and K-feldspar (see 

Plate 2.3). Zoned, euhedral plagioclase is predominantly albite (plagioclase analyses 

32 - 1067, Table 2.4), with a Ca:Na:K average ratio of 8.3:87.7:4.0. Calcium 

increases towards the margins (Ca:Na:K average =' 20.5:74.4:7.1) and with increasing 

degree of saussuritisation of whole grains. K-feldspar is microcline and biotite is Mg

rich (see Table 2.4). Zircon and apatite are the dominant accessory minerals with 

sphene, pyrite, Ti-rich magnetite and ilmenite also present. Late-stage, euhedral, 

zoned epidote displays increasing Fe and decreasing Ca contents from core to rim, and 

allanite is subordinate. 

Alteration of the primary minerals is evident in the development of widespread 

sericite, saussurite and kaolinite replacing the feldspars, and of chlorite replacing 

biotite. Temperatures of up to 350°C are indicated by the presence of a second 

generation of xenoblastic epidote of similar composition to primary epidote, closely 

associated with sphene. A second alteration assemblage of chlorite, calcite and rutile is 

also present and in the more severely altered samples, appears to be related to the 

sphene-epidote assemblage, particularly where sphene has been replaced by rutile and 
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Plate 2.3 Composition and textural features of the Kambalda Granodiorite viewed in 

thin section under transmitted plain polarised light. x 100 magnification. Q =quartz, F 

=feldspar, C = chlorite after biotite. 



Microcline Plagioclase Biotite Chlorite 

Sample No. 98 283 885 32 607 1067 98 199 424 706 885 1139 283 424 

Si02 64.74 65.4 65.10 63.79 64.01 66.47 40.52 39.30 38.57 37.93 38.38 39.00 30.39 27.13 

Ti02 

Al203 

0.69 

18.33 18.50 

0.69 

15.64 22.39 23.67 21.91 

1.62 

15.05 

1.88 

17.45 

2.14 

17.04 

2.07 

16.22 

1.99 

16.11 

1.09 

18.74 22.36 23.16 

I 

I 
:" 
t'l 

~ 

FeO(total) 

MnO 

MgO 

Cao 0.17 

0.18 

3.38 4.39 2.41 

12.69 

16.21 

16.54 

13.22 

18.45 

12.42 

18.26 

12.12 

0.22 

17.28 

12.76 

15.49 

12.72 

0.40 

20.14 

0.28 

21.61 

23.53 

0.33 

17.83 

I 
I 

I 

~ 

t;) 
t'l 
g 
Cl 
t;) 

'" 

K20 16.24 16.32 15.57 0.18 0.17 0.09 10.02 10.03 9.93 9.60 9.70 9.24 

Na20 0.38 9.41 8.71 9.63 0.27 

Total 100.00 100.23 100.54 99.33 100.95 100.51 96.11 98.43 98.55 96.42 96.22 96.68 95.04 91.98 

Table 2.4 Representative analyses offeldspars, biotite and chlorite, Kambalda Granodiorite. 

N 

'" N 



Sphene Ti-oxides Epidote Sericite 

Sample No. 283 424" 776 1067 32 98 162 201 32 162" 607 885 424 971 

Si02 30.86 35.12 29.87 34.53 0.18 0.26 0.21 0.38 40.32 37.34 38.41 42.13 51.72 49.08 

Ti02 36.94 19.47 34.82 26.16 95.43 97.44 93.32 94.74 0.20 

Al203 1.22 10.04 1.01 6.72 0.44 0.19 24.67 19.72 22.64 24.30 24.11 29.35 

Cr203 

FeO(total) 0.61 7.66 

0.18 

1.98 5.08 

0.25 

0.83 

0.31 

0.67 0.81 0.67 12.40 13.02 13.17 10.77 5.41 5.09 

I 

I 
~ 

t'l 

~ 

MnO 

MgO 

Cao 29.77 

2.21 

15.76 28.44 

2.31 

21.63 0.16 1.52 0.95 

0.36 

0.40 

21.84 

0.21 

20.44 

0.22 

23.07 21.22 

0.97 

0.87 

1.57 

I ~ 

Cl 
t'l 

~  

Cl 
Cl 
'<: 

K20 1.88 1.93 9.67 10.93 

Na20 1.55 5.02 

P20S 0.23 

Total 99.40 96.90 96.41 98.35 96.85 99.11 96.08 96.94 100.00 90.72 97.50 99.97 97.99 96.02 

" ~ severely altered grains which exhibit partial or complete replacement by Ti02. 

Table 2.5 Representative analyses of sphene, epidote, Ti-oxides and sericite, Kambalda Granodiorite. 

N 
N 
"" 
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leucoxene (which comprises undistinguished finely-divided rutile, brookite and the 

low-temperature polymorph anatase) (Table 2.5). 

Low temperature alteration is also indicated at all depths by the widespread 

development of secondary sulphates and carbonates including baryte, gypsum, calcite 

and dolomite together with kaolinite. These minerals are associated with localised, 

sporadic microfractures, shear zones and quartz veins and appear to be the result of 

recent weathering in and around the joints and fractures. Hematite, goethite and 

amorphous Fe-oxides and hydroxides are more restricted in occurrence and are found 

replacing secondary epidote and sphene, suggesting that post-emplacement alteration 

has been limited to mobilisation of low-temperature sulphate and carbonate fluids. 

Intense fracturing of the granodiorite is not abundantly evident, with only small and 

sporadic stringers and veins of the carbonate and sulphate minerals throughout the 

pluton. 

2.4.3 Whole Rock Geochemistry 

Whole rock major and trace element analyses for the Kambalda Granodiorite 

are presented in Table 2.6. With the exception of the sampie at 283 m, the granodiorite 

is homogeneous throughout all depths, displaying consistent Si02, A1203, total Fe 

and K20 and an enrichment in Na20 (up to 6%) and Ti02 (up to 0.25%). MgO values 

vary around I % in surface samples to 464 m depth, and are then reduced to 0.5% 

with increasing depth. The near-surface samples display a high loss on ignition (H20 

and COz) content and increase in FeIII content reflecting the higher degree of alteration 

at this depth. 

Mass balance calculations for the major and trace elements using a Zr-constant 

reference frame and KD 1246 as a parent composition are given in Appendix 2 E. 

They also indicate this variation in intensity of alteration, as shown in Figures 2.6 and 

2.7. 



KD32 KD98 KD 162 KD199 KD201 KD283 KD368 KD464 

Si02 70.70 70.24 71.25 71.83 70.24 68.92 71.87 72.16 
Ti02 0.25 0.23 0.23 0.20 0.22 0.24 0.25 0.22
 
A1203 15.37 14.85 14.71 15.18 14.67 13.93 14.98 15.26
 
Fc203 0.57 0.59 0.57 0.57 0.51 0.75 0.50 0.45
 

FeO 0.90 1.08 0.99 0.81 0.99 1.98 0.99 0.99
 
MnO 0.02 0.02 0.Q2 0.02 0.02 0.04 0.Q2 0.Q2
 
MgO 1.04 0.96 1.00 0.57 0.90 2.64 0.91 0.65
 
CaO 1.28 1.80 1.92 2.02 1.90 2.74 1.85 2.07
 

Na20 5.54 5.81 5.73 5.63 5.76 5.03 5.63 5.52
 
K20 2.68 2.66 2.62 2.35 2.63 2.42 2.37 2.39
 
n05 0.08 0.10 0.11 0.08 0.09 0.09 0.09 0.09
 t>1 '" La1' 1.21 1.09 1.08 0.47 1.53 0.69 0.78 0.68 

~ 

La 21 26 24 22 21 20 24 17 
Cc 43 47 45 40 38 35 41 38 ~ 

Nd 16 19 15 14 13 12 13 11 Cl 
Ba 1022 1137 1030 1162 1238 1000 1222 1266 t>1 

gSe 2 3 3 2 3 7 2 3
 
Nb 3 3 3 3 3 3 3 2
 Cl 

Cl
Zr 114 113 113 106 113 98 113 108 ..., 
Y 3 5 4 4 3 6 3 4 
Sf 731 791 802 801 787 687 778 820 
Rb 70 75 67 66 69 89 73 64 

Total 99.64 99.43 100.23 99.73 99.46 99.47 100.27 100.50 
major elements inpcrccnt of total (%), trace elements as ppm. 
... -::; (lclt~TlT1ined by I{)s~ on i!~nilion, comprises C02, H20 IInd olher volnLilcs. 

Table 2.6 Whole rock analyses, Kambalda Granodiorite. 

N 

~ 



KD607 KD706 KD776 KD885 KD971 KD 1067 KD 1139 KD 1246 

Si02 72.11 72.60 70.64 71.21 71.21 71.67 71.12 71.97
 
Ti02 0.23 0.19 0.20 0.22 0.20 0.21 0.26 0.23
 

A1203 15.34 14.80 15.20 15.33 14.79 14.91 15.41 15.59
 
Fe203 0.37 0.53 0.45 0.37 0.44 0.39 0.55 0.40
 
FeO 0.99 0.81 0.99 0.99 0.81 0.99 0.99 0.99
 
MnO 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02
 
MgO 0.58 0.48 0.64 0.68 0.52 0.55 0.86 0.61
 
CaO 2.15 1.88 2.20 2.15 1.94 2.10 2.23 2.30
 

Na20 5.53 5.68 5.85 6.13 5.65 5.77 5.99 5.81
 
K20 2.32 2.78 2.36 2.38 2.71 2.51 2.35 2.24
 
P205 0.07 0.07 0.09 0.09 0.07 0.09 0.10 0.08
 '" LO!* 0.49 0.96 0.81 0.91 1.15 0.59 0.46 0.35 '" ~ 

La 22 19 21 19 18 18 17 20 
Cc 35 35 36 38 33 31 33 38 ~ 

Nd 13 14 11 14 12 10 13 28 C"l 
Ba 1123 1332 1360 1215 1546 1278 1221 1150 
Se 3 2 3 3 3 2 3 3 ~ '" 

Cl 
C"l

Nb 2 3 2 2 2 3 2 3 
Zr 108 98 102 109 98 106 116 112 
Y 4 4 3 5 3 5 3 5 """ 
Sr 834 771 818 858 789 783 905 879 
Rb 66 77 69 68 75 76 65 64 

Total 100.20 100.80 99.45 100.49 99.50 99.79 100.33 100.59 
major elements inpcrcent of total (%), trace elements as ppm.
* = determined by loss on ignition, comprises C02, H20 and other volntlles. 

Table 2.6 Whole rock analyses, Kambalda Granodiorite. 

N 
N 
eo. 
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Figure 2.6 The percentage change in selected major elements relative to Zr at 

varying depths ofthe Kambalda Granodiorite. The freshest sample which is taken as 

the parent is KD 1246. 

Of the major elements, CaO is generally depleted in the near-surface samples 

and Fell and MgO are increased. Nd and Y are depleted in all samples relative to KD 

1246, and Rb is often slightly enriched. The exception to these general trends is at 283 

m depth. This sample displays very high MgO, MnO, Fe203 and FeO contents and to 

a lesser degree CaO. Of the trace elements, Sc content is most significantly increased 

and Rb, Y and Nb are also increased to a lesser degree. These compositional 

variations reflect the presence of gypsum, calcite and dolomite in localised 

microfractures which are a result of carbonate, sulphate and hydrothermal alteration 

effects. 
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Figure 2.7 The percentage change in selected trace elements relative to Zr at varying 

depths ofthe Kambalda Granodiorite. Thefreshest sample which is taken as the 

parent is KD 1246. 

2.5 Roxby Downs Granite3 

2.5.1 Field relationships 

The Roxby Downs Granite is a member of the Olympic Dam batholithic suite 

which forms part of the Gawler Craton in South Australia (Figure 2.3) and subcrops 

over an area of approximately 1200 sq. km. (Olympic Dam Operations Handbook, 

1988). It is unconformab1y overlain by between 350 and 1000 m of late Proterozoic 

flat-lying sedimentary rocks on the Stuart Shelf, which are bounded to the east and 

north-east by the late Palaeowic mobile belts of the Torrens Hinge Zone and Adelaide 

Geosyncline, and to the north and west by the Gawler Craton (Preiss, 1987). 

3 Thc Roxby Downs Granite (Reeve et al., [990) has been infonnally referred la as the Olympic Dam 
granite in earlier publications associated with this study (Guthrie, 1988; Gulhrie, 1989; Levins et aI., 
1989). 
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Plate 2.4 Composition of the Roxby Downs Granite as seen in thin section using a 

transmitted light optical microscope. xlOO magnification.Q = quartz, F = severely 

alteredfeldspar, H = hematite. 



REGIONAL GEOLOGY 2:30 

Three major intrusive groups have been recognised in the Stuart Shelf region 

(Creaser, 1986) - deformed mid-Proterozoic granitoids; undeformed post-tectonic 

granitoids with no alkaline affinity; and undeformed post-tectonic granitoids and 

volcanics with alkaline affinity, of which the Roxby Downs Granite and the extensive 

sub-aerial Gawler Range Volcanics are members. Lambert et aI., (1987) have 

determined the age of these undeformed intrusives and volcanics to lie between 1630 

and 1510 Ma, with a more precise age of 1613 ± 20 Ma defined by Pb/Pb dating of 

zircons from the Olympic Dam suite in the vicinity of the Olympic Dam deposit 

(Mortimer et al., 1988b). This age appears to be the maximum age of emplacement 

and is post-Kitnban orogeny (1704 ± 14 Ma, Mortimer et al., 1988b). This bimodal 

activity was followed by a final intrusive phase with emplacement of the Hiltaba Suite 

at 1514 ± 16 Ma (Cooper et al., 1985) and cratonisation (Mortimer et al., 1988a). 

Compositionally, the Roxby Downs Granite displays affmity with highly 

evolved, high-level A-type plutons and appears to have evolved from magmas 

enriched in incompatible elements (Roberts, 1986; Mortimer .et al., 1988b). It has 

suffered intense post-emplacement hydrothermal alteration resulting in pervasive 

hematite, sericite and silica development throughout the piuton. In the vicinity of the 

Olympic Dam deposit, this alteration has been accompanied by brecciation and 

hydraulic fracturing on a local basement high, and mineralisation within the breccia 

complex associated with a wide variety of element mobilisation above 265°C 

(Mortimer et al., 1988b). 

2.5.2 Petrography 

Diamond drill core samples of the Roxby Downs Granite and overlying 

granitic breccia were collected from between 450 and 1000 m depth in drill hole RD 

478, (see Figure 2.3 and Appendix 2C). The granite is composed of predominantly 

coarse-grained (5 to 8 mm diameter) potassic feldspar and quartz with less than 10% 

fine-grained albite, biotite and accessory minerals as shown in Plate 2.4. These 

include zircon, titanomagnetite, rutile and lesser apatite, with fluorite and tourmaline in 

--I 



K-feldspar Biotite Chlorite 

Sample No. 516 890 890* 913 458* 878 913 878 1000 

Si0:2 63.80 64.46 19.30 69.03 29.65 41.37 46.54 23.94 24.29 

Ti0:2 0.60 5.52 0.88 

Al20:l 25.05 18.34 16.81 17.59 20.79 25.56 25.03 20.68 20.80 I ~ 

t>l 
ClFeO(total) 2.02 0.90 47.20 0.77 38.25 15.84 3.58 38.00 34.65 ....I 0 

MgO 0.72 3.81 0.46 0.35 2.33 1.71 6.97 7.96 I ~ 

Cl 
CaO 0.32 0.24 I 0

t>l 

t"
0 

K20 6.47 16.24 0.25 11.34 5.24 7.26 8.95 Cl 
~I 

Total 98.06 100.25 87.37 99.19 94.88 92.58 91.33 89.59 88.59 

• ~ represenwtl ve samples of severely altered grains which exhibit partial or total replacement by hematlte. 

Table 2.7 Representative analyses ofK{eldspar, biotite and chlorite, Roxby Downs Granite. 
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Sericite Hematite Ti-oxides 

Sample No. 458 539 714 1000 516 714 890 496 539 890 913 

Si02 49.54 50.48 53.39 51.47 0.56 1.74 0.44 0.28 0.20 

Ti02 0.17 0.31 0.67 95.64 92.97 93.01 92.74 

Al203 34.58 32.30 34.06 23.06 1.15 1.80 0.62 

Fe(total) 

MgO 

Cao 

K2 0 

NU20 

P20S 

2.24 

0.44 

0.15 

9.03 

1.89 

0.88 

0.18 

10.07 

2.27 

0.57 

0.19 

9.25 

6.67 

1.59 

0.18 

9.27 

97.01 81.40 

0.46 

0.44 

88.89 

0.41 

1.06 

0.21 

1.49 

0.15 

0.19 

1.00 1.34 

0.13 

0.27 

, 

I 
I 

I 

I 

~  

t'l 
() 

CS 

~ 

() 
t'l 
Cl 
t--
Cl 
()..., 

Total 95.98 95.80 99.73 92.40 99.02 86.51 90.37 96.91 95.08 94.51 94.68 

Table 2.8 Representat/ve analyses ofser/cite, hemat/te and Tl-ox/des, Roxby Downs Granite. 

""l:., 
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brecciation veins. Mineralisation is disseminated and restricted to veins and the 

granitic breccia samples up to 530 mdepth, and comprises chalcopyrite, pyrite, 

uraninite with some chalcocite, bornite, florencite (CeAI3(P04h(OH)6), bastnaesite 

((REE)FC03) and minor brannerite (UTi206). 

Hydrothermal alteration of the granite is pervasive and severe, such that 

primary minerals may only be recognised as relict grains. Perthitic K-feldspar (K

feldspar analyses 516 - 913, Table 2.7) is replaced by sericite and hematite and varies 

from pink to brick-red according to the amount of hematite present - in some cases of 

severe hematite alteration, K-fe1dspar is almost totally replaced by hematite (K

feldspar analysis 890"', Table 2.7). Anhedral quartz is usually cloudy and displays 

some degree of brecciation, with hematite lining cracks and grain boundaries. 

Plagioclase is generally zoned, fine-grained albite and occurs in the 

groundrnass as euhedral grains. Relict grains of biotite are replaced by predominantly 

sericite and hematite (see Table 2.8) to 800 m depth, as indicated by the Fe-rich biotite 

sample at 458 m (see biotite analysis 458"', Table 2.7). Fe-rich chlorite predominantly 

replaces biotite below this depth (chlorite analyses 878 and 1000, Table 2.7). In the 

most severely altered zones, finely divided leucoxene (mtile, anatase and brookite) 

and hernatite form pseudomorphs after chlorite and biotite (Table 2.8), as seen in Plate 

2.4. 

Subsequent low temperature alteration events are indicated in the Roxby 

Downs Granite by the localised occurrence of carbonate and sulphate minerals, 

principally calcite, dolomite, baryte and celestine, both disseminated and in fractures. 

Hematite also appears to be further altered to hydrated amorphous Fe-oxides such as 

goethite. Veins and microfractures which are infIlled with hematite and late-stage 

fluorite and tourmaline appear to be restricted to the zones of weak mineralisation, 

suggesting that the volatile-rich alteration and mineralisation events may have been 

associated. 
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2.5.3 Whole Rock Geochemistry 

Whole rock major and trace element analyses for the Roxby Downs Granite are 

presented in Table 2.9. All samples are rich in Si02 (approximately 72%) and K, 

reflecting the late-stage A-type characteristics and potassic nature of the intrusion 

(Collins et aI., 1982). Ti02 is moderately enriched and P20S concentrations are 

relatively low throughout all depths of the core samples. Trace element analyses show 

relatively high concentrations of Ba which reflects the presence of baryte, and La, Ce 

and Nd which may be attributed to bastnaesite in the more mineralised samples, such as 

RD 458, 516, 528 and 714. 

The degree of alteration of the granite is reflected in the mass balance 

calculations for the major and trace elements, which are presented in Appendix 2E and 

plotted against a Zr-constant reference frame in Figures 2.8 and 2.9. 
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Figure 2.8 The percentage change in selected major elements relative ro Zr at varying 

depths of the Roxby Downs Granite. Thefreshest sample which is taken as the parent 

is RD 1000. 



RD ~.'H RD~96 RD516 RD52R RD 539 RD5R2 RD 714 RD878 RD890 RD913 RD 1000 

Si02 73.75 73.30 68.67 69.34 73.23 74.58 71.88 42.47 35.14 69.95 71.48 
Ti02 0.38 0.39 0.27 0.30 0.46 0.39 0.38 0.19 0.13 0.37 0.38 

A1203 12.60 14.00 9.87 12.38 16.36 11.87 13.14 7.10 5.90 12.66 12.79 
Fe203 4.54 3.98 7.58 5.23 1.47 6.05 3.72 9.09 6.13 0.94 2.42 

FeO 0.81 0.54 1.80 0.99 0.45 0.54 0.72 1.17 1.08 1.08 1.62 
MuD 0.01 0.01 0.00 0.D1 0.00 om 0.02 0.83 1.58 0.17 0.10 
MgO 0.36 0.30 0.32 0.28 0.37 0.32 0.34 7.27 9.75 1.60 1.00 
CaO 0.26 0.22 3.86 2.26 0.49 0.55 1.21 10.55 14.47 1.67 0.97 

Na20 0.16 0.10 0.13 0.00 0.00 0.00 0.00 0.27 0.00 0.12 0.01 
K20 4.17 ~.26  3.05 3.85 4.69 3.68 4.26 3.34 2.23 6.64 5.47 

1'205 
L01' 

0.07 
2.33 

0.10 
2.49 

0.27 
3.56 

0.08 
3.51 

0.08 
2.79 

0.09 
2.27 

0.05 
3.58 

0.04 
18.40 

0.06 
23.79 

0.06 
4.41 

0.08 
3.13 

:" 
t'l 

Cu = 1.65% ~ 

La 124 199 809 250 143 97 88 48 130 130 249 
Cc 226 259 1248 401 144 113 117 78 176 192 340 ~ 

Nd 
Ba 

65 
3695 

49 
385 

282 
4402 

128 
10142 

17 
506 

20 
824 

23 
3239 

25 
194 

42 
63 

48 
247 

73 
586 

c;'l 
t'l 

Se 4 3 5 6 4 3 2 10 16 7 4 ~ 

Nb 
Zr 

29 
321 

31 
317 

29 
178 

21 
212 

35 
357 

26 
314 

29 
293 

18 
156 

12 
123 

30 
301 

30 
299 

Cl 
c;'l 
'<: 

y 
Sr 

79 
Ho 

25 
169 

70 
361 

110 
207 

14 
377 

12 
417 

58 
636 

59 
35 

56 
28 

61 
32 

23 
77 

Rb 197 176 100 186 180 150 180 129 97 241 252 

Total 99.44 99.69 99.38 98.34 100.39 100.35 99.30 100.72 100.26 99.40 99.45 
11 of total (%), trace elements as ppm. 
.. :::: determined by los... on igniti(m, comprises C02. H20 nnd olher volaLilcs. 

Table 2.9 Whole rock analyses, Roxby Downs Granite. 
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In the most severely altered and hematite-rich samples at 516 m, 528 m, 878 m 

and 890 m depth, the most extreme FeIII concentrations are observed, which is 

accompanied by LOI values which exceed 23% in the most intensely altered samples 

(see Table 2.9). These reflect the extremely oxidising conditions which have prevailed 

during alteration. Enrichment in Na20, MnO, MgO and CaO is also observed in these 

samples, which may be attributed to the numerous fractures infilled with dolomite and 

calcite at 878m and 890 m, and the brecciation and presence of crosscutting fluorite-rich 

veins at 516 m and 528 m. 
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~ 
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Sample Depth (m) 

Figure 2.9 The percentage change in selected trace elements relative to Zr at varying 

depths of the Roxby Downs Granite. The freshest sample which is taken as the parent 

is RD 1000. 

The presence of baryte in the highly altered and partially mineralised samples is 

indicated by the relative enrichment of Ba at 516 m and 528 m depth, and to a lesser 

extent 458 m and 714 m (Figure 2.9). Sc concentrations are also increased in other 
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severely altered samples (878 m and 890 m). Both Y and Sr display relative 

enrichment at varying depths throughout the granite, and although this does not appear 

to correlate with intensity of alteration, it may be attributed to the localised variations 

in the composition of the fluids associated with alteration. 
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Chapter 3 

Fission-Track Analysis of Uranium Distribution in Granites 

3.1 Introduction 

An understanding of the processes which determine natural radionuclide 

distribution through natural geochemical analogue studies may assist in the prediction 

of radionuclide behaviour in the waste disposal environment (Brookins 1984; Airey 

and Ivanovich, 1986). In this study, fission-track micromapping has been used to 

determine the natural uranium abundance and distribution within the Coles Bay 

Granite, Kambalda Granodiorite and the Roxby Downs Granite, and to characterise 

the natural processes such as transportation, fixation and retention which control 

uranium behaviour during possible remobilisation events including late-stage alteration 

and groundwater interaction. These data have then been considered in the context of a 

natural geochemical analogue of transuranic elements in high-level radioactive wastes 

(HLW) and spent fuel which may be released into the geological environment 

surrounding a disposal vault. In particular, the long-term dispersion of radionuclides 

within a granite repository has been evaluated through the assessment of past natural 

radionuclide behaviour. These results are further discussed in a related publication 

(Guthrie, 1989) which is attached in Appendix 10. 

32 Analytical Methods 

3.2.1 Fission-track Micromapping as an Analytical Tool 

Charged-particle damage tracks were first recognised in solid materials by Silk 

and Barnes (1959) and Price and Walker (1962), and later in external solid state 

detectors by Price and Walker (1963). The damage tracks form as a result of the 

penetration of a heavy, charged particle emanating from a fissioned nucleus into the 

solid material surface or an external detector such as glass, plastic or mica 
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(Wollenberg, 1973). This causes a atomic disp1acements in the solid material thereby 

damaging the solid structure. Chemical etching of the damaged area further enhances 

the image so that it is optically resolvable (Enders, 1984). 

In the application of fission-track micromapping to earth sciences, external 

detectors are generally used to determine the uranium concentration and distribution. In 

this instance, damage tracks are induced in an external detector through the release of 

fission fragments during irradiation of 235U which may be present in the sample. As 

shown in Figure 3.1 each fission fragment creates one damage track, and the density 

of damage tracks recorded in the plastic is directly proportional to the concentration of 

235U in the sample. 

Production of fission fragment damage tracks of this type is dependent on two 

conditions; 1) that the neutron flux is well thermalised in nature «0.025 eV energy) 

such that only 235U fissions occurs and 2) that 232111 and 238U fission is limited to 

fast neutron irradiation above the energy limit 0.9 MeV (Wollenberg, 1973). 

Spontaneous 238U fission may also contribute to fission tracks in an external detector. 

Many uranium concentration, distribution and mobilisation studies have been 

undertaken using the fission track method, mainly on polished or thin rock sections 

(e.g. Kleeman, 1969; Tieh and Ledger, 1981; Bajo et al., 1983; MacKenzie et aI., 

1984; Guthrie and Kleeman, 1986). This technique has many advantages over 

conventional analytical methods. It is relatively quick, simple and inexpensive, and has 

low detection limits (ppb range; Wollenberg, 1973). Fission-track micromapping also 

allows for the determination of uranium concentration in individual mineral grains in 

situ, and thus provides a more complete understanding of uranium distribution and 

partitioning processes. 

In this study, uranium concentrations and distributions in the Coles Bay and 

Roxby Downs Granites and the Kambalda Granodiorite have been determined on thin 

sections of polished rock from their corresponding fission track densities measured 

using external Lexan® plastic detectors (e.g. Kleeman and Lovering, 1967, Komarov 

et aI., 1986). The fission-track micromapping method is described in Appendix 3A. 



registered tracks 

a/ ~II'
 

° 20llm 
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--- .._. -.--_. 

external detector 
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Figure 3.1 Schematic representation ofthe registration offission tracks produced in a Lexan@ plastic external detector by induced 235U 

fission. F =feldspar, M = muscovite/sericite, Z = zircon, Q = quartz and B = biotite. Dots represent 235U atoms, bars are tracks offission 

fragments emittedfrom the atom. 
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Track densities were determined at 1000 x magnification using a transmitted 

light optical microscope. Uranium concentrations of individual minerals were 

calculated by comparison with a Coming standard glass CN 4 containing 4 Ilg g-l U, 

and using the values for the ratio of effective atomic numbers and the reduced 

equations given in Appendix 3A. Errors (20") were calculated on representative 

populations (greater than 1000 tracks per mineral) assuming Poisson distribution 

statistics (see Appendix 3A). 

3.3 Results: Fission-Track Micromapping 

Fission-track micromapping of samples from the Coles Bay Granite, Kambalda 

Granodiorite and the Roxby Downs Granite reveals four main mineralogical locales for 

uranium: 1) the major rock-forming minerals, 2) accessory or resistate minerals, 3) 

secondary phases and 4) microfracture inftllings. The proportion of total uranium 

distributed between these four locales are shown in Figures 3.2, 3.3 and 3.4 for the 

Coles Bay Granite, Kambalda Granodiorite and Roxby Downs Granite respectively. 

Uranium concentrations for individual minerals in each granite are summarised in 

Tables 3.1, 3.2 and 3.3. The 20" errors calculated for these concentrations are based on 

counting statistics and range from <5% for minerals bearing>100 Ilg g-l uranium, 

such as the accessory minerals, 5 - 10% for minerals with 10 - 100 Ilg g-l uranium 

(biotite, muscovite, chlorite etc), 10 - 15% error for minerals between 1 - 10 Ilg g-l 

uranium and >15% for minerals of <lllg g-l uranium (generally quartz and feldspar). 

The four mineralogical locales contribute varying amounts to total (whole rock) 

uranium within the three granites. Background U from the major rock-forming 

minerals contributes less than 5% of total uranium, secondary minerals (Secondary U) 

contribute up to 45% to the total, Fracture U from fracture infillings generally carries 

another 20% (particularly in the Coles Bay and Roxby Downs Granites), and the 

remainder (up to 60% in the Roxby Downs samples) is present as Resistate U, located 

in the resistate and accessory minerals. 
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• Background U 
~ Resistate U 

I]] Secondary U 

~ FractureU 

Figure 3.2 Background, Resistate, Secondary and Fracture U distributions as a 

percentage oftotal U defined byfission-track micromapping for the Coles Bay Granite. 

• Background U 
~ Resistate U 

mill Secondary U 

~ Fracture U 

Figure 3.3 Background, Resistate, Secondary and Fracture U distributions as a 

percentage of total U defined byfission-track micromapping for the Kambalda 

Granodiorite. 

• Background U 
~ Resistate U 

El Secondary U 

5':1 Fracture U 

Figure 3.4 Background, Resistate, Secondary and Fracture U distributions as a 

percentage of total U as defined by fission-track micromapping for the Roxby Downs 

Granite. 



CB 21 CB 119 CB 235 CB 270 CB 423 CB 650 CB 669 CB 869 CB 963 

BACKGROUND U 

Quanz 0.1 0.1 0.1 0.1
 
K-FeJd>paf 1.1 0.5 0.1
 
Plagioclase 1.9 0.8 0.8 1.3 3.3 0.1
 

Biotite 21.2 18.6 37.0 12.5
 
Muscovite 6.0 4.3 2.6
 

RESISTATE U 

llmenite 14.1 52.1 
Apatite 76.6 63.2 119.8 157.0 

Monazite 51.5 26.5 25.5 31.8 36.4 
Zircon 63.9 78.9 113.5 151.3 

Fluorite 23.3 12.5 16.7 

SECONDARY U ~ 

..... '" Chlorite 11.4 13.8 18.4 10.5 11.6 
Siderire 29.1 25.5 40.6 14.0 29.0 41.9 18.5 ~ 

Leucoxene 74.4 55.2 76.3 80.7 88.6 42.9 ;cl 
;".

EpidotelSericile 19.2 18.5 50.3 13.3 Q'Secondary' Sphene 39.0 25.0 

FRACTURE U ~ 

Calcite 40.8 38.9 ~ 

Clays 21.5 9.5 15.6 8.7 16.0 3.3 '" Amorphous Fe 6.9 65.5 22.4 73.3 46.8 53.4 
oxide/clays 

----~-~--- .. 

Table 3.1 Uranium concentrations (J1g g-]) in individual minerals according to fission-track micromapping distributions for the Coles 

Bay Granite. Sample numbers correspond to sample depths in metres. Where no value is given, minerals were not present in significant 

quantitiesfor counting to proceed. Errors are quoted in text. 

0..'"



KD	 32 KD 98 KD 162 KD 199 KD 201 KD 464 KD 706 KD n6 KD 88S KO 1067 KD 1139 KD 1246 

BACKGROUND U 

Quartz ..cl. n.cl. 0.0 n.cl. 0.1 0.2
 
Plagioclasc 0.2 0.1 0.2 0.1 02 0.4
 0.9 0.3 0.5
 
MicrocliDe 0.0 n.d.
 0.4
 

Biotitc 4.4 1.6 1.1 0.8 5.0 2.2 1.6 0.9 2.0 1.5
 

RESISTATE	 U 13.0
 

Apatite 38.7 19.8 12.8 84.9
 43.5
 
TI-MagnctilC 80.1 48.5 62.2 23.3 74.6
 

ZUro. • • • 64.8 120.4 44.3 •	 • 82.5 120.2 
Allanite	 51.2 40.9 45.6 26.7 

SECONDARY	 U
 

ChloriLc 52.4
 8.8 15.5
 
EpidolC in Biotite 26.8 24.7 13.5 12.4 13.0 29.5 37.5 25.7 132
 22.0 29.5
 
Sphene in biotitc 23.6 52.9 38.9 27.6 58.1
 64.3 42.1 40.5 78.6
 
EpidolclSphcoe 24.7 40.8 24.4 50.7
 33.7	 ."

RutilclLcllCO,'tCDC	 89.0 97.7 100.5 
Sericite 6.4 7.2 3.1 7.3 3.7 2.3 1.3 4.5
 

FRACTURE U
 ~ 

~ 

Fe-h)'lrox;dc 105.9 89.6 • ». 
C:l-sulphatel 40.0 30.5 7.4 8.7 R
Fe-hvdroxidc 

~ 

Table 32 Uranium concentrations ([.lg g-1) in individual minerals according to fission-track micromapping distributions for the ~ 

Kambalda Granodiorite. Sample numbers correspond to sample depths in metres. Where no value is given, minerals were notpresent in 

significant quantities for counting to proceed. n.d. = not detected, sensitivity ofexternal detector insufficient to register fission-tracks and 

calculate uranium concentration. * = registration offission-track densities remain saturated after 1 minute irradiation conditions, and 

therefore are not able to be counted. Uranium concentrations for these minerals cannot be calculated and are estimated to be greater than 150 

[.lg g-1. Errors are quoted in text. 
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RD 458 RD 496 RD 516 RD 539 RD 582 RD 714 RD 878 RD 890 RD 913 RD 1000 

BACKGROUND U 

QuartZ 0.1 0.03 0.1 0.4 0.4 0.01 0.1
 
Sericire after 1.4 1.3 4.4 0.2 1.8 0.9 3.0
 

Feldsparn
 

RESISTATE U 

Rutile • 90.4 111.6 140.3 49.2 103.2 • 69.6 
Zircon • 127.0 • • • 

ToUITrul1ine 0.0 0.0 0.0 
U minerals • • • 
Magnetite 47.8 24.5 61.5 26.2 14.9 15.2 

."SECONDARY U .... 

....'" Massive Hematire 25.0 77.1 54.8 63.2 18.7 19.5 34.1 '" Cl 
SericitelHematite 3.6 17.3 22.9 6.5 5.7 9.1 13.1 9.4 ::: 

Chlon,e 20.2 26.4 29.5 :<J
;.. 
C'lFRACTURE U :>I: 

HematitelFe 15.1 20.5 26.6 66.4 76.6 60.1 71.0 ~  oxidevsericite to
"-------._._---  ;;;.... 

'" 
Table 33 Uranium concentrations (j1gg-J) in individual minerals according to fission-track micromapping distributions for the Roxby 

Downs Granite. Sample numbers correspond to sample depths in metres. Where no value is given, minerals were notpresent in significant 

quantities for counting to proceed. * = registration offission-track densities remain saturated after 1 minute irradiation conditions, and 

therefore are not able to be counted. Uranium concentrationsfor these minerals cannot be calculated and are estimated to be greater than 150 

j1g g-l. Errors are quoted in text. 
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3.3.1 Background U 

The major rock-forming minerals which include fresh primary minerals such as 

quartz, feldspars, biotite and muscovite in all three intrusives contain very low 

background levels of uranium, generally less than 5 ~g g-l U, and more often less 

than 1 ~g g-l U. An exception is biotite from the Coles Bay Granite which contains up 

to 37 ~g g-l U. Where fission-tracks indicate the presence of uranium, it appears to be 

associated with pervasive alteration and rare inclusions, rather than being bound within 

the primary mineral structure. 

Pervasive alteration within the Coles Bay Granite and the Kambalda 

Granodiorite includes kaolinisation and sericitisation along cleavages and twin planes 

of the feldspars and chlorite development along the (00 I) cleavage of biotite. This 

apparently increases the concentration of uranium associated with these minerals in the 

Coles Bay Granite (Plate 3.1) and the Karnbalda Granodiorite 

(Plate 3.2). In the Roxby Downs samples, the uranium appears to be particularly 

concentrated within hematite which forms pseudomorphs after potassic feldspar. Plate 

3.3 shows an example of the concentration of background uranium typically associated 

with the major rock-forming minerals quartz and potassic feldspar in the Roxby 

Downs Granite. 

3.3.2 Resistate U 

The primary resistate and accessory minerals contribute a major proportion of 

total uranium in the three granites. The dense and uniform distribution of fission-tracks 

throughout the individual mineral grains indicates a high uranium concentration which 

appears to be unaffected by any alteration processes (Plates 3.4, 3.5 and 3.6). The 

major contributing minerals in the Coles Bay Granite (see Table 3.1 and Plate 3.4) 

include apatite, fluorite, zircon (and isostructural xenotime), monazite, ilmenite and 

rutile. Apatite and zircon appear to be most enriched in uranium (up to 150 ~g g-l U), 

and fluorite has the lowest concentration (12 ~g g-l D). 
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a 

a 

Plate 3.1 Background U concentrations as defined by fission-track 

micromapping in the Coles Bay Granite. Top: thin section ofquartz (Q) and altered 

biotite (C = chlorite L = leucoxene). Bottom: corresponding fission tracks (mirror 

image). 200 x magnification. 
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Plate 3.2 Background U concentrations as defined by fission-track 

micromapping in the Kambalda Granodiorite. Top: thin section ofquartz (Q) and 

biotite (B). Bottom: corresponding fission tracks (mirror image). 200 x 

magnification. 
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Plate 3.3 Background U concentrations as defined by fission-track 

micromapping in the Roxby Downs Granite. Top: thin section ofquartz (Q) and 

hematite-alteredfeldspar (F). Bottom: corresponding fission tracks (mirror image). 

200 x magnification. 
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Plate 3.4 Accessory U concentrations as defined by fission-track micromapping 

in the Coles Bay Granite. Top: thin section showing ilmenite (I), monazite (M) and 

zircon (2) Bottom: corresponding fission tracks (mirror image) with very dense 

concentrations for zircon and monazite. 200 x magnification. 
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Plate 35 Accessory U concentrations as defined by fission-track micromapping in 

the Kambalda Granodiorite. Top: thin section ofallanite (A) and epidote (E). Bottom: 

corresponding fission tracks (mirror image). 200 x magnification. 
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Plate 3.6 Accessory U concentrations as defined by fission-track micromapping 

in the Roxby Downs Granite. Top: thin section of zircon (Z) and U-rich minerals 

(U). Bottom: corresponding dense fission tracks (mirror image) associated with 

accessory minerals. 200 x magnification. 
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In the Kambalda Granodiorite (Plate 3.5) Resistate U is principally found 

within zircon, Ti-rich magnetite, allanite, apatite, epidote, and rarely pyrite, in 

decreasing order of contribution (see Table 3.2). 

In the Roxby Downs Granite, a number of uranium-rich minerals (uraninite, the 

bastnaesite group and florencite) which occur either as inclusions in the major 

minerals, or associated with the hematite and sericite alteration (see Plate 3.6) show 

dense fission-track registrations such as starbursts and form the greatest source of 

Resistate U (up to lOO lJ.g g-! U per individual mineral)_ The values shown in Table 

3.3 represent the minimum concentrations in most grains, as the fission-track 

registrations of many of these minerals could not be resolved using the shortest 

possible irradiation time, that is one minute. Other accessory minerals which contain 

evenly distributed uranium (up to 140 lJ.g go! U) include rutile, magnetite, zircon, 

minor apatite and fluorite_ Tourmaline associated with hematite in brecciated veins 

records a barren fission-track registration (see Plate 3.7) indicating that this mineral 

contains negligible uranium. 

3.3.3 Secondary U • 
Secondary uranium is located in alteration and interstitial minerals formed 

during post-magmatic hydrothermal and low temperature alteration of all three 

granites. Uranium concentrations associated with these minerals vary from quite low 

values (e.g. 3 Ilg g-! for sericite) up to 100 Ilg g-! U (Plates 3.8, 3.9 and 3.10). 

In the Coles Bay Granite, siderite, 'secondary sphene', epidote, chlorite after 

biotite, and sericite contain significant concentrations of uranium (see Plate 3.8). 

Further alteration of these minerals results in redistribution and enrichment of 

Secondary U into leucoxene and amorphous Fe oxides/hydroxides (see Table 3.1). 
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Plate 3.7 Fission track image of tourmaline with some associated hematite. The 

raised appearance of the Lexan plastic corresponds to the release ofboron from the 

tourmaline which damages the surface ofthe plastic. 200 x magnification. 
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Plate 3.8 Secondary U concentrations as defined by fission-track micromapping 

in the Cofes Bay Granite. Top: thin section ofFe-oxides (F) and feucoxene (L). 

Bottom: corresponding fission tracks (mirror image). 200 x magnification. 
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Plate 3.9 Secondary U concentrations as defined by fission-track micromapping in 

the Kambalda Granodiorite. Top: thin section ofleucoxene (L) alteration after sphene 

and biotite. Bottom: corresponding fission tracks (mirror image). 200 x magnification. 
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Plate 3.10 Secondary U concentrations as defined by fission-track 

micromapping in the Roxby Downs Granite. Top: thin section ofHematite (H). 

Bottom: corresponding fission tracks (mirror image). 200 x magnification. 
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The alteration minerals which contain moderate concentrations of Secondary U 

in the Kambalda Granodiorite are dominated by abundant discrete crystals and 

aggregates of epidote and sphene (up to 70 Ilg g-! U, see Table 3.2 and Plate 3.9). 

Other significant secondary minerals include chlorite, sericite, gypsum and less 

commonly hematite. Further alteration of epidote and sphene has resulted in the 

concentration of the uranium into secondary Fe oxides and hydroxides and leucoxene. 

The most co=on secondary minerals in the Roxby Downs Granite are 

hematite, which contains most of the Secondary U (Table 3.3), and sericite which 

contains up to 23 Ilg g-! U. The sericite in this granite contains a higher concentration 

of uranium than sericite in either of the other two graniteS (see Plate 3.10). This may be 

due to the higher whole rock uranium concentration or the greater degree of alteration 

within this sample. Further intense hematisation and alteration of primary rutile causes 

redistribution of the uranium into non-uniform concentrations within anatase and 

amorphous Fe oxides and hydroxides. Barite (BaS04) and celestine (SrS04) also 

contribute to Secondary U. 

3.3.4 Fracture U 

Significant uranium is also located in microfractures within all three rock types, 

but most particularly within the Coles Bay and Roxby Downs Granites (see Tables 3.1 

and 3.3). In the Coles Bay Granite, the microfractures are infilled with fine-grained 

aggregates of secondary minerals, including siderite, phengite, calcite, hematite and 

amorphous Fe-oxides and hydroxides. The fission-track evidence shows concentration 

of uranium particularly associated with the Fe-rich phases siderite and amorphous Fe

oxides and hydroxides (Plate 3.11). Fracture-fill phengite and calcite display low 

concentrations of uranium similar to those of other secondary sericite and calcite 

replacing feldspars throughout the granite. The differing uranium concentrations of 

these microfractures reflects the variations in composition and uranium redistributio~ 

which result from recent rock/groundwater interaction (see Guthrie, 1988; 1990). 
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Plate 3.11 Fracture U concentrations as defined by fission-track micromapping
 

in the Coles Bay Granite. Top: thin section offracture (F) infilled with sericite Fe


oxides and siderite. Bottom: corresponding fission tracks (mirror image) .200 x
 

magnification.
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Plate 3.12 Fracture U concentrations as defined by fission-track micromapping
 

in the Roxby Downs Granite. Top: thin section ofvein infWed with hematite (H)
 

and sericite (5). Bottom: corresponding fission tracks (mirror image) .200 x
 

magnification.
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Hematite and sericite infill fractures and veins within the Roxby Downs 

samples, with fluorite, tourmaline and quartz also being present. Very dense flssion

track registrations represent the greatest concentrations of uranium (up to 76 !J.g g-I U, 

Table 3.3), which occur within hematite and amorphous Fe-oxides and hydroxides in 

microfractures, whereas sericite in fractures displays only moderate concentrations as 

shown in Plate 3.12 (around 12 llg g-I U). Fluorite registers very few fission-tracks 

and tourmaline is barren (see Plate 3.7). The common occurrence of dense fission

track registrations with occasional saturated fission-track starbursls within the fracture 

infilling minerals indicates that submicroscopic uranium minerals also occur amongst 

these secondary phases, particularly where disseminated mineralisation is significant 

(such as between 516 and 530 m depth). Uranium-series disequilibrium studies of this 

granite also indicate significant redistribution of uranium within these fractures by 

recent groundwater interaction (Guthrie, 1988; 1990). 

3.4 Discussion 

3.4.1 Primary Uranium Distribution 

Primary uranium is represented by the Background U and Resistate U 

distributions within the three granites. Background U contributes relatively minor 

concentrations of primary uranium, which may be a function of the original uranium 

content of the melt, the conditions of crystallisation, and the crystallisation history 

(Fowler, 1981; Knil and Burchart, 1983). This uranium may be incorporated into the 

crystal lattices of primary minerals by atomic substitution during crystallisation and is 

represented by an even distribution and wide scatter of very low concentrations of 

fission-tracks (Kleeman and Lovering, 1967; Tieh and Ledger, 1981). 

However, within the three granites of this study, uranium incorporated into the 

major rock-forming primary minerals is more commonly unevenly distributed. This 

may be attributed to incipient alteration of the primary mineral grains and rare uranium

rich primary inclusions which vary in concentration according to their time of 

formation relative to the crystallisation history (Komarov et aI., 1967). Alteration has 
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resulted in mobilisation of uranium from its initial sites and incorporation into the 

secondary phases which have developed within the major minerals as a result of 

mobilisation of hydrothermal fluids during alteration (O'Connor et ai., 1982). 

Retention of this uranium appears to be a function of the extent of the fluid activity and 

the nature of the actual alteration phases (Berzina et al., 1975; Kamineni, 1986). 

With progressive crystallisation, primary uranium is mainly concentrated in the 

final fractions of the residual magma and preferentially incorporated into the later 

formed minerals as Resistate U (froeng, 1982; Villemant and Palacin, 1987). In all the 

piutons, the early formed accessory minerals such as apatite display uniform 

concentrations of fission-tracks indicating incorporation of uranium by crystal lattice 

substitution (Fowler, 1981). However, the late-forming accessory minerals zircon, 

rutile, monazite, magnetite and ilmenite display inhomogeneous incorporation of 

uranium, probably by isovalent or coupled substitution (Komarov et ai., 1986). This 

inhomogeneous distribution of Resistate U is controlled by chemical and physical 

parameters of the magma, including its composition and the pressure, temperature and 

oxygen fugacity during crystallisation (Cuney and Friedrich, 1987; Dubessy et al., 

1987). It may also be influenced by possible recycling events, in which the refractory 

minerals are reincorporated into younger granites following partial melting of an older 

crustal source (Page, 1988). 

Most accessory minerals are extremely resistant to late-stage alteration and 

retain their primaiy Resistate U concentrations throughout any alteration events (Bajo 

et aI., 1983; Tieh and Ledger, 1981). This is shown by the persistence of a uniform 

fission-track distribution within individual accessory mineral grains in the most 

pervasively altered of these samples such as the Roxby Downs samples. However, 

some redistribution of uranium may be observed, principally in ilmenite in the Coies 

Bay Granite, indicating that dissolution and reprecipitation of uranium has occurred"in 

minerals which are susceptible to further alteration during post-magmatic processes 

(Kamineni and Bonardi, 1983). Mobilisation may have been enhanced by partial 
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metamictisation of the primary crystal lattice during radioactive decay of the 

incorporated uranium (Petit et al., 1985). 

3.4.2 Secondary Uranium Distribution 

The substantial redistribution of uranium which accompanied the development 

of secondary minerals during post-magmatic alteration of the Coles Bay, Roxby 

Downs and Kambalda samples is evident in the increase in Secondary U and Fracture 

U associated with fracture infillings, the crystalline secondary minerals (including 

phengite, clays and epidote) and the amorphous phases, particularly Fe- and Ti-oxides 

and hydroxides. This distribution pattern suggests that uranium has been relatively 

mobile during the alteration process, and may have migrated through the 

microfractures. 

Mechanisms for Uranium Immobilisation 

Uranium is most effectively transported during post-magmatic alteration in 

oxidising fluids in the hexavalent state (Langmuir, 1978), as the uranyl ion (U02Z+), 

and as soluble uranyl carbonate, phosphate, sulphate and fluoride complexes (Speer et 

aI., 1981). The prevailing conditions within the mobilising fluid, including the pH, 

temperature, oxygen fugacity and the concentrations of the individual ligands also 

contribute to uranium mobility (Langmuir, 1978; Caruso and Simmons, 1985). Under 

the appropriate physico-chemical conditions, soluble uranium migrating within the 

post-magmatic fluid may have been immobilised by reduction of either I) the highly 

mobile oxidised UOZ2+ or 2) the soluble uranium complexes (including carbonate, 

sulphate phosphate and fluoride complexes). 

I) reduction of the highly mobile oxidised UOZZ+. A change in pH and jOz 

during post-magmatic alteration controls the redox reaction which may oxidise FeZ+ to 

Fe3+ in the hydrothermal fluid and precipitate femc iron as hematite or an amorphous 

hydroxide. This is accompanied by the reduction of UVI (as UOZZ+) to UIV and 

coprecipitation of uranium according to the following two reactions (Kamineni et al., 

1986) 
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(U022+) + 2 Fe2+ + 6 H20 = U02(s) + 2 Fe(OHh(s) + 6 H+ ------(1) 

(U022+) + 2 Fe2+ + 3 H20 = UOz(s) + Fe203(s) + 6 H+ -------(2) 

The temperature of this reaction determines whether hematite forms directly or 

recrystallises from the earlier formed amorphous Fe-oxides and hydroxides 

(Langmuir, 1971). 

The close association of hematite and uranium in the intensely hematised Roxby 

Downs samples suggests that hydrothermal fluids have coprecipitated reduced uranium 

with ferric iron as hematite on a localised scale according to reaction (2) above. Within 

the Coles Bay and Kambalda samples, the high concentrations of uranium which are 

associated with amorphous Fe-oxides and hydroxides indicate that reduction and 

precipitation of U02 is more likely to have proceeded according to reaction (1). Similar 

reduction and precipitation of uranium also appears to have been associated with the 

development of secondary Ti-oxides and hydroxides (see e.g. RuWmann, 1980), as is 

shown by the constant associatiou of high concentrations of secondary uranium with 

abundant leucoxene following alteration of the Ti-rich phases in all of the intrusives. 

Au alternative mechanism for the reduction of the uranyl complex is the 

presence of sulphide minerals (Kamineni et al., 1983; Caruso and Sirnmons, 1985). 

Sufficient reduced sulphur typically exists within alteration fluids to allow formation of 

late-stage sulphide minerals (Speer et al., 1981). Significant uranium concentrations 

associated with cha1copyrite, bornite and cha1cocite in the Roxby Downs Granite and 

pyrite in the Kambalda sample indicates the apparent simultaneous reduction of UV! 

and precipitation of the reduced uranium as U02. However, the limited distribution of 

these minerals within the Roxby Downs core (e.g. between 516 and 530 m depth 

only) implies that this mechanism has only occurred on a localised scale, and may not 

necessarily apply to the whole Olympic Dam deposit. 
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2) reduction and dissociation of the soluble uranium complexes including 

carbonate, sulphate, phosphate and fluoride complexes. The most common uranium 

transporting complexes under differing pH, temperature and f02 conditions in 

hydrothermal alteration fluids are (i) the uranyl phosphate and carbonate complexes at 

near neutral conditions; (ii) the carbonate complexes UOz(C03h2- and U02(C03»4

in alkaline solutions, and (iii) the sulphate or fluoride complexes at low pH (Rich et 

aI., 1977; Langmuir, 1978). Under appropriate redox conditions, these complexes 

may dissociate and uranium may be reduced and released for precipitation principally 

as U02 (Speer et aI., 1981). 

Within the Coles Bay Granite, the occurrence of siderite and minor calcite in 

some microfractures indicates that the conditions may have been conducive to the 

formation of carbonate complexes. The association of significant concentrations of 

secondary uranium with these carbonate minerals indicates that uranium may have 

been coprecipitated from either the uranyl dicarbonate complex (tIDe) such as 

U02(C03h2. + Fe2+ + 2 H2S = UOz + FeS2 + 2 H2C03 ----(3) 

= U02 + FeS2 + 2 H20 + 2 C02 ---(4) 

(Kamineni et aI., 1983; Caruso and Si=ons, 1985), or the uranyl tricarbonate 

complex (UTe) as defined by Kamineni et al., (1986); 

U02(C03)34- + Fe2+ + 3 H20 = U02 + 2 Fe(0H)3 + 3 C02 -----(5) 

The presence of excess Fe2+ may have induced the dissociation and 

precipitation of reduced uranium. Some of this Fe2+ has later formed siderite and 

associated amorphous Fe oJddes in the microfracrures. The lack of uranium associated 

with carbonate minerals in either the Roxby Downs or Karnbalda samples implies that 
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the post-magmatic alteration fluids of these granites did not favour solute transport by 

carbonate complexes. 

Alternatively, low pH, high j02 conditions within some post-magmatic 

solutions suggest uranyl sulphate complexes may also be an important mechanism for 

transporting uranium (Langmuir, 1978). These may be destabilised with increasing pH 

to produce reduced uranium U02 associated with sulphate minerals. The high 

concentrations of uranium in the secondary sulphate minerals such as barite and 

celestine in the Roxby Downs Granite, and gypsum in the Kambalda Granodiorite 

suggests that destabilisation of uranyl sulphate complexes and coprecipitation of the 

uranium and sulphate minerals may have occurred. The limited occurrence of this 

association throughout these intrusives however, indicates that the physical conditions 

responsible for this process were localised. 

There is little evidence within these three intrusives to suggest that other 

uranium transporting complexes which are commonly found in post-magmatic 

alteration solutions, such as fluoride and phosphate complexes, played a significant 

role in uranium mobilisation. Secondary uranium-bearing phosphate minerals do not 

occur in any of these intrusives. Uranium associated with fluorite development is 

generally localised within the Roxby Downs samples, although more significant 

uranium concentrations in fluorite may be found throughout the Olympic Dam deposit 

(K.Cross, pers. commun.). A number of complexes appear to be significant in 

uranium transport within the Olympic Dam hydrothermal system, and the localised 

uranium distributions observed here are not representative of the more complex 

uranium mobilisation associated with alteration and mineralisation of the whole 

Olympic Dam deposit. 

Mechanisms for Uranium Retention 

Following reduction of the mobile uranium, retention of secondary uranium by 

alteration minerals may be controlled by one of three main processes: 
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1) Incorporation into the mineral structure. During post-magmatic alteration, 

uranium which has been mobilised from its primary concentrations may be 

incorporated into the crystal lattice of some alteration minerals either as major 

constituents or by trace element substitution (Menager et al., 1988), particularly in 

microfractures (Kamineni, 1986). The even distribution of fission-tracks within the 

secondary minerals epidote and sphene in the Kambalda samples, chlorite replacing 

biotite and in microfractures in the Coles Bay samples, reflects the concentration of 

this secondary uranium by structural incorporation during post-magmatic alteration. 

2) Adsorption and ionic exchange onto secondary minerals. Fixation of mobile 

uranium by secondary minerals during post-magmatic alteration is demonstrated by the 

numerous, irregularly distributed fission-tracks in clays arid amorphous/crystalline Fe

and Ti-oxideslhydroxides of the three granites. Uranium which has become available 

for fixation as a result of redox reactions, may be fixed by sorption onto the surface of 

the secondary minerals or by ionic exchange into cavities within the mineral structure 

(Speer et al., 1981; Dran et al, 1988). Two main processes occur during adsorption; 

rapid reaction between the solute and solid constiments reaching almost instantaneous 

equilibrium, and a slow, kinetically controlled reaction (Milton and Brown, 1987). 

Rapid reactions appear to be electrostatic and reversible, and are best expressed 

by the variable uranium concentrations associated with: (i) the amorphous Fe oxides 

and hydroxides in microfractures within the Coles Bay Granite, (ii) hematite 

development in the Roxby Downs samples and (iii) amorphous Ti oxides and 

hydroxides replacing epidote and sphene in the Kambalda Granodiorite. The patchy 

fission-track registrations for these minerals indicate that the uranium is loosely sorbed 

and may have been remobilised and reprecipitated during further alteration, including 

subsequent water-rock interactions (Bsi and Langmuir, 1985). 

The kinetically controlled adsorption of uranium onto crystalline secondary 

minerals may be a two-step reaction involving a surface process followed by slow and 

irreversible adsorption onto interior mineral surfaces (Milton and Brown, 1987). The 

clay minerals most commonly display this mechanism for uranium concentration 
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(Kamineni, 1986), as indicated by the variable fission-track registrations associated 

with phengite in the microfractures of the Co1es Bay Granite, and sericite in the Roxby 

Downs samples, and with the alteration of the major rock-forming minerals in all three 

intrusives. 

Significant adsorption of secondary uranium onto the precipitated secondary 

minerals may also have followed reduction of the UVI during dissociation of soluble 

uranium complexes. This mechanism is indicated by the occurrence of significant 

concentrations of fission-tracks in secondary sulphates barite and celestine in the 

Roxby Downs samples, gypsum in the Kambalda Granodiorite, and secondary 

carbonates in the Co1es Bay Grartite. 

3) Precipitation of submicroscopic uraniferous minerals. Secondary uranium 

which is generally attributed to alteration phases may in fact be associated with fine

grained to submicroscopic uranium-rich minerals coprecipitated with the secondary 

mineral (Simmons and Caruso, 1985; Menager et al., 1988). This is generally 

represented by dense concentrations of fission-tracks (such as starbursts) within the 

clay mineral sites, particularly where these are infilling micrOfraClureS. This process is 

most likely to have been operative in the uranium-mineralised Roxby Downs samples, 

where the mobilisation of secondary uranium has led to very dense fission-track 

registrations including stringers and starbursts associated with the simultaneous 

uranium enrichment of alteration minerals and the precipitation of visible uraninite 

grains. 

Of these three mechanisms, adsorption appears to be the most significant and 

widespread process for the concentration of secondary uranium in these samples, 

although it is recognised that structural incorporation and precipitation of 

submicroscopic uraniferous minerals under low-temperature oxidising alteration 

conditions also contribute significantly to the immobilisation of secondary uranium 

(Hsi and Langmuir, 1985). Both primary and secondary alteration minerals are 

effective retardants for radionuclides, although it is suggested that the slow, kinetic, 
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irreversible uptake by crystalline phases may be more efficient in long-term retardation 

than the more rapid sorption phenomena. 

Where uranium is considered as an analogue of some radioactive waste 

elements, these results imply that radionuclide retention within the potential repository 

environment is a dynamic process involving a number of simultaneous mechanisms. 

The prevailing environmental conditions within these samples have resulted in a 

concentration of secondary minerals with a high sorptive capacity, such as hematite 

and the amorphous Fe- and Ti-oxides/hydroxides. As has been previously suggested 

by Speer et al., (1981) and Kamineni (1986), such an increase in sorptive capacity 

may improve the suitability of these granites as hosts of HLW repositories, particularly 

where these highly sorptive minerals infill microfractures which form principal fluid 

pathways, as in the Coles Bay Granite. 

3.5 Conclusions 

Fission-track micromapping of the Coles Bay and Roxby Downs Granites and 

the Kambalda Granodiorite indicates there are four main distributions of natural 

uranium - Background U and Resistate U, which comprise primary uranium, and 

Secondary U and Fracture U, which comprise secondary uranium. Redistribution of 

the primary uranium during late-stage hydrothermal alteration and/or low-temperature 

metamorphism is indicated by the association of significant concentrations of 

secondary uranium with the increased proportion of alteration minerals, most 

particularly Fe and Ti oxides and hydroxides and clays. The occurrence of secondary 

uranium with these minerals infilling microfractures in the Coles Bay Granite and 

brecciation veins within the Roxby Downs samples, implies that these may have 

formed the main pathways for post-magmatic fluid migration on a localised scale. 

The non-uniform distribution of secondary uranium amongst the alteration 

phases indicates the main mechanisms for immobilisation have been reduction of 

U022+ alone or during dissociation of soluble uranium complexes by the presence of 

Fe2+ and sulphide minerals, that is a coupled redox reaction. The association of this 
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uranium with an increased intensity of alteration, indicated by the increased proportion 

of Fe- and Ti-oxides/hydroxides and the clay minerals, implies that minerals with a 

high surface area are most significant in the retention of this uranium; although, in the 

Roxby Downs samples precipitation of late-stage submicroscopic uraniferous minerals 

is also important. The effective uranium retention capacity of these granites therefore 

appears to be enhanced by the presence of secondary minerals fonned during late-stage 

hydrothennal and low-temperature alteration. 

Where natural uranium behaviour is considered as an analogue of radionuclides 

in spent fuel or HLW (especially the transuranic elements), these results imply that a 

degree of post-magmatic alteration increases the sorptive capacity of a granite selected 

as a host of a HLW repository. A significant proportion of secondary minerals with a 

high sorption capacity present within an intrusive may therefore enhance its potential to 

retard raclionuclides migrating through the repository environment. The implications of 

these results to HLW disposal are further discussed in Chapter 9. 



Chapter 4 

The Use of Uranium-Series Disequilibrium Studies to Determine Recent 

RocklGroundwater Interactions in Granites 

4.1 Introduction 

In this chapter, the Uranium-decay series has been studied to evaluate the 

behaviour of naturally-occurring radionuclides in the granite environment. Firstly, the 

naturally occurring uranium series is described, then the nature of rock-radionuclide 

interaction and the geochemical processes which determine radionuclide behaviour and 

cause disequilibrium between the naturally-occurring isotopes are discussed. The U

series results for the three Australian granites are then presented and discussed in light 

of the known causes for disequilibrium. Finally the implications of these results as a 

natural analogue of radionuclide behaviour in the HLW disposal environment are 

reviewed. These results and discussion are also outlined in a related publication 

(Guthrie, 1991). 

4.1.1 Naturally Occurring Radioactive Decay Series - the Uranium-Decay Series 

There are four genetically independent radioactive decay series, three of which 

incorporate all of the naturally occurring radionuclides; the Thorium, Uranium and 

Actinium series, and the fourth Neptunium series which does not occur naturally 

(Ivanovich and Harmon, 1982). These are listed in Table 4.1. 

Of these, the Np-series no longer exists in nature although it has been 

experimentally produced (Lederer and Shirley, 1978). All of the remaining series 

occur naturally and decay by a sequence of (J.- and ~-emissions with associated y

radiation to the radiogenically stable isotopes of Pb. Appendix lA outlines the concept 

of radioactivity and Figure 4.1 shows the decay schemes for the Th-, U- and Ac

senes. 
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Name of Series type fInal stable longest-lived member 

member isotope half·life (a) 

thorium 4n 20&Pb 232Th 1.39 x 1010 

neptunium 4n+ 1 209Bi 237Np 2.20 x 1()6 

uranium 4n+2 206Pb 23&U 4.47 x 109 

actinium 4n+3 207Pb 235U 7.13 x 10& 

Table 4.1 The naturally-occurring radioactive decay series (/vanovich and Harmon, 

/982). 

The Th- (4n) series and Ac-decay series (4n + 1) proceed by a complex 

interaction of both (X- and 13-emissions until the stable isotopes 20&Pb (Th-series) and 

207Pb (Ac-series) are achieved (Figure 4.1),. A more detailed discussion of the these 

series is found in Hyde et aI., (1964). The U-decay series (4n + 2) is the longest 

namrally occurring decay series and comprises the isotopes with the propl~rties shown 

in Table 4.2 and Figure 4.1 (Ivanovich and Harmon, 1982). It proceeds by a series of 

(X- and 13-decays through two short-lived isotopes (234Th and 234Pa) to 234U, which, 

with its immediate daughter 230Th, are the longest lived daughter products in the decay 

scheme (Table 4.2). Decay of 23D-rh produces two longer-lived isotopes and a series 

of short-lived daughters that form a branching and complex (X- and 13-dec.ay sequence 

with associated y-emissions until the stable isotope 206Pb is fInally achieved 

For each of these series, secular equilibrium is said to prevail when the rate of 

decay for each radionuclide is equal to its rate of formation from its parent (see 

Appendix lA). In a closed system the activity of the radioactive daughte,r product is 

therefore determined by the activity of the parent isotope (Ivanovich and Harmon, 

1982) and the time period over which radioactive decay has occurred. 
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Thorium Decay Series Uranium-238 Decay Series Uranium-235 Decay Series 
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Figure 41 The Th (4n), U (4n + 2) and Ac (4n + 3) decay series. 
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radioelement half-life radiation a-energy ~-energy 

(MeV) (%) (keV) (%) 
238U 4.468 x 109 y a (~-stable) 4.195 77 

4.147 23 
234Th 24.1 d ~- 191 81 

-103 19 
234Pa 1.18m ~- 2290 98 

6.7h (3 530 66 

234U 2.47 x l()5y a (~-stable) 4.768 72 

4.717 28 
230Th 7.52 x l()4y a (~-stable) 4.682 76 

4.615 24 
226Ra 1602y a «(3-stable) 4.781 94.5 

4.598 5.5 
222Rn 3.825d a 5.486 -100 

218po 3.05m a+~ 6.110 100 330 100 

214Pb 26.8m ~- 1030 6 

214Bi 19.7m a+~ 5.61 100 3260 100 
214po 1.64 x 10-4 s a 7.83 100 
210n 1.32m ~- 2300 100 
210Pb 22y ~- 17 85 

64 15 
210Bi 5.02d ~- +a 4.93 60 1155 100 

4.89 34 
210po 138.3d a 5.305 100 

206TI 4.l9m ~- 1520 100 

206Pb stable 
y-emissions and their energies have not been included as they do not contribute to the actual decay of 
each isotope, but are usually associated with another mode of decay. 

Table 4.2 Properties of the members of the V-decay (4n + 2) series,from 

Weast (1974) and Ivanovich and Harmon (1982) 

However, disruption to the naturally occurring system may be produced in the 

geological environment as a result of the differing chemical characteristics of the 

individual isotopes. This disequilibrium benveen the activity of the individual isotopes 
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will be observed for the time it takes for radioactive equilibrium to be re-established, 

which is approximately equal to between 5 and 10 half-lives of the daughter produced. 

In geological systems it is the longest-lived isotopes of the V-decay series which are 

of interest, that is 238V, 234V, 230Th, 226Ra and in some cases the shorter-lived 

222Rn (see for example, Levinson and Bland, 1978). 

Isotopic fractionation between the uranium isotopes was first recognised by 

Cherdyntsev and other workers (Cherdyntsev et al., 1955), and has since been widely 

investigated through the whole V-decay series in a variety of materials (Rosholt, 1959; 

Rosholt et al., 1966; Osmond and Cowart, 1976; Smellie 1982; Zielinski et al., 1986; 

Gascoyne and Cramer, 1987). In particular the study of disequilibrium in geological 

materials has led to the identification of the geochemical processes which may 

fractionate these isotopes. 

4.1.2 Geochemistry of the V-Decay Series and the Occurrence of Radioactive 

Disequilibrium 

V and Tb occur in trace amounts in all rocks at the Earth's surface with an 

average Th!U value of 3.5 and concentrations ranging from 0.1 to 100 ~g g-l (Rogers 

and Adams, 1969). In igneous rocks they are particularly incompatible which 

precludes their incorporation into the early formed minerals during magma 

crystallisation (see Chapter 3). As a result, V and Th may be incorporated into the late 

formed V-rich accessory minerals (Gascoyne and Schwarcz, 1986) which are mainly 

found within granites and other late-stage differentiates (Finnegan and Bryant, 1987). 

In a closed geochemical system this V and Th would generally remain stable, having 

been incorporated into the rock under the same oxidation conditions in the 4+ valence 

state. This may be reflected by the V and Th isotopes of the V-decay chain 

(principally 238V, 234V and 230Th) which attain secular equilibrium within about 1.2 

Ma (Smellie and Rosholt, 1984). 
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However, in the near-surface environment an open geochemical system may 

prevail in granitic rocks, brought about by low temperature alteration, weathering and 

groundwater infiltration. Under these conditions, uranium typically exists in two 

oxidation states U(lV) and U(VI) (see Chapter 3), and is generally mobilised in 

solution as soluble ionic species (e.g. U022+) or as complexes (Gascoyne and 

Schwarcz, 1986). On the other hand, Th is stable in the Th(IV) state and is extremely 

insoluble so that it is transported mainly within the insoluble accessory minerals or 

adsorbed onto clay minerals or colloids (Finnegan and Bryant, 1987). This difference 

in chemical behaviour may result in significant U{fh fractionation and isotopic 

disequilibrium between 238U, 234U and 230Th. Where disequilibrium is measured, 

parent or daughter isotope mobilisation must have occurred within a specific, relatively 

recent time period of 350 000 years for 230Thj234U and 1.2 Ma for 234Uj238U 

(Schwarcz et al., 1982). 

Disequilibrium between the long-lived members of the uranium-series may 

have been produced by a number of processes, which are listed in Table 4.3. 

Fractionation may commonly result from three main processes - uranium loss, 

uranium gain or a complex interaction of the two processes. Uranium loss involves 

selective chemical leaching of the more mobile U isotopes, producing an excess of 

230Th (Smellie and Rosholt, 1984). Mobilisation may occur as a result of a change in 

the U oxidation states from UIV to UVI (Smellie et al., 1986), enabling formation of 

soluble complexes and consequent transportation. Preferential loss of 234U (over 

238U) (Osmond et al., 1983) may also occur as a result of its increased susceptibility 

to removal by a-recoil displacement (Fleischer, 1988). This process occurs when a 

recoiling particle produced during a-decay of the 234Th atom induces lattice damage of 

the mineral structure, and the 234U itself is either recoil-ejected from the mineral 

surface, or the damage caused by the recoiling a-emitting nuclei increases the

accessibility of solutions to the 234U within the mineral (Fleischer and Raabe, 1978; 

Fleischer, 1982). 



Process Relative Activities Isotopic Effect Environment 

URANIUM LOSS 

Bulk Leaching chemical 230J'h»234U_238U loss of uranium with little weathered, highly altered 

(leaching) excess 230Th or no fractionation of 234U and near-surface rocks, 

and 238U oxidising environment 
Preferential 234U recoil then 234U/238U <1 leaching of a-recoil solid-solution (alteration) 

removal chemical 230J'h/234 U> 1 displaced 234U ±238U interface in relatively 

(etching/leaching) unsupported 230J'h excess fresh rocks 
234U recoil recoil and 234U/238U<1 preferential 234U loss unfractured deeply buried ~ 

loss leaching 230J'h/234U> 1 during a-recoil decay rock, reducing environment ~  

URANIUM GAIN ~  

I 

U assimilation recoil then 234U/238U>1 net gain of U over Th fractured rocks moderate ~ 

sorption or 230Thj234U<l rock attains 234U/238U to deeply buried with ~ 

precipitation of groundwater high groundwater flow 0 ..... 
U addition recoil then 234U/238U>1 addition of U and Tb moderate to shallow ~ 

chemical 230Th/234U<1 by daughter emplacement rocks with high 
te::> 
c:: 
~ 

COMBINATIONS 

(sorption) processes (recoil gain) groundwater flow to::z:, ..... 

~ U assimilation chemical (precipitation 230J'h<234U<238U addition ofU by precipitation surface and near-surface 

and removal then leaching) from groundwaters then samples, waters with U in 

selective leaching of 234U excess of authigenic 230J'h 
U (and some Th) chemical (precipitation 238U<234U<230J'h excess precipitation of U from highly altered rocks, 

addition and then leaching) solution then leaching of 234U oxidised environment 
removal and 238U at differing rates 

-l:o.Table 4.3 The geochemical processes affecting secular equilibrium between the U-decay series isotopes (after Rosholt, 1983,' Gascoyne and '..l 
Cramer, 1987; Latham and Schwarcz, 1987a). 
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Fractionation resulting from uranium gain may be produced by two processes. 

Uranium assimilation, in which 234U and/or 238U are taken up by a rock from 

solution by either precipitation or sorption, may result in the rock tending to attain the 

activity ratio of the groundwater (Gascoyne and Schwarcz, 1986). Alternatively, 

uranium addition may occur by a-recoil emplacement processes from the solution to 

the rock (Rosholt, 1983). Both of these processes may also be combined with 

uranium loss to produce isotopic fractionation. In general, this type of disequilibrium 

appears to be the result of the interaction of a number of complex disequilibrium 

occurrences rather than a single discrete event (Gascoyne and Schwarcz, 1986). 

Previous studies have shown extensive fractionation of these isotopes in 

granites during surficial weathering and groundwater mobilisation with 234Uj238U 

varying between 2.30 and 0.50 and 230Thj234U values of between 3.7 and 0.80 

(Zielinski et al., 1981; Rosholt, 1983; Gascoyne and Schwarcz, 1986; Latham and 

Schwarcz, 1987b and c). Of these processes, uranium loss, both with and without 

fractionation of the uranium isotopes, is commonly observed, although some degree 

of uranium gain has also been reported (Latham and Schwarcz, 1987a). Most of these 

processes are expected to occur in either near-surface or fractured and altered granitic 

environments, where a high degree of groundwater flow is reported. 

4.1.3 Application of U-Series Disequilibrium Studies as a Natural Analogue of the 

HLW Disposal Environment 

The observation of natural U-decay series disequilibrium in geological systems 

may be used as a sensitive indicator of recent radionuclide migration (Smellie et al., 

1986). Further, it may help to identify the geochemical processes which have affected 

the rock and produced this disequilibrium. In the context of HLW disposal, the long

lived isotopes of the U-decay series (particularly U and Th) have been widely applied 

as natural geochemical analogues of far-field radionuclide migration (see e.g. 

Schwarcz et al., 1982; Smellie et al., 1986; Gascoyne and Schwarcz, 1986). They 

may provide a useful analogue for the behaviour of the actinides and in HLW or spent 
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fuel, (particularly V, Th, Pu and Np), as the time interval over which disequilibrium 

has prevailed is equivalent to the period of isolation required for HLW disposal 

(Brookins et aI., 1982a and b). 

The value of V-series disequilibrium as a natural analogue arises from its ability 

to determine the limits of migration of radionuclides and to provide a scientific basis 

for the prediction of long-term chemical behaviour of some elements which do not 

occur in nature (Alley and Ivanovich, 1986). The results observed at one site may then 

. be extrapolated to assist in the prediction of radionuclide behaviour in a similar 

geochemical environment at the timescale over which radionuclide dispersion around a 

HLW disposal site is expected to occur (i.e. up to 1 Ma). 

U-series disequilibrium studies have been undertaken for the three granites 

Coles Bay Granite, Kambalda Granodiorite and the Roxby Downs Granite in an effort 

to characterise the behaviour of natural radionuclides in the granite environment and to 

determine the mechanisms which control their behaviour. The results may provide a 

scientific basis for the predictiori of radionuclide behaviour under similar geochemical 

conditions which may be expected to occur over the same timescale in the HLW 

disposal environment. 

42 Characterisation ofU-Series Disequilibriwn in Three Australian Granites 

4.2.1 Experimental Methods 

The activities of 238V, 234V, 232Th and 230Th were measured on 1.0 gm 

powdered representative whole rock samples by isotope dilution and a-spectrometry 

using 236V and 229Th tracers to determine chemical recovery. Samples were 

repeatedly digested in teflon beakers over a 36 hour period, V and Th isotopes were 

separated from the final solution by standard ion exchange methods (see e.g. 

Ivanovich and Harrnon, 1982), and electrodeposited onto stainless steel planchettes 

for counting by a-spectrometry using ORTEC (and ALPHA-KING) Si surface barrier 

a-spectrometers. Appendix 4A outlines the techniques used during sample 

preparation. 
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All samples were analysed more than once, and median values have been 

utilised in the plots of activity ratios and data interpretation. Representative samples of 

each granite were analysed in three different laboratories using a variety of preparation 

techniques, to determine the reproducibility of techniques and results by an 

interlaboratory calibration. In general, the variation between these analyses is less than 

their calculated errors.. 

Data collection and reduction was performed using a PC-based multichannel 

analyser, and the calculations of activity ratios and concentrations are given in 

Appendix 4B. Errors (lcr) which are based on counting statistics and the known spike 

calibration uncertainties were used to describe the total variance between analyses (see 

Appendix 4B). For the data presented and interpreted, these are generally better than 

20%. 

4.2.2 Results - U-Series Disequilibrium Analysis 

The activity ratios 238Uj234U, 234Uj230Th and concentrations of U and Th at 

varying depths within the Coles Bay Granite, Kambalda Granodiorite and Roxby 

Downs Granite are given in Tables 4.4, 4.5 and 4.6 respectively. The data presented 

in these tables have been selected from the complete data set presented in Appendix 

4C. Selection has been based on the quality, accuracy, precision and reliability of the 

data, according to the following procedure. Firstly the chemical recovery of each 

sample was considered. In the case of the Coles Bay samples, recovery was only 

measured in a few cases, and sample selection was therefore based on accuracy and 

precision of the analyses. 

For the Roxby Downs samples, the poor chemical recovery of some of these 

samples during the chemical separation procedure was often due to problems in 

complete dissolution of the sample, which has decreased the reliability of these 

samples (for example, RD 516 A and B, recovery < 10%, see Appendix 4C). These 

samples were therefore excluded from the data interpretation and only those samples 
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having greater than 20% chemical recovery as determined from the added tracers 236U 

and 229Th were when interpreting these results (see Tables 4.4, 4.5 and 4.6). 

Secondly, the accuracy of individual samples was considered by comparison 

with internal standards 236U and 229Th. Samples which were found to have either too 

large an error or too great a discrepancy from reproducible multiple analyses were 

discarded from the data set. The third consideration in the selection procedure was the 

error associated with each individual analysis. Data were considered acceptable where 

the la error was found to be less than 10%. For a few cases, this value was set at 

20%. Finally, where samples were analysed more than once and the results found to 

be reliable, the median values were selected for interpretation (Tables 4.4, 4.5 and 

4.6) to eliminate a further compounded error which would occur by calculating a mean 

value. 

By adopting this procedure, only those samples of the highest quality were 

considered for data interpretation and discussion. 

Coles Bay Granite 

The relationships between depth, the activity ratios, and U and Th 

concentrations for the Coles Bay Granite are given in Table 4.4 and illustrated in 

Figure 4.2. Th/U values are generally high (4.02 - 8.22, Table 4.4), in comparison to 

typical values for granites throughout the world (Smellie et aI., 1986), which reflects 

the high Th concentrations. The two lowest Th/U values occur in samples CB 423 and 

CB 669 which are typically fractured and display the highest degree of alteration. 

Secular equilibrium values of 234Uj238U activity ratio are maintained for most 

depths except the more intensely altered and fractured miCfogranite at 669 m, where an 

observed activity ratio of 0.83 ± 0.03 indicates a depletion of 234U over 238U. The 

230Thj234U activity ratio for the Coles Bay Granite is uncommonly high, displaying 

severe disequilibrium at all depths, with 230Th always in excess of 234U. Comparable 

data for granites of this type are uncommon, although some high values for 

230Thj234U have been noted (Gascoyne and Cramer, 1987; Latham and Schwarcz, 
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1987b and Latham and Schwarcz, 1987c). ThIU and 230Thj234U values reported by 

Gascoyne (1987) for similarly altered and fractured granites indicate that U loss may 

occur even in relatively unaltered granite, suggesting that this may be one of the 

earliest processes and most pervasive in low-temperature alteration. 

Results published by DC Green (in Burrett and Martin, 1989) show that Th 

and U are not in equilibrium as a result of some alteration event, although the intensity 

is much less than is reported here. The majority of 230Thj234U values for the Coles 

Bay Granite in this study are > 2.0, indicating that a widespread, recent and severe 

disequilibrium event, rather than late-stage hydrothermal alteration, has either 

preferentially mobilised U or 230Th enrichment has occurred, regardless of 

mineralogy, degree of alteration or fracture density. 

Sample 234Uj238U 230Thf234U U (ppm)* Th (ppm)* ThIU 
Depth (m) ±1a ±1a ±1a ±1a ±1a 

CB21 1.01 ± 0.03 2.47 ± 0.07 20.68 ± 0.03 90.31 ± 0.07 4.37 ± 0.01 

CB119 0.98 ± 0.03 5.46 ± 0.06 20.01 ± 0.03 164.52 ± 0.06 8.22 ± 0.02 

CB235 1.02 ± 0.03 2.42 ± 0.05 19.54 ± 0.03 101.53 ± 0.04 5.20 ± 0.01 

CB270 1.02 ± 0.03 2.69 ± 0.07 24.76 ± 0.04 99.55 ± 0.06 4.02 ± 0.01 

CB423 0.99 ± 0.02 4.13 ± 0.05 30.20 ± 0.02 113.98 ± 0.07 3.77 ± 0.01 

CB650 0.99 ± 0.04 3.02 ± 0.07 16.83 ± 0.04 104.99 ± 0.05 6.37 ± 0.02 

CB669 0.83 ± 0.03 2.21 ± 0.04 36.43 ± 0.03 49.76 ± 0.04 1.37 ± 0.01 

CB869 1.03 ± 0.03 1.08 ± 0.04 13.02 ± 0.03 88.56 ± 0.04 6.80 ± 0.02 

CB963 1.07 ± 0.03 2.81 ± 0.04 15.95 ± 0.03 92.80 ± 0.04 5.82 ± 0.01 

* = concentrations have been calculated from the measured activity of 238U and 232Th. 

Table 4.4 Activity ratios of234UI238U and 230Th1234U, U and Th concentrations ... 

and ThlU values for the Coles Bay Granite 
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Figure 42 The relationship between the 238U, 234U, 230yh activities and Th and U 

concentrations with depth in the Coles Bay Granite 
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Kambalda Granodiorite 

Data for the Kambalda Granodiorite are given in Table 4.5 and their relationship 

with depth is shown in Figure 4.3. U and Th concentrations are both very low, which 

is reflected by Th/U mass ratios generally less than the typical values for many granitic 

rocks of 4.2 (Smellie et al., 1986). 

Sample 234Uj238U 230rhJ234U U (ppm)* Tb (ppm)* Th/U 
Depth (m) ±lcr ±lcr ±lcr ±lcr ±lcr 

KD32 0.73 ± 0.06 0.88 ± 0.06 1.62 ± 0.04 4.05 ± 0.04 2.50 ± 0.08 

KD98 0.93 ± 0.06 0.83 ± 0.08 0.61 ± 0.05 3.86 ± 0.04 6.30 ± 0.58 

KD162 1.23 ± 0.07 0.75 ± 0.07 0.96 ± 0.06 3.80 ± 0.04 3.96 ± 0.29 

KD199 1.05 ± 0.13 0.86 ± 0.10 3.06 ± 0.10 7.77 ± 0.03 2.54 ± 0.09 

KD201 1.18 ± 0.08 0.62 ± 0.10 0.82 ± 0.06 4.18 ± 0.05 5.10 ± 0.43 

KD283 1.36 ± 0.06 0.82 ± 0.06 0.64 ± 0.05 3.05 ± 0.04 4.77 ± 0.44 

KD368 1.11 ± 0.05 0.75 ± 0.06 1.27 ± 0.04 4.17 ± 0.04 3.28 ± 0.13 

KD464 1.14 ± 0.05 0.52 ± 0.07 0.96 ± 0.04 3.35 ± 0.04 3.49 ± 0.19 

KD607 1.09 ± 0.05 1.24 ± 0.08 1.16 ± 0.04 4.14 ± 0.07 3.57 ± 0.18 

KD706 1.10 ± 0.05 0.70 ± 0.06 1.14 ± 0.04 3.69 ± 0.04 3.24 ± 0.15 

KD776 1.02 ± 0.07 0.79 ± 0.06 1.12 ± 0.05 3.08 ± 0.04 2.75 ± 0.16 

KD885 1.13 ± 0.05 1.07 ± 0.05 0.97 ± 0.04 3.75 ± 0.04 3.87 ± 0.20 

KD971 1.32 ± 0.10 0.68 ± 0.08 1.23 ± 0.08 3.39 ± 0.04 2.76 ± 0.21 

KD1067 1.09 ± 0.04 1.46 ± 0.03 

KD1l39 0.87 ± 0.04 1.36 ± 0.04 

KD1246 1.49 ± 0.10 0.66 ± 0.10 0.97 ± 0.09 4.16 ± 0.05 4.29 ± 0.45 

* = concentrations have been calculated from the measured activity of 238U and 232Th. 

Table 4.5 Activity ratios 0/234U/238U and 230Tht234U, U and Th concentrations and
 

ThlU values/or the Kamhalda Granodiorite
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Near-surface and more altered samples display the greatest variation from the 

mean Th/U of 3.74 for these samples. Daughter isotope depletion is also observed in 

near surface samples, with both 234Uj238U and 230Thj234U being < 1.0. However, 

with increasing depth, 234Uj238U increases to> 1.0, and excess 234U and 230Th (for 

10' error) is observed at most depths. Equilibrium between 230Th and 234U is rarely 

achieved and the majority of samples display either 234U enrichment or 230Th 

depletion with activity ratios < 1.0. The only exception is the sample at 6fJ7 m, which 

displays a slight excess of 230111. 

Roxby Downs Granite 

The activity ratios for 234Uj238U and 230ThJ234U and U and Th concentrations 

for the Roxby Downs Granite are given in Table 4.6 and their relationship with depth 

is shown in Figure 4.4. 

This granite has high U concentrations which is reflected in generally low ThIU 

mass ratios (mean ThIU =2.09). The samples which display more typical Th/U mass 

ratios (Smellie et al., 1986) are relatively U depleted, whereas some extreme values 

(e.g. RD 528, RD 539) indicate U mineralisation accompanying oxidation in the 

shallower samples. 

Below the zone of partial mineralisation the 234Uj238U activity ratio is close to 

equilibrium and the 230ThJ234U activity ratio is variable throughout the core. In the top 

of the drill core (450 - 550 m) where samples are highly fractured, oxidised and 

brecciated, an excess of 234U is reflected in 234Uj238U > 1.0 and 23OThJ234U < 1.0. 

At increased depths (650 - 800 m) samples become less severely oxidised, 234Uj238U 

values decrease to around equilibrium at 1.0 or less, and 230Thj234U increases to> 

1.0. 

These results suggest that groundwater enriched in 234U has penetrated the top 

portion of the granite which may have produced an excess of 234U. Below 530 m 

depth, the lack of fractionation of the uranium isotopes indicates that these 234U 
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enriched groundwaters have not penetrated the granite, rather an apparent leaching of 

238U and 234U has resulted in an excess of the relatively immobile 230Jb.. 

Sample 234UP38U 230ThJ234U U (ppm)* TIt (ppm)* Th/U 
Depth (m) ±lcr ±lcr ±lcr ±lcr ±lcr 

RD458 1.19 ± 0.04 0.91 ± 0.07 5.33 ± 0.03 37.39 ± 0.03 7.02 ± 0.01 

RD496 1.23 ± 0.04 0.93 ± 0.06 4.23 ± 0.03 22.77 ± 0.04 5.38 ± 0.05 

RD516 1.03 ± 0.04 0.82 ± 0.09 30.39 ± 0.03 35.12 ± 0.12 1.15 ± 0.01 

RD528 1.15 ± 0.02 0.89 ± 0.08 160.45 ± 0.02 25.56 ± 0.11 0.16 ± 0.001 

RD539 0.94 ± 0.04 1.19 ± 0.03 43.52 ± 0.02 15.02 ± 0.04 0.34 ± 0.001 

RD582 0.97 ± 0.05 1.10 ± 0.08 6.02 ± 0.04 7.87 ± 0.05 1.31 ± 0.02 

RD618 1.02 ± 0.03 24.98 ± 0.04 

RD683 0.96 ± 0.03 1.29 ± 0.05 18.93 ± 0.04 35.25 ± 0.03 1.86 ± 0.01 

RD714 1.03 ± 0.05 1.22 ± 0.09 17.65 ± 0.04 17.85 ± 0.08 1.01 ± 0.01 

RD767 0.97 ± 0.05 1.12 ± 0.05 6.45 ± 0.04 34.42 ± 0.03 5.34 ± 0.04 

RD890 1.11 ± 0.05 1.04 ± 0.07 3.04 ± 0.05 4.49 ± 0.07 1.81 ± 0.05 

RD913 1.05 ± 0.05 0.94 ± 0.09 10.45 ± 0.04 35.08 ± 0.08 3.36 ± 0.02 

RDI000 1.03 ± 0.03 0.93 ± 0.03 24.78 ± 0.02 36.27 ± 0.04 1.42 ± 0.06 

* =concentrations have been calculated from the measured activity of 238U and 232Th. 

Table 4.6 Activity ratios of234U/238U and 230Tht234U, U and Th concentrations and
 

Th/U values for the Roxby Downs Granite
 



URANIUM-SERIES DISEQUILIBRIUM 4:18
 

Th/U 
234 238 

UI U 

2 4 6 8 0.9 1.0 ·1.1 1.2 0.8 1.0 1.2 

800 

400 

500 

600 

-E-
~-~ 700 
c 

-

~ 

-
l..-I 

~ 

~ -

}-.lr-l 

-
I*i 

-

ht.-i 

I-+i 

I 

l, 
: 

i 

; 

I 
I t-+-1 

r~ 
~ 

~ 

4 
r

t-+-I 

~ 
T 

I 
~I 

~I 
~ 

~ 
) 

~ 

I ~ 

I 
f--OI'-j 

I I 
900 - ~ 

I-*i ~ ~ 

1000 "*-i le+< 
I 

I 
~1 

Figure 4.4 The relationship between the 238U, 234U, 230Th and the Th and U 

concentrations with depth in the Roxby Downs Granite 
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4.3 Mechanismsfor Isotopic Fractionation 

The disequilibrium in all three granites of this study indicates that open system 

behaviour with respect to the radionuclides 230Th, 234U and 238U has prevailed over 

the last 1.2 Ma. Further, the varying geochemical processes which have caused this 

disequilibrium may be recognised by the differential behaviour of the parent and 

daughter isotopes attributable to their different chemical and physical properties 

(Schwarcz et al., 1982). Five main processes which produce disequilibrium between 

the natural radionuclides were first defined by Rosholt (1983), and have since been 

recognised in crystalline rock environments by other workers as one of three main 

types - U loss, U gain and a complex interaction of the two processes (Smellie et al., 

1986; Gascoyne and Cramer, 1987; Latham and Schwarcz, 1987a and 1987b) (see 

Table 4.3). 

Disequilibrium 23OThj234U and 234Uj238U activity ratios observed within the 

three granites may be a function of anyone or a combination of these processes, and 

are expressed in Figures 4.5, 4.6 and 4.7 by the variance of the data from the point of 

equilibrium at 230Th/234U = 1.0 and 234U/238U = 1.0. As the degree of 

disequilibrium increases, data plot further from the intersection of the two equilibrium 

lines, expressing either gross U addition (Region 1), U loss (Region 3) or 

combinations of the two (Region 2 and Region 4). With time, the degree of 

disequilibrium will be reduced if the system remains undisturbed, and samples will 

trend exponentially toward the secular equilibrium point at the intersection of the axes 

(Thiel et aL, 1983). 

In Figure 4.5 the Coles Bay Granite indicates a general trend toward excess 

230Th and little fractionation of the uranium isotopes, such that the disequilibrium 

between 230Thj234U is the largest of all samples examined. Previous analyses from 

this granite by Green using XRF and cx-spectrometry (in Burrett and Martin, 1989), 

do not show the same degree of disequilibrium, having Th contents ranging between 

15 and 40 ppm and U contents up to 35 ppm. This discrepancy is difficult to explain 
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without the corresponding data for the associated groundwaters or mineral separates to 

clarify the process by which such disequilibrium may have occurred. 
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Figure 4.5 Variation ofthe activity ratios 234U/238U and 23Drh/234Ufrom secular 

equilibrium (intersection ofthe axes at activity ratios =1.0) in the Coles Bay Granite 

The disequilibrium recorded in this study suggests that either a high loss and 

transport rate of U from some selected minerals into the solution has prevailed 

following chemical removal during low temperature alteration, or an enrichment of Tb 

has occurred. Uranium may have been liberated from the less stable minerals including 

chlorite, sericite and sphene (see Chapter 3), thereby creating a relative 230Th_ 

enrichment. Alternatively, Th-enriched fluids may have been involved during 

pervasive low-temperatiure alteration, which is also reflected in the high ThlU mass 

ratios observed in these samples (Table 4.4). 

In the highly fractured and altered sample at 669 m, fractionation of U isotopes 

during bulk loss has also occurred, resulting in depletion of 234U and 234Uj238U < 
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1.0. This fractionation may be the result of either rapid and severe, or continuous 

selective removal of 234U from the fracture-infilling minerals by its a.-recoil 

displacement from the solid into the solution during 234Th decay (Rosholt 1983). 

Removal of 234U appear to occur by either etching of the secondary minerals or 

leaching from within the mineral structure (Latham and Schwarcz, 1986). Removal by 

etching is linear through time and requires a change in porosity and specific mineral 

dissolution as U is removed (Latham and Schwarcz, 1986). Whereas 230Thj234U 

ratios of the Coles Bay Granite are sufficiently high to support etching as a principal 

mechanism for U loss, the alteration minerals which contain 234U do not display the 

required changes in structure for pure etching to be the dominant U removal process. 

Alternatively, removal of 234U and 234Th may be facilitated by lattice damage during 

238U decay and relocation of the recoiling daughters (including 234U) into more 

readily leachable sites (Smellie and Rosholt, 1984). Selective removal of 234U in CB 

669 by chemical leaching is facilitated by the unstable incorporation of significant 

concentrations of uranium in the fracture infilling minerals through adsorption and 

ionic exchange (see Chapter 3). 

The restriction of 234Uj238U disequilibrium to one highly fractured Coles Bay 

sample indicates that 234U loss through a.-recoil displacement followed by chemical 

leaching occurs only on a localised scale where groundwater penetrating by fracture 

flow may interact with significant quantities of the fracture-infilling minerals. The 

excess 230Th throughout the samples which do not appear to be in proximity to water

bearing fractures suggests that rock!groundwater interaction which removes bulk: U 

and causes the apparent 230Th enrichment is not restricted to fracture flow, but may 

also involve diffusion of fluids through the rock matrix where it is permeable 

(Neretnieks, 1986). 

The Kambalda Granodiorite displays an overall gain in uranium relative to 

thorium with only minor fractionation of the uranium isotopes (Region 1 of Figure 

4.6) which is reflected in the relatively low ThfU values (Table 4.5). This U 

assimilation and the 230Thj234U activity ratio of < 1.0 indicates that groundwater flow 
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enriched in 234U relative to 230Th has occurred relatively recently «0.5 Ma) within 

this pluton. These activity ratios suggest that there has been some redox control of the 

U mobilisation (Smellie et al., 1986; Gascoyne and Cramer, 1987). 

The significant association of U with the secondary Fe- or Ti-oxideslhydroxides 

in the Kambalda Granodiorite (see Chapter 3 and Guthrie, 1989) suggests that the 

mechanism for the observed U assimilation may be either the recent coprecipitation of 

U with low temperature Fe- or Ti-oxideslhydroxides during their development, or 

sorption following secondary mineral precipitation. During this process, the minerals 

in contact with the groundwater will tend to attain the groundwater's 234Uj238U 

activity ratio value (Gascoyne and Cramer, 1987). 
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Figure 4.6 Variation of the activity ratios 234U/238U and 23Oyh;234U from secular 

equilibrium (intersection of the axes at activity ratios =1.0) in the Kambalda 

Granodiorite 
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Alternatively, daughter emplacement processes such as solution-to-solid recoil 

gain of 234U and 230Th may have been operative, in which the secondary minerals 

have become enriched in the daughter products of 238U-decay through direct a.-recoil 

injection into the solid surface (Rosholt 1983). The fission track studies of this 

intrusive (see Chapter 3 and Guthrie, 1989) have shown that sorption is an important 

mechanism for U retention by the low-temperature alteration minerals, which suggests 

that the frrst of these two mechanisms for U assimilation may have been operative. 

The two samples which plot in Region 4 are from relatively close to the surface 

(32 m and 98 m depth) and have undergone continuous low temperature alteration. 

They exhibit a complex history of continuous U accumulation and leaching in which 

Th appears to have been relatively immobile and the rate of removal of 234U has 

determined the excess of 234U over 230Th (Gascoyne and Schwarcz, 1986). The 

variation in these activity ratios suggests that surface water interaction may contribute 

to the shallow groundwater flow, although this does not appear to penetrate at depth, 

possibly as a result of the lack of continuous and connecting fracture systems. The 

variation from equilibrium in the samples which plot in Region 2 in Figure 4.6 imply 

some degree of 230Th accumulation over both uranium isotopes, although they do not 

appear to be statistically significant at the 2cr level. 

Significant and complex recent uranium mobilisation in the Roxby Downs 

Granite is apparent in the activity ratio plot 230Thj234U versus 234Uj238U (Figure 

4.7). Samples from the top 120 metres of the drill core (to -530 m depth) plot in 

Region 1, indicating some enrichment of 234U from groundwaters. This enrichment 

may have been caused by dissolution of U-rich minerals during migration of 

groundwaters through the nearby Cu-U-Au-Ag deposit. With increasing depth, 

however, the samples plot in Region 3 and display a trend towards uranium loss (with 

some preferential 234U removal) and/or 230Th enrichment. This indicates that the U

enriched groundwaters circulating in the top of the drill core have not penetrated to 

depth, and mixing of the shallow and deeper groundwaters does not appear to have 

occurred. 
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Figure 4.7 Variation ofthe activity ratios 234U;238U and 23Drh/234Ufrom secular 

equilibrium (intersection ofthe axes at activity ratios = 1.0) in the Roxby Downs 

Granite 

This complex series of mobilisation events suggests that a number of interactive 

U and Th enrichment and removal processes may have occurred. Initial deposition of 

U from solution with a high 234U;238U (Thiel et aI., 1983) at the top of the drill core, 

appears to have occurred through the mechanisms of either incorporation into U-rich 

minerals (such as uraninite), coprecipitation or sorption. The significant association of 

U with hematite, shown by fission-track mapping (Chapter 3), suggests that 

coprecipitation and sorption within the more severely altered, Fe-rich portions of the 

granite is the most likely process. This U accumulation appears to have been followed 

by some later preferential removal of 234U (and some 238U) by groundwater which 

has generated excess 230Th. The mechanism for removal appears to be leaching and 

conversion of uranium into a soluble form, possibly following a-recoil displacement 

of 234U (Rosholt, 1983) which has been loosely bound through sorption to hematite 
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and the other secondary minerals. The 234U-enriched groundwaters do not appear to 

have penetrated below 530 m depth, which has resulted in an excess of the less mobile 

230Th. 

4.4 Implications/or HLW Disposal 

Uranium-decay series disequilibrium studies have been widely applied as 

natural geochemical analogues of far-field radionuclide behaviour in the HLW disposal 

environment (see e.g. Schwarcz et aI., 1982; Smellie et aI., 1986; Gascoyne and 

Schwarcz, 1986). The disequilibrium results observed in this study indicate that 

significant radionuclide mobilisation during rock/water interaction has occurred. The 

most important sites of rock/radionuclide interaction appear to have been the highly 

reactive fracture-infilling and other secondary minerals, which suggests that fractures 

and intergranular spaces form the dominant pathways for fluid migration. The 

application of these data may provide a useful qualitative analogue for the behaviour of 

the actinides and spent fuel on HLW (particularly U, Th, Pu and Np), in that they 

indicate the radionuclide migration pathways and sites of rock/radionuclide interaction 

which may prevail in the granitic far-field environment 

However, the application of these data as natural analogues of the HLW 

repository environment is necessarily limited as the natural conditions do not always 

represent the potential repository environment, particularly in accounting for the effect 

of the waste package in varying thermal conditions and producing new reaction 

products in the host medium. These data are therefore of some value as a natural 

analogue of the HLW disposal environment in that they provide a qualitative 

assessment of the specific geochemical conditions which may prevail in the HLW 

repository environment, and assist in characterisation of the different rock/radionuclide 

interactions. 
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4.5 Conclusions 

The disequilibrium between the U-series isotopes observed in all three granites 

indicates that significant radionuclide mobilisation has occurred on a localised scale 

within the past 1.2 Ma, probably through groundwater migration. 

In the Coles Bay Granite, U loss and 230Th enrichment has occurred 

throughout most of the rock in the last 0.35 Ma, with preferential 234U loss prevailing 

in the more highly fractured sample. The dominant U removal process was probably 

chemical leaching from minerals into solution with some preferential leaching 

following a-recoil displacement of 234U. The fracture-infilling and other secondary 

minerals appear to form the principal sites of rock/groundwater interaction. 

Gross U gain displayed by the Kambalda Granodiorite may be a result of the 

interaction of groundwater enriched in uranium, with a slight preferential concentration 

of 234U. The significant association of U with the highly-sorptive minerals implies 

that sorption rather than solution-solid emplacement of U is the principal mechanism 

by which this disequilibrium has occurred. The near-surface samples indicate that 

continuous U deposition followed by preferential 234U leaching may still be an 

ongoing process. 

The Roxby Downs Granite displays a complex U and Th mobilisation history. 

Initial U deposition from groundwaters enriched in 234U appears to have affected the 

top portion of the granite. This has been followed by selective removal of 234U by 

chemical leaching following a-recoil displacement processes. Below 530 m depth, the 

relative immobility of 230Th and continued uranium removal has generated excess 

230Th. The significant association of U with the highly reactive secondary minerals, 

particularly hematite, indicates that sorption and coprecipitation are significant 

mechanisms for U accumulation. 

These results provide a qualitative assessment of radionuclide behaviour under a 

variety of geochemical conditions, and indicate that groundwaters form the principal 

pathways for radionuclide mobilisation. As analogues of the actinides, this 

mobilisation of U and Th implies that they cannot be assumed to be immobile in the 
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far-field of a granitic lll..,W repository environment over a 0.1 to 1.2 Ma timescale. 

The sites of rock/radionuclide interaction in this environment may be influenced by the 

mineralogical assemblages which are present and the physico-chemical processes 

which are imposed by the specific geochemical conditions of lll..,W disposal. The 

implications of this study for lll..,W disposal are considered further in Chapter 9. 
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Chapter 5 

Synroc as an Alternative Wasteform for HLW Disposal 

5.1 Introduction to Wasteforms-Previous Work 

Most High-Level Waste (HLW) disposal strategies are dependent upon the 

multiple barrier concept for the effective isolation of waste from the biosphere (see 

Chapter 1). A fundamental component of this system is the solidified wastefonn which 

constitutes the primary barrier to waste migration by ensuring slow and controlled 

radionuclide release (OECD, 1984). A number of wasteforms have been proposed to 

fulfill this role, including borosilicate, phosphate and nepheline-syenite glasses, 

polyphase ceramics (including Synroc), spent fuel, metallic compounds, concrete 

materials and single minerals like cubic zirconia and sphene (Rench et al., 1984). The 

viability of seventeen such wasteforms has been investigated throughout the world 

since the 1950's (CEC, 1983), with three main types currently under further 

investigation - unprocessed spent fuel, borosilicate glass and polyphase ceramics 

(Rench et al., 1984; Chapman and McKinley, 1987). 

Of these, glass is the only wastefonn currently being commercially produced 
--::- .. 

and, as such, provides a baseline reference for comparison of other wasteforms 

(Ringwood et al., 1988). An alternative, which forms the basis of this study, is the 

polyphase titanate ceramic Synroc (Ringwood et al., 1979a). To correctly assess the 

perfonnance of Synroc in the presence of other repository elements, (see Chapters 7 

and 8) it is pertinent to firstly review the chemical durability of Synroc alone under 

similar conditions, and to compare this performance with the commonly adopted 

reference borosilicate glass. For reference, a review of previous work on the 

composition and structure of both the baseline reference wasteform glass and the 

currently considered alternatives Synroc and spent fuel is given in Appendix SA. 
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5.2 The Peiformance ofSynroc as a Wastefonn Alternative 

Synroc is a polyphase titanate ceramic wasteform that comprises the minerals 

hollandite, zirconolite and perovskite with Ti-oxide and Ca-AI titanates (Ringwood et 

al., 1988). Some minor metallic alloys and a Ca-phosphate phase may also be present. 

The commercial form Synroc-C, which is used in this study, is capable of carrying 

about 20% of calcined HLW components, and its composition and mineralogy are 

given in Table 5.1. 

Chemical
 
Composition Weight % Mineralogy Approx. weight %
 

TiCh 57.0 hollandite 30
 

ZrC>z 5.4 zirconolite 30
 

Al20:3 4.3 perovskite 20
 

BaO 4.4 Ti-oxideslCa-Al titanates 15
 

Cao 8.9 alloy/phosphate 5
 

HLW 20.0
 

Table 5.1 Composition and Mineralogy of Synroc-C from Ringwood et al., (1988). 

Each of the Synroc minerals preferentially incorporates one of the most 

hazardous HLW elements (or a group), such as Cs in hollandite, Sr in perovskite and 

actinides in zirconolite and sometimes perovskite (Ringwood et aI., 1979b). The 

distribution ofHLW elements between the constituent phases in Synroc are given in 

Table 5.2. Under the appropriate conditions for Synroc production, a wide variation in 

composition and loadings of these HLW elements would be tolerated without loss of 

immobilisation performance or integrity (Ringwood, 1985). 
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Hollandite Zirconolite Perovskite Allov 

Cs+ Th4+ Sr2+ Tc4+ 
Ba2+ U4+ Na+ M 04+ 

Rb+ Pu4+ An3+ Ru4+ 

K+ An4+ REE3+ Pd2+ 

er3+ :zr4+ y3+ Te4+ 

y3+ Ni2+ 

for An = the actinides, REE = rare earth elements. 

Table 5.2. Distribution ofHLW elements among the three main Synroc-C phases. 

After Ringwood (1985) and Ringwood et al., (1979a and 1979b). 

5.2.1 Chemical durability 

Wasteform performance is essentially determined by its chemical durability in 

the proposed repository environment. A number of tests have been developed to 

assess chemical durability of wasteforms (Hespe, 1971; Coles, 1981; MCC, 1983), 

the most widely used of these being the MCC-1 test (MCC, 1983). This test is 

designed to evaluate the durability of the wasteform in low leachant volumes over a 

finite time period Le. static conditions. 

Synroc has been assessed by a number of workers using the MCC test 

procedures (Levins et al., 1985; Levins et al., 1986; Reeve et al., 1987). Previous 

work has been restricted to assessment of the intrinsic chemical durability of Synroc 

without consideration of the effect of site-specific repository conditions e.g. host rock 

mineralogy, composition and geochemistry (Ringwood et al., 1988). This has 

included a study of the behaviour of Synroc in response to such factors as variation in 

fabrication and waste loading conditions, temperature, time and solution conditions 

including solubility limits, composition, pH and flow rates (Woolfrey and Levins, 

1984; Levins et aI., 1985; Reeve et al., 1987; Ringwood et al., 1988). 

Synroc durability is determined by the individual mineral components. As a 

result, leaching of Synroc has been shown to be highly incongruent (Levins et aI., 

1985), \\ith the matrix elements Ti and Zr as well as U and REE having very low leach 



WASTEFORMS 5:4 

rates « 10-4 g m-2 day-I), and the most leachable elements being Mo, alkalis and the 

alkaline earths (especially Cs) as shown in Table 5.3. 

Element Leach rate (g m-2 day-I) 

Mo 0.4 

Cs 0.1 

Tc 0.05 

Ru 0.03 

Sr 0.02 

Ca 0.02 

Al <0.04 

Zr <8 x 10-4 

Tt <2xlO-4 
10-3 _ 10-4REE 

Actinides 2 x 10-5 - 5 x 10-4 

Table 5.3 Elemental leach rates for Synroc-C incorporating 10% simulated HLW 

following 7 day MCC-11each test at 900C (after Levins et al., 1985; Reeve et al., 

1987). 

This leachability also displays a characteristic pattern with time, (Ringwood et 

al., 1988) which comprises an initial high release, followed by a sharp decline until 

apparent plateau conditions prevail after around 200 days. Figure 5.1 shows -the 

differential leach rate for Synroc leached under MCC-I conditions at 90°C. In the 

initial stages of leaching, a high almost instantaneous release of radionuc1ides is 

displayed, which has been attributed by Ringwood et aI., (1981) to incomplete 

equilibration of the Synroc mix during hot pressing, causing some elements to be 

incorporated into more readily leachab1e grain boundary and metastable phases 

(particularly Cs) (Cooper et al., 1986). The second phase of leaching displays a sharp 

decrease in the leach rate with time, which may be attributed to the depletion in _ 

monovalent and divalent cations in the surface layers leaving them enriched in the less 

soluble matrix elements Ti and Zr (Ringwood et aI., 1981). Funher removal of the 

more leachable elements can then only occur by diffusion through [he protective layer 
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(Levins et aI., 1985). The final plateau phase of leaching results from the 

predominance of congruent matrix attack and precipitation/recrystallisation processes 

(Reeve et al., 1988). Such long-term leaching behaviour of Synroc has been suggested 

by Myhra et al., (1985) to be a function of three main mechanisms; base-catalysed 

hydrolysis of the titanate lattice, diffusion controlled ion-exchange of the selectively 

leached monovalent and divalent cations, and reprecipitation and modified surface 

layer formation to -200 nm depth. 
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Figure 5.1 Leach rates ofSynroc-C batch 276 containing 10 wt% simulated HLW 

following MCC-1 static leach testing in deionised water at 90"(; (Ring wood and Kelly. 

1986). 
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The leachability of Synroc is generally considered to be relatively insensitive to 

changes in pH and composition of the leach solution, or temperature of the leachant 

(Levins and Smart, 1984; Woolfrey and Levins, 1984; Reeve et al., 1987). Elemental 

leach rates for Synroc leached in solutions of differing compositions under similar 

conditions (Ringwood et al., 1988) show that the leachate composition has only a 

small effect on elemental release rate (see Table 5.4). The results for deionised water 

compared to silicate water and brine provide the most conservative estimates of release 

rates for the majority of the elements. 

deionised water silicate water brine
 

Ba 0.036 0.016 0.028
 

Ca 0.007 0.007 0.015
 

Cs 0.022 0.018 0.007
 

Mo 0.080 0.077 0.040
 

Sr 0.010 0.006 0.009
 

Table 5.4 Elemental leach rates (g m-2 day-]) for unpolished Synroc 

specimens in various leachantsfor 28 days at 90°C under MCC-1 test conditions 

(Ringwood et al., 1988). 

Changes in HLW loadings within the range of commercial interests (i.e. 9 to 

20 wt %) can also be tolerated without loss of Synroc durability (Oversby and 

Ringwood, 1982). However, fabrication conditions appear to play a critical role in 

Synroc stability. Levins et aI., (1986) showed the optimal Synroc fabrication 

conditions to be: 1150 - 1200°C; 14 to 21 MPa; H2 redox controlled conditions; with 

excess Ti metal present. These conditions resulted in densities of> 98% theoretical 

density which are required to maintain acceptable leach rates. Impurities such as Fe, 

l\'a, sulphates, fluorides and chlorides appear to have no effect upon chemical 

durability, whereas Si and P may increase leach rates for Cs, Sr and Ca through the 
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formation of unstable Si/Cs-rich phases and Ca-Sr-Al phosphates (Ringwood et al., 

1988). 

Solubility and flow rate tests (Reeve et al., 1983), ha~'e indicated that the initial 

release rates of soluble species from Synroc doped with fission products are generally 

kinetically controlled, with only the very insoluble elements displaying solubility

limited behaviour (Ringwood et al., 1988). As shown in Figure 5.2, the leach rates for 

the more soluble HLW elements converge after 300 days to < 10-3 g m-2 day-l 

whereas the sparingly soluble elements Cm, Pu, Am and Zr appear to reach a plateau 

within a relatively short time span « 50 days) indicating solubility limited behaviour 

(Levins et al., 1989). 

10-2 1,__ I 

~ 

~. 10-31. 
. "• 

~ 
0< 
",. 

bo 
~ 95Zr -Be 10-4 
.r: 

~ -
'" '.::1 
;) 
k 

~ ... 
.~ 

-0 

10-5 

0 

0 

'V 

0 

* 
'V 

'V 

244Cm 

*+* 
24 lAm 

'V 

'V 239pu 

• 

o 244Cm 

* 24lAm 

'V 239pu 

10-
H I' , , "" I6;;/O~--'-'-~,-~,~,~~,~,~~--,--~:::-~~
 

100 1000 

time (days) 

Figure 5.2 Differential leach rates ofelements from consecutive MCC -1 static tests 

in deionised water at 70°C (Reeve et al., 1988). 
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The relative order of leachability of HLW elements in Synroc has been 

established as (Reeve et al., 1987; Levins et al., 1989); 

Mo> Te - Sb > Cs - I-Tc - Ba> Sr- Ca> Ru > Np > Zr- REE > Am - Cm - Pu 

This order relates to the chemical characteristics of the different elements 

(solubility, hydrolysis) and indicates that Cs would dominate the source tenn of a 

breached waste vault within 200 years of emplacement, whereas Np would dominate 

behaviour over a much longer timescale (Reeve et al., 1988). 

5.3 Comparative Behaviour ofSynroc and Borosilicate Glass 

Borosilicate glass and Synroc display very different leaching behaviour and 

chemical durability as a function of the principal elements of their matrices (Ringwood 

and Kelly, 1986). For under-saturated conditions, many elements (e.g. Cs, Na, Mo, 

B, Si) are released congruently from glass whereas transition elements, rare earths and 

most actinides are largely retained within the surface gel layer (Reeve et al., 1987). On 

the other hand, multi-phase Synroc displays incongruent dissolution and a rapidly 

decreasing leach rate with time. Table 5.5 gives the results of inactive Synroc leach 

tests under MCC-l test conditions for 28 days at 70°C (K. Hart, 1990, unpublished 

data). Release rates for these elements are very small, which indicates that the 

contribution of Synroc leaching to the solution composition is minimal under these 

conditions. 

These differences in leach behaviour may be attributed to the nature of the 

chemistry and structure of the two wasteforrns. The single matrix phase of borosilicate 

glass detennines the initial leach rate which remains constant in the absence of 

solubility limits, whereas in Synroc the kinetically controlled dissolution commences 

with the more leachable component perovskite and is followed by a much reduced Ti 

Zr matrix dissolution (Reeve et aI., 1987). Even if surface exposed perovskite is 

completely eroded in the first instance, the underlying phase is unlikely to contain 

perovskite (which forms only 22 % of Synroc), and the exposed less soluble phases 
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inhibits the loss of leachable elements from the Synroc matrix (Ringwood et aI., 

1988). 

element solution concentration leach rate percent leached 

(mgfL) (g m-2 day-1) (%)
 

AI <0.0500 <0.008 <0.0132
 

Ba 0.0302 0.0022 0.0037
 

Ca 0.0060 0.0004 0.0006
 

Cc 0.0008 0.00035 0.00058
 

Cs 0.0066 0.0047 0.0078 

Fe <0.0100 <0.0083 <0.0138 

Mo 0.0304 0.0180 0.0297 

Si <0.05 <0.3430 <0.5653 

11 0.0016 0.000018 0.000029 

Zr <0.0001 <0.00001 <0.000011 

Table 5.5 Elemental leach rates (g m-2 day]) ofmatrix elementsfor polished
 

inactive Synroc specimensfollowing leaching in deionised water under MCC-1 test
 

conditions at 70"(; for 28 days. Final pH = 52, Eh = 205 mV (relative to satwated
 

calomel electrode). Source: K. Hart, (1990), unpublished data. 

Differences of up to three orders of magnitude have been observed between the 

dissolution of borosilicate glass and Synroc (Ringwood et aI., 1988). This difference 

in behaviour is reflected in the variation in leach rates for the HLW elements such as 

the fission products and actinides (Reeve et aI., 1987). Figure 5.3 illustrates the 

comparative cumulative leach rates for fission products in glass leached at 25°C and 

Synroc at 70°C and Figure 5.4 shows the different leach rates for the actinides Np, Pu 

and either Am or Cm in French waste glass SON 68/18/17 at 60°C (Marples, 1986), 

and Synroc at 70°C (Reeve et aI., 1987). 

Cs and Sr leach rates may be 30 to 2000 times greater in glass than in Synroc, 

whereas the less mobile elements Ru and Ce display comparable leach rates. All of the 

actinides display reduced leach rates in Synroc, with leach rates up to 500 times less 

for [he most leachable actinide Np compared to glass (Reeve et aI., 1987). Further 
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evidence for the long-term chemical durability of Synroc is provided by the stability of 

natural examples of the component minerals of Synroc minerals and their natural 

radionuclide retention capabilities (Ringwood and Kelly, 1986). 

The chemical durability data which have been reported in the literature to date 

have therefore established the suitability of Synroc as an alternative wasteform to 

borosilicate glass. However in much of this work, the effects of the repository 

environment have not been assessed. There has been no experimental work reported to 

date on the interaction between Synroc and candidate repository rocks. The interaction 

between Synroc and site-specific repository conditions such as host rock composition 

and mineralogy, groundwater chemistry and solid-solution interaction processes need 

to be evaluated in light of the previous work which has been undertaken regarding 

Synroc stability. 
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Chapter 6 

The Crystalline HLW Repository Environment 

6.1	 Factors affecting Radionuclide Migration in the Crystalline Repository 

Environment 

As discussed in Chapter 1, a number of geological environments are currently 

under investigation as potential repositories to provide a controlled and reproducible 

disposal environment, and ensure adequate long-term isolation of radionuclides from 

the biosphere (Chapman and McKinley, 1987). Of these candidate host rocks, one 

which provides a suitable environment for HLW disposal utilising Synroc is 

crystalline rock, more specifically, granite (Ringwood et aI., 1988). As a natural 

barrier, granites meet the 'dilute and disperse' requirements of a waste disposal 

system by ensuring that the effect of radionuclide concentration is diluted to 

insignificant levels through reduced release rates, and that the activity is dispersed 

(both temporally and spatially) through radionuclide retardation during interaction with 

the host rock (Chapman and McKinley, 1987). 

. A number of factors affect the performance of granites in radionuclide 

retardation. These include physical and chemical processes which may be efthh 

independent of or directly dependent upon the characteristics of the granite itself 

(OECD, 1984). Physical properties include the structural strength and stability, 

resistance to erosion (OECD, 1984), and more importantly, the hydrogeological 

characteristics (Chapman and McKinley, 1987). The movement of groundwater 

through crystalline rocks is generally determined by the occurrence, density and size 

of fractures, and degree of interconnection between pore spaces (OECD, 1984). As 

groundwater flow in crystalline rocks is dominated by fracture flow, pathlength and 

flow velocity are most significant (Chapman and McKinley, 1987), although the role 

of diffusive retardation (e.g. rock-matrix diffusion) has also been recognised 

(Neretnieks, 1980). 
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A number of chemical processes may control radionuclide mobility in the 

granite repository environment. Mobility is generally dependent on the speciation and 

solubility of the radionuclide which may vary in response to changes in the 

groundwater chemistry (e.g. see Guthrie et al., 1991). For example, the pH, redox 

potential and composition of the groundwater, including the presence of competing 

cations and complexing ligands, may vary as it interacts with different minerals of the 

granite, thereby changing its potential to carry migrating radionuclides (Krauskopf, 

1986). 

The physico-chemical properties of the granite itself may also affect 

radionuclide mobility. These properties may be divided into three main types; 

•	 physical processes which include ultrafiltration, ion exclusion and matrix diffusion 

•	 direct chemical processes which involve interaction between the rock surface and 

the migrating radionuclide, and include physical adsorption, ion exchange, 

mineralisation, isotopic exchange and chemical substitution into the mineral 

structure 

•	 indirect chemical processes such as chemical dissolution and precipitation of 

radionuclides with secondary phases or the development of colloids and 

pseudocolloids with associated radionuclides (GECD, 1984; Chapman and 

McKinley, 1987). 

All of these processes are further affected by the changes which may occur in 

the host granite as a consequence of waste disposal in the repository environment, 

such as the development of secondary and fracture infilling minerals. In this chapter, 

these changes have been investigated through static leach testing of the granites under 

conditions identical to those used for Synroc alone and Synroc in the presence of 

granite (Chapters 7 and 8). In particular, the mineralogical and chemical changes 

within the granite which may affect its ability to retain radionuclides during alteration 

have been determined and the effect of these changes upon the solution chemistry 

(e.g. pH, Eh, ionic concentration and composition) have been evaluated. 
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In this way, any interaction which may occur between radionuclides emanating 

from a potential wasteform (such as Synroc), and the host rock granite may be 

monitored. The effect of this interaction is discussed in subsequent chapters (7 and 8). 

6.2 The Behaviour a/Granites as a Potential Disposal Medium 

6.2.1 Experimental Procedure 

The samples of the Coles Bay Granite (CB 669), Kambalda Granodiorite (KD 

776) and the Roxby Downs Granite (RD 1(00) (see Chapter 2) which were selected 

for study were leached in deionised water under static leach conditions (MCC-l test) 

at 70°C for 28 days. The experimental procedure is outlined in Appendix 6A. It is 

recognised that these experimental conditions are not geologically realistic and do not 

provide analogue conditions to a granite HLW repository (that is, reducing 

groundwater, low water-rock ratio, pressure gradients). However, the experiments 

are designed to investigate the interaction of fresh granite surfaces and water to 

provide information about the alteration which may occur. Furthermore, these data are 

useful in the interpretation of the radionuclide uptake by granites observed in Chapters 

7 and 8. 

Six ion-beam thinned specimens of each of the three granite samples were 

examined for changes to the mineralogy and microstructure before and after leaching 

using a mOL 2000 FX Transmission Electron Microscope (TEM), and changes in 

their composition were also determined with a TN Microtrace EDS detector and 

TN5450 analyser. 

Tests were also undertaken concurrently on polished discs 10 mm diameter by 

2 mm thickness to evaluate the change in composition of the leach solution during 

leaching (see Appendix 6A). The initial and final pH, conductivity and redox potential 

of the leach solution were measured, and the final leach solution was also analysed for 

Si, Ti, AI, Fe, Mg, Mn, Ca, Na, K and P by either inductively-coupled plasma mass 

spectrometry (lCPfMS), inductively-coupled plasma optical emission spectrometry 
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(ICP/OES) or atomic absorption spectroscopy (AAS). Appendix 6A outlines the 

leaching and analytical procedures. 

6.2.2 Granite Behaviour under Leach Conditions 

.Each of the three granites appears to have undergone changes in its mineral 

structure and chemistry during leaching. Significant losses of some elements from 

individual minerals in the granites correlate with increases in these elements in the 

leach solutions, indicating an approach to equilibration by the granite and solution 

over the 28 day leach period. 

The rate of reaction of this granite alteration has not been determined in these 

tests. However, preliminary results by Levins et al., (1985) on the Coles Bay Granite 

using repeated MCC-I static leach tests indicate that a significant proportion of granite 

leaching in deionised water occurs in the first 7 days, particularly for the easily 

leached elements such as Ca and Sr. Following this initial loss, a constant leach rate is 

attained after approximately 30 days which is maintained over a 120 day period. Other 

workers have also observed a similar dissolution profile in both natural silicate 

minerals and granites (Vaughan et aI., 1986; Schott and Petit, 1987), and report an 

associated loss of permeability for the granite samples. 

Further, Fritz et aI., (1984) have found that the point of equilibrium bet\,/e~n 

altered minerals and the leach solution is impossible to define precisely, and reaction 

path calculations are therefore difficult to determine. As these experiments are not time 

dependent, no rate ofreaction or reaction paths have been calculated, and the results 

are given for a static 28 day leach period only, based on the dissolution profiles 

reported by previous workers. 

Coles Bay Granite 

The CB 669 unleached samples comprise quartz, both unaltered and altered K

feldspar, plagioclase, sericite (after K-feldspar and biotite) and some alteration phases 

such as clay, Fe-oxides in chlorite and calcite infilling a microfractllre. Table 6.1 gives 
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Mineral quartz quartz infil1ine* K-feldsDar Dlal!ioclase sericite calcite 

Composition (wt %) 

SiCh 99.6 99.4 75.6 67.4 68.7 50.2 4.5 

TiCh 

A1203 0.4 0.6 21.9 20.0 19.8 37.4 3.2 

FeO 3.3 

MgO 0.4 

MnO 0.1 

Cao 0.1 88.9 

K20 2.6 11.7 8.3 3.4 

Na20 0.9 11.5 

Structural formulae 

No. of (0) 16 16 22 

Si 3.021 2.995 3.133 

AI 1.055 1.015 2.748 

Fe(total) 0.174 

Mn 0.038 

Mg 0.002 

Na 0.074 0.974 

Ca 0.003 

K 0.671 0.657 

total' 4.819 4.984 6.752 
Structural fonnulae are given only where they may be calculated from compositional data (i.e. for' 
some silicate minerals) and numbers of ions are calculated on the basis of the number of oxygens 
provided. Data are nonnalised to 100% and Fe is reported as total FeZ03. * = amorphous material 

inftiling a void located within K·feldspar grain. 

Table 6.1 Representative analyses of unleached minerals ill the Coles Bay Granite 

sample CB 669. 

representative analyses of the minerals from the unleached samples as decermined 

from TEM. 

The unaltered minerals have been identified from the structural formulae 

calculated from the compositional data, and from observations of morphology and 
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diffraction patterns. Quartz displays few impurities and has rare holes which appear to 

be filled with a similar Si02-rich material. K-feldspar appears to be slightly Si-rich, 

and all altered feldspars display some loss of Na, Ca or K. Voids in K-feldspar are 

uncommon and are infilled with a Si- and AI-rich, K-depleted mineral which may have 

been derived from the K-feldspar host (Table 6.1). Sericite is commonly found 

intergrown between K-feldspar grains and typically display a high Fe (total) content. 

Some alteration of the samples may be seen in the development of sericite after K

feldspar and calcite infilling microfractures. These unleached minerals have 

comparable analyses to the data for the primary mineralogy given in Tables 2.1 and 

2.2 (Chapter 2). 

Significant elemental mobilisation has occurred during leaching of the CB 669 

samples, as is shown in Table 6.2. The most obvious change after leaching is the 

formation of Fe-oxide phases that have precipitated onto altered mineral surfaces and 

into structural discontinuities. In some cases, Ti and Mn have also formed these 

precipitates. Analysis of these phases shows them to comprise predominantly Fe, with 

some Al or Ti impurities (Table 6.2). Quartz and K-feldspar do not appear to be 

significantly altered in composition, but they have become fragmented and display 

severe mid-grain dislocations as can be seen in Plate 6.1, which commonly host the 

Fe-oxide precipitates (Plate 6.2 and 6.3). Sericite has suffered A1203 and some K20 

loss, and consequent destruction of the lattice structure. They may also host these Fe

oxide precipitates, as reflected in the increase in Fe content of the sericites (Table 6.2). 

The major minerals also host an amorphous phase which is another secondary 

product of leaching that developed at grain margins and is associated with Fe infilling 

dislocations (Plates 6.2 and 6.3). The composition of this phase (Table 6.2) and its 

lack of an apparent crystal structure (Plate 6.4) suggest that it is a Si-AI gel-like 

substance formed during the dissolution of the host mineral. 
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Plate 61 TEM view ofa leached quartz grain in the Coles Bay Granite showing 

fragmentation and the development of voids along fractures. 6800 x magnification. 

Plate 6.2 TEM view offeathery Fe-oxide crystals in/Wing a void in altered K-feldspar 

in a leached sample of the Coles Bay Granite, 6800 x magnification. 
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Plate 63 High magnification view of the leached Coles Bay Granite sample (Plate
 

6.2) showing thefeathery nature ofthe Fe-oxide crystals. 34000 x magnification.
 

Plate 6.4 TEM view of a void developed in the leached Coles Bay Granite infWed
 

with an Fe-oxide crystal (F) and a Si/AI-rich gel-like substance (G). 21000 x
 

magnification.
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Sample Fe-ppt* Fe-ppt" sericite QUartz K-feldspar Si-AI gel# Si-AI gel# 

Composition (wt %) 

Si02 52.69 99.47 66.75 63.37 77.41 

Ti02 3.62 1.82 

Alz03 15.66 0.53 20.48 23.26 16.10 

FeO 96.22 96.62 25.88 0.06 12.76 4.89 

MgO 0.29 0.57 

MnO 1.56 

Cao 0.15 

K20 5.77 12.71 0.33 1.04 

Structural formulae 

~~~ n ~ 

Si 3.470 3.002 

AI 1.126 1.086 

Fe(tolaI) 1.425 0.002 

K 0.485 0.729 

total 6.506 4.819 
Structural fonnulae are given only where they may be calculated from compositional data (i.e. for 
some silicate minerals) and numbers of ions are calculated on the basis of the number of oxygens 

provided. Data are nonnalised to 100% and Fe is reported as total Fe203. * = Fe-oxide precipitate; # = 
amorphous material comprising mainly Si and AI and having a gel-like appearance (see text). 

Table 6.2 Representative analyses of minerals after leaching of the Coles Bay 

Granite sample CB 669. 

These changes in mineral chemistry and structure are reflected In the 

composition of the leach solution after leach testing with the polished granite discs. 

Table 6.3 shows the increase in pH, conductivity and redox potential of. the leach 

solution which indicate a significant change in ionic concentration. The decrease in pH 

may be atttributed to the alteration of quartz and the feldspars and release of cations 

into solution. The redox potential is high compared to both the Kambalda Granodiorite 

and the Roxby Downs Granite, indicating the oxidising nature of the mineral 

alteration. Conductivity is quite low (compared to the Kambalda and Roxby Downs 

samples), indicating the low relative concentrations of ionic species releasd into 

solmion. 



Composition of solution in Darts per million 

pH Eh conductivity Si Ti AI Fe MJ1; Mn Ca K Na P 

al Cotes Bay Granite 

unfiltered solution 5.8 202 4 0.30 0.002 0.02 0.02 0.04 0.02 0.33 0.12 0.02 <0.1 

45 IlITI filtrate 5.9 206 4 0.35 0.003 0.06 0.19 0.12 0.04 0.67 0.23 0.02 <0.1 

1000 MW filtrate 6.1 193 4 0.50 0.001 0.02 0.05 0.10 0.01 0.53 0.15 0.27 <0.1 

bl Kambalda Granodiorite 

unfiltered solution 6.9 177 17 0.69 0.009 0.17 0.03 0.04 0.004 2.80 0.31 0.25 <0.1 

45 Ilffi filtrate 6.9 182 25 0.73 0.001 0.41 0.09 0.04 <0.001 3.98 0.33 0.59 <0.1 (:J 

1000 MW filtrate 7.1 170 31 1.19 0.018 0.005 0.01 0.05 0.002 3.92 0.34 0.05 <0.1 ~ 

Cl 
cl Roxby Downs GI'anitc ~ 

unfiltered solution 8.1 134 43 0.76 0.024 0.04 <0.01 1.92 0.004 5.89 0.23 0.02 <0.1
 

45 IlITI filtrate 8.3 131 48 0.90 0.021 0.05 0.08 2.07 0.004 5.32 0.28 0.02 <0.1 ~
-
1000 MW filtrate 8.0 136 46 1.91 0.018 0.006 0.02 1.36 0.002 4.36 0.26 0.03 <0.1 ~ 

Table 63 Average pH, Eh, conductivity and composition ofunfiltered, 45 /lIn, and iOOO MWfiltered solutions afterleaching ofthe a) Coles 

Bay Granite, h) Kamhalda Granodiorite and c) Roxby Downs Granite at 70°C for 28 days under MCC-i test conditions. Concentrations are in 

porls 1'('( million (ppm) and initial concentrations are effectively zero. initial pH ~  5.1, Eh = 250 mV relative to saturated calomel electrode and 

conductivity = i.O J.1 S cm-I. 

I" 

, 
R' 
o 
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Analyses of unfiltered, 0.45 ~m filtrate and 1000 MW filtrate solutions are 

also listed in Table 6.3. The increase in the concentration of some elements, notably Si 

after filtration using the 1000 MW filter paper, may be the result of contamination or 

the difficulty in obtaining an homogeneous sample, particularly when colloids and fine 

particulate material (which accumulate in the fmal fractions) are present. K, Na and 

Mg variability may be attributed to intersample variation (that is, presence of albite and 

K-feldspar). Ca is the most readily leached element and is present in significant 

quantities in the leach solution and which have been released during the leac;hing of the 

secondary mineral calcite that was observed in the leached foils (Table 6.1). 

The high Si concentrations in solution are a response to dissolution of the 

silicate minerals: feldspar, quartz and sericite. Much smaller concentrations of Mg 

have been released into solution resulting from the breakdown of chlorite and biotite, 

whereas the concentrations of AI, Na and K reflect the partial dissolution of the 

feldspars. Fe and Mn concentrations do not appear to be enhanced in solution, as they 

generally precipitate out of solution as fine crystals (Plates 6.2 and 6.3). Only trace 

quantities of Ti and P are observed probably as a consequence of their low initial 

concentrations and solubilities. 

Kambalda Granodiorite 

Table 6.4 lists the compositions of minerals from the unleached samples of 

KD 776. The mineralogy is dominated by plagioclase, which is generally Na-rich 

(Anl3 to An2S). K-feldspar is significantly depleted in K relative to the normal 

structural formula and quartz is relatively free of impurities. Biotite is typically Fe-rich 

and may be partially altered to Fe-chlorite which in some cases is associated with 

sphene. Alteration of the major minerals is indicated by the occurrence of a clay 

mineral, particularly associated with the feldspars. Precise identification of this phase 

is not possible on the basis of composition alone (Deer et aI., 1977), but its primary 

mineral association and composition suggest it may be a member of the kaolinite 
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Sample p1ag plag K-feldspar biotite ch10rite sphene claY!! 

Composition (wt %)
 

Si02 63.66 64.57 74.78 39.97 32.76 37.09 75.91
 

Ti02 0.18 0.24 33.39
 

AlA 25.02 23.12 20.22 19.06 14.35 2.13 22.98
 

FeO 0.07 0.02 22.61 37.60 1.48
 

MgO 10.55 13.86
 

Cao 3.64 2.23 0.18 25.72 0.27
 

K20 4.45 7.64 1.17 0.18
 

Na20 7.62 10.06 0.05 0.21
 

Structural formulae
 

No. of (0) 16 16 16 22 28'
 

Si 2.784 2.835 3.163 2.866 3.163
 

AI 1.290 1.197 1.036 1.611 1.634
 

Fe(total) 0.002 0.001 1.356 3.019
 

TI MIO M17
 

Mg 1.127 1.995
 

Na 0.696 0.857 0.009
 

Ca 0.171 0.105 0.019
 

K 0.240 0.699 0.144
 

total 4.943 4.995 4.763 7.669 10.000
 
Structural fonnulae are given only where they may be calculated from compositional data (Le. for
 
some silicate minerals) and numbers of ions are calculated on the basis of the number of oxygens
 

provided. Data are nonnalised to 100% and Fe is reported as !Dtal FC203. ' ~ ignoring H20-. plag ~
 
plagioclase; # ~ amorphous material comprising mainly Si and Al (see text). '>.
 

Table 6.4 Representative analyses of unleached minerals in the Kambalda 

Granodiorite KD 776. 

group. Other secondary minerals which are present include gypsum, epidote and 

calcite. 

Plagioclase is significantly altered during leach testing, and displays severe 

mid-grain dislocations and amorphous grain margins as shown in Plate 6.5. 
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Plate 65 High magnification TEM view of a void developed in plagioclase in the 

leached Kambalda Granodiorite sample. 41000 x magnification. 
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Sample void> piaI'; plag Kf altn Ti-ppt+ Ti-ppt+ Fe-ppt§ 

Composition (wt %) 

SiOz 77.55 71.50 80.36 73.88 2.71 2.52 35.68 

Ti02 0.20 93.33 91.56 

A1203 20.78 23.95 16.20 22.85 0.93 0.66 8.33 

Fe203 0.10 0.11 49.90 

MgO 0.08 0.64 

MnO 

Cao 0.79 2.18 0.31 0.33 0.15 0.34 

K20 3.07 0.22 

Na20 0.8 2.36 3.13 1.94 4.78 5.74 

Structural formulae 

No. of (0) 16 16 16 

Si 3.011 3.336 3.307 

AI 1.189 0.793 0.866 

Na 0.193 0.252 

Ca 0.098 0.014 

K 0.175 

total 4.491 4.395 4.348 
Structural formulae are given only where they may be calculated from compositional data (Le. for 
some silicate minerals) and numbers of ions are calculated on the basis of the number of oxygens 

provided. Data are normalised to 100% and Fe is reported as total FeZ03. > = material infilling void 
in feldspar, plag = plagioclase; Kf alm = alteration mineral replacing K-feldspar; + = poorly crystaIline 

precipitate comprising mainly TiOz, § = amorphous precipitate comprising Fe-oxide/hydroxide and 
silica (see text). -:- ~ 

Table 6.5 Representative analyses afminerals after leaching afthe Kambalda 

Granadiarite KD 776. 

As Table 6.5 shows, these structural discontinuities are also reflected in a 

change in the plagioclase composition, with a marked loss of CaO and Na20 and 

apparent increase in SiOz and Ajz03. This may be attributed to the development of an 

amorphous Si-AI-rich gel at both the grain margins and on the altered mineral surface.. 

K-feldspar also appears to have suffered alteration, with loss of stoichiometry 

through a decrease in KzO and relative increase in SiOz and Alz03 contents. 
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Plate 6.6 TEM view ofTi-oxide crystals (T) developed on the surface ofa
 

plagioclase grain in a leached sample ofthe Kambalda Granodiorite. 68000 x
 

magnification.
 

Plate 6.7 TEM view ofTi-oxide crystals (T) associated with the development of a
 

Si/AI-rich gel (G) at the margin ofa plagioclase grain in a leached sample of the
 

Kambalda Granodiorite. 17000 x magnification.
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Development of the Si-AI gel is also apparent in quanz, where significant quantities of 

AI203 are observed. 

Si02, AI203 and some MgO depletion and Fe(total) enrichment mark the 

alteration of biotite during leaching (fable 6.5). K20 contents appear to be unaffected. 

More significant is the appearance of a Ti-rich phase which forms on the surface of 

these altered minerals. Plates 6.6 and 6.7 show two modes of occurrence of this 

phase, both as a crystalline precipitate on the surface of an altered plagioclase (Plate 

6.6) and associated with a Si-AI gel at the margin of a leached plagioclase grain (Plate 

6.7). Analysis of these precipitates reveals a composition of >90 % Ti02 (rutile?) with 

Si02 or CaO as impurities (Table 6.5). Some poorly crystalline Fe-oxides also appear 

to be associated with these precipitates. The occurrence of these precipitates suggests 

that dissolution of Ti- (and some Fe-) rich minerals has occurred, which is further 

supported by the loss of sphene from the leached samples. 

Table 6.3 shows that the pH, and conductivity are significantly increased from 

the starting conditions, but that the redox potential decreases (i.e. more reducing). 

These differences are even greater than for the Coles Bay samples, and reflect the 

dissolution of more leachable minerals such as gypsum and calcire. The variation in 

solution conductivity may be attributed to the increased concentrations of carions 
.:- .. 

released during leaching, mainly Ca and Mg. 

Ca has the highest concentration in solution which reflects the dissolution of 

the secondary Ca phases calcite and gypsum, as well as some contribution from the 

alteration of sphene and some plagioclase. Na, Si and Al are also present in significant 

quantities principally as a result of plagioclase breakdown. Filtration appears ro have 

no affect on most elements as increases may be due ro variabiliry between samples (for 

example, Ti, Fe and Na) or are within experimental error. The exception is Al which 

appears to be reduced during filtration by the 1000 MW filter paper, indicating that it 

may be presenr in the leach solution as colloids rather rhan soluble species (Gurhrie er 

aI., 1991). Mg, K and Fe are also present in notable concenrrarions which may have 

been released during biorite and chlorite breakdown. 
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Ti is present in only trace quantities, which may be attributed to the removal of 

Ti from solution by the reprecipitation of Ti-rich crystals as observed in Plates 6.6 and 

6.7. Mn and P concentrations are similarly low which reflects the low initial 

concentrations in the KD 776 samples. 

Roxby Downs Granite 

Analyses from unleached samples which are given in Table 6.6 reveal the 

hydrothermally altered nattrre of the Roxby Downs Granite (see Chapter 2). 

Sample K-feldspar K-feldspar QUartz biotite sericite chlorite 

Composition (wt %) 

SiCh 67.85 66.76 98.71 50.41 52.46 27.07 

TiCh 0.14 0.37 

Alz03 20.44 19.95 0.99 21.74 34.34 25.02 

Fe203 0.19 0.20 19.73 2.96 43.67 

MgO 0.07 0.02 2.60 1.75 4.24 

MoO 

Cao 0.02 

K20 11.11 13.07 0.10 5.52 8.49 

Na20 

Structural formulae 

No. of (0) 16 16 22 22 28* • 

Si 3.028 3.001 3.399 3.258 2.683 

AI 1.075 1.057 1.728 2.514 2.924 

Fe(total) 0.007 1.112 0.154 3.621 

Ti 0.005 0.013 

Mg 0.005 0.001 0.261 0.162 0.626 

Ca 0.001 

K 0.633 0.750 0.475 0.673 

total 4.747 4.829 6.975 6.761 9.854 
Structural formulae arc given only where they may be calculated from compositional data (i.e. for 
some silicate minerals) and numbers of ions arc calculated On the basis of the number of oxygens 

provided. Data arc normaliseD to 100% and Fe is reponed as lOtal Fe203. = ignoring H20-. 

Table 6.6 Representati\'e analyses of unleached minerals in [he RoxlJy DowllS
 

Granite RD 1000.
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It comprises K-feldspar which is slightly depleted in K20 relative to Si02 and 

AI203 and quartz which is relatively free of impurities. Biotite is Fe-rich and often 

accompanied by sericite or altered to very Fe-rich chlorite. The hydrothermal alteration 

of RD 1000 is indicated by the presence of hematite and scattered examples of 

gypsum, the loss of alkalis and corresponding non-stoichiometric character of the 

feldspars and biotite (Table 6.6). 

The structure and chemistry of the individual minerals in RD 1000 also appear 

to have been severely affected during leaching. Table 6.7 gives the compositional 

variation of the individual minerals in the leached samples. K-feldspar is typically 

Si02- and A1203-rich and K20 depleted, which is the result of a Si- and AI-rich 

amorphous material as a mantle over the grain surface and at the margins. Frequent 

voids are also present in K-feldspar and quartz (plate 6.8) which are infilled with two 

phases - a Si-AI amorphous gel and a poorly crystalline Fe-oxide (Plate 6.9). 

Analyses of this material are given in Table 6.7, and show high Si02 and Ah03 or 

high Fe (total) contents. Some Ti-grains may also accompany the Fe-oxide 

precipitation. 

Biotite is typically depleted in Fe (total) and MgO (Table 6.7), indicating 

partial dissolution which may have acted as the source for the Fe precipitates fo~i~g 

in voids of the altered minerals seen in Plates 6.9 and 6.10. Chlorite is not affected 

structurally or compositionally during leaching, but sericite appears to become 

depleted in K20 (Table 6.7), and has also suffered some loss of crystal lattice 

structure, particularly at its exposed margins (Plate 6.11). Along with the voids in K

feldspar, these minerals appear to form a substrate for the precipitation of Fe-oxides. 

Hematite which was present in the unleached samples does nor appear to be affected 

by leaching, but gypsum could not be found after leaching, suggesting that total 

dissolution 111ay have occurred. 
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Plate 6.8 TEM view of a leached K-feldspar grain in the Roxby Downs Granite
 

showing the development of voids infilled with Fe-oxide crystals (F) and Si/AI-rich
 

gel (G). 8500 x magnification.
 

Plate 6.9 High magnification TEM view of a void (Plate 6.8) infilled with poorly
 

crystalline Fe-oxide (F) in a leached K-feldspar in the Roxby Downs Granite. 34000 x
 

magnification.
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Plate 6.10 TEM view of voids and Fe-oxide precipitates (F) developed in leached
 

K-feldspar and sericite of the Roxby Downs Granite. 8500 x magnification.
 

Plate 6J1 TEM view of a leached sericite grain in the Roxby Downs Granite
 

showing loss of crystal structure at the grain margin (see arrow). 34000 x
 

magnification.
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Sample K-feldspar void' Fe-ppt§ Fe-ppt§ sericite sericite 

Composition (wt %) 

Si(h 69.76 73.97 6.71 12.20 54.33 55.16 
Ti(h 0.65 0.52 

Al203 20.62 19.98 3.67 3.86 40.20 36.90 

Fe203 3.58 87.69 81.95 1.52 2.25 

MgO 0.07 0.61 0.39 

MnO 0.06 

Cao 0.08 

K20 9.50 6.00 1.05 1.41 3.34 5.30 

Na20 0.13 0.15 0.01 

Structural formulae 

No. of (0) 16 22 22 

Si 3.064 3.238 3.331 

AI 1.068 2.825 2.627 

Fe(lOtaI) 0.076 0.114 

Mg 0.035 

Na 0.011 

Ca 

K 0.532 0.254 00408 

total 4.675 6.393 6.515 
Structural formulae are given only where they may be calculated from compositional data (i.e. for 
some silicate minerals) and numbers of ions are calculated on the basis of the number of oxygens 

provided. Data are normalised 10 100% and Fe is reported as IOtal FeZ03.• = material infilling void 
in feldspar, § = poorly crystalline precipitate comprising Fe-DXide/hydroxide (see text). c· • 

Table 6.7 Representative analyses of minerals after leaching of rhe Roxby Downs 

Granite RD 1000. 

The composition of the leach solution after leaching of the Roxby Downs 

Granite shows an increase in the pH, conductivity and redox potemial during leaching 

(Table 6.3). This indicates increasing alkalinity and ionic concentrations due to 

released Ca and Mg. Compared to the Coles Bay and Kambalda samples, a higher 

proportion of cations have been released during alteration. The lower Eh may be 

arrributed to the presence of reduced Fe minerals such as pyrite and chalcopy11te. 
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The significant quantities of Ca which are present in solution may have been 

derived from the dissolution of gypsum during leaching. Mg is also significantly 

enriched, which may be related to the breakdown of biotite and sericite. Si and K are 

the only other elements present in significant concentrations which reflects the 

breakdown of the silicate minerals, particularly K-feldspar and sericite. The trace 

concentrations of Fe and Ti reflect the reprecipitation of these elements from the leach 

solution, and for Na, P and Mn indicates their low initial concentrations. The minor 

amounts of Al which are released into solution during leaching appear to be reduced 

by filtration with a WOO MW filter, suggesting that it may be present in colloidal 

form. Filtration for particulate or colloidal material does not appear to affect any other 

ion concentrations in solution. 

6.3 Discussion 

The alteration of the three granites during leaching is dominated by two 

processes; 

•	 structural attack on some minerals with accompanying chemical dissolution, with 

the development of an amorphous Si-Al phase 

•	 the precipitation of Fe or Ti (and some Mn) as crystalline or poorly crystalline 

phases. .c. < 

Corresponding changes in the composition of the leach solution are also 

observed, with an increase particularly in the soluble cations Ca, Na and K. 

The main changes observed in mineral structure after leaching are the 

development of voids along cleavage planes or fracture surfaces in quartz and the 

feldspars. The phyllosilicate minerals (biotite, chlorite and sericite), do not exhibit 

these structural changes as they can accommodate the increase in degree of hydrolysis 

and loss of cations within their crystal srructure (Morrow et aI., 1985). Amorphous 

Si- and AI-rich phases which have been produced during dissolution of primary 

minerals form in these voids and as a mantle to the altered primary phases. This 

dissolution appears to be incongruent as the prop0<1ions of alkali and Ca relati,'" to Si 
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and Al which are released during breakdown, do not correspond to the stoichiometry 

of the dissolving mineral (Garisto and Garisto, 1984). The development of the surface 

reaction products has been observed to control element solubility which decreases 

where amorphous Si and Al gels form (Helmke, 1980) and corresponds to a depletion 

in these elements immediately below the mineral surface (Nesbitt and Muir, 1988). 

The nature of the Si-AI phase is difficult to define. Progressive dissolution of 

both quartz and the feldspars in granites has been observed to produce a variety of 

surface alteration products including gibbsite, boehmite, montmorillonite, 

kaolinite/halloysite, zeolite and amorphous or metastable Si and Al phases (Garisto 

and Garisto, 1984; Morrow et aL, 1985; Vaughan et aL, 1986; Nesbitt and Muir, 

1988). The amorphous, gel-like appearance of the material found in all three granites 

suggests that the poorly crystalline Si-AI phase formed during feldspar hydrolysis 

(Morrow et aL, 1985), may be metastable in the leach solution environment (Garisto 

and Garisto, 1984). This is further supported by the removal of Al from the leach 

solution by filtration with a 1000 MW filter, indicating the presence of colloids and 

other metastable phases. 

The formation of this Si-AI amorphous phase is accompanied by the 

precipitation of Fe or Ti-oxide crystals in the Kambalda Granodiorite. Fe is known to 

be quite mobile during alteration where redox conditions prevail which maihuiin 

species in solution (Guthrie, 1989). However a change in the oxidation conditions 

may decrease the Fe solubility and cause it to precipitate out of solution as insoluble 

FeIII oxides (Helmke 1980; Nordstrom and Andrews, 1985). The semi-quantitative 

nature of these analyses does not permit determination of the Fe-precipitate structure, 

but the hydrated nature and oxidation conditions suggest that it may principally be 

goethite (Fritz et aI., 1984) and in the case of Ti, the low temperature polymorph of 

Ti02, anatase (Guthrie, 1989). 

The change in leach solution characteristics and composition in the presence of 

the granites corresponds to specific mineral dissolution during leaci-,ing, and inclicales 

that the water ancl granite are evolving to form 3 groundw3rer with 3 composition in 
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equilibrium with the alteration phases which are developing in the granite. The 

changes in pH, Eh and conductivity reflect the increased ionic species in solution 

which vary between the granites. Savage and Chapman (! 982) observed similar 

changes in ground water characteristics during rock!groundwater!wasteform 

experiments in the temperature range 100° to 350°C. They attributed many of these 

changes to feldspar breakdown and formation of secondary phases. The significant 

increase in the cations Ca, Na and K and some Si in solution observed in these 

samples may reflect feldspar breakdown even at 70°C, and where present, limited 

calcite and gypsum dissolution. The concentration and distribution of these elements 

in solution is controlled by their solubilities and their incorporation into the secondary 

alteration products (Helmke, 1980; Savage and Chapman, 1982). The development of 

the Si-AI phases and Fe and Ti precipitates as products of leaching is further 

supported by their lower solubilities and decreased concentrations in solution relative 

to the higher concentrations of the cations Ca, Na, K and Mg, which reflects their 

higher solubilities and increased mobility in solution (Helmke, 1980). 

An understanding of the observed alteration of the primary minerals and 

formation of secondary alteration products may contribute significantly to the 

prediction of granite behaviour in the simulated repository environment. Typically, the 

ambient temperature at 1000 m depth in granite would be 70°C, but this would fie 

elevated in the repository environment (Savage and Chapman, 1982), due to the heat 

generated by the emplaced waste and the thermal conductivity of the granite host. 

Clearly, the processes which are occurring under these conditions during 

rock/solution contact and the properties of the mineral alteration products must be 

known before the perfoffi1ance of the granites can be assessed. Furtheffilore, alteration 

of granite (as described here) can modify the mineralogical and geochemical 

characteristics of the rock thereby changing its potential behaviour and the nature of 

potential rock!radionuclide interaction in the repository environment (Helmke, 1980). 

In Chapters 7 and 8 the interaction of the granitcs with radionuclides wili be evaluatcd 
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in light of the observed alteration of the granites in response to the differing 

environmental conditions. 

6.4 Conclusions 

•� Significant mineralogical and chemical changes have occurred within the granites 

during leach testing. 

•� The mineralogical changes observed are: I) the loss of crystal structure and the 

development of voids (particularly for the feldspars); 2) the formation of surface 

reaction products such as colloids and a secondary Si- and AI-rich amorphous 

phase both infilling voids and at the margins of altered primary grains; and 

accompanying these surface reaction products, 3) the precipitation of Fe- or Ti

oxide crystals. 

•� In the Coles Bay and Roxby Downs Granites, mineral alteration is dominated by 

the formation of Fe-oxide precipitates and an amorphous Si-AI gel onto altered 

mineral surfaces and into structural discontinuities. The Si-AI gel is also significant 

in the alteration of plagioclase in the Kambalda Granodiorite, and is associated with 

the formation of an unusual Ti-rich precipitate. In the Roxby Downs Granite, 

hematite is not affected by leaching, but gypsum appears to completely dissolve, 

contributing significantly to the solution composition. .... • 

•� Chemical changes within the leach solution include: I) an increase in pH and 

conductivity, and decrease in Eh which reflect the increased ionic species in 

solution; and 2) an increase in Si, Ca, Na and K in leach solution composition 

which reflects specific mineral dissolution during leach testing. This indicates that 

the granite and water are evolving to form a groundwater in equilibrium with the 

alteration phases which are developing in the granite. 



Chapter 7 

Simulation of Repository Processes I: The Interaction of Granite and 

Synroc doped with the Actinides 

7.1 Introduction - Previous Work 

In the HLW disposal envitonment one category of wastes which are of great 

concern are the actinides. Mter 1000 years of storage, the radioactivity in HLW will be 

dominated by 1291, 99Tc and the actinides, including U and the transuranic elements 

Pu, Np, Am and Cm. These elements represent one of the principal hazards in HLW 

due to theit long half-lives and relative abundances (Nash et al., 1988). The 

characteristics of actinides found in the repository environment are given in Table 7.1. 

Radionuclide half-life (a) modes of decav oxidation states 

238U 4.47 x 109 U, sf Ill, IV, V, VI 
237Np 2.14 x 106 U Ill, IV, V, VI 
238pu 87.7 U Ill, IV, V, VI 
239Pu 2.41 x 104 U Ill, IV, V, VI 
240Pu 6.55 x 103 U Ill, IV, V, VI 
241pu 14.4 ~ Ill, IV, V, VI 

, 
242pu 3.76 x 105 U Ill, IV, V, VI 
241Am 432.6 U III (IV,v) 
243Am 7.37 x 103 U III (IV,V) 
244Cm 18.1 U III 
245Cm 8.5 x 103 U III 
246Cm 4.73 x 103 U III 

Table 7.1 The characteristics of the actinides which are expected in a HLWfrom 

reprocessed reactor fuel (after Reeve et al., 1987). 



ACTINIDES 7.2 

The behaviour of actinides in the repository environment is largely controlled 

by their relative solubility and speciation (i.e. formation of complexes) (Allard, 1983). 

Many studies of the chemical behaviour of actinides have been undertaken (Allard, 

1983; Kim et al., 1984; Cleveland et al., 1985; Bidoglio et al., 1987; Doxtader et al., 

1988; see also Andersson and Allard, 1983). Plutonium and neptunium have received 

the greatest attention in these studies, although an increasing number of reports are 

concerned with americium and curium (Nash et al., 1988). 

The behaviour of Np and Pu is dominated by their multiple oxidation states. 

Both elements can exist in the rn, rv, V and VI oxidation states in aqueous solutions 

(Allard, 1983), although their stability is also dependent upon a variety of other 

conditions. Solubility and speciation are dependent predominantly on redox potential 

and pH, and in many cases, solution composition (Allard, 1984a). Strong stable 

complexes are formed with the fluoride ion as well as with oxygen containing ligands 

(hydroxide, oxide, carbonate, phosphate and to some extent sulphate) (Allard, 1983). 

In particular, the presence of carbonate ions, which may be expected in most natural 

groundwaters, may cause Puv- and NpV-dominated complexes to form (Bidoglio et 

al., 1987), whereas oxides and hydroxide complexes may be prevalent under near 

neutral conditions (Kim et al., 1984). 

Am and Cm occur almost entirely in the trivalent (ill) oxidation state (Doxtader 

et al., 1988), although the easily reduced AmIV and AmV may exist in some aqueous 

solutions (Allard, 1983). Complexation of these elements is dominated" by the 

hydroxyl ion under near neutral conditions, but Am displays more than one oxidation 

state in the presence of multiple complexes, as would be expected in a typical 

groundwater from a potential repository (Doxtader et al., 1988). 

Because of this strong dependence of actinide speciation on solution chemistry; 

the groundwater characteristics under repository conditions must also be considered 

when attempting to predict the behaviour of the actinides. A number of studies have 

addressed the effect of groundwater composition on actinide mobility (Erdal et aI., 
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1979; Cleveland et aI., 1983; Nash et aI., 1988) and particularly the interaction of 

actinides in groundwater with any solid phases which may be present (such as the 

repository host rock) (Vandergrift et aI., 1984; Shimooka et aI., 1985; Brono and 

Sandino, 1987). Under anticipated repository conditions, uptake of actinides by the 

repository host rock appears to be controlled by the redox reactions which control the 

dissociation of complexes (Allard et al., 1983), and preferential uptake by individual 

minerals through sorption processes (e.g. Smyth et al., 1980; Seitz and Seliga, 1983). 

Actinide behaviour in the repository environment may also be influenced by 

their release from the proposed wasteform. This release is most commonly solubility

limited (see Chapter 5) where the solution becomes saturated with the actinide waste 

elements (Kerrisk, 1985) and speciation of the actinide depends on its original state in 

the wasteform (Vandergrift et al., 1984). Many studies which have been undertaken 

concerning wasteform performance have included the assessment of actinide release 

(Kerrisk, 1985; Reeve et aI., 1987; see also Chapter 5). However the interaction of 

more than two components (i.e. wasteform, solution and repository rock) has not been 

fully assessed in these studies. 

In this chapter, actinide behaviour during the interaction of three repository 

components; the wasteform Synroc, water and the host rock granite has been 

investigated under simplified conditions through leach testing, to determine the effect 

of granite on the release of actinides from the wasteform and their distribution in the 

solution. The selective uptake of actinides by the granites has also been evaluated 
,," 

using the a-track etch technique, particularly the preferential uptake of activity by 

selected individual minerals, The results of this study are also discussed in a related 

publication (Guthrie et al., 1991). 

7.2 Experimental Techniques 

Following characterisation of the Coles Bay Granite, Kambalda Granodiorite 

and the Roxby Downs Granite from the surface to 1300 m depth (see Chapter 2) one 

sample was selected from each drill core for leach testing with Synroc doped with the 
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actinides 239pu, 237Np and 244Cm. These samples - 669 m for the Coles Bay Granite, 

776 m for the Kambalda Granodiorite and 1000 m for the Roxby Downs Granite were 

leach tested separately to determine the changes in mineralogy and chemistry which 

affect the leach solution and the extent of the reaction between the radionuclides and 

the granites (see Chapter 6). 

The Synroc was prepared in the glove-box facilities at the Lucas Heights 

Research Laboratories of the Australian Nuclear Science and Technology Organisation 

according to the specifications given in Reeve et al., (1987) and is outlined in 

Appendix 7A. The Synroc blocks (usually 75 g) were prepared with either 900 MBq 

of 239pu, 900 MBq of 237Np or 21 MBq of 244Cm and yielded an activity per gram of 

Symoc for each sample of 12.0 MBq 239pu g-l, 0.26 MBq 237Np gol and 12.9 MBq 

244Cm gol (see Appendix 7A). 

Leach tests were carried out at 70°C for 28 days in 20 mL deionised water, 

under static test conditions generally in accordance with MCC-l standard test 

procedures (MCC, 1983). The 28 day leach period was selected as previous work 

(see Reeve et al., 1987; Ringwood et aI., 1988) has shown that the most significant 

proportion of radionuclides are leached from Symoc during an initial 7 day period. 

Following this time, leaching is maintained at a constant rate. 

Polythene leach vessels were used throughout these experiments, as 'th~y 

provided a cheap, disposable material, thereby eliminating the need for 

decontamination to remove activity retained by the vessel walls during leach tests. 

Previous work which compared five different types of leach vessel material'(Reeve et 

aI., 1987), has shown that at 70°C, the uptake of 239pu activity onto polythene 

compares favourably to teflon, glass, Monel and stainless steel, and was considerably 

reduced by polishing the Symoc specimens. The uptake of activity may generally be 

related to the high surface area of the vessel itself, and was not found to be specific to 

the type of material used. 

No attempt was made to preclude air from the leach vessels, While it is 

recognised that these conditions do not replicate the groundwater compositions and the 
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reducing conditions which have been suggested under the proposed deep repository 

conditions (see Chapman and McKinley, 1987), deionised water and aerated 

conditions have been used to provide data comparable to leach test data already 

available for Synroc, and as a starting point (in terms of numbers of variables) for 

further experiments. Also, there is currently some conjecture as to the nature of the 

redox conditions which may be operative in the disposal environment post-closure, as 

factors such as the construction of a waste vault and interaction of the IlLW itself may 

influence the initial reducing conditions of the groundwaters within the granite. 

Six replicate samples of 10 mm diameter x 2 mm thick polished discs of 

Synroc were leached - three of these were held in close proximity to two polished 

granite discs of similar size as shown in Figure 7.A.1 (see Appendix 7A), and three 

Synroc discs were leached alone as a control test. Details of the leach testing 

procedure are given in Appendix 7A. 

Following leaching, the Synroc and granite samples were removed from the 

leach vessel and the pH and conductivity of the leach solutions were measured. The 

activity of the unfiltered and filtered leach solutions was determined by a

spectrometry, and the activity associated with the vessel walls by either liquid 

scintillation or a-spectrometry (see Appendix 7A). The activities of the different 

components of the leach vessel were determined according to the calculations giv~n in 

Appendix 7B. Based on these measured activities, a 'normalised leach rate' has been 

calculated which converts the activity measured for each component to an equivalent 

and comparable value, and has been normalised to a common base. The calciIlaton for 

'normalised leach rate' is given in Appendix 7B. 

The a-activity of the granites has been determined both before and after 

leaching using the a-track etch technique (see Appendix 7B). The polished discs of 

granite were exposed to external plastic detectors of CR-39 for 7 days, which were 

then etched to preferentially enhance the a-tracks. Thin sections of the granite discs 

could not be produced due to their altered nature, and thus were not available for study 

or comparison with the a-track etch plates. Unfortunately, corresponding 
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photographs of the polished granite discs were also not taken, but correlation of the 

registered tracks with the contributing minerals in each of the polished granite discs 

was determined using two microscopes (see Appendix 7A). The activity of the tracks 

on the etch plates were then counted and corresponding activity of the granite face 

calculated (Appendix 7B). The fJ..1ter paper activity was determined by a-track etch in 

the same manner. 

Because of problems in routine chemical analysis of solutions containing 

radioactivity, the leach solutions were not analysed for inactive species. However, 

solution composition data for granite alone is reported in Table 6.3 (Chapter 6), and 

there is a large compilation of data on the leaching of inactive elements from Synroc 

(Levins and Smart, 1984; Reeve et aI., 1987; and Ringwood et aI., 1988). Also, 

Table 5.5 gives the concentration of inactive species in solution following leaching of 

Synroc alone under the same conditions used in these leach tests (i.e. 28 days, 70°C, 

deionised water). Comparison of these data indicates that the presence of Synroc 

would have a minimal effect on solution concentration during leach testing with the 

granites, and the solution chemistry will be determined by the specific mineral 

dissolution within the granites. 

7.3 Results 

The presence of granite generally has a significant effect upon the leachant 

characteristics as shown by the median values given in Table 7.21 and the results 

presented in Appendix 7C. Corresponding analyses for Eh and solution composition 

(see Chapter 6) also indicate that the water-rock interaction and alteration of the granite 

minerals surfaces determine the fmalleachant characteristics, such that the contribution 

of Synroc leaching to these parameters is minimal. 

pH usually varies around 6.5 for the Coles Bay Granite, 7.2 for the Kambalda 

Granodiorite and 8.3 for the Roxby Downs Granite. Conductivity (and redox potential 

Ithe granites are not homogeneous on the scale of the disc specimens. 50 some variation 
from sample to sample is lo be expected. 
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- see Chapter 6) is more variable and values ranging between 18 ~S cm-I for the Coles 

Bay Granite, around 98 ~S cm-I for the Roxby Downs Granite and 376 ~S cm- I for 

the Kambalda Granodiorite for conductivity have been observed. 

239Pu 237Np 244Cm 

Granite Absent 

pH 5.0 5.4 5.2 

conductivity (~S cm-I) 5.0 4.4 6.2 

total leached activity (Bq) 0.494 0.298 1.259 

normalised leach rate 9.6 x 10-6 2.1 x 104 1.5 x 10-4 

(g m-2 day-I) 

Coles Bay Granite 

pH 6.5 6.0 7.2 

conductivity (~S cm-I) 45 18 21 

total leached activity (Bq) 0.326 0.162 0.059 

normalised leach rate 6.4 x 10-6 1.1 x 104 7.1 x 10-6 

(g m-2 day-I) 

Kambalda Granodiorite 

pH 7.4 7.1 6.9 

conductivity (~S cm-I) 184 184 376 

total leached activity (Bq) 0.316 0.144 0.075 

normalised leach rate 6.1 x 10-6 9.9 x 10-5 8.3 x 10-6 

(g m-2 day-I) 

Roxby Downs Granite# 

pH 7.0 8.5 8.8 

conductivity (~S cm-I) 96 157 98 

total leached activity (Bq) 0.381 0.067 0.046 

normalised leach rate 7.3 x 10-6 4.5 x 10-5 6.6 ~IO~7 

(~ m-2 day-I) 
#me variation in mineralogy between specimens (e.g. proportion of hematite present) may account for 
me variation in pH for me Roxby Downs Granite. 

Table 7.2 pH, conductivity and total 239pu, 237Np and 244Cm leached activity (Bq) 

following leach testing ofSynroc alone and in the presence of the Coles Bay Granite, .. 

Kambalda Granodiorite and the Roxby Downs Granite. 
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Redox potential was not determined for these samples, however corresponding 

analyses (see Chapter 6) indicate the conditions are mildly oxidising at the rock-water 

interface (as a result of the aerated nature of these experiments). Accompanying these 

changes in solution characteristics is a reduction in the total leached activity of the 

actinides released from the Synroc, where 'total activity' is taken to be the activity 

measured in the fJltered solution, on the 0.45Jlffi and 1000 MW filter papers, on the 

vessel and holder and, where present, on the granite. A change in the distribution of 

actinide activity between the solution, particulate and colloidal components of the 

leachant, the vessel walls and the granite surfaces is also observed. The total leach 

rates, that is measured loss of activity from Synroc, are low compared to other 

wasteforms and can be compared to values of 1.4 x 10-4 g m-2 day-l for 239Pu, 6.4 x 

10-4 g m-2 day-l for 237Np and 1.7 x 10-4 g m-2 day-l for 244Cm given by Reeve et 

aI., (1987). Except for 239Pu, these values are in reasonable agreement, given that 

lower values would be expected for polished specimens. The released activities are 

reduced from 0.49 Bq for Synroc alone for 239Pu to around 0.32 Bq in the presence 

of the granites (a reduction of up to 36%). A reduction of up to 77% for 237Np in the 

presence of the Roxby Downs Granite and an even greater reduction for 244Cm of up 

to 30 times in the presence of the Roxby Downs Granite (see Appendix 7C) was also 

measured. 

7.3.1 239Pu 

The variation in distribution of 239pu between the leach assemblage 

components (filtrate, vessel walls, filter papers and where present, granite) in the 

absence of granite and in the presence of the Coles Bay and Roxby Downs Granites 

and the Kambalda Granodiorite are shown in Figure 7.1. In the absence of granite, 

around 6% of the 239pu activity remains in solution, with only a small amount «5%) 

of this activity being filtered out by the 0.45 !lm and 2 nm filter papers together 

(Figure 7.1). The remaining activity (-90'l0) is taken up by the vessel walls. 
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Plate 7.1 Distribution of a-activity on the face of the Coles Bay Granite a) before 

leaching and b) attributable to 239pu after leaching with Synroc. Note the correlation 

ofactivity with apparentfracture irrfilling minerals. 

100 x magnification. 
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This indicates that 239pu is present principally as 'plate-out' on the solid 

surfaces present i.e. the vessel walls and the holder. Some degree of 'plate-out' would 

be expected on the face of the Synroc disc itself (K. Hart. pers. commun.) however 

this has not been measured and is assumed to be in proportion to the surface area. The 

composition of this material has not been directly determined, but it may comprise 

particles released from the Synroc surface during leaching (particle shedding) or 

insoluble Pu precipitates which have formed as a result of the specific oxidation and 

pH conditions of the 1eachant (Reeve et al., 1987). 

1.0 x 10-5 

-;;8.0 x 10-6 

e-0 '" 
.,;.

::§ 6.0 x 10-;; 

'5 40xlO-6'" . 
~ [J grnni~ 

"" .... 
N 

i:. 2.0 x 10-6 
12] 

IlliI 
2 nm fIlter paper 

45 I.lID filter paper 

B/:l vessel 
• filtrate 

0.00 
Synroc Coles Bay Kambalda Roxby Downs 

Figure 7.1 Distribution of239Pll leach rate (g/sq.m/day) between the leach 

assemblage components for leach tests ofSynroc only and in the presence of the 

Coles Bay Granite, Kambalda Granodiorite and the Roxby Downs Granite. 
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Plate 7.2 Distribution of a-activity on the face of the Roxby Downs Granite a) 

b(jore leaching and b) attributable to 239pu after leaching with Synroc. Note the high 

concentration oftracks which correlate with Fe-rich minerals. 

100 x magnification. 
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Plate 73 Distribution of a-activity on the face ofthe Kambalda Granodiorite a)
 

before leaching and b) attributable to 239pu after leaching with Synroc.
 

50 x magnification.
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In the presence of the Coles Bay Granite, the total amount of activity released 

from Synroc is reduced by approximately 15% and is accompanied by a change in 

distribution. The majority of 239pu activity is still associated with the vessel walls 

(77%) with 10% of the remaining activity found in solution (Figure 7.1). Filtration of 

the solution with 0.45 J.lIll and 2nm filter papers does not remove significant amounts 

of activity from solution indicating that the activity is present as soluble ionic species 

such as Puv as Pu(h+ and PuV1 as Pu(h2+ (Pourbaix, 1974) or complexes (Kim et 

al., 1984). 

The Coles Bay Granite itself interacts with the 239pu which has been released 

into solution. and takes up around 10% of activity (Figure 7.1). The 239pu activity 

associated with the granite is non-uniformly distributed across the face of the granite 

disc (Plate 7.1), with the greatest concentration being associated with the secondary 

minerals particularly those infilling microfracmres such as sericite, siderite, clay. 

chlorite and Fe-oxide/hydroxides. Correlation of the a-track plates with the polished 

disc faces indicates that the order of individual mineral uptake decreases as follows; 

fracrnres » leucoxene + Fe-oxides> sericite 

> chlorite + biotite > K-feldspar > quartz 

The distribution of 239pu activity in the presence of the Roxby Downs Granite follows 

similar trends to those shown by the Coles Bay Granite with the total activity released 

from Synroc during leaching being reduced by approximately 17% (Table 7.2, Figure 

7.1). The majority of 239pu activity (approximately 74%) is present as 'plate-out' on 

the vessel walls, whereas up to 10% of the total activity is in solution as soluble ionic 

species or complexes. The amount of activity associated with either of the filter papers 

is reduced to <1 %, and the granite itself accounts for up to 15% of activity (Figure 

7.1). 

The majority of activity which is associated with the Roxby Downs Granite 

may be attributed to the increased proportion of secondary minerals (see Plate 7.2) 

which have been produced during hydrothermal alteration. Correlation of the a-track 

plates with the polished disc faces indicates that the greatest uptake of 239pu is 
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exhibited by hematite and other Fe-oxideslhydroxides, with other minerals decreasing 

in the following order; 

hematite + Fe oxides> sericite > chlorite + clays> 

rutile + leucoxene > K-feldspar > quartz 

The presence of the Karnbalda Granodiorite has also inhibited the release of 

239Pu from Synroc during leaching by around 24%, however the distribution of this 

activity differs significantly from both the Coles Bay and Roxby Downs Granites 

(Figure 7.1). Uptake on the vessel walls is considerably lower (-50% of the total) and 

approximately 2% of the total remains in solution. The activity associated with the 

0.45 ~ mter paper accounts for <2% of the total, but more significant is the uptake 

of 239pu on the 1000 MW mter paper which is considerably higher (approximately 

17%). This activity appears to be associated with colloidal material which has formed 

during leaching of Synroc and the Karnba1da Granodiorite and which interacts with 

the solution to take up 239pu activity. The composition of this colloidal material is not 

well defIned although the results of leach testing of the granites alone (see Chapter 6) 

indicate that it may be an Si-fAl-rich hydroxide (see Table 6.5, Chapter 6). 

Up to 23% of the total activity is associated with the granodiorite discs. This 

activity is non-uniformly distributed between the differing minerals of the granodiorite 

over the face of the disc determined by correlation between the CL-track plates -and. 

polished discs and as shown in Plate 7.3. Individual mineral uptake decreases in the 

following order; 

leucoxene + Fe oxides » sphene + epidote > 

chlonte (biotite) > feldspars > quartz 

The greatest proportion of activity is associated with the secondary minerals 

particularly leucoxene replacing sphene, epidote, and chlorite after biotite. These 

results indicate that these alteration assemblages contribute not only to the non

unifonn uptake of 239pu over the face of the granodiorite, but also to the formation of 

colloidal and some particulate material during leaching, resulting in a significant 

redistribution of 239pu. 



ACTINIDES 7.15 

7.3.2 237Np 

The variation in distribution of 237Np activity during leaching of Synroc in the 

absence of granite, and in the presence of the Coles Bay Granite, Kambalda 

Granodiorite and the Roxby Downs Granite is shown in Figure 7.2 respectively. The 

total leach rates are generally higher than for 239pu (of the order of 10-4 g m-2 day-I as 

compared to 10-6 g m-2 day-I for 239pu, see Appendix 7C), and appear to be 

significantly decreased by the presence of any of the granites (by up to 50%). In the 

absence of granite, approximately 80% of the total 237Np activity which is released 

from the Synroc remains in solution, and approximately 3% is retained by each of the 

0,45 I-lm and 1000 MW filter papers (Figure 7.2). 
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Figure 7.2 Distribution of237Np leach rate (g/sq.m/day) between rhe leach 

assemblage components for leach tests ofSynroc only and in the presence of the 

Coles Bay Granite, Kambalda Granodiorite and the Roxby Downs Granite. 
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Plate 7.4 Distribution of a-activity on the face of the Coles Bay Granite attributable 

to 237Np after leaching with Synroc. 

50 x magnification. 
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Plate 75 Distribution of a-activity on the face ofthe Kambalda Granodiorite 

attributable to 237Np after leaching with Synroc. Note the significantly lower uptake 

ofactivity by these minerals. 

200 x magnification. 
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Plate 7.6 Distribution of a-activity on the face of the Roxby Downs Granite 

attributable to 237Np after leaching with Synroc. 

100 x magnification. 
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This indicates that under these pH and oxidation conditions only limited amounts of 

particulate or colloidal material have formed during leaching and the majority of 

activity may be present as soluble ionic species principally NpIV and Np022+ 

(Pourbaix, 1974) or as complexes (Allard, 1984b). Up to 14% of activity is 

associated with the vessel walls which may be attributed to 'plate-out' of 237Np onto 

the vessel itself. 

The presence of the Coles Bay Granite considerably suppresses the release of 

237Np activity during leaching of Synroc (up to 50% reduction in the total normalised 

leach rate), however only a minor redistribution of this activity is observed. The 

majority of the activity is found in solution (-80%), with less than 3% of the total 

activity associated with both the 0.45 ~m and 1000 MW filter papers, and 

approximately 10% attributable to the vessel walls (Figure 7.2). Some interaction 

between the granite and the 237Np which is released into solution during leaching is 

indicated by the association of approximately 6% of the total activity with the granite 

itself. This activity is non-uniformly distributed over the face of the granite and 

follows a similar distribution pattern to that observed for 239pu (see Plate 7.4). 

Uptake appears to be greatest among the secondary and alteration minerals infilling 

microfractures such as sericite, siderite, clay, chlorite and Fe-oxide/hydroxides, and 

the individual mineral order of uptake is the same as for 239Pu. 

The Kambalda Granodiorite displays a similar distribution pattern for 237Np as 

the Coles Bay Granite although it does not appear to inhibit the release of activity from 

Synroc to the same extent (Table 7.2, Figure 7.2). The majority of activity remains in 

solution (up to 83%), with approximately 3% or less associated with each of the 0.45 

~m and 1000 MW filter papers. 

Up to 10% of the total 237Np is associated with the vessel walls, and the 

remainder «3%) is attributable to the granodiorite itself. The poor uptake of 237Np by 

the Kambalda Granodiorite is reflected in the activity distribution shown in Plate 7.5. 

The acIivity is very irregularly distributed over the face of the discs, and is similar to 

that observed for 239Pu although the total amount is markedly less. The majority of 
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this activity is associated with the secondary mineral leucoxene, and uptake by the 

other major and alteration minerals accounts for minor or negligible amounts of 

237Np. These results indicate that the 237Np released during leaching of Synroc has 

remained as soluble ionic species or complexes and does not appear to have interacted 

significantly with the granodiorite or any colloidal or particulate material which has 

formed. 

The Roxby Downs Granite has a marked effect upon the total activity released from 

Synroc during leaching, reducing the normalised leach rates by up to 8 times that of 

the granite absent leach tests. The distribution of this activity is also affected, and 

differs significantly from both the Coles Bay Granite and Kambalda Granodiorite 

(Figure 7.2). The proportion of activity which remains in solution is reduced to 42% 

of total activity, with approximately 3% being attributed to the 0.45 ~ filter paper 

and 18% to the 1000 MW fIlter paper. This indicates a significant reduction in the 

proportion of 237Np in solution (which may result from the higher pH that has been 

induced by the presence of the granite) and the association of activity with colloidal 

material which has formed during leaching. 

Up to 16% of the total activity is associated with the vessel walls through 

'plate-out', and the remainder (up to 21 %) is non-uniforruly distributed over the face 

of the granite discs (see Plate 7.6). Hematite and other Fe-oxidesfhydroxides take ulJ 

the greatest proportion of this activity, with the other secondary minerals sericite, 

chlorite, clays, rutile and leucoxene exhibiting minor further uptake. This distribution 

is similar to that displayed by 239Pu and may be attributed to the nature arid type of 

secondary minerals produced both by hydrothermal alteration and during the leaching 

process. 

7.3.3 244Cm 

The distribution of 244Cm in the absence of granite and in the presence of the 

Kambalda Granodiorite, Coles Bay Granite and the Roxby Downs Granite is shown 

in Figure 7.3. The total loss of 244Cm from Synroc appears to be most significantly 
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affected by the presence of granite. Leach rates are reduced from 4.4 x 10-5 g m-2 day

I in the absence of granite to values consistently less than 2.1 x 10-6 g m-2 day-I - a 

factor of up to 30 times less - indicating that the granites significantly inhibit the 

release of 244Cm from Synroc during leaching. 

The majority of the activity released was plated onto the vessel walls in all four 

cases Le. when Synroc is leached alone or in the presence of any of the granites. In 

the absence of granite, this may be as much as 97% of the total activity with the 

remainder being in solution (Figure 7.3). Negligible amounts «0.5%) of 244Cm 

activity are present on either the 0.45 Ilm or WOO MW filter papers. The association 

of activity with the vessel walls may be attributed to 'plate-out' which appears to 

control 244Cm distribution throughout the whole leach sample. 
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Figure 7.3 Distribution of244Cm leach rate (g/sq.m/dcry) between the leach 

assemblage components for leach tests ofSynroc only and in the presence ofthe 

Coles Bay Granite, Kambalda Granodiorite and the Roxby Downs Granite. 
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Plate 7.7 Distribution of a-activity on the face of the Kambalda Granodiorite 

attributable to 244Cm after leaching with Synroc. Note the very low concentrations of 

activity. 

200 x magnification. 
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Plate 7.8 Distribution of a-activity on the face of the Coles Bay Granite attributable
 

to 244Cm after leaching with Synroc.
 

200 x magnification.
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Plate 7.9 Distribution of a-activity on the face of the Roxby Downs Granite 

attributable to 244Cm after leaching with Synroc. 

50 x magnification. 
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Minor variations in 244Cm distribution are exhibited in the presence of the 

Kambalda Granodiorite. The activity attributed to the vessel walls remains constant at 

97%, and the rest is distributed between the solution (-I %), the filter papers and the 

granodiorite (all <I %; Figure 7.3). No distribution patterns could be seen over the 

face of the granodiorite discs (Plate 7.7). These results indicate that 'plate-out' 

mechanisms control the behaviour of 244Crn, and apart from changing the solution 

characteristics, the influence of the Kambalda Granodiorite is negligible. 

In the presence of the Coles Bay Granite, the proportion of 244Cm associated 

with the vessel walls is decreased to approximately 83% of the total, with the majority 

of the remaining activity being in the fJltered solution (up to 16%, Figure 7.3). Only 

minor amounts of activity are attributable to either the filter papers or the granite itself 

«3%), and no distribution patterns could be observed on the face of the granite (plate 

7.8). The increase in activity in solution may be the result of destabilisation of the 

'plate-out' on the vessel walls under differing pH, conductivity and redox conditions, 

however this cannot be clearly related to the presence of the Coles Bay Granite. 

The 244Cm activity which may be attributed to 'plate-out' on the vessel walls is also 

decreased in the presence of the Roxby Downs Granite to approximately 85% of the 

total activity (Figure 7.3). Less than 2% of the total is found to be associated with 

each of the 0.45 !lm and 1000 MW fJlter papers and approximately equal proportiOO$ 

(-5%) of the remaining activity are found in solution and on the granite discs. 244Cm 

distribution over the face of the granite discs is non-uniform, with hematite exhibiting 

the only measurable amounts (see Plate 7.9). The other secondary minerals do not 

appear to contribute significantly to 244Crn uptake. 

7.4 Discussion 

7.4.1 Mobilisation of 239pu, 237Np and 244Cm from Synroc 

In Synroc, partitioning of the actinides between perovskite and zirconolite has 

been observed for Pu and Np, and is inferred for the other transuranic elements 

(particularly Cm and Am) by analogy with the rare earth elements and taking into 
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account other theoretical considerations (e.g. valency, speciation, solubility) (Reeve et 

al., 1987). Under these leach conditions, perovskite is the most leachable element 

present in Synroc, resulting principally in the loss of Ca and the development of an 

amorphous Ti-rich surface layer. The consequent release of rare earths and actinides 

from perovskite is not well understood, although Reeve et al., (1987) have predicted 

that the least soluble elements may be incorporated into the amorphous surface layer or 

released as submicron grain relicts and be scavenged by precipitates or colloids within 

the leach assemblage. 

The release of the actinides from Synroc in these leach tests varies significantly 

according to the different behaviour of 239Pu, 237Np and 244Cm under the variable 

leach conditions. Previous work on Synroc alone has established that the majority of 

radionuclide release occurs in the initial 1 to 7 days of leaching (Levins et al., 1985; 

Reeve et al., 1987), and the release rate becomes constant after approximately 28 days 

(Ringwood et al., 1988). This effect is attributed to the initial release of the most 

leachable elements from easily accessible sites, followed by the development of a 

surface layer of secondary phases enriched in the less soluble matrix elements Ti and 

Zr (see Chapter 5). This leaching profIle has been shown to be relatively insensitive to 

changes in solution conditions (Levins and Smart, 1984). Therefore, while the total 

release of radionuclides from Synroc may have been inhibited, the same radionucIide 

release profIle appears to exist in the presence of the granites. Redistribution of the 

actinides is also assumed to occur within the same time frame. 

For the actinide experiments, redox potential is important in determining 

speciation and adsorptive properties. Unfortunately, redox potential was not measured 

in these tests, however leach tests on Synroc alone (Table 5.5, see Chapter 5), gave 

Eh's of 190 - 210 mV2 under equivalent conditions. For granite alone, the range of Eh 

values were 131 - 206 mY. This is regarded as the probable range ofredox poential in .. 

the Synroc - granite experiments. Under these oxidsing conditions, the molar 

2 relative to a saturated calomel electrode 
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concentrations of 237Np, 239Pu and 244Cm in the leach solutions are much less than 

the predicted solubility limits (Reeve et al., 1987). Under more reducing conditions, it 

is likely that actinide concentration in solution would be lower, especially for Np 

(Reeve et aI., 1987). 

The reduction in release of actinides observed here may be attributed to the 

higher solution pH which has been induced by the presence of the granites (see 

Chapter 6). Previous work by Levins and Smart (1984), has established that the 

release of actinides from Synroc during leach testing is not greatly affected by solution 

pH. Under mildly alkaline conditions, the actinides do not readily precipitate as 

oxides, but may form sparingly soluble hydroxides which are more readily 

precipitated or adsorbed onto available surfaces (including the vessel walls, holder and 

granite discs). In these leach tests, 244Cm (and to a lesser extent 239pu) are most 

susceptible to these processes as a result of their decreased solubility, whereas 237Np 

has remained most stable in solution, probably as Np(h+. 

7.4.2 Mechanisms for 239Pu, 237Np and 244Cm Distribution 

Two main processes appear to control the distribution of the released actinide 

activity in the presence of granites; a) precipitation of or coprecipitation with insoluble 

crystalline phases and b) sorption onto colloids or other solid materials which may be 

present (Bruno and Sandino, 1987). Development of fine-grained precipitates may be 

related to the major hydrogeochemical changes observed in the solution, (see Chapter 

6). However, in the presence of igneous rocks, sorption appears to be more 

significant in the control of actinide distribution (Bondietti and Francis, 1979; Allard et 

al., 1983; Vandergrift et aL, 1984). It includes three main processes (Allard et aI., 

1983); 

•	 rapid and reversible physical adsorption, or the binding of solute to solid surfaces 

in progressive layers, 

•	 electrostatic adsorption or ion exchange which is rapid and reversible and involves 

the exchange of charged particles between the solution and the solid and 
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•	 chemisorption which is the interaction of chemical forces between the charged 

solute and solids. This mechanism is very slow, element specific and appears to be 

dependent upon the concentration of species in solution. 

Considering the very low actinide concentrations and the rapid nature of 

244Cm, 239pu and 237Np uptake by the vessel walls, the three granites and associated 

colloids, chemisorption does not appear to have occurred, and physical adsorption and 

ion exchange appear to have been the dominant processes. The occurrence of these 

processes is controlled by the pH and composition of the leach solution, redox 

conditions, speciation of the actinides, and the exchange capabilities of the solid 

surfaces (Andersson et aI., 1982; Allard et al., 1983). 

In the case of 244Cm and 239pu which have been released from Synroc in the 

presence of all three granites the degree of 'plate-out' on the vessel walls may be 

related to the actinide solubilities and oxidation states. Cm is very insoluble (Reeve et 

al., 1987) and is most stable in the CmITI state or at increasing pH, as Cm(OH)2+ or 

Cm(OHh1+ (Doxtader et al., 1988). 239pu is somewhat more soluble under mildly 

oxidising and aerated conditions (Allard, 1984a), but it may still be precipitated out of 

solution with a reduction in oxidation states from the soluble PuV and PuVI to the 

more readily sorbed PuN (Olofsson et al., 1984; Reeve et al., 1987). 

As a result, very little 244Cm and only limited 239pu remains in solution to 

interact with colloids or the changing minerals of the granites which are present, and 

significant 'plate-out' on the vessel walls is observed. The mechanism for this process 

is not clear, although it is thought that the change in solution conditions (e.g: pH, 

Nakayama, 1987) at the vessel wall surface are sufficient to produce metastable 

polymeric species which alter the sorptive behaviour at the solid-surface interface, and 

increase the retention capacity for the insoluble 244Cm and 239pu precipitates. It 

should be noted, however that the high proportion of this uptake by the vessels·· 

relative to the granite discs directly reflects the high surface area of the vessels 

themselves. In fact, the granite uptake is still selective on an equivalent area basis. 
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The presence of the highly altered Roxby Downs Granite has a notable effect 

on 244Cm distribution despite its low solubility, principally through changes in the 

redox potential and pH which hydrolyses the Cm species (Doxtader et al., 1988), and 

increases its availability for sorption and ion exchange onto the granite itself. This 

effect is even greater for 239pu where hydrolysed polymers such as (Pu02h(OHh2+ 

and (PU02}J(OH)S+ (Kim et al., 1984) may be produced which are then precipitated 

and adsorbed onto any solid surfaces present. These include the face of the granites, 

and in the presence of the Kambalda Granodiorite, the significant proportions of Si

and AI-hydroxide colloids which have also formed. 

The increased proportion of 237Np remaining in solution in the presence of the 

granites and decreased effect of sorptive processes are a result of the higher solubility 

of Np in the pH range 6 to 8. However, in the presence of a redox couple such as 

Fe2+jFe3+, sorption and coprecipitation of 237Np are increased by the reduction and 

hydrolysis of the dominantly soluble NpV species to NpIV (Allard, 1984b), during the 

alteration of biotite, chlorite and other Fe2+-bearing minerals (Keeney-Kennicutt and 

Morse, 1985). These lower oxidation states show a greater affinity for sorption onto 

solid surfaces (Bidoglio et aI., 1987), as indicated by the 237Np (and some 239pu) 

activity associated with each of the granites and colloids where present. In particular, 

the increased uptake of 237Np exhibited by the Roxby Downs Granite and associated 

colloidal material may be related to the higher proportion of Fe-bearing minerals which 

transform actinide speciation through coupled redox reactions (Sanchez et al., 1985). 

The association of 237Np activity through coprecipitation with particulatematerial 

which is deposited onto altered mineral surfaces in the Coles Bay Granite, Kambalda 

Granodiorite and Roxby Downs Granite also appears to be controlled by this 

mechanism. 

The variation in the exchange capabilities of individual minerals strongly. 

influences the distribution of adsorbed activity on the surface of the granite discs. The 

low levels of uptake exhibited by the least reactive Kambalda Granodiorite may be 

related to the dominance of the felsic minerals - quartz and feldspar - and lack of 
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highly sorptive amorphous or other altered phases in the secondary mineral 

assemblage. Uptake of activity by the Coles Bay Granite is limited in extent and is 

dominated by the highly sorptive fracture-infilling minerals. This type of occurrence is 

well documented (Allard et al., 1983; Seitz and Seliga, 1983; Vandergrift et al., 1984; 

Kerrisk, 1985; Shimooka et al., 1985) and may be related to fluid penetration through 

the granite along fractures. In the Roxby Downs Granite where Fe dominates the 

chemistry of the system, its influence over sorptive mechanisms is apparent in the 

concentration of activity by the secondary phases of high exchange capacity such as 

hematite (and some goethite), sericite and altered chlorite. This uptake has been further 

supplemented through sorption by metastable Si-AI gels and amorphous Fe deposits 

(Bidoglio et aL, 1987), such as those infilling voids in the altered quartz and feldspars 

of the Roxby Downs Granite. 

75 Conclusions 

From these results the following conclusions can be made; 

•	 the presence of any type of granite significantly inhibits the total release of actinides 

from Synroc. These results, combined with the results of redox, pH and solution 

composition given in Chapter 6, indicate that changes in solution conditions 

induced by the granites are primarily responsible for this effect. 

•	 the presence of the granites exhibit the greatest influence on the distribution of 

actinides in the leach vesseL This distribution is also affected by the solubility of 

the actinides as determined by the solution characteristics (see Chapter 6), and the 

sorptive capacity of the individual granite minerals. 

•	 237Np is the most leachable actinide in the presence of the granites. This supports 

results from leach tests undertaken on Synroc alone (Levins et aI., 1986). 

Moreover, Np shows little tendencyt for uptake by the granites and other solid 

surfaces. Its distribution in the leach vessel is influenced by the stability of soluble 

species, namely Np02+ and Np022+. 
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the distribution of 244Cm is controlled by 'plate-out' onto the vessel walls as a 

result of the higher surface area of the vessel compared to the granite. This is a 

function of Cm solubility and the specific chemistry which occurs at the 

solid:solution interface (i.e. the vessel walls). 

237Np and 239Pu are preferentially adsorbed onto specific secondary minerals. 

Distribution over the face of the granite discs is determined by the presence of the 

more highly sorptive secondary minerals with the greatest uptake exhibited by 

hematite in the Roxby Downs Granite. Other minerals that preferentially adsorb 

actinides include fracture-infilling phases in the Coles Bay Granite, leucoxene in 

the Kambalda Granodiorite and seridte, amorphous Fe-oxide and Si-AI gel phases 

in the Roxby Downs Granite. 



Chapter 8 

Simulation of Repository Processes II: The Interaction of Granite and 

Synroc doped with Mixed Fission Products. 

8.11ntroduction - Previous Work 

Of the categories of High-Level radioactive Waste (HLW) which require 

isolation from the biosphere. some of the potentially most hazardous are the highly

active and long-lived fission products (see Chapter 1). These comprise a large number 

of relatively light elements produced during 235U fission in the nuclear reactor process 

which are characterised by l3-y-activity and include 135Cs. 1291 and 99Tc (long-lived) 

and the range of shorter-lived highly active elements given in Table 8.1. 

Radionuclide half-life (y) Radionuclide half-life (y) 

79Se 6.5 x 1()4 121mSn 55 

87Rb 7.8 x 1010 125Sb 2.73 

90Sr 28.8 126Sn 1 x 105 

93Zr 1.5 x 106 125mTe 1.59 x 101 

95Zr 0.18 1291 1.57 x 107 

93mNb 1.36 x 101 135Cs 3.0 x 106 

94Nb 2.0 x 1()4 137Cs 30.17. • 
99Tc 2.14 x 105 144Ce 7.8 x 101 

l06Ru 1.0 147Sm 1.06 x 1011 

107Pd 6.5 x 106 147Pm 2.62 

108mAg 127 151Sm .90 --. 
ll3mCd 14 152Eu 1.33 x 101 

Table 8.1 The range of highly-active and long-lived 13- and y-emitting radionuclides 

found at significant levels in HLW qfter reprocessing (after Chapman and McKinley, 

1987). This is notaful/ inventory, but shows only those isotopesfound at significant 

levels. 
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The interaction of these fission products with the HLW repository host rock 

involves a number of mechanisms such as 'sorption' processes (including ion 

exchange and direct physical adsorption), surface precipitation, replacement and 

oxidation-reduction reactions (Kamineni et al., 1983) (see Chapter 7). These processes 

are affected by both the solid phase (e.g. mineralogy) and the aqueous phase (solution 

composition) (Torstenfelt et aI., 1982), and may be characterised by either 

radionuclide uptake or retardation reactions without actual uptake (Chapman and 

McKinley, 1987). The evaluation of these rock-radionuclide interactive processes to 

date has involved two main types of experimental work - static (or batch methodology) 

and dynamic methods (puis et al., 1989). 

Static methods involve the exposure of a rock sample to a radionuclide-doped 

solution and the calculation of a partition coefficient (also referred to as the distribution 

coefficient KM, which is the ratio of radionuclide concentration in the rock to that in 

solution subsequent to equilibrium being attained (MacLean et al., 1978). This 

relationship has also been expressed using mathematical models such as the common 

Freundlich isotherm or Langmuir isotherm model (Travis, 1978). These first-order 

one-site models have been widely applied (Skagius et al., 1982; Torstenfelt et al., 

1982; Meyer et aI., 1984; Walton et aI., 1984) and further expressions such as the 

double-fust-order model (Walton et al., 1984) have been developed. 

However in all of these calculations, sorption is assumed to be reversible, 

independent of variations in the solid and aqueous phases, and equilibrium is achieved 

rapidly (Puis et aI., 1989). A number of studies have shown that for a vmety of 

fission products sorption may vary with changing solution conditions (Torstenfelt et 

aI., 1982), and rock mineralogy (Kamineni et aI., 1983), and may range from 

reversible to completely irreversible (Skagius et al., 1982; Hodgkinson and Lever, 

1983; Melnyk et aL, 1984 and see Andersson and Allard, 1983). Furthermore; 

equilibrium reactions may take a number of years to be achieved (Melnyk et aI., 1984) 

and sorption may be affected by a number of other parameters such as particle size 

(Skagius et aI., 1982) and mineralogy (Torstenfelt et al., 1982; Rawson et al., 1987) 
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which are not measured during static tests. As a consequence, batch methodology has 

been regarded by some workers as inadequate in the examination of all the parameters 

which affect sorption (Chapman and McKinley, 1987). 

The alternative dynamic method is a column experiment in which a 

radionuclide-doped solution is passed through a column of crushed rock or soil 

material. The radionuclide concentration which is eluted from the column over a period 

of time is then used to determine the retardation factor (Chapman and McKinley, 

1987). Walton et al., (1984) used tltis technique to determine that single site models do 

not adequately describe sorption, and other workers (Erdal et al., 1979; Andersson 

and Allard., 1983; PuIs et al., 1989) have reported that the disturbance of the material 

matrix (i.e. the sample matrix does not remain intact) being tested in dynamic 

techniques decreases the efficiency and validity of these experiments. 

To determine the distribution of a l3-emitting radionuclide, surface 

autoradiography has been developed (Vandergraaf et al., 1982). This involves 

exposing the surface of a rock section to a radionuclide-spiked solution, and after 

equilibration, contacting it with radiation-sensitive film. This static method has been 

used to evaluate the influence of mineralogy over radionuclide distribution, particularly 

for fracture surfaces (Ticknor and Vandergraaf, 1986), and to interpret the parameters 

which control sorption (Torstenfelt et al., 1982; Kamineni et al., 1983; Muuron~n et 

al., 1985; Vandergraaf et al., 1988; Ticknor et al., 1989). 

Few studies have been performed in which wasteforms have been used as the 

radionuclide source to examine the interaction of radionuclides with the potential host 

medium. A long-term study of a HLW glass and sandy-soil aquifer by Melnyk et al., 

(1984) has shown that wasteform leaching is inhibited during field testing and that 

fission product retardation in the aquifer through sorption and ion exchange involves 

numerous mechanisms which are kinetically limited. Savage and Chapman (1982);

found that release of radionuclides from a waste glass in the presence of a granodiorite 

was controlled by temperature and time. Dissolution of the wasteform itself, solubility 

of the radionuclide in the water and the formation of new mineral phases also appeared 
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to suppress radionuclide release. Rawson et al., (1987) determined that fission product 

distribution was controlled by the alteration of basalt to clays during the interaction of 

spent fuel with two canister materials and basalt in a synthetic groundwater 

environment. Other workers have also recognised the significance of alteration of the 

host medium and production of secondary phases in changing the potential retardation 

characteristics for fission products in various repository materials (Shade 1982; 

Walton et al., 1984). 

In this chapter, the behaviour of the fission products during the interaction of 

three repository components; the wasteform Synroc, water and three potential 

repository granites has been studied under simplified conditions in two ways. Firstly, 

leaching of Syntoc doped with the mixed fission products in the presence of the three 

granites has been undertaken to determine the differential behaviour of the fission 

products in the presence of both the source and potential repository medium, and to 

evaluate if selective uptake of individual fission product elements occurs both within 

and between the granites. Secondly, where selective uptake has been identified, the 

degree and distribution of this activity across the face of each granite has been 

determined using autoradiographic techniques. Finally, from these data the 

mechanisms for and controls over fission product uptake by the granites have been 

determined. The results of this study have also been briefly discussed in Levins et at., 

(1989). 

82 Mixed Fission Products 

8.2.1 Experimental Techniques 

A series of leach tests of Synroc doped with mixed fission products (MFP) in 

the presence of three different granites - Coles Bay Granite, Karnbalda Granodiorite, 

Roxby Downs Granite - were carried out in deionised water for 28 days under MCC-l· 

static test conditions at 70°C (MCC, 1983). One test was also run for 105 days (Coles 

Bay Granite) to determine the effect of time on the cumulative leach rate for the mixed 

fIssion products. The leach tests were performed under aerated conditions and 
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deionised water was used rather than a simulated groundwater, as these conditions 

provide data comparable to data already available for Synroc, and are a convenient 

starting point for further experiments. 

Two batches of Synroc were used - HAS and HA6 - which were doped with 

mixed fission products including 141ee, 144Ce, 140Ba, 14OLa/140Ba, I06Rhj106Ru, 

103Ru, 144Pr/144ee, 95NbJ95Zr, 95Zr, 125Sb, 129Te, 1311 and 137Cs. The initial batch 

HAS, was used for leach testing with the Coles Bay Granite samples over two periods 

of 28 days (HAS-I) and 105 days (HAS-2), and with the Kambalda Granodiorite 

(after repolishing to expose unleached surfaces) over a 28 day period (HAS-3). The 

second batch (HA6) was leached with the Roxby Downs Granite. The Synroc was 

prepared in the hot-cell facility at the Lucas Heights Research Laboratories according 

to the specifications outlined in Reeve et al., (1988). Preparation and waste loading 

techniques are given in Appendix 8A. 

The leach testing procedure was similar to that used in the actinide-doped 

Synroc leach tests, and is described in Appendix 7A. Three replicate samples of 

polished discs of Synroc were held in close proximity to two polished discs of granite 

each as shown in Figure 7.A.1. Control leach tests of Synroc alone (three replicates) 

were also undertaken. Following leaching and cooling to 25°C, the pH and 

conductivity of the leach solutions were measured, then the activity of the entire I~ac'h 

assemblage was determined by y-spectrometry. Each of the components were then 

separated and the activity of individual components was measured. This enabled a 

series of measurements to be recorded such as total leach assemblage, liquid; vessel 

(and holder) and granite. The leachant was also filtered and the activity remaining in 

the filtrate and on the filter paper (for HAS-I and HA5-2 only) was measured. 

Normalised leach rates (in grams per square metre per day) for an samples 

were calculated from the direct count rates (counts per second) according to the

equations given in Appendix 8A. Errors for these leach rates which are based on 

counting statistics at the 95% confidence interval are given in Appendix 8A. 
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8.2.2 Results 

Following leach testing of HAS-1, HAS-2 and HA6, the pH and conductivity 

of the final solutions were measured after cooling to 2SoC, and are given in Appendix 

8A. The 1eachants and granites were generally found to be evolving towards a 

groundwater with a composition which is in equilibrium with the alteration mineralogy 

of the granite. 

The normalised elemental leach rates for the fission products from MFP-doped 

Synroc leached alone and in the presence of the Coles Bay Granite, Kambalda 

Granodiorite and the Roxby Downs Granite are generally quite low in comparison to 

other wasteforms, being in the range 10-6 to 10-2 g m-2 day-l (see Appendix 8B; 

Reeve et al., 1987). Some difficulties were encountered in the interpretation of the 'Y

spectra for some of the fission products. The main energy peaks listed in Appendix 8A 

for 129Te, 1311, 125Sb and 144Pr/144Ce were poorly defined and could not be 

accurately resolved due to interference from overlapping peaks. Also, the length of 

time elapsed between Synroc batch production and determination of activity precluded 

the measurement of some of the shorter lived isotopes such as 14OBa, 140La/140Ba and 

141Ce (particularly for HAS-3 where the time elapsed between Synroc production and 

leach testing was 328 days). The measured leach rates for some of the isotopes were 
.. ., 

also extremely low (of the order of 10-5 g m-2 day-I) with very large errors (>SO%). 

Consequently, the results for these isotopes could not be regarded as reliable and need 

to be treated with some caution, however, some consistent trends in the data may be 

observed. 

HAS-1 

The first leach test HAS-1 was measured approximately SS days after HAS 

Synroc batch production so that the activity of many of the shorter-lived isotopes could 

be measured (see Appendices 8A. and 8B). The normalised leach rates for the 

isotopes 95Nb;95Zr, 95Zr, 103Ru, 137Cs, 140Ba, and 144Ce released during a) Synroc 
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only and b) Synroc and Coles Bay Granite leach tests are given in Table 8.2. These 

results are the median values of samples run in triplicate. 

Normalised elemental leach rates (g m-2 day-I) 

Sample 95Nb/Zr 95Zr 103Ru 137Cs I40Ba I44Ce 

Synroc only 

Vessel 4.2 x 10-5 1.5 x 10-5 9.3 x 10-4 1.6 x 10-4 9.4 x 10-3 4.7 x 10-5 

Filtrate 1.4 x 10-6 1.5 x 10-6 2.4 x 10-4 4.0 x 10-3 1.8 x 10-2 2.7 x 10-5 

Paper 5.7 x 10-7 - 2.0 x 10-4 6.7 x 10-5 3.1 x 10-4 1.1 x 10-5 

Total 3.1 x 10-5 1.7 x 10-5 1.4 x 10-3 4.2 x 10-3 2.0 x 10-2 8.5 x 10-5 

Coles Bay Granite 

Vessel 2.4 x 10-5 4.9 x 10-6 2.1 x 10-4 2.6 x 10-3 1.2 x 10-2 2.6 x 10-5 

Filtrate 2.4 x 10-7 1.3 x 10-6 1.0 x 10-4 3.9 x 10-4 3.2 x 10-4 
Paper 8.0 x 10-7 1.3 x 10-7 7.3 x 10-6 2.8 x 10-5 - 1.8 x 10-6 

Granite 6.3 x 10-6 1.2 x 10-6 8.9 x 10-5 2.8 x 10-3 1.3 x 10-2 3.0 x 10-5 

Total 3.1 x 10-5 7.4 x 10-6 4.1 x 10-4 5.8 x 10-3 2.5 x 10-2 5.7 x 10-5 

Table 8.2 Normalised leach rates (for 28 days) for the individual leach test 

components and the total leach rate (g m-2 day])for the major isotopes incorporated 

into HA5-1 in a) Synroc only leach tests and b) Synroc leached in the presence ofthe 

Coles Bay Granite. 

The Coles Bay Granite appears to have two effects upon the release of mixed 

fission product isotopes from Synroc. Firstly, there appears to be a trend towards a 

decrease in total leach rates for the more insoluble elements where granite is,present. 

Figure 8.1 displays this trend for the total leach rates for 95Zr, 103Ru and possibly 

I44Ce. This is possibly attributable to the higher pH of the leachate in the presence of 

the granite which tends to immobilise those species that are readily hydrolysed. The 

apparent increases in leach rates for 137Cs and I40Ba may be attributed to the expected 

spread of data points for these elements from individual Synroc specimens (K. Hart, 

pers. commun.), particularly where these results are compared to those described in 

Reeve et al., (1987) for leaching of Synroc alone. 



FISSION PRODUCTS 8:8 

10 -1 

~ fa Synroc 
>. co 

"" 10-2 ~ Coles Bay Granite 

13 
0
~ 
Oll 10-3 
~ ...... 
co 

Cl::i 10-4 

-= u 
co.. ... - 10-5 
co.... 
0 

Eo< 
10-6 

Nb/Zr-95 Zr-95 Ru-103 Cs-137 Ba-140 Ce-l44 

Figure 8.1 Normalised leach rates (g m-2 clayl) for the mixedfission products 

95Nbt95Zr, 95Zr, 103Ru, 137Cs, 140Ba and 144Cejrom the leach test HAS-], the Coles 

Bay Granite sample CB 669. 

Secondly, a major redistribution of the mixed fission product activity releas~ 

from the Synroc may be observed. In Figure 8.2 the isotopes 137Cs, 95Zr and 144Ce 

have been selected to represent the three different modes of redistribution displayed by 

all the isotopes. The distribution of 137Cs is controlled by its high solubilicr with the 

majority of activity being in the ftltrate in the leach test of Synroc alone. However in 

the presence of the Coles Bay Granite 137Cs is redistributed between the vessel walls 

(or 'plate-out') and uptake by the granite itself. The proportion of this activity which is 

found associated with the granite cannot be attributed simply to surface adherence or 

'plate-out' (as is found on the vessel walls), rather the granite appears to preferentially 

take up the activity as some of the minerals present interact with the solution. This 
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distribution is also displayed by 140Ba and its short-lived daughter 140La (see Table 

8.2 and Appendix 8B). 
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Figure 8.2 Distribution (as a percentage oftotal activity) of137Cs, 95Zr and I44Ce 

between the components of the leach assemblage for the leach tests HAS -1 (28 days). 

ofSynroc alone and in the presence of the Coles Bay Granite. 

The distribution of 144Ce following leaching of Synroc alone appears ~o be 

strongly influenced by 'plate-out' on the vessel walls, with some activity associated 

with particulate material which is ftItered out by the 0.45 !lm filter paper or in solution. 

In the presence of the Coles Bay Granite the amount of activity associated with the 

vessel walls is only slightly decreased, but the remainder which was in solution is 

taken up by the granite with a small contribution from particulate material associated 

with the filter paper (Figure 8.2). 103Ru also exhibits this type of distribution (see 

Table 8.2 and Appendix 8B). 
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The distribution of 95Zr after leaching of Synroc alone is controlled by its very 

low solubility where >90% of activity is associated with the vessel walls through 

'plate-out' and the remaining activity is in solution. Where the Coles Bay Granite is 

present, the effect of 'plate-out' is reduced and significant amounts of 95Zr are taken 

up by the granite itself (Fignre 8.2). This trend may also be observed for 95Nbj95Zr. 

HA5-2 

As the activity of the 105 day leach test HA5-2 was measured 161 days after 

Synroc batch production, many of the shorter-lived isotopes could not be detected. For 

the majority of the longer-lived isotopes, however (e.g. 137Cs and 95Zr), the results 

listed in Appendix 8B show that there is no significant difference between the 28 or 

105 day leach tests for total elemental release. The exception is 144Ce, which displays 

a slight decrease in total release after 105 days. This may be attributed to the formation 

and reprecipitation of Ce as metastable polymeric and colloidal species at higher pH's 

onto the face of the Synroc itself. The total sample displays the characteristic leach 

pattern for Synroc with time that is, a high initial release of activity followed by a rapid 

decrease (0 - 7 day period) to a slow dissolution (after 30 days) (see Chapter 5). 

The distribution of isotopes between the components of the leach assemblage 

(liquid, filtrate, vessel and where present, granite) is only marginally different to the 

short-term leach test (HA5-1). As shown in Figure 8.3, the distribution between 

Synroc alone and the Coles Bay Granite for 137Cs, 144Ce and 95Zr generally reflects 

the patterns displayed by the shorter term leach test with the Coles Bay Granite, HA5

1 (Figure 8.2), except for an increase in the amount of activity taken up by the granite 

with increasing time. This uptake has induced a corresponding decrease in the activity 

associated with 'plate-out' on the vessel walls for all isotopes as well as in the fila-ate 

for 95Zr. 

It is apparent from these results that the presence of granite has only a limited 

influence upon the characteristic elemental time release patterns displayed by the 

Synroc, and has only a marginal effect upon the isotope distribution. As a 
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consequence further leach tests (HA5-3 - Kambalda Granodiorite; and HA6 - Roxby 

Downs Granite) were limited to the 28 day leach period. 
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Figure 8.3 Distribution (as a percentage of total activity) of137Cs, 95Zr and 144Ce 

between the components of the leach assemblagefor the leach tests HAS-2 (after 105 

days) ofSynroc alone and in the presence of the Coles Bay Granite, 

HA5-3 

The leach testing of MFP-doped Synroc in the presence of the Kambalda 

Granodiorite was undertaken 328 days after the HA5 Synroc batch production. As a 

result, only the longer-lived isotopes could be detected such as l37Cs, 144Ce and some 

95Zr. This is reflected in the restricted range of results shown in Appendix 8B. 

Table 8.3 gives the median total leach rates and distribution of 137Cs, l44Ce 

and 95Zr activity for Synroc only and Synroc and Kambalda Granodiorite leach tests. 



FISSION PRODUCTS 8:12 

Normalised elemental leach rates (g m-2 day-I) 

Sample 95Zr 137Cs I44Ce 

Synroc only 

Vessel 8.1 x 10-5 8.5 x 10-6 3.7 x 10-5 

Filtr.i.te 1.4 x 10-3 

Total 8.1 x 10-5 1.4 x 10-3 3.7 x 10-5 

Kambalda Granodiorite 

Vessel 1.4 x 10-5 1.4 x 10-5 3.8 x 10-6 

Filtrate 1.2 x 10-3 

Granite 5.5 x 10-5 7.9 x 10-4 3.1 x 10-6 

Total 6.9 x 10-5 2.0 x 10-3 6.9 x 10-6 

Table 8.3 Normalised leach rates for the individual leach test componerus and the 

total leach rate (g m-2 day})for the long-lived isotopes measured during HAS-3 in a) 

Synroc only leach tests and b) Synroc leached in the presence ofthe Kambalda 

Granodiorite. 

As shown in Figure 8.4 the total leach rates are reduced in the presence of the 

Kambalda Granodiorite for I44Ce, with 95Zr and I37Cs displaying only the spread in 

data that would be expected for release from individual Synroc specimens (see HA5

1). This corresponds to the trend observed for the Coles Bay Granite. 
, 

As with the Coles Bay Granite, a redistribution of the radionuclides released 

from Synroc is also caused by the presence of the Kambalda Granodiorite. In Figure 

8.5, the majority of 137Cs activity is found in solution when Synroc is leached alone, 

but in the presence of the Kambalda Granodiorite this activity in solution is reduced to 

around 60% of the total and a significant proportion is taken up by the granite itself. 

There does not appear to be any significant 'plate-out' of 137Cs onto the vessel walls. 

The majority of I44Ce is found associated with 'plate-out' on the vessel walls 

when Synroc is leached alone (Figure 8.5). However in the presence of the Kambalda . 

Granodiorite, the amount of activity associated with the vessel walls is reduced due to 
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the significant uptake of 144Ce exhibited by the granite (>45%). This redistribution 

also mimics that of the Coles Bay Granite (see Figure 8.2). 
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Figure 804 Normalised leach rates (g m-2 dayl) for the mixedfission products 95Zr, 

137Cs, and 144Cejrom the leach test HAS-3, the Kambalda Granodiorite sample KD 

776. .- , 

95Zr activity is almost completely associated with 'plate-out' on the vessel 

walls when Synroc is leached alone. whereas in the presence of the Ka$balda 

Granodiorite this proportion is significantly reduced to around 20% and the remaining 

activity is taken up by the granite itself (Figure 8.5). This behaviour differs markedly 

from the redistribution observed for the Coles Bay Granite where uptake of 95Zr by 

the granite is significantly less and 'plate-out' onto the vessel walls appears to control 

the radionuclide distribution. 
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Figure 8.5 Distribution (as a percentage of total activity) of137Cs, 95Zr and 144Ce 

between the components of the leach assemblage for the leach tests HAS-3 ofSynroc 

alone and in the presence of the Kambalda Granodiorite. 

The short time (46 days) elapsed between Synroc batch HA6 prod~ctlon and 

leach testing with the Roxby Downs Granite permitted measurement of the activity of 

the shorter-lived isotopes incorporated into this Synroc batch. Total leach rates for the 

isotopes 95Nb{95Zr, 95Zr, 103Ru, 137Cs, 140Ba and 141Ce are given in Table 8.4 and 

shown in Figure 8.6. The longer-lived Ce isotope 144Ce was not analysed in this 

Synroc batch due to poor peak resolution. 
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Nonnalised elemental leach rates (g m-2 day-I) 

Sample 95Nb/Zr 95Zr 103Ru 137Cs 140Ba 141Ce 

Synroc only 

Vessel 1.3 x 10-4 2.7 x 10-5 9.2 x 10-4 7.1 x 10-5 5.7 x 10-4 3.5 x 10-4 

Filtrate 1.5 x 10-4 lA x 10-5 1.5 x 10-4 5.1 x 10-3 4.8 x 10-2 4.1 x 10-5 

Total . 2.8 x 10-4 4.1 x 10-5 l.l x 10-3 5.2 x 10-3 4.9 x 10-2 3.9 x 10-4 

Roxby Downs Granite 

Vessel 404 x 10-5 2.2 x 10-5 5.1 x 10-4 - 3.0 x 10-4 2.6 x 10-5 

Filtrate 2.9 x 10-7 1.9 x 10-6 1.7 x 10-4 1.5 x 10-4 3.7 x 10-3 2.7 x 10-6 

Granite 4.0 x 10-6 1.9 x 10-5 lA x 10-4 4.9 x 10-3 304 x 10-2 2.3 x 10-5 

Total 4.8 x 10-5 4.2 x 10-5 8.2 x 10-4 5.1 x 10-3 3.8 x 10-2 5.2 x 10-5 

Table 8.4 Normalised leach rateslor the individual leach test components and the 

total leach rate (g m-2 day1)Ior the major isotopes incorporated into HA6 in a) Synroc 

only leach tests and b) Synroc leached in the presence 01the Roxby Downs Granite. 
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Figure 8.6 Normalised leach rates (g m-2 day-1 )Ior the mixedfission 

products 95Nb1Zr, 95Zr, 103Ru, 137Cs, 140Ba and 141Celrom the leach test HA6, the 

Roxby Downs Granite sample RD 1000. 
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The trends for total leach rates observed in the tests HA5-l (Coles Bay 

Granite) and HA5-3 (Kambalda Granodiorite) are also displayed in HA6 by the Roxby 

Downs Granite, shown in Figure 8.6. There appears to be a reduction in the total leach 

rates in the presence of the Roxby Downs Granite for the less soluble isotopes 141Ce 

and 95Nb;95Zr, with only marginal to no effect for the other isotopes. 

The activity released from Synroc during leaching is also redistributed in the 

presence of the Roxby Downs Granite into three main modes represented by 137Cs, 

95Zr and 141Ce as shown in Figure 8.7. 
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Figure 8.7 Distribution (as a percentage of total activity) of137Cs, 95Zr and l4ICe 

between the components ofthe leach assemblage for the leach tests HA6 ofSynroc 

alone and in the presence ofthe Roxby Downs Granite. 



FISSION PRODUCTS 8:17 

When Synroc is leached alone the majority of t37Cs activity remains in the 

filtrate. However during leaching with the Roxby Downs Granite significant uptake of 

137Cs by the granite itself is observed (Figure 8.7). This uptake is the greatest of all 

three granites examined (4.9 x 10-3 g m-2 day-I and greater than 95% of total activity), 

and similar uptake is observed for 140Ba. The remainder of activity is found in the 

filtrate as soluble species. 

141Ce distribution in the Synroc-only leach test appears to be dominated by 

'plate-out' onto the vessel walls (Figure 8.7). In the presence of the Roxby Downs 

Granite, activity associated with the vessel is reduced and the granite itself exhibits 

significant uptake with a small proportion of 141Ce remaining in solution. This 

distribution reflects the behaviour displayed by the longer-lived isotope 144ee in the 

presence of both the Coles Bay Granite and Kambalda Granodiorite, indicating that 

uptake does not appear to be affected by the composition of the granite itself. This 

mode of distribution is also displayed by 103Ru (see Table 8.4 and cf. Coles Bay 

Granite, Figure 8.2). 

95Zr undergoes significant redistribution in the presence of the Roxby Downs 

Granite displaying the same modes of distribution as the Coles Bay Granite. Where 

Synroc is leached alone, the majority of 95Zr activity is associated with 'plate-out'-"onto 

the vessel walls and the remainder is in solution (Figure 8.7). However where the 

Roxby Downs Granite is present the effect of 'plate-out' onto the vessel walls is 

significantly decreased and the granite itself displays uptake of activity, with a -small 

proportion remaining in solution. This trend is also displayed by 95Nbj95Zr. 

8.3 Uptake of134Cs and 90Sr from Radionuclide-Doped Solution 

8.3.1 Experimental Techniques 

In the mixed fission product-doped Synroc and granite leach tests (HAS-I, 

HA5-3 and HA6) the accuracy of many of the measurements was limited by the very 

low activity of the radionuclides released from the Synroc during leaching. 
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Additionally, significant uptake of radionuclides by all three granites was observed 

(see Figures 8.2, 8.3, 8.5 and 8.7), but no data were available to detennine the 

distribution or control of this activity over the face of the granite itself, such as 

preferential uptake by individual minerals. In order to improve the accuracy of these 

measurements and to determine the distribution and degree of uptake by the granites, a 

second series of experiments were undertaken with leachants spiked with ~-emitting 

isotopes in contact with the granites. 

Triplicate samples of polished discs of each of the three granites were held in 

contact with 20 mL aliquots of two leach solutions of deionised water spiked with 

either 1.85 x 106 BqL-l 134Cs or 1.7 x 104 BqL-l 90Sr for 3 days at 70°C under 

similar conditions to the MFP-doped Synroc leach tests (see Appendix 7A). Following 

leaching, the granite samples were removed from solution so that the activity 

remaining on the discs could be determined by ~-autoradiography and in solution by'Y

spectrometry for 134Cs and by ~-scintillometry for 90Sr. The sample preparation, 

leach procedure and activities are given in Appendix 8C. 

After determination of the degree and distribution of radionuclide uptake by the 

granites by ~-autoradiography, the retention capabilities of the granites were evaluated 

by releaching the discs in 20 mL unspiked deionised water following the same leach 

procedure and conditions (see Appendix 8C). As with the initial spiked leach tests, ~

scintillometry and 'Y-spectrometry were used to determine the activity of 90Sr and 

134Cs in the unspiked leach solutions and the activity of the radionuclides remaining 

on the granite faces was estimated by ~-autoradiography. 

Following the ~-autoradiography assessment of radionuclide uptake and 

retention, the mineralogy and composition of the face of each granite disc was 

analysed by WDS electron microscopy using a Cameca SX50 electron microprobe. 

with microanalyser in automated step-scanning mode. 40 points each 250 ~m apart 

were analysed on each disc face using an automated analytical system. Analytical 

procedures for the microprobe are described in Appendix 2D. 
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8.3.2 Results 

The activities of the triplicate sets of initial spiked (134Cs and 90Sr uptake) and 

unspiked (l34Cs and 90Sr removal) leach solutions after 3 day exposure to the Coles 

Bay and Roxby Downs Granites and Kambalda Granodiorite are given in Appendix 

8D. The percentage uptake of 134Cs and 90Sr from the initial spiked solutions by each 

of the three granites, its subsequent removal into deionised water and the percentage 

retained are su=arised (median values) in Table 8.5 and shown in Figure 8.8. The 

distribution of these radionuclides over the face of the granites has only been estimated 

qualitatively through ~-autoradiography, as shown in Plates 8.1 to 8.6. 90Sr produces 

enhanced ~-autoradiographicimages compared to 134Cs (as may be observed here) as 

a result of the higher energy of its particle emission. 

Roxby Downs Coles Bay Kambalda 

% of Total Activitv 134Cs 90Sr 134Cs 90Sr 134Cs 90S r 

Uptake 61.2 11.0 11.1 3.2 3.8 1.5 

Removal 8.7 0.2 4.5 0.1 0.8 0.1 

% of Uptake Retained 85.8 98.2 59.5 96.9 78.9 93 

TableS.S Percentage uptake and retention of134Cs and 90Sr by the Roxby DoWnJ 

Granite, Coles Bay Granite and Kambalda Granodiorite (median values only). 

Significant amounts of 134Cs and lesser amounts of 90Sr are taken up by all 

three granites. The Roxby Downs Granite is the most reactive of the samples, taking 

up greater than 60% of the initial 134Cs activity and around 11% of the 90Sr activity in 

solution. The majority of this activity has been retained after releaching, with 134Cs. 

being more easily removed than 90Sr (Figure 8.8). The Coles Bay Granite takes up 

significantly less activity initially (around 11% for 134Cs and 3% for 9OSr, Table 8.5). 
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Figure 8.8 The distribution ofactivity following leaching of the Roxby Downs and 

Coles Bay Granites and the Kambalda Granodiorite in 134Cs_ and 9OSr-doped 

solutions, expressed as proportions remaining in solution, retained by the granites and 

re17UJved during releaching. 

A greater proportion of this activity appears to be removed during releaching, 

particularly for 134Cs, where up to 40% of the activity taken up has been released into 

the leach solution (Coles Bay Granite, Figure 8.8). Despite this release, no apparent 

differences could be detected in the distribution of activity (using ~-autoradiography) 

on the face of the granites after releaching. The least reactive of the three granites is the 

Kambalda Granodiorite which takes up less than 4% of 134Cs and 2% of 90Sr activity 

from solution (Table 8.5). This activity is also retained by the granite during releaching 

in deionised water, with 134Cs being more easily removed than 90Sr (Figure 8.8). 

The distribution of radionuclides taken up by the granites is non-uniform in all 

cases and appears to be related to the mineralogical assemblages of all three granites. 

The greatest degree of uptake is exhibited by the Roxby Downs Granite (Plates 8.1 
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and 8.2) with 134Cs uptake being greater than 90Sr and the secondary minerals 

appearing to preferentially retain the radionuclides. 

= calculated structural fonnulae for thiS feldspar mdicate non-stOichIOmetry because of parllal 

altered 

. K-feldspar* sericite sericite sericite hematite Fe/Mnoxide 

Aa B:b A:b A:c A:d B:a 

Si02 69.89 46.02 49.20 46.84 13.92 1.61 

Ti02 0.03 0.06 0.02 0.05 0.43 0.02 

AhO:l 14.19 30.25 29.50 31.63 4.36 0.44 

FeO 2.17 3.85 3.33 3.15 77.35 54.28 

MnO 0.05 - 0.05 - 0.18 27.96 

MgO 0.37 0.47 1.22 1.14 0.75 2.30 

Cao 0.01 0.04 0.09 0.01 - 0.92 

K20 10.61 10.32 9.57 9.35 2.38 0.24 

Na20 0.11 0.06 0.04 0.07 0.64 0.1 
* 
alteration to hematite. Analyses are not nonnalised to 100%. 

Table 8.6 Representative analyses for altered minerals in the traverses A (134Cs) and 

B (J0Sr)across theface ofthe Roxby Downs Granite. Lower case characters 

correspond to the position ofthe mineral along the traverses shown in Plates 8.1 and 

8.2. 

Mineralogical analyses given in Table 8.6 from the traverses across the face of 

the granite discs (shown in Plates 8.1 and 8.2) indicate that hematite and associated 

Fe-rich sericite and amorphous Fe oxides/hydroxides which have developed as a result 

of alteration retain the greatest amounts of activity. 

Uptake of 137Cs and 90Sr among the minerals decreases in the order; 

hernatite > sericite/Fe oxides>chlorite/clays > 

altered feldspars and biotite/rutile/leucoxene> quartz 

Total uptake of 134Cs and 90Sr by the Coles Bay Granite is significantly less 

than for the Roxby Downs Granite, and 134Cs uptake is greater than 90Sr. Distribution 

does not differ between the two isotopes and is also related to mineralogy, as shown in 

Plates 8.3 and 8.4. 
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Plate 8.1 The distribution of I34Cs activity (bottom) which corresponds to the face of 

the polished disc of the Roxby Downs Granite sample RD 1000 (top). The points a, b, 

c and d along the traverse A-A correspond to the analyses given in Table 8.6 for A:a 

altered K-feldspar, A:b sericite with hematite, A:c sericite after K-feldspar an.d A:d 

hematite. The autoradiograph is a positive, that is the dark areas indicate the sites of 

greatest uptake. 
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Plate 8.2 The distribution of90Sr activity (bottom) which corresponds to the face of 

the polished disc of the Roxby Downs Granite sample RD 1000 (top). The points a and 

b along the traverse B-B correspond to the analyses given in Table 8.6for B:a Fe-Mn 

oxide andB:b sericite. The autoradiograph is apositive, that is the dark areas indicate 

the sites ofgreatest uptake. 
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Table 8.7 gives the analyses of the minerals on the face of the granite discs 

which indicate that the secondary minerals infilling fractures such as sericite, clays, 

siderite and Fe-oxides/hydroxides (see Chapter 2) exhibit the greatest uptake. 

chlorite sericite sericite sericite Fe-oxide 

C:b C:a D:a D:c D:b 

Si02 24.69 46.04 44.32 44.58 -
Ti02 - 0.28 0.02 0.3 -
A1203 22.12 31.74 29.59 33.66 8.02 

FeO 37.32 4.99 5.27 2.32 87.98 

MnO 0.50 0.11 0.04 0.12 -
MgO 2.13 0.19 0.13 0.08 -
K20 0.48 10.64 10.86 10.75 4.01 

Na20 - 0.22 0.25 0.08 -

Analyses are not nonnalised and accompanying totals are not provided. 

Table 8.7 Representative analyses for altered minerals in the traverses G (134Gs) and 

D ('X!Sr) across theface ofthe Goles Bay Granite. Lower case characters correspond 

to the position ofthe mineral along the traverses shown in Plates 83 and 8.4. 

Retention decreases in the order 

fractures> leucoxene/Fe oxides> sericite > biotite/chlorite > feldspars > quartz 

Further alteration of these minerals has been observed in the development of Fe 

and Ti oxides and a Si-Al gel, and loss of Ca and K (see Chapter 6). This. may 

contribute to the retention of 134Cs and 90Sr by the Coles Bay Granite by increasing 

the proportion of highly sorptive alteration minerals which may be present. 

10 the Kambalda Granodiorite 90Sr uptake is greater than 134Cs although both 

are significantly less than either the Roxby Downs or Coles Bay Granites. The 

distribution of this activity is non-uniform and does not appear to differ between the 

two isotopes. 
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Plate 8.3 The distribution of134Cs activity (bottom) which corresponds to the face of 

the polished disc of the Coles Bay Granite sample CB 669 (top). The points a and b 

along the traverse C-C correspond to the analyses given in Table 8.7 for C:a sericite 

and C:b chlorite. The autoradiograph is a positive, that is the dark areas indicate the 

sites ofgreatest uptake. 
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Plate 8.4 The distribution of905r activity (bottom) which corresponds to the face of 

the polished disc of the CoLes Bay Granite sampLe CB 669 (top). The points a, band c 

along the traverse D-D correspond to the analyses given in Table 8.7 for D:a sericite, 

D:b Fe-oxide and D:c sericite. The autoradiograph is a positive, that is the dark areas 

indicate the sites ofgreatest uptake. 
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plagioclase chlorite epidote chlorite* leucoxene 

E:a E:b E:c F:a F:b 

Si02 64.32 27.17 41.21 35.55 0.52 

Ti02 0.04 0.52 0.07 4.03 96.05 

Alz0:3 21.79 16.78 21.30 16.25 -
FeO - 22.92 9.29 16.96 0.89 

MnO 0.04 0.35 0.16 0.16 -
MgO - 14.88 - 11.62 -

Cao 3.32 0.34 17.71 3.20 -
KZO 0.04 0.90 0.02 0.50 -

NazO 9.55 0.02 2.39 - -
* = the very high Ti02 content of this analysis indicates the association of leucoxene with the chlorite 
after biotite. The anomalously high Ca content reflects the association of Ca-bearing minerals 
(sphene. epidote) also. 

Table 8.8 Representative analyses for altered minerals in the traverses E (134Cs) and 

F (XJSr) across theface ofthe Kamhalda Granodiorite. Lower case characters 

correspond to the position ofthe mineral along the traverses shown in Plates 85 and 

8.6. 

As shown in Plates 8.5 and 8.6, the secondary minerals (principally sphene, 

chlorite and leucoxene) exhibit the greatest degree of uptake of 90Sr (and to a lesser 

extent 134Cs) with the other major minerals present (see Table 8.8) such as biotite, 

epidote, quartz and plagioclase retaining only minor or negligible amounts of activity. 

The order of uptake is; 

leucoxene » Fe-oxides> sphene/epidote > chloritelbiotite > feldspars > quartz 

The restriction of this decreased uptake of 134Cs and 90Sr to the. .limited 

occurrence of secondary minerals (compared to the Roxby Downs and Coles Bay 

Granites) may be attributed to the dominance of the less reactive felsic minerals in the 

primary mineral assemblage. The further alteration of the Kambalda Granodiorite 

which may occur during the leaching procedure (see Chapter 6), has resulted in the. 

development of a Ti-oxide phase (and accompanying Fe-oxide). The restricted 

occurrence of this alteration product and the dominance of the low retention minerals 

plagioclase and quartz produces only a limited increase in the retention capabilities of 
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Plate 8.5 The distribution of 134Cs activity (bottom) which corresponds to the face of 

the polished disc of the Kambalda Granodiorite sample KD 776 (top). The points a, b 

and c along the traverse E-E correspond to the analyses given in Table 8.8 for E:a 

epidote, E:b chlorite and E:c plagioclase. The auwradiograph is a positive, that is the 

dark areas indicate the sites ofgreatest uptake. 
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Plate 8.6 The distribution of90Sr activity (bottom) which corresponds to the face of 

the polished disc ofthe Kambalda Granodiorite sample KD 776 (top). The points a and 

b along the traverse P-F correspond to the analyses given in Table 8.8for P:a chlorite 

and P:b leucoxene. The autoradiograph is a positive, that is the dark areas indicate the 

sites ofgreatest uptake. 
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the Kambalda Granodiorite during leaching (cf. the Coles Bay and Roxby Downs 

Granites). 

8.4 Discussion 

The suppression of mixed fission product activity release from Synroc during 

leaching and the redistribution of activity in the leach assemblage in the presence of all 

three granites may be attributed to three main factors - the chemical characteristics of 

the isotopes in solution, the initial mineralogical composition of the granites and the 

alteration effects on the surface of the granite discs during leaching. 

8.4.1 Solution Characteristics 

Of the isotopes incorporated into Synroc, Cs has been shown to be the most 

leachable element (Reeve et al., 1987), whereas Ce, Ru and the matrix element 'b: 

appear to be much less mobile in the leach testing environment The difference in total 

leach rates observed in Figures 8.1, 8.4 and 8.6 for Synroc alone and in the presence 

of the three granites concurs with this previous work and indicates a decrease in 

leachability in the order; 

Ba> Cs > Ru >Ce > Nb/Zr > 'b: 

The half-life of 95NbJ95'b: is of long enough duration for 95Nb to be out of 

equilibrium with its parent 95'b: during the test period, thereby showing some vari-atidn 

in leach rate compared to 95'b:. The other short-lived daughters (140La from 140Ba and 

106Rh from 106Ru) have much shorter half-lives and do not display disequilibrium 

with their precursors, thus they have the same leaching characteristics as the parent 

isotopes. 

The initial release of these isotopes from Synroc and their partitioning within 

the leach assemblage is controlled by their chemical characteristics (Reeve et aI., 

1987). For the highly soluble 137Cs and 140Ba, the high leach rates are indicated by 

the amount of radionuc1ides remaining in solution when Synroc is leached alone. 

Where granite is present it may exert a significant influence over Cs (and some 

Ba) behaviour through changes in pH (to more neutral to alkaline solutions, see Table 
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8.A.S, Appendix 8A) and ionic concentration of the solution with time (Table 8.A.S, 

Appendix 8A and Chapter 6), which occur as a result of alteration of the granite during 

leaching. Such a change in solution conditions may increase the Cs solubility, thereby 

increasing the Cs available for uptake by the granites (particularly where the 

appropriate mineralogy is present such as hematite in the Roxby Downs Granite). The 

effect of granite alteration on Cs distribution in solution has also been observed by 

Savage and Chapman (1982) and Torstenfelt et al., (1982), where alteration of granite 

and production of secondary phases over a period of time has led to changes in 

solution characteristics and therefore changes in Cs behaviour. 

The very low leach rates for 95Zr and 144Ce (plus the daughter 95Nb of 95Zr 

and the shorter lived isotope 141Ce) indicate a more rigorous control of release both for 

Synroc alone and in the presence of granite (see Figures 8.2, 8.3, 8.5 and 8.7). The 

association of the majority .of activity with the vessel walls for 95Zr (except for the 

Kambalda Granodiorite) and to a lesser extent 144Ce is controlled by the very low 

solubility of these elements as titanates released from zirconolite in Synroc at these 

pH's (see Chapter 5 and Appendix SA). Their tendency to hydrolyse and be removed 

from solution by precipitation and adsorption onto solid phases may also influence 

their distribution (Reeve et al., 1987). Where granite is present, the change in solution 
. . 

conditions (pH, conductivity see Table 8.A.S, Appendix 8A) may further inhibit the 

release of 95Zr and 144Ce from the Synroc. The significant uptake observed may also 

be a result of this direct precipitation and adsorption onto the granite itself, particularly 

for the Kambalda Granodiorite. 

More specifically, uptake onto solid surfaces may be enhanced by the 

formation of metastable polymeric and colloidal species either by these less soluble 

elements alone or associated with colloids which have formed as a result of the 

alteration of the granites during leaching (see Chapter 6 and Walton et aI., 1984). In 

particular, the hydrated Si-AI gels which have developed during leaching may 

contribute to uptake of significant activity through colloid development in solution and 

infilling voids or on the granite surface. This is further indicated by the high 
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proportion of activity which has been removed from solution for 144Ce in the presence 

of the Coles Bay Granite (Figure 8.2). 

8.4.2 Mechanisms for Retention of Radionuclides by Granites 

The interaction of radionuclides in solution with the granites is not limited to 

the provision of a solid substrate for the deposition of colloidal species and 

precipitates. In the mixed fission product leach tests the difference in relative surface 

areas of the vessel walls and the granite discs (a ratio of around 15:1) and the 

proportion of activity associated with these surfaces indicates that selective uptake by 

the granites is occurring. 

The variable uptake of both mixed fission products and 134Cs and 90S r 

between the three granites and non-uniform distribution of radionuclides is controlled 

by the mineral assemblage of each granite type. As shown in Plates 8.1 to 8.6 the 

secondary and alteration minerals in each of the granites display preferential uptake of 

134Cs and 90Sr over the primary minerals. This association, which has also been 

recognised by a number of other workers (Failor et aI., 1982; Karnineni et al., 1983; 

Brown et al., 1984) may be controlled by three main mechanisms - rapid ionic 

exchange, direct physical and chemical sorption or fixation by surface precipitation 

(Melnyk et al., 1984, Chapman and McKinley, 1987). 

Of these three mechanisms surface precipitation appears to be limited to the 

occurrence of Fe-, Ti- or Mn-oxides which have formed on the surface of the granites 

during further alteration accompanying leaching. In particular, 134Cs and 90Sr activity 

may be associated with Fe-oxide crystals which have precipitated into voids and on the 

surface of the altered primary minerals in the Roxby Downs and Coles Bay Granites 

and to a lesser extent Ti-oxides which have formed from the alteration of biotite and 

sphene in the Kambalda Granodiorite (see Chapter 6). 

Ionic exchange is most significant in the control of the initial distribution of 

90Sr where Sr may exchange for Ca within a secondary mineral (Kamineni et aI., 

1983; Ohe, 1984). This kinetic reaction appears to occur rapidly at first and is 
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followed by a slower equilibrium-type reaction over a longer period of time 

(Hodgkinson and Lever, 1983; Melnyk et aI., 1984). The increased retention of 90Sr 

over 134Cs in all three granites may be attributed in part to ion exchange reactions, 

particularly where Ca-bearing minerals occur in close association with their alteration 

products (such as epidote and sphene with leucoxene in the Kambalda Granodiorite). 

This relationship has also been reported for other Ca-bearing minerals such as calcic 

amphiboles (Ticknor et al., 1989). The ion exchange process is also indicated by the 

significant release of Ca from the granites as a result of their further alteration during 

the leach testing procedure (see Table 6.3, Chapter 6) whereas the release of K and Mg 

appears to have had little effect (see also Ohe, 1984). The very low rates of removal of 

90Sr from each of the granites during releaching (see Figure 8.8) may be attributed to 

the apparently irreversible nature of this uptake (Hodgkinson and Lever, 1983). 

For all three granites, sorption is the most significant mechanism for 

radionuclide retention. This reaction involves both the physical (or surface) adherence 

of the radionuclide and chemical exchange (for example through redox reactions) in 

multiple stages which are kinetically limited and may be controlled by solution 

chemistry as well as mineralogical characteristics such as exchange capacity and 

surface/mass ratio (Torstenfelt et aI., 1982; Andersson and Allard, 1983; Melnyk et 

al., 1984). In particular, the K-rich mineral sericite, after altered K-feldspar and biotife 

in the Coles Bay Granite and pervasively developed in the Roxby Downs Granite, may 

influence the distribution of 134Cs activity. This may be the result of the fme-grained 

nature of these alteration minerals which increases the surface area available for surface 

adsorption (Torstenfelt et al., 1982; Skagius et al., 1982). 

Alternatively, the association of 134Cs activity with sericite may be attributed to 

the flexibility of the mineral structure, particularly in the interlayer cation site where K+ 

loss during alteration penuits the development of an excess surface charge which may 

attract and adsorb Cs (Kamineni et aI., 1983). The location of these K-rich minerals, 

such as infilling fractures in the Coles Bay Granite and pervasive development 
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throughout the Roxby Downs Granite, does not appear to affect the degree of sorption 

which occurs. 

In the Coles Bay Granite, the resolution of the ~-autoradiography precludes the 

determination of selective sorption of 134Cs and 90Sr by the other fracture-infilling 

minerals particularly chlorite, Fe-oxides and the carbonate minerals calcite and siderite. 

However previous studies have shown that sorption onto carbonate minerals does not 

occur (Failor et al., 1982; Karnineni et al., 1983; Muuronen et al., 1985) and that other 

alteration minerals such as chlorite and Fe-oxides contribute significantly to the uptake 

of activity through sorption (Kamineni et al., 1983; Melnyk et al., 1984). 

Fe as either Fe-oxides or within Fe-bearing minerals is important in the 

retention of both Cs and Sr (Fallor et al., 1982; Walton et aI., 1984; Ticknor et al., 

1989). In the Roxby Downs Granite, the significantly greater uptake of all types of 

radionuclides (mixed fission products, Cs and Sr, see Figures 8.7 and 8.8), may be 

attributed to the dominance of Fe-rich alteration products (hematite and amorphous 

hydrated Fe-oxides) within the granite. The uptake of activity by these Fe-oxides 

appears to be controlled by their further alteration on a microscopic scale during 

leaching, which may produce excess surface charges thereby enhancing sorption 

(Koons et al., 1980). 

This type of reaction may also occur in the development of leucoxene iri tlte 

Kambalda Granodiorite which has been produced during the alteration of sphene, 

epidote and biotite. Uptake of radionuclides by the Ti-rich oxides has not been 

recognised previously by other workers for radionuclide-doped experiments; however 

earlier work in this study (Guthrie, 1989 and Chapter 3) indicates the association of 

naturally-occurring uranium with Ti-oxides through redox reactions and surface 

adsorption. These reactions may also be operative in the radionuclide-doped 

environment observed in the Kambalda Granodiorite leach tests, particularly where· 

further alteration of the secondary minerals during leaching is observed (see Chapter 6; 

and e.g. Savage and Chapman, 1982). 
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In the case of all three granites, the radionuclide uptake by the secondary 

minerals (including sericite, chlorite, Fe-oxides, sphene, biotite and associated 

leucoxene) is enhanced by the further alteration of these minerals. The development of 

hydrated Si-AI gels and amorphous and crystalline Fe and Ti precipitates during 

leaching of the Coles Bay Granite, Roxby Downs Granite and the Kambalda 

Granodiorite (see Chapter 6) leads to a variation in mineral characteristics such as 

exchange capacity, surface/mass' ratio and sorption coefficients and a change in 

solution chemistry (Torstenfelt et a!., 1982), which effectively increases the potential 

for radionuclide sorption. 

8.5 Conclusions 

The leach testing in deionised water of the Coles Bay Granite, Roxby Downs 

Granite and the Kambalda Granodiorite with Synroc doped with the mixed fission 

products under simplified repository simulation conditions has shown that; 

•	 total leach rates from Synroc for the less soluble elements Ce, Zr, Ru and Nb are 

generally decreased in the presence of all three granites whereas, no effect has been 

observed for the more soluble elements Cs and Ba. The order of leachability is; 

Ba > Cs > Ru > Ce > Nb/Zr > Zr 

•	 The low leach rates for Ce and Zr (also representative of Nb and Ru) in the 

presence of all three granites may be attributed to their decreased solubility and 

tendency to form colloidal species at the higher pH's induced by the granites. 

•	 Substantial uptake of all the radionuclides is displayed by all three granites, the 

Roxby Downs Granite having the greatest uptake of 137Cs, and the Ka~balda 

Granodiorite showing substantial uptake of 95Zr. Where the Coles Bay Granite is 

present, 95Zr uptake is significantly lower than either 137Cs or 144Ce , which may 

reflect its lower concentration in the leachate due to its lower solubility under these 

conditions. 

The different rates of uptake ofradionuclides displayed by the three granites may be 

attributed to their variation in mineralogical assemblages, which is generally a 

function of their degree of alteration. For 134Cs and 90S r (as representatives of the 
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mobile fission products) the secondary minerals present in all three granites exhibit 

preferential uptake over the primary minerals with the order of uptake for these 

minerals being 

- Roxby Downs Granite - hematite/Fe-oxides > sericite > chlorite/clays 

- Coles Bay Granite - fracture imilling (sericite/Fe-oxides > chlorite) 

- Kambalda Granodiorite - leucoxene > Fe-oxides/chlorite/epidote 

•� uptake may be controlled by surface precipitation, rapid ion exchange or sorption. 

Surface precipitation with Fe- or Ti-oxides and as colloids accounts for a small 

proportion of activity. Ion exchange appears to contribute to the distribution of 90Sr 

particularly in the presence of Ca-bearing minerals. The very low removal rates for 

90Sr in all three granites indicates apparent irreversibility for this uptake. Sorption is 

the most significant mechanism for uptake on all three granites, with hematite and 

Fe-oxides appearing to control the distribution of 134Cs in the Roxby Downs 

Granite and sericite in the Coles Bay Granite through this mechanism 

•� The further alteration of the secondary minerals during the leach testing procedure 

has enhanced the selective uptake of the nuclides by causing a change in the 

solution chemistry and mineral characteristics, particularly through the development 

of alteration minerals of high exchange capacity, surface/mass ratio and sorption 

coefficients. 
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IMPLICATIONS AND CONCLUSIONS 



Chapter 9 

Implications for High-Level Nuclear Waste Disposal 

9.1 The Repository Environment - an Integrated Srudy 

In assessing the impact of high-level waste (HLW) disposal in the crystalline 

repository environment, a large number of parameters mus t be considered in order to 

ensure that any release of radioactivity to the biosphere is acceptably low. These 

parameters need to be considered individually and collectively as the effects are often 

interdependent due to the complex interactive nature of the processes involved. It is 

therefore necessary to approach the question of repository assessment in two ways; 

firstly to investigate and evaluate each parameter in isolation, to ensure a good 

understanding of the fundamental science involved, and secondly to understand the 

complex interactions which may occur, and evaluate the mechanisms, processes and 

effects of such interactions. 

In Figure 9.1, the difference between these two approaches is apparent. The 

first approach attempts to understand the fundamental behaviour of the individual 

components by defining the reactions and components separately, such as the 

wastefonn perfonnance, canister corrosion and geochemistry of the geological barrier. 

The second approach is concerned with the interaction between the individual 

components within the total system, and may involve predictive modelling for 

perfonnance assessment of the HLW repository environment. 

In many previous studies, the fIrst of these two approaches has been adopted, 

and a range of the components of the HLW repository have been considered in 

isolation (Figure 9.1). For example, the perfonnance of various wastefonns and/or 

canisters under differing conditions (temperature, pressure, fabrication conditions, 

solution composition), has been assessed in order to develop the most reliable material 

(see Appendix 5 and Dran et al., 1980; Hench et al., 1984; Grambow et al., 1988). 
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Similarly, the behaviour of backfill and buffer materials under differing 

environmental conditions has been investigated (Westsik et al., 1983; see Sargent and 

McKinley, 1989). In the geological barrier, a large number of studies concerning 

actinide speciation (Langmuir, 1978; Cleveland et aI., 1985; Nash et aI., 1988; 

Doxtader et al., 1988) or fission product solubility and transport (Erdal et aI., 1979; 

Failor et aI., 1982; see also Andersson and AUard, 1983) under differing 

hydrogeological conditions have been undertaken to provide knowledge of the 

behaviour of individual elements. Groundwater composition and mineralogy of 

different geological barriers have also been determined for specific cases (Erdal et al., 

1979; Vandergrift et al., 1984; Myers et al., 1984). Such studies necessarily form the 

basis for the development of further investigations into the more complex interactions 

between the individual components, that is, the integrated approach. Without a good 

understanding of these components individually, the interactive behaviour of a number 

of these factors is more difficult to interpret and the effects of these interactions on 

repository performance cannot be evaluated. 

In this study the second approach has been adopted. The interactions between 

three components of a HI..W repository - Symoc, water and the host granite - have 

been investigated in a simplified way to define the geochemical mechanisms and 

processes which may be expected to control radionuclide mobilisation in the near-field 

geological environment (that is, close to the waste source). This has been implemented 

through two types of studies; 1) observation of the behaviour of natural systems as 

natural analogues of the repository environment, and 2) leaching studies involving the 

three repository components; the wasteform Synroc, water and granite as the 

geological barrier. In these experiments, the components and conditions (that is, the 

number of variables) have been limited in an attempt to simplify the complexity of the 

interactions so that they may be more readily understood. 

It is recognised that this highly simplistic approach does not provide a 

comprehensive evaluation of the mechanisms for rock-radionuclide interaction, as 

some of the components have not been included in the assessment. However it may 
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assist in the detennination of the most effective reactions that are likely to occur in the 

repository environment 

9.2 Natural Analogues - What information can they provide? 

The behaviour of natural systems may be regarded as an analogue of the HLW 

repository environment, as they provide an indication of the processes assumed to be 

occurring in the potential repository environment (Chapman and McKinley, 1987). A 

natural analogue is generally regarded as a long-term experiment provided by nature 

which requires interpretation and application by man (Brookins, 1984). It is 

necessarily process- and site-specific with clear and limited objectives (Chapman and 

McKinley, 1987), and has the advantage of adding the dimension of geological time to 

a study. This is a vital component of the HLW disposal scenario which cannot be 

incorporated into man-made laboratory or field scale experiments. 

Some analogue studies involve the investigation of uranium and thorium 

behaviour in a uranium ore deposit environment (e.g. Duerden et al., 1987) which is 

not necessarily representative of the expected repository environment. Many other 

studies, however, concentrate on the investigation of uranium and thorium in a 

potential repository medium, such as at Stripa in Sweden (Wollenberg et al., 1982), or 

the Underground Research laboratory in Canada (Kamineni et aI., 1986). These 

natural analogues may be applied in a number of ways in performance assessment

as validation studies of predictive models, to provide site-specific information, as an 

indicator of the direction of processes in the potential repository environment or as an 

evaluation of the total system at anyone site (Chapman and McKinley, 1987). 

In Chapter 3, the analogue study of natural radionuclide distribution (that is, 

uranium and thorium and their daughter products) in the three granites may be applied 

as an indicator of the relationship between radionuclides and the mineralogical and 

alteration processes which may occur in the repository environment. For the granites 

studied, these observations show that the concentration and retention of uranium in the 

natural secondary environment involves a number of simultaneous mechanisms, 
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specifically sorption processes, which are significantly affected by the proportion of 

highly sorptive minerals present. These include most secondary minerals produced by 

low temperature alteration such as clays, chlorite, sericite, hematite and other Fe

oxides/hydroxides and Ti-oxides/hydroxides. 

As a natural analogue of the potential repository environment surrounding the 

waste package, these results imply that sorption is a significant mechanism for 

radionuclide retention and indicates that minerals of high sorptive capacity should be 

considered as important components of the geological barrier of the HLW repository 

environment. The occurrence of such minerals in areas of intense alteration and 

fracturing is widely reported (Fallor et al., 1982; Kamineni et al., 1983; Caruso and 

Simmons, 1985), and implies that they may be exposed to high groundwater flow 

regimes which therefore increases the potential for radionuclide migration. This may 

appear contradictory to the previously established principle that areas of high 

groundwater flow via fractures should be avoided in repository construction. 

However, the sorptive capacity displayed in this study by the altered minerals may be 

of greater value in retarding the migration of radionuclides away from the disposal 

environment than the problems that increased exposure to groundwater may produce. 

The timescale over which this sorption has occurred (of the order of 106 years) is also 

of significance in providing an analogue of the long-term dynamics of radionuclide 

mobilisation and retention, in the time-frame relevant to the disposal ofHLW. 

Similarly, the observations of natural disequilibrium in the V-decay series in 

Chapter 4 constitute a natural analogue for the HLW repository environment, as they 

provide a comparison between the processes and mechanisms occurring in the natural 

environment in the last 1 Ma and those expected in the predicted repository 

environment on a similar timescale. The disequilibrium observed in all three granites 

indicates that the dominant pathway for radionuclide mobilisation is groundwater flow 

via fractures and fissures, although some rock-matrix diffusion may also be significant 

(as indicated by the disequilibrium in the unfractured Kambalda Granodiorite 

samples). The most significant point ofrocklradionuclide interaction appears to be the 
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secondary and highly sorptive minerals which are commonly concentrated in fractures, 

indicating the significance of sorption (including adsorption and ion exchange) as a 

mechanism for radionuclide immobilisation and retention. As a natural analogue of the 

potential repository environment, these observations indicate that fractures will form 

the main pathways for radionuclide migration. Also, the significance of the highly 

sorptive minerals as sites for radionuclide retention in the geological barrier is 

exemplified by the observed disequilibrium in the highly altered samples. 

9.3 The Three Component Simulation of the Repository Environment Processes 

In Section HI of this study (including Chapters 6, 7 and 8), the nature of the 

complex interactions which may occur between some of the components of the 

potential repository environment has been examined. Three components have been 

studied - Synroc (the wasteform), water and granite as a host medium - in an 

attempt to provide an empirical evaluation of the interactive effects of wasteform 

dissolution, changing solution chemistry and host rock alteration. Further, the study 

has provided information about the behaviour of many radionuclides in the near-field 

by providing a 'source-term', transport medium and geochemical barrier for the 

granite-Synroc system. Finally, these results may be used in the validation of models 

that attempt to predict the geochemical interactions controlling radionuclide behaviour 

within the near-field repository environment. 

Before the behaviour of radionuclides In the repository system may be 

understood however, the dynamics of the rocle/water interaction need to be assessed. 

In Chapter 6 the interaction of the host granites and the water has been studied to 

provide a baseline for the understanding of radionuclide behaviour in a similar 

environment. The adoption of deionised water as the migrating fluid in these 

experiments (in the absence of available corresponding groundwaters) provides a first 

approximation of the approach to equilibration between rock and migrating fluids. 

Previous studies have shown the interactive effects of these two components, 

such as changing solution chemistry (pH, Eh, composition) due to reaction with the 
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.primary granite minerals, and the development of secondary phases during primary 

and secondary mineral alteration (Helrnke, 1980; Shade, 1982; Savage and Chapman, 

1982; Schott and Petit, 1987). The results of the TEM studies in Chapter 6 indicate 

that the two components try to attain to a state of natural equilibrium through alteration 

of the individual mineral surfaces. This is supported by the increase in ionic 

concentration and a change in the pH and Eh of the water according to the composition 

of the granite present. These effects may be important in the performance of the 

granites as geochemical barriers to radionuclide migration in three ways. Firstly, the 

alteration of solution chemistry by the presence of the granites may significantly 

change the radionuclide mobilisation characteristics through speciation and solubility 

differences. This evolution is expected to occur in any rock-water interaction, 

regardless of the starting composition of the water. Secondly, evidence from the TEM 

studies of alteration of the fresh and primary alteration granite minerals and 

development of secondary alteration minerals with significantly higher surface area 

and sorptive and cation exchange capacities, may increase the host rock's potential 

radionuclide retention capabilities (see e.g. Savage and Chapman, 1982). Finally, 

colloids which have been observed as a product of primary mineral alteration during 

rock/water interaction may immobilise some radionuclides and contribute to 

radionuclide transport and/or retention in the geosphere, although the mechanisms for 

these processes are not yet fully understood (McCarthy and Zachara, 1989). 

The study of the rock/water interactions (i.e. two components) in Chapter 6 is 

vital to the understanding of the processes which may be operative in the three 

component systems. The observations in Chapter 7 indicate that three main 

interactions occur between the host granite, water and Synroc in these experiments. 

Initially under these oxidising conditions, leaching of the Synroc produces a slightly 

acidic environment, but this effect is masked in the presence of the granites which 

induce further changes in the solution chemistry and produce a neutral to slightly 

alkaline environment. This pH regime contributes to the suppression of actinide 

release (ie. Np, Pu and Cm) from the Synroc. Under these conditions, Np remains 
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soluble but Pu and Cm are readily hydrolysed, so that they are either not released from 

the Synroc surface, or else are adsorbed by the other surfaces present. If released, the 

solubility of these actinides in the solution is further affected by the changing solubility 

limits that are imposed by the presence of the granites. 

Also, Np, Pu and Cm distribution is most significantly affected by selective 

uptake onto secondary minerals of high sorptive capacity and where present, fracture 

infilling minerals, through the mechanisms of sorption and precipitation onto the 

granites. This uptake is further improved by the alteration of the granites which 

increases the proportion of secondary minerals and contributes to the development of 

colloids (as observed in Chapter 6). 

These results indicate that in this simplified system, radionuclide retention is 

dependent on the solution chemistry (particularly pH) that has been determined by the 

chemical interaction between Synroc, water and the host granite. It is further 

influenced by the mechanisms of uptake exhibited by the granites, most particularly, 

sorption. Extrapolation of these results to the actual repository environment implies 

that radionuclide release and mobilisation characteristics will be affected most 

significantly by the composition of the migrating fluid and the degree of alteration of 

the host rock itself. Further alteration of both the groundwater composition and the 

host rock in response to the emplacement of HLW (Sargent and Vandergraaf, 1988), 

and through the interaction with other repository components, such as the buffer, 

backfill or the wasteform itself may also influence radionuclide behaviour. 

Similar effects which are exhibited by the fission products during the 

interaction of Synroc, water and granite are described in Chapter 8. The change in 

solution chemistry induced by the presence of the granites as observed in these 

experiments has inhibited the release of the less soluble fission product nuclides Zr, 

Ce and Ru, although the highly soluble elements (Cs, Ba and I) do not appear to be 

affected. Such releases are extremely small, particularly when compared to similar 

nuclide releases from other wasteforms. 
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The solubility of the elements released into solution is further affected by the 

change in solution chemistry induced by both the release of radionuclides and the 

development of colloidal species during granite alteration (Walton et al., 1984). The 

concentration of radionuclides in solution is dominated by the presence of 137Cs, as it 

is easily released from Synroc and remains highly soluble in the leach solution. 

However, the most significant interaction between the radionuclides in solution (which 

have been released from the Synroc during leaching), and the host rock is the 

substantial uptake exhibited by the granites. Preferential uptake by the secondary 

minerals of high sorptive capacity (including the fracture infilling minerals) is again 

observed through the mechanisms of sorption and precipitation. This implies that in 

the potential repository environment where host rock mineralogy may be affected by 

the emplacement of HLW, the highly sorptive minerals are most significant in the 

retention of radionuclides. 

The uptake observed in these experiments (see Chapter 6) has also been 

enhanced by the further alteration of the primary minerals and production of secondary 

and highly sorptive phases and colloids during water/granite interaction (Torstenfelt et 

al., 1982). These results again imply that sorption is the most important process for 

radionuclide retention by the geochemical barrier, and the performance of the 

repository environment may be improved where a significant proportion of the highly 

sorptive secondary and fracture infilling minerals are present. 

It is interesting to also compare the in teractions that occur with Synroc in the 

presence of granite and water with those of two other wasteforms - borosilicate glass 

and spent fuel. The leaching of Synroc in a repository environment is likely to have a 

minimal effect on pH and Eh, and induce little change in groundwater composition. 

Leaching of borosilicate glass on the other hand, will tend to cause near-field increases 

in groundwater pH, typically to pH 9 at moderate temperatures (Harker and Flintoff, 

1987; Bates and Gerding, 1988), with significant release of Si, B and other matrix 

elements. This high local pH will tend to immobilise the heavy metals which 
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hydrolyse under these conditions, whereas elements which form anionic complexes 

(Eg. Mo and Tc) may remain more mobile. 

Redox conditions are the most significant factor affecting dissolution of spent 

fuel, as this is controlled by the dominance of the highly mobile U(Vl) rather than U(V) 

or U(lV) (J?hnson and Shoesmith, 1988). Although granitic groundwaters and 

considered to be generally reducing (see for example, Fritz and Frape, 1982), (1.

radiolysis following HLW emplacement and the impact of construction operations for 

a HLW repository could in fact result in oxidising conditions in some circumstances. 

Under such conditions dissolution of the spent fuel matrix would be increased 

(Chapman and McKinley, 1987) whereas Synroc performance is not as significantly 

affected by changes in redox conditions. 

9.4 Repository Assessment and Predictive Model Validation 

Experimental results such as those described in Section III may assist in the 

development and application of predictive models for repository assessment. 

Predictive modelling involves an attempt to approximate reality (Rae and Black, 

1986), by extrapolating existing data to gain a prediction of the potential repository 

behaviour. The aim of predictive models is to identify and analyse the consequences of 

radionuclide interactions in the repository environment (Fo1ey and Petrie, 1981). They 

are usually based on four main processes - the release of radionuclides from the 

waste matrix, the solubility and speciation of these radionuclides, the transport 

mechanisms involved in the near- and far-fields and radionuclide distribution and 

retention through chemical interactions (Sargent and McKinley, 1989). 

Unfortunately, many uncertainties are involved in modelling repository 

performance, as a result of the long time periods involved, the complexities of natural 

groundwater flow, and the lack of past evidence for radionuclide distribution in natural 

geological barriers (Bondietti, 1982; Eisenberg, 1986). The results of Section III aim 

to overcome some of these uncertainties by providing a simplified insight into the 

chemically complex interactions which may occur in the repository system. These 
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observations were not intended to provide a quantitative analysis of the processes 

involved, rather to provide data about the specific mechanisms which may be operative 

during wasteform-water-host rock interaction. 

In predictive modelling of the complex interactions which occur in the 

geosphere, it is important to determine the transport pathways, the chemistry of the 

migrating species, the geochemical interactions which are occurring along these 

pathways (e.g. rock/water interactions), and the evolution of the geochemical 

processes and mechanisms which may be operative (Sargent and Vandergraaf, 1988). 

This study attempts to provide site-specific experimental evidence of each of these 

parameters for Synroc/water/granite for validation of the concepts of predictive 

modelling. In particular, the influences of the granites on the solution composition 

which has induced the suppression of radionuclide release from Synroc observed in 

Chapters 7 and 8, indicates the importance of solution chemistry in the repository 

environment. This may be particularly relevant where the host rock mineralogy and 

groundwater composition are affected by the emplacement of the waste package. In 

forming a predictive model of repository behaviour, it should be considered that the 

environmental conditions do not remain constant (e.g., groundwater composition, 

temperature, flow rates) but that they are dynamic parameters which are significantly 

affected by the variation in other environmental parameters, including changes induced 

by the presence of the waste. This also implies that site-specific data rather than 

generic studies are now required for the further development of predictive models 

(Sargent and McKinley, 1989). 

The uptake and retention of radionuclides by the granites observed in Chapters 

7 and 8 illustrates the importance of the host rock as a geochemical barrier to 

radionuclide migration from a potential breached waste vault. At the elevated 

temperatures expected to occur in the HI..W disposal environment, the change in the 

nature of the primary minerals and development of alteration phases during rock/water 

interaction (implied by the observations in Chapters 6, 7 and 8) indicates a response in 

the components of the repository system to the variation in the localised operating 
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conditions. It is therefore important to account for kinetic effects such as rock mineral 

dissolution (Sargent and Vandergraaf, 1988), as well as the dynamic nature of the host 

rock/solution system in the design and development of predictive models for 

repository assessment. 

The mechanisms of radionuclide retention which are displayed by the granites, 

including precipitation, uptake by colloids and most importantly sorption, need to be 

incorporated into any predictive model of repository behaviour. Many previous studies 

have attempted to measure and quantify the sorption process through batch and 

dynamic sorption tests (see Chapters 7 and 8, Allard et al., 1980; Torstenfelt et al., 

1982), and some empirical factors such as the sorption coefficient K,j, simple sorption 

isotherms and the retardation factor R, have been developed (Coles et al., 1980; 

Eriksen, 1985; Chapman and McKinley, 1987). These empirical factors have then 

been used to represent sorption in predictive modelling of repository behaviour 

(Sargent and McKinley, 1989). Further, sorption databases are now being developed 

for repository assessment (McKinley and Grogan, 1990). 

However, the results of this study indicate that the assumptions required for 

calculation of K,j values are not always valid, particularly where the components of the 

system continue to alter and interact in response to the geochemical evolution of the 

repository environment. The inapplicability of these empirical factors as a complete 

expression of the sorptive process in the repository environment, and their misuse in 

predictive modelling in the past has been recognised by other workers (Chapman and 

McKinley, 1987; Sargent and McKinley, 1989; McKinley and Grogan, 1990). As a 

result, a more qualitative understanding of the process of sorption and the behaviour 

of rock/radionuclide systems is currently developing (Chapman and McKinley, 1987), 

and more appropriate, accurate and complete predictive models of repository 

behaviour are being formulated. 
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95 Granites as a Candidate Repository Mediwn 

The experimental observations of this study which have outlined the 

mechanisms and processes controlling the geochemical interactions of the potential 

repository environment may therefore contribute to the evaluation of repository 

behaviour in a candidate repository medium. This information cannot be used alone to 

determine the advantages or disadvantages of a particular candidate repository site, nor 

can it provide a basis for discrimination between alternative sites. Instead, the results 

are more significant in providing examples of the geochemical reactions (Le. sorption, 

surface precipitation and formation of metastable compounds) and environmental 

conditions (e.g. evolving groundwater composition and host rock secondary 

mineralogy) which may prevail in the repository environment, and estimating the 

radionuclide release consequences (e.g. the source-term for granite-Synroc systems) 

in the event of a breached HLW vault (Cole and Bond, 1980). 

Among the candidate repository environments being considered, (see Chapter 

1), the performance of granite as a geological barrier to waste mobilisation has been 

widely studied. Current research involving both laboratory and in situ experiments in 

underground labs (e.g. Stripa Mine, Sweden; Grimsel Test Site, Switzerland and the 

Underground Research Laboratory, Canada), has determined that two major factors 

influence the isolation characteristics of granite - transport pathways and mechanisms 

for retention of radionuclides. 

In this study, the transport pathways for radionuclides have been studied 

through the application of natural radionuclide behaviour as an analogue of the 

potential repository conditions. In Chapters 3 and 4, the results imply that radionuclide 

mobilisation via groundwater migration occurs principally as fracture flow, although 

some rock-matrix diffusion may play a role. Similar studies on granites of the 

Canadian Shield or fracture samples from Sweden, have also shown that fracture flow 

is a dominant mechanism for fluid migration and that significant interaction between 

the fracture-infilling minerals and circulating groundwaters is apparent (Smellie, 1982; 
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Schwarcz et aI., 1982; Gascoyne and Schwarcz, 1986; Smellie et al., 1986). Funher, 

where fractures are not well developed, such as in the Kambalda Granodiorite of this 

study (see Chapters 2, 3 and 4), the minerals which interact with penetrating fluids are 

dominated by the secondary and alteration phases, and groundwater flow may involve 

rock-matrix diffusion (Neretnieks, 1980). This type of interaction between the 

secondary minerals and migrating fluids is also well documented (Rosholt, 1983; 

Shea, 1984; Latham and Schwarcz, 1986; 1987a) as is the phenomenon of rock

matrix diffusion (Neretnieks, 1980; 1983). 

The presence of fractures which may act as fluid pathways in granitic rocks 

has in the past been considered detrimental to the performance of granites as a 

geochemical barrier. However, the results presented here, combined with many other 

studies, have indicated that the secondary and low temperature alteration minerals 

which line these fractures perform two roles - they improve the self-sealing 

properties of the fracture itself, and where groundwater flow occurs, they interact 

significantly with migrating radionuclides to retard their transponation. Funher, the 

location and density of any fracture network in a candidate repository rock may be 

determined and monitored (e.g. Stripa Mine, Gale et aI., 1980; Eye-Dashwa Lakes 

pluton, Brown and Rey, 1982), thereby increasing the predictability of the fluid 

pathways and mechanisms in the potential repository environment. 

The interactions observed in this study which occur principally between the 

secondary and fracture infilling minerals and radionuclides in solution are dominated 

by the processes of sorption and, to a more limited extent, precipitation (see Chapters 

7 and 8). The phenomenon of sorption in rocklradionuclide interaction is well 

documented (Erdal et al., 1979; Smyth et al., 1980; Andersson et al., 1982; Pinnioja 

et al., 1984), and is recognised to be one of the most significant parameters in 

radionuclide retention in the geochemical barrier (Chapman and McKinley, 1987). 

Many studies using autoradiographic techniques (Beall et al., 1980; Vandergraaf et al., 

1982; Ticknor et aI., 1989) as well as sorption-desorption tests (Vandergraaf and 
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Abry, 1982) have shown sorption to be dependent upon many factors to achieve 

equilibrium. 

The autoradiographic techniques used in this study have also shown sorption 

to be the main mechanism for radionuclide uptake among the secondary and fracture

infJlling minerals. More significantly, the effectiveness of this sorption in radionuclide 

retention is shown to be influenced by the local environmental conditions which are 

external to the sorptive process, particularly the kinetic effects of continuing alteration 

of solution characteristics and host rock mineralogy. These results indicate that the 

empirical factors which may be used to express sorption (see Section 9.4) may not be 

entirely appropriate, as the assumptions on which they are based are not necessarily 

applicable to the near-field repository environment. Instead, a more qualitative 

understanding of the parameters which affect sorption is required, such as the nature 

of the secondary minerals and their continuing development during interaction with the 

migrating fluids, as these factors may increase the sorptive capacity of the rock, 

thereby enhancing its effectiveness as a geochemical barrier to radionuclide migration. 

9.6 Future Research arising from this Study 

Much work remains to be done in the field of HLW disposal. The geochemical 

modelling which is currently being developed in Canada, the United States and Europe 

is helping to define the radionuclide release consequences in the candidate repository 

environment, but the degree of confidence in such models is based on their validation 

by experimental work, both in the laboratory and the field. Whereas a number of 

studies have investigated the interactions between host rocks and other wasteforms, 

this is the first study which defines the interactions between Synroc, water and granitic 

host rock systems. The significant differences between these interactions and those 

observed for borosilicate glass or spent fuel emphasise the need for a wide 

experimental base in the determination of radionuclide release consequences in the 

repository environment. 
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The results of this study have contributed to the current base of knowledge 

regarding radionuclide behaviour in the geosphere. However, the study has by no 

means been exhaustive. A number of limitations in the data are apparent in both of the 

experimental Sections IT and ITL Further work could be undertaken on the mineralogy 

and uranium distribution of each of the granites (Section I and IT). Closer identification 

of the secondary phases by both x-ray diffraction and microprobe would be of 

interest, particularly the Fe-oxides and Ti-oxides, clay minerals and the non-crystalline 

phases. Such a detailed identification could then assist in the understanding of the 

performance of these phases in the repository environment, and be of use in predictive 

modelling. 

Also in Section IT, more detailed analyses of the nature of the U-rich phases is 

suggested, particularly for the Roxby Downs Granite. These analyses may prove 

useful in the application of U-rich minerals as natural analogues of some HLW 

wasteforms, particularly spent fuel (e.g, Haaker and Ewing, 1981; Ewing and 

Jercinovic, 1987). 

The U-series disequilibrium data described in Section IT represent only the.fn-st 

stage of the possible experimental work on these granites. A lack of access to 

groundwater samples has precluded their incorporation into this study, but further 

research on associated groundwaters of all three granites would significantly 

contribute to.the understanding of the disequilibrium processes which are apparent in 

the data already presented. Where groundwater samples are not available, mineral and 

fracture separates could be analysed to determine the extent of disequilibrium, and the 

nature of rock/water interaction, particularly where fracture flow is apparent (Smellie 

and Rosholt, 1984; Gascoyne and Cramer, 1987). These further results could then 

contribute to the application ofU-series disequilibrium studies as natural analogues of 

the repository environment. 

The three component simulation studies described in Section III have been 

necessarily simplified and limited in extent, in order to minimise the number of 

variables and their possible interaction. However, in order to simulate repository 
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conditions as accurately as possible, further research is suggested under more 

representative experimental conditions. In particular, the addition of a buffer or 

backfill and a canister material to the system may significantly modify the behaviour of 

radionuclides emitting from a source term. Also, the use of groundwaters as the 

migrating solution in these studies rather than deionised water would better 

approximate the expected conditions in the repository. In particular, reducing rather 

than aerated conditions should be used to represent more accurately the reducing 

groundwater conditions which may be expected to occur in the deep granitic repository 

environment (McKinley and Grogan, 1990). This may be important in the 

determination of geochemical processes which are dependent upon the solution 

composition (e.g. granite alteration, radionuclide solubility, sorption). Where 

available, groundwaters from each of the granites would be most appropriate although 

other well-characterised groundwaters from granitic rocks (e.g. Canadian Shield, Fritz 

and Frape, 1982) could also be used. 

A number of other parameters (e.g. temperature, HLW composition) which 

have been constant throughout these experiments could also be varied to simulate more 

accurately the repository environment. Firstly, a series of experiments incorporating 

variable temperature in the range of expected initial repository conditions, that is > 

100°C (Savage and Chapman, 1982; Thunvik and Braester, 1982) should be 

undertaken. At such temperatures, the experimental conditions would require vessels 

which could tolerate high temperatures and pressures, and alternative experimental 

apparatus, such as rock cups, would need to be designed. Finally, the importance of 

anionic radionuclides (such as I, Se and Tc), released into the repository environment 

has been previously reported (Failor et al., 1982; Ticknor et aI., 1989; see also 

Andersson and Allard, 1983). Further studies of this release from Synroc and 

migration characteristics through a potential granite repository are suggested. 

As discussed in Section 9.4, geochemical modelling of the mechanisms and 

processes which may occur under disposal conditions may assist in the prediction of 

the behaviour of individual components and their interactions in the repository 
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environment. This study has not attempted to develop a predictive model, nor to 

provide quantitative data for model analysis. Rather, it has attempted to evaluate the 

radionuclide source-term and the interactive behaviour of Synroc and other 

components (in a simplified manner) in the near-field environment. Many of the 

,geochemical processes occUrrin,g in the repository environment, especially those 

involvin,g interaction with the ,geosphere (such as sorption), remain poorly 

understood. It is therefore imponant that funher research into these processes is 

undenaken so that predictive modellin,g of radionuclide release from Synroc in the 

repository environment may be obtained. In this way, scientific research may ensure 

safe disposal of nuclear wastes, thereby ,gainin,g public confidence and acceptance of 

proposed HLW disposal techniques. 



Chapter 10
 

Conclusiolls
 

10.1 Conclusions arisingfram this Study 

A number of conclusions may be drawn from the results of this work on the 

three Australian granites with regard to the performance of granites as potential 

repository rocks. The distribution of both the natural uranium and thorium (Chapters 3 

and 4) and the introduced radionuclides in the leach tests (Chapters 6, 7 and 8) indicate 

that; 

•	 the presence of a significant proportion of secondary minerals in all three granites 

enhances the uptake and retention of radionuclides. The secondary minerals 

hematite (in the Roxby Downs Granite) and leucoxene (in the Kambalda 

Granodiorite) are particularly important in increasing the retention capabilities of the 

host rock, and the other secondary minerals (including sericite, clays and Fe-

oxides) also display preferential uptake. 

•	 substantial uptake of all radionuclides is displayed by all three granites, with the 

severely altered Roxby Downs Granite displaying the greatest retention of the most 

soluble mixed fission product elements, and the Kambalda Granodiorite effectively 
, 

retarding the very insoluble elements (i.e. Zr and Cm). The differential rates of 

uptake may be attributed to the variation in mineralogy within and between the 

granites, that is, the concentration of hematite in the Roxby Downs Granite and 

leucoxene in the Kambalda Granodiorite. This indicates the presence of both 

hematite and leucoxene as the secondary phases in a potential repository host rock 

will aid in the retardation of radionuclides migrating away from a breached waste 

vault. 

•	 the differential uptake of both natural and introduced radionuclides in all three 

granites, particularly the selective interaction displayed by the fracture-infilling 

minerals in the Coles Bay and Roxby Downs Granites, indicates that fractures will 
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form the dominant pathways for radionuclide mobilisation. Some contribution may 

also be expected from rock-matrix diffusion (such as the Kambalda Granodiorite) 

particularly where a high proportion of secondary minerals are present. 

•	 Sorption is the most important mechanism for retardation of both natural and 

introduced radionuclides. This process involves both the physical adherence of 

radionuclides to the solid phase and chemical exchange (through redox reactions), 

with a lesser contribution from ionic exchange. The observed uptake does not 

appear to be reversible for the experimental conditions investigated in this work, 

although it is recognised that this may be significantly affected by a change in the 

solution conditions (e.g. pH, redox potential). Sorption is therefore considered to 

be a highly effective mechanism for radionuclide retention in a candidate repository 

host rock. 

•	 A high level of interaction can be expected to occur between the near-field 

components Synroc, water and the surrounding candidate repository host rock over 

the time frame of HLW disposal. Changes in environmental conditions, such as 

pH, temperature and host mineralogy, would further induce these interdependent 

chemical interactions and assist the system to attain a state of geochemical 

equilibrium between the migrating fluid and the host rock. 

•	 the very low leach rates for the less soluble radionuclides during leach testing ()f 

Synroc and granite indicate that the presence of the granites reduces the source-term 

and may retard migration of these elements away from a potential breached waste 

vault into the surrounding host rock of the near-field environment. 

These results have therefore provided data about the interactions between some 

of the components which may be expected to occur in the HLW crystalline repository 

environment. In order to ensure that any release of activity from this environment to 

the biosphere is at a safe and acceptable level, a large number of such parameters must 

be considered both individually and collectively, as the effects are often interdependent 
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due to the complex interactive nature of the processes involved. The use of an 

integrated approach in this study has enabled the evaluation of some of the 

mechanisms and processes, and the geochemical evolution which may occur in the 

near-field repository environment during wastefonnlsolutionlhost rock interaction. 
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Cl-emitting waste: waste products from reprocessing of used nuclear fuel, usually 

containing only low or intermediate levels of total radioactivity, but significant 

quantities of alpha-activity which takes hundreds of years to decay to non

hazardous levels. Generally includes wastes containing> 3700 Bequerels per gram 

of Cl-radioactivity and requires special handling and disposal. 

actinides: the elements with atomic numbers 89 - 103. All nuclides are radioactive, 

but only uranium and thorium are sufficiently long-lived to currently exist naturally 

on Earth. In this context, actinides is a generic term used to describe Np, Pu and 

Cm collectively. 

activity ratio (AR): the ratio between the total number of disintegrations per unit 

time (or activity) of radioactive parent and daughter nuclides. The ratio conforms to 

the law of radioactive decay and the disintegration law. 

adsorption: a direct chemical reaction between a rock surface and a chemical species 

in solution which results in the physical adherence of the species to the rock surface 

in progressive layers. 

alpha-track etch: an autoradiographic technique for the determination of the spatial 

distribution of an Cl-emitting radionuclide over a rock surface. The rock is exposed 

to a radionuclide-spiked solution and after equilibration, contacted with an Cl

sensitive plastic detector, in this case, CR-39. (see autoradiography). 

ASTEC: Australian Science and Technology Council. 

autoradiography: an experimental technique for the determination of the spatial 

distribution of radionuclides, in which a rock surface is exposed to a radionuclide

spiked solution then following equilibration, contacted with a radiation sensitive 

fIlm. Usually refers to f3-emitting radionuclides 

backfill: see buffer 

biosphere: the living environment which may be at risk from radioactive 

contamination emanating from a waste disposal site. Includes groundwater and 

surface water occurrences, sediments and soils and plant and animal matter which 

contribute to the food chain. 

B q: Bequerel, the international unit of measurement to indicate the decay or 

disintegration of a radioactive element. Equivalent to decay of one atom per second, 

or 27 x 10-12 Curies. 

buffer: any material used to fill the gap between the wasteforrnlcanister and the 

surrounding geological barrier. Ensures that the waste package is in physical 

continuity with the surrounding rock, and helps to contain the waste by impeding 

water penetration. 
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chemisorption: a slow, element specific interaction of chemical forces between a 

charged solution and a solid surface. Dependent upon the concentration of species 

in solution. 

colloid(al): a metastable phase which may form as a result of the breakdown of 

chemical components, radiolysis reactions or precipitation at the boundary between 

different chemical zones. Often associated with very fine particulate material in 

solutions. 

containment: structures which act as physical barriers to restrict or control the 

mobilisation of waste e.g. walls, vessels, buffers, etc. 

craton(.isation): a part of the Earth's crust which has attained stability and has not 

been deformed over a long time period. - usually describes the time period and 

process during which a craton forms. 

desorption: the process by which radionuclides which have been sorbed onto a rock 

surface are removed into solution. 

deuteric: the reaction between primary magmatic minerals and water-rich solutions 

that have separated from the magma late in its cooling history. Usually produces 

hydrated secondary minerals. 

dpm: a disintegration per minute, equivalent to the decay of one atom per minute. 

Generally this term has been replaced by the Bequerel. 

engineered barrier: all of those barriers to waste mobilisation within a repository 

which are produced by engineering design. Includes the wasteform, container and 

buffer. 

far field: the undisturbed, natural geological system, which is physically large and 

may have a complex geological structure. Its role is to retard water penetration to 

the near-field and dilute radionuclide outputs to the biosphere. 

fission products: the mix of nuclides resulting from the fission reaction which 

display a range of half-lives, and generally emit either 13- or y-radiation at different 

energy levels. 

fission track: the path of damage produced by nuclear fragments in a solid material 

such as a rock or external detector. In this context, the external plastic detector 

Lexan® plastic has been used. 

geosyncline: a mobile downwarping of the Earth's crust, in which sedimentary and 

volcanic rocks generally accumulate. May form as part of a tectonic cycle in which 

orogeny follows. 

HLW: high-level nuclear wastes, produced from reprocessing of spent fuel from the 

nuclear power reactor process. Highly radioactive and produces large quantities of 

heat. Usually comprises very long-lived radionuclides, such as low-volatility 

fission products, small quantities of unextracted uranium and plutonium, and other 
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transuranic elements. Requires isolation from the biosphere for periods of between 

I 000 and I 000000 years. 

IAEA: International Atomic Energy Agency. 

ILW: contains the same ~- and y-emitting radioactive elements as u..W, but at higher 

levels of radioactivity. Requires shielding to ensure minimal radiation exposure and 

permit safe handling, and radioactivity is expected to decay to non-hazardous levels 

within a few hundred years of storage or disposal. 

ion exchange: the exchange of charged particles between solution and a solid 

surface. Usually rapid and reversible. 

isotherm: a simple empirically derived expression of the phenomenon of sorption 

which is expressed as a function of radionuclide concentration at a constant 

temperature. 

~: a simple partition constant used to express the ratio between the concentration of 

radionuclide on a rock phase to the concentration remaining in solution with which 

the rock has been in contact. This calculation assumes that the reaction is 

reversible, reaches equilibrium quickly and is independent of variations in water 

chemistry or rock composition. 

kinematic (post-, syn·): in this context, tectonic or defonnational. 

leachant: the solution component of the leach vessel which may contain 

radionuclides derived from other components during the leach testing procedure. 

leach rate: a nonnalised value (in grams per square metre per day) which describes 

the measured dissolution rate of a particular radionuclide into solution from a solid 

source during leach testing. Usually determined from the total activity released 

during the leach testing procedure. 

LLW: low-level nuclear waste, arising from all stages of the nuclear fuel cycle. 

Contains generally low concentrations of low radioactivity, ~ - or y-emitting 

radionuclides with half-lives of less than 30 years. The potential radioactive hazard 

is expected to have decayed to negligible levels within 200 to 300 years. 

metastable: a phase which remains stable with respect to small chemical 

disturbances (e.g. temperature, pH), but will react to fonn a new, stable phase if 

the energy of the system is sufficiently disturbed. 

NEA: Nuclear Energy Agency of the Organisation for Economic Cooperation and 

Development 

near field: the zone which is significantly affected by the construction of the 

repoSitory. Includes all engineered barriers plus a region of surrounding rock 

which is altered by heat or chemical releases from the waste package. 

OEeD: Organisation for Economic Cooperation and Development 
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orogeny: the process by which structures within fold-belt areas are formed, 

including thrusting, folding and faulting, with related metamorphism and 

plutonism. 

plate-out: used to describe the association of concentrations of radionuclides with a 

solid surface (such as the vessel walls), generally as a result of a change in 

localised solution conditions. it does not imply any mechanism such as adsorption 

or precipitation. 

precipitation (re-, co-): the formation from solution of a solid, usually crystalline 

phase on a rock surface as a result of enhanced concentrations of its chemical 

constituents. 

radionuclide: a nuclide, or species of an atom with similar nuclei, which is 

radioactive. 

radwaste: radioactive waste, generally used to describe HLW. 

redox: a reaction which involves a change in the arrangement of electrons between 

chemical elements. May also involve some hydrogen ion activity, and is usually 

related to Eh and pH of a solution. 

repository: a purpose-built or modified existing underground construction for the 

geological disposal of HLW. Repository is the general term used to collectively 

describe the wasteform, engineered barriers (canister, buffer, backfill and 

overpack) and geological barrier. 

resistate: a mineral which is chemically resistant to weathering and alteration. 

secular equilibrium: the rate of decay for each radionuclide is equal to the rate of 

formation from its parent In a closed system where equilibrium exists, the activity 

of a daughter isotope is determined by the activity of its parent isotope and the time 

period over which radioactive decay has occurred. 

sorption: a loosely defined term used to describe all of the processes by which a 

rock surface may take up radionuclides from solution. Includes physical and 

chemical adsorption, redox reactions, ion exchange and chemisorption. 

Precipitation is considered to be a separate process. 

source-term: describes the radionuclide release and mobilisation rates from the 

wasteform components into the near-field and consequently the far-field. Used in 

migration calculations. 

specific activity: the activity (in Bq) of a radionuclide in a given mass (g), which 

expresses the relationship between the atomic number and decay constant of the 

nuclide. Specific activity assumes that in the given mass, all atoms are from one 

nuclide and are active. 

spent fuel: used fuel rods from the nuclear reactor process which have not 

undergone reprocessing. Contains uranium, plutonium and other transuranic 
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elements as well as the range of fission products arising from the nuclear process. 

Is being considered as an alternative waste form. 

stoichiometry: the exact proportions of a mineral's constituents as specified by its 

chemical formula 

Synroc: a crystalline titanate wasteform comprising a number of stable titanate 

phases. The commercial formula Synroc-C has been used in these experiments and 

is composed of hollandite, perovskite and zirconolite with some rutile, Ti-alloys 

and minor impurities. 

transuranic elements: elements with atomic numbers greater than 92. Generally 

used to describe the elements higher than uranium on the periodic table which have 

been produced by artificial means and exist in nuclear wastes. 

wasteform: a stable and durable solid matrix into which liquid HLW have been 

incorporated for subsequent packaging and disposal. Borosilicate glass, Synroc 

(and other ceramics) and spent fuel are the commonly proposed wasteforms. 
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Sample lithological log of the Coles Bay Granite CB 

geothermal test hole 
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ABBREVIATIONS 

Appendices 2A, 2B and 2e. 

Minerals Texture and Structures 

a1k felds alkali feldspar alt alternating 

bar baryte altd altered 

bi biotite altn alteration 

bn bornite basemt basement 

cc chalcocite brecc breccia 

chl chlorite breccd brecciated 

cp chalcopyrite breccn brecciation 

dol dolomite coarsegrd coarse-grained 

Fe-ox iron oxide dissem disseminated 

fl fluorite finegrd fine-grained 

hm hematite fract(s) fracture(s) 

Kfelds alkali feldspar fractd fractured 

mafics mafic minerals fragmts fragments 

mcg microgranite gmass groundmass 

plag plagioclase hth altn hydrothermal 

py pyrite alteration 

qz quartz min mineralis~.tion 

ser sericite mod moderate 

sid siderite phenos phenocrysts 

sil silicification porph porphyritic 

tect brecc tectonic breccia 

tr trace 
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APPENDIX 2 A. SAMPLE LOG: COLES BAY GRANITE
 

CB Geothermal test 
Down Hole 

Depth(DDH) Log 
(metres) 

0 + 
+ + 

I<- + ~ 
20 + + 

>r + ~ 

40 Il-
+

+
+ 

~ 

+ + 
60 -I:/~ 

Il- + ~ 

80 + ++ ~. 

+ + 
Il

100	 Il- + ~ 
+ + 

11- + ,
120 + + 

Il- + , 
+ +140 Il- + , 
+ + 

160	 It + ~ 

~-<..,'v"'180	 :r 

~-:;~ 
+ +200 l- + ~ 
+ + 

'!'-., T_"t220 
++++ 

240 + ++
l- + 

+ +
260 l- + + 

++++ 
280 

~~<i 
300 1+-+ ++ ~ 

320	 It- +
+

+
, 

It-++ + 
340 + + 

I ; 

360 .. .. 
~¥~~

380 Il- + ~ 

~\~\400 .. ,'\ . 
:\''''/~I
' ,....... \ ~ ,
420 
M.v,

440 + ,11
+ + 

11- + ,460 + + 
Il- + , 

480 + + 
1-1- "'" -1-+ f' 

500 11- + , 

hole 

CommenlS 

chI fraclS 

dyke 

qzveins 

chI + ser fracts 
qz + py veins 

chI + ser fracts 

qz±py veins 
ser + chI fraclS 
mafic xenolith 

±qz veins 
ser +, chI fraclS 

qzveins 

qz veins 
ser + chI fraclS 
qz + py veins 

qz + py veins 

qz veins 
dyke 

chI + ser fracts 

chI + ser fraclS 
qz + pyveins 

qz veins 
chI fraclS 

chI fraclS 

chI + ser fracts 
qz veins 

Sample Description
 

Coles Hay tiramte
 
coarse to porph alk-felds granite
 

sample: 2lm 
late-stage hth altn, pink K-felds
 

+ qz phenos, plag + mafics grnaS!
 

K-felds red
 
sharp contaclS microgranite dyke
 

similar composition, fine-grd
 
coarse to porph, K-felds red
 

alt pink and grey
 
coarse-grd
 

red altn bands
 
sample: 119m 

increasing phenos 
coarse-grd red hth altn 

intense hth altn, dark red 
intermi~nthth veining 

numerous fractores 

decreasing intensity hth altn 
weak pervasive hth altn 
intense deep red hth altn 

sample: 235m 
weak ser altn
 

white/cream bleached hth altn
 
coarse-grd to porph
 

sample: 270m 
deep red hth altn zones near veins 

numerous fractores 

alt white/cream bleached and 
deep red hth altn zones near veins 

porph granite, pervasive ser altn 
abundant microgranite dykes 

numerous fractore 
and shear zones 

intense deep red hth altn 
fine-grd pink microgranite 

sample: 423m 
numerous fractores and veins
 

with hth altn associated
 
band coarse-grd granite
 

strongly porph granite
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strongly porph grarute ~+ ,
520 ' +:J;-; qz ±py veins 

I' ~ fine-grd microgranile 
Y"->C"'"540 chI + ser fracls numerous fractures, increase ~~\
-I......... " red hth altn associated
 
I~~ ,., - , _ .... t ....560 
+ + fine chi fracls gradually becoming coarse-grd 10Il- + .,580 + + porph granile, breccd and sheared 

coarse-grd granite Il- ;!;~600 chI + ser fracls numerous fractures ~...." cream/white bleached altn 
620 +

+
+

; qz veins 
+ + sample: 650m 

640 +
+

+
; chi, ser + mcg fracls intense deep red hth altn 

strongly porph granite 
660 + ., sharp contacls to microgranite 

I. • ' " :....'\." sample: 669m 
680 extensive fracturing, breccn and

?~~ qzveins pervasive ser aim 
700 t-.+~ xenolith band coarse-grd granite 

+ + deep red hth aim , + -+720 sharp contacts slightly + + 
+ -+ porphgranite

+ +740 ser and deep red hth aim 
+++; all extensive hth altd deep red 

760 - -, mcgdyke + fresh grey granite 
+' ., 

780 ,~\ '" , .... alld and fractd microgranite 
+ + qz veins/chi fracls porph granite 

800 numerous fractures, veins and 

~~ mcgdyke highly altd dykes 
820 hth altn extensive 

Il-4"+~ qzveins
 
840 - "'-- mcgdyke


+ +
It + ,

860 + + coarse-grd granite, variably altd 
It + , chI fracls sample: 869m 

+ +880 all deep red - pink - fresh grey11- + ; 
+ + 

900 11- + chI fracls 
+ + all fresh grey coarse and variably 11- + 

920 , ,- mcgdyke alld pink/deep red porph granile 
+ + chi fractslqz veins intense hth aimt- + ;

940 + ++ ; 
+ +960 sample: 963m + -+ 
+ + chI fractslqz veins inlense hth altn 

980 / mcgdyke\, ... 
11- + ; 

1000 + + all grey and pink granites 
11- + ;... becoming fresher 
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Sample lithological log of the Kambalda Granodiorite, 

KD 5027 and KD 6003 
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APPENDIX 2 B. SAMPLE LOG: KAMBALDA GRANODIQRITE
 

KD 5027 
Down Hole 

Depth(DDH) Log Comments Sample Description 
(metres) 

0 + + " 
+ + +
 

20 + ++
+ + sample:32m+ ++
40	 + + 

+ + Fe-ox stain. watercourse? + + f'+
60	 '-te ~. 1-2% mafic xenoliths 

~+#+ hm stain, qz veins+ +
80 + + + textures destroyed hm stain, qz veins 

+ + on vein margins sample:98m+ + +100 1;/+;1'" + hm stain, qz veins 
120 hm stain, qz veins+r~+~ 

+ T qz veins 
140 +-(1-++ qz veins 

+ + + hm stain, qz veins 
160 + + sample: 162m 

"tt+< hm stain, qz veins 
180 + + + qz veins

;Jf'+ qz veins+ + +
200 sample: 201m 

+++~ qz veins+ 
220 #+"+ azveins 

KD 6003 
Downlfole 
~th(DD!J) Log Comments Sample Description 

(metres) 

felsic porphyry 
20 

Kambalda 
40 footwall 

basalt 
60 (FWB) 

80	 end percussion 
drilling 

lOO felsic 
complex porphyry 

120 intrusive 

140 Kambalda 
footwall 

160 basalt 
(FWB) 

180 felsicnoroh~ 
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~ ~ xenoliths Kambalda Granodionte 
200 4+~ sample: 199m 

+ + 4 qz veins 
220 + + 

+4'+ + 4 qz phenocrysts hm stain, qz veins 
240 + ~ 4+ + hm stain, qz veins + + 4
260 + + 

+~_ 4 xenoliths 
280 +

+
+

+ 
4 sample: 283m 

+ +
rI-_ +..,4300 xenoliths
~+1- ++ 

320 1++ ++ + 
xenoliths1+-- + ~ +340 + + 

~360 strong hmstain 
jointing sample: 368m1+ + +380 + + 

+1+ ++ qz veins 
400 

+ 
joints1+++ ++ qz veins 

420 1+++ ++ 
pegmatitic, hm stain 1+++ ++440 

1++++ 
+ 

460 1+++ ++ sample: 464m 
+ +

It, +, + 480 strong hm stain 
k-~ jointing 

500 hm stain, qz veins ~+~ hm stain 1+ + +520 gypsum qz veins 

1+ *:~ gypsum hm stain 
540 1++ ++ 4 hm stain 
560 l;I..> gypsum qz veins 

+ + 
+ + +580 + + 
+ + 4 

600 + +-1+ + 
sample: 607m + +-1

620 + + 
+ +-1+ + 

640 + + hm stain 
VI~ feldspar porphyry dyke + 4

660 
+ 

qz veins +~+~ 
+ +4680 + + 
+ + hmstain 

700 +~+f+ xenoliths qz veins 
+~ + sample: 706m 

+720 +" 
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740 

7(iJ 

780 

800 

820 

840 

8(iJ 

880 

900 

920 

940 

9(iJ 

980 

1000 

1020 

1040 

10(iJ 

1080 

1100 

1120 

1140 

11(iJ 

1180 

1200 

1220 

1240 

12(iJ 

joints 

joints 

bi4:fined 
weak fabric 

joints 

bi4:fined 
weak fabric 

sharp contacts 

increasing 
frequency 

strong 
jointing 

strong 
jointing 

hm stain, qz veins 

qz veins 

sample: 776m 
feldspar porphyry dyke 

hm stain, qz veins 

hm stain, qz veins 

sample: 885m 
hm stain, qz veins 

hm stain 
qz veins 
qz veins 

sample: 971m 

porphyritic feldspar 
granite - patchy 

gneiss, augen qz, Basemt raft?? 
hm stain, qz veins 

sample: l067m 
qz veins
 
qz veins
 

hm stain, qz veins
 

qzveins
 
sample: 1137m 

hm stain, qz veins 

hm stain, qz veins 

qz veins 

sample: 1246m 
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Sample lithological log of the Roxby Downs Granite, RD 478 
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APPENDIX 2 C. SAMPLE LOG: ROXBY DOWNS GRANITE 

RD 478
 
DownHOfe
 

Depth(DDH)
 
(metres)
 

o 

20
 

40
 

60
 

80
 

100
 

120
 

140
 

160
 

180
 

200
 

220
 

240
 

260
 

280
 

300
 

320
 

340
 

360
 

380
 

400
 

420
 

440
 

460
 

480
 

500
 

Log 

.0 .0 

..~.. .~. 

- .. "-::" 
.0·"':":"· ••• 
..._...
o' ••......... . .
.... .~ 

Comments 

percussion 
drilled 

basement 

ser, hm fracts 

ser fracts 
fl fracts 

ser, fl, hm fracts 

fl, ser, hm fracts 
discontinuous 

fl patchv 

Sample Description
 

No sample
 

Andamooka limestone
 

Arcoona quartzite
 

No sample
 
Arcoona quartzite
 

Corraberra sandstone! Arcoona
 
quartzitelCorraberra sandstone
 

Tregolana shale
 

shale plus basemt
 

brecciated granite with <10%
 
sericitised matrix, diffuse granitic
 

texture, numerous fractures
 

hm matrix <10%
 
fragmts angular
 

ser matrix < I0%
 
sample: 458m 
brecciated granite, serlhm matrix 

<10% siI, variable texture 
sample: 496",
 

breccd, cc (bn) mingranite 
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-# ctwne samp : m 
520 t.+ dissem cc (bn) crushed granite zone 

t1 samples: 528m 539m 
540 Alkali feldspar granite 

hm/si! aim, locally brecciated 
560 hm, ser fracts fractured 

bar, fI in ser fracts mod-strong si! 
580 hm fracts sample: 582m 

600 ser ± hm fracts ser aim, local patchy intense sil 
sample: 618m 

620 hm ± bar fracts si!1hm aim, numerous fracts 
minor qz+ fI fracts local brecc zone, hrnIserlsi! matrix 

640 pervasive sil 
ser fracts teet brecc fragmts 

660 ser. hm fracts intense sil, brecc granite 
ser, f1, calc fracts numerous fracts 

680 sample: 683m 
ser fracts weak local si!. pink 

700 ser, bar fracts 
sample: 714m 

720 ser, bIn ± fI ± bar 
fracts intense hrnIser aim 

740 hm fracts, tr cp py patchy intense sil 
bar ± cp/sid fracts 

760 dol. hm fracts fracture zone 
, + sample: 767m 

780 ]f; qz. hm fracts intense si! .+ 
tr cp. f1, (py)+ +
 

800 + hm aim, weak pervasive sil
 
?+p qzlhmlsid major fract
 

820 + + increasing ser aim
 
bIn fracts ± si! ± dol numerous fractures
 

/+840 + hm aim matrix, patchy intense sil 
dol stringers relict granite texture 

+#860 bInfracts
 
+ + sample: 878m
 
+ +J"i:
880 dol + hm fracts less intense hm a!m 

+
+ sample: 890m 

900 + dol fracts hm aim, granite fragmented 
+ + sample: 913m 

920 ,+7+ dol ± bIn fracts weak si! and ser aim, local 
+ bIn + dol veining
 

940 -;- hm + dol fracts
 
+ hm matrix, intense ser aim 

960 + ~ hm + dol fracts serrnatrix, numerous fractures 
dol + hm fracts dol fracture zone + -10% hm~~ 980 + + matrix 
ser + hm fracts ser aIm, mixed bIn + dol fractures 

1000 /+ sam le: l000m 
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Appendix2D 

Mass Balance Calculations 
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Appendix 2D 

Mass balance calculations have been performed on each of the three granites to 

determine the relative change in the intensity of alteration between samples at varying 

depths and with different mineralogy. To undertake these calculations, two 

assumptions are made. Firstly, a parent rock is required which has undergone relatively 

little alteration compared to the remaining samples. This forms the datum base to which 

the changes in the remaining samples are compared. Secondly, one of the elements 

must be considered immobile during an alteration event. Under these conditions, the 

percentage increase or decrease of any element in any sample compared to its 

concentration in a parent material may be calculated from; 

[~sJ 
% change = - 1 x 100 .....2.A.l 

[~:J 
where X is the variable element compared to T, the immobile element, s is the sample 

rock and p is the parent rock (Nesbitt, 1979). 

Of the elements commonly present in igneous rocks, titanium, zirconium and 

niobium may be considered to be immobile during most common alteration events 

(Floyd and Winchester, 1978; Hallberg, 1984). In the granites studied here, titanium is 

considered to be relatively immobile and is uniformly distributed throughout the rock, 

thereby providing a consistent basis for the mass balance calculation. However the 

concentration of titanium in all samples is very low, commonly around 0.2%, and 

always < 0.5%, so that any calculated percentage change in these concentrations may 

lie within the range of analytical error and therefore not be significant. Similarly, 

niobium concentrations within these samples are less than 30 ppm. Therefore these 

elements cannot satisfactorily be used as immobile elements in a mass balance 

calculation. 
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The alternative element zirconium is present in these granites in significant 

quantity to substantiate their use as the basis for mass balance calculations. Where Zr is 

plotted against Ti for all three granites, a distinct trend can be seen which defines the 

immobility of zirconium in each case. Figure 2.A.1 depicts this trend for (a) the Coles 

Bay Granite, (b) the Kambalda Granodiorite and (c) the Roxby Downs Granite. For 

comparison, Figures 2.A.2 and 2.A.3 show the other elements which may be 

considered immobile, such as Nb and Y, plotted against Ti. These elements do not 

define the same trends, and therefore are considered as less suitable immobile elements 

for mass balance calculations. 

For each of the three granites studied, a parent rock which has suffered the 

lowest intensity of alteration has been selected as the base for comparison of the 

remaining samples from that granite. In the case of the Coles Bay Granite and the 

Kambalda Granodiorite, the deepest drill hole samples were selected to ensure that the 

effect of meteoric water interaction was minimised (ie CB 963 for the Coles Bay 

Granite and KD 1246 for the Kambalda Ganodiorite). However, in the case of the 

extremely altered Roxby Downs Granite, a suitably unaltered parent granite was not 

available, as the granite is severely altered at all depths. As a result, the deepest drill 

hole sample was selected, that is RD 1000. 

To calculate the relative percent change for each of the elements, the analyses 

for each granite were first normalised to 100%, then calculated according to equation 

2.A.1, relative to the selected parent rock for each granite. The values for these 

calculations are given in Appendix 2E. 
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Figure 2A.1 Plot ofZr (ppm) versus Ti02 (%)for the a) Coles Bay Granite, 

b) Kambalda Granodiorite and c) Roxby Downs Granite, depicting the immobile 

element trends. 
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Relative Percent Change for the Major and Trace Elements
 

for Mass Balance Calculations,
 

Coles Bay Granite, Kambalda Granodiorite and Roxby Downs Granite.
 



CB 21 CB 119 CB 235 CB 270 CB 423 CB 650 CB 669 CB 869 CB 963 
5102 13.61 34.23 -12.57 -18.39 68.43 -18.49 158.60 33.29 0.00 
Ti02 -12.24 11.81 -10.81 8.05 -31.65 2.50 -70.01 -14.05 0.00 
A1203 15.32 37.97 -6.23 -13.24 68.55 -13.31 171.54 32.94 0.00 
FeO 8.01 35.76 -37.04 -11.59 -2.36 -17.03 19.97 17.21 0.00 

Fe203 84.23 21.47 40.83 25.24 65.99 6.99 -26.20 36.33 0.00 
MnO 129.53 171.53 -40.54 39.16 176.65 10.63 69.96 32.84 0.00 
MgO 43.45 27.28 -10.81 30.46 -17.01 -1.47 -20.33 -0.37 0.00 
CaO -19.80 32.49 4.24 12.67 23.99 -15.03 53.58 10.43 0.00 

Na20 17.63 44.98 -1.25 -36.48 87.92 -25.92 195.01 35.68 0.00 
K20 10.91 39.25 -5.52 -8.91 58.12 -10.47 116.65 37.30 0.00 
P205 -18.03 16.37 -23.55 7.35 -76.29 -17.03 -{;3.58 -5.12 0.00 
LOI -5.98 48.85 -9.73 29.27 16.99 -35.02 78.15 -48.79 0.00 ~ 

E§ 
La -16.45 -7.34 -15.80 -20.72 13.43 -0.39 26.61 -16.90 0.00 i'l 
Cc -12.98 -5.52 -16.28 -18.26 21.45 -4.32 32.50 -15.85 0.00 ~ 

Nd -18.59 -9.72 -20.23 -24.90 19.D3 -5.05 36.35 -19.03 0.00 
Ba -36.12 38.60 20.60 -6.10 -78.21 11.65 -71.47 -22.16 0.00 
Se 51.19 80.57 48.14 11.58 10.53 64.58 153.22 119.30 0.00 
Nb 14.80 19.44 -24.37 -13.71 78.15 -15.16 223.99 23.41 0.00 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
y -2.35 -12.94 -45.81 -35.09 89.31 -29.38 177.16 24.30 0.00 
Sr -30.20 -3.69 -6.69 -26.98 -55.75 0.81 -27.36 -12.98 0.00 
Rb 37.54 49.62 1.04 -3.14 143.68 4.34 281.82 57.19 0.00 

_._--. - ~-_ .. - -------'.---------,-

Mass balance calculation-Coles Bay Granite. ;,. 

Percent change for each element relative to the immobile species Zr and the parent composition CB 963. ~ 



KD32 KD98 KD 162 KD 199 KD201 KD283 KD368 KD464 
Si02 -3.00 -2.23 -1.35 6.77 -2.26 10.69 -0.71 3.79 
Ti02 7.33 0.18 -0.35 -6.97 -4.20 20.61 8.08 -0.99 
A1203 -2.65 -4.57 -5.98 4.17 -5.76 3.28 -4.46 1.32 
FeO -10.23 9.29 -0.35 -12.47 0.15 131.17 -0.57 3.51 

Fe203 40.75 47.79 42.02 52.49 27.71 116.72 24.30 16.46 
MnO -1.25 0.18 -0.35 6.98 0.15 131.17 -0.57 3.51 
MgO 68.36 57.66 63.36 -0.03 47.76 400.25 48.33 10.30 
CaO -45.04 -21.60 -16.82 -6.04 -17.27 37.70 -20.02 -6.84 

Na20 -5.84 0.18 -1.73 3.67 -0.71 0.07 -3.65 -1.65 
K20 18.14 18.97 16.55 12.23 17.59 24.88 5.20 10.44 
P205 -1.25 25.23 37.01 6.98 12.67 30.04 11.86 16.45 ;I>

1.01 

u, 
Cc 

241.38 

2.71 
10.69 

211.99 

28.73 
22.48 

207.48 

19.15 
17.58 

43.66 

16.67 
11.65 

337.81 

3.98 
-0.97 

127.87 

14.30 
5.28 

121.59 

18.94 
6.94 

101.11 

-12.09 
3.42 ! 

Nd -44.11 -32.80 -46.81 -46.97 -54.02 -51.01 -53.98 -59.37 
na -13.07 -2.09 -11.07 7.17 6.60 .().61 5.32 13.85 
Se -l9.05 5.86 -4.13 -23.19 2.44 168.01 -17.97 3.42 
Nb -2.19 14.26 10.75 14.23 6.64 23.09 18.17 -24.42 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
y -37.57 -5.19 -23.95 -18.76 -30.47 33.76 -30.41 -7.58 
Sr -18.71 -10.95 -9.47 -3.41 -11.38 -10.71 -12.31 -3.60 
Rb 8.44 16.18 4.14 10.74 6.98 59.30 13.32 4.07 

. ----_._- ---. - "-'~------------'-----------

Mass balance calculation-Kambalda Granodiorite. ;l>

N 

'"Percent change for each element relative to the immobile species Zr and the parent composition KD 1246. 



KD607 KD706 KD776 KD885 KD971 KD 1067 KD 1139 KD 1246 
Si02 4.12 15.41 8.70 1.49 13.98 5.67 -4.67 0.00 
Ti02 3.92 -5.49 -3.70 -1.89 0.17 -3.12 9.05 0.00 

A1203 2.25 8.62 7.98 0.86 9.29 1.48 -4.65 0.00 
FeO 3.92 -6.39 10.75 2.57 -5.75 6.11 -3.53 0.00 

Fe203 -3.88 51.63 24.60 -5.12 26.74 3.46 32.66 0.00 
MnO 3.92 14.41 10.75 2.57 -42.40 -46.94 -3.53 0.00 
MgO -1.19 -9.97 16.19 14.35 -1.80 -4.33 36.00 0.00 
CaO -2.86 -6.48 5.93 -4.12 -2.83 -3.12 -6.47 0.00 

Na20 -1.09 11.85 11.51 8.22 12.03 5.38 -0.55 0.00 
K20 7.63 41.99 16.68 8.99 39.37 18.90 1.20 0.00 ;.. 
n05 
LOI 

-9.07 
45.49 

0.11 
213.82 

24.59 
156.30 

15.40 
166.69 

0.80 
278.51 

19.38 
78.87 

20.58 
26.78 

0.00 
0.00 

'1l 
'1l 
t"'l 

~ 

La 13.87 8.92 14.97 -2.65 2.56 -5.26 -18.22 0.00 
i'l 
t"'l 

""' Ce -4.66 5.60 3.73 2.47 -1.04 -14.12 -16.44 0.00 
Nd -51.94 -42.67 -56.99 -48.76 -51.16 -62.40 -55.33 0.00 
Ba 1.08 32.80 29.49 8.26 53.19 16.98 2.16 0.00 
Se -3.62 -20.93 -1.84 13.07 6.09 -20.14 -0.47 0.00 
Nb -28.34 41.11 -19.99 -13.29 -3.58 5.27 -14.89 0.00 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
y -5.29 -9.74 -27.78 6.83 ·24.84 0.79 -36.54 0.00 
Sr -1.89 0.52 1.82 -0.08 2.29 -6.33 -1.02 0.00 
Rb 7.75 39.39 18.80 10.06 34.23 25.82 -1.21 0.00 

- - --- - ---- -"-------------.._---.._----- .-

;.. 
Mass balance calculation-Kambalda Granodiorite. N 

" 
Percent change/or each element relative to the immobile species Zr and the parent composition KD 1246. 



RD458 RD496 RD516 RD528 RD539 RD582 RD714 RD 878 RD890 RD913 RD 1000 
S102 -3.79 -3.57 61.78 38.19 -14.82 -1.57 2.77 12.88 18.91 -2.74 0.00 
Ti02 -6.75 -3.49 19.65 12.47 0.64 -3.18 2.20 -5.01 -17.25 -3.23 0.00 
A1203 -8.14 2.94 29.95 37.89 6.35 -12.44 5.00 5.46 11.58 -1.62 0.00 
FeO -53.38 -68.65 87.11 -12.94 -76.91 -68.55 -54.58 37.21 61.25 -33.74 0.00 

Fe203 74.96 54.68 427.52 207.91 -49.49 135.89 57.12 613.72 512.76 -61.40 0.00 
MnO -90.68 -90.60 -100.00 -85.75 -100.00 -90.57 -7956 1476.88 3721.65 68.96 0.00 
MgO -66.43 -71.79 -46.11 -60.11 -69.24 -69.81 -65.25 1281.19 2258.30 59.02 0.00 
CaO -75.01 -78.67 570.12 231.91 -58.00 -46.51 27.49 1966.34 3508.20 71.11 0.00 

Na20 1391.95 840.39 2089.17 -100.00 -100.00 -100.00 -100.00 5029.61 -100.00 1092.63 0.00 
K20 -28.91 -26.76 -6.10 0.27 -28.71 -36.53 -20.41 16.01 -1.39 20.64 0.00 
n05 -18.41 17.55 468.34 42.46 -16.86 6.13 -36.12 -5.01 81.41 -25.46 0.00 

),. 

~  L01 -30.59 -25.19 91.53 59.75 -25.89 -31.58 16.89 1016.85 1738.42 40.03 0.00 r '" ~ .... 
La -53.81 -24.90 445.74 41.04 -51.99 -62.85 -64.10 -63.34 26.77 -48.20 0.00 I 

Q 
'" Ce -37.97 -28.34 517.19 65.91 -64.44 -68.39 -65.03 -56.12 26.04 -43.87 0.00 

Nd -16.99 -36.90 550.72 148.11 -80.43 -74.41 -67.80 -34.02 40.82 -34.73 0.00 
Ba 487.91 -38.07 1164.10 2338.00 -27.53 33.86 464.04 -36.30 -73.78 -58.13 0.00 
Se -1.72 -36.31 131.95 128.43 -18.34 -12.52 -53.11 404.43 947.88 95.99 0.00 
Nb -8.94 -3.22 63.79 -3.74 -2.92 -16.55 -1.02 13.52 -0.02 -2.32 0.00 
Zr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
y 217.73 0.33 404.11 565.64 -50.65 -52.61 153.15 388.87 482.93 157.93 0.00 
Sr 75.44 107.53 689.75 279.73 311.56 416.58 744.50 -13.68 -11.21 -59.05 0.00 
Rb -27 .03 -34.02 -33.25 4.08 -39.86 -43.28 -27.16 -1.58 -5.60 -4.77 0.00 

Mass balance calculation-Roxby Downs Granite. ),. 

~  

Percent change for each element relative to the immobile species Zr and the parent composition RD 1000. 



Appendix 3A 

Analytical Techniques for Fission-Track Analysis 
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Appendix 3A 

3.A.l Methods 

Uranium concentration and distribution was determined in the Coles Bay 

Granite, Kambalda Granodiorite and the Roxby Downs Granite following the 

procedures outlined by Kleeman (1969). Polished thin sections of samples from 

varying depths in each granite were prepared and mineralogy was determined by 

optical microscopy and analysis using SEM with an electron microprobe attachment, as 

described in Appendix 2D. A sheet of dust-free Lexan® polycarbonate plastic was then 

placed in contact with the cleaned rock section as an external detector. The position of 

the plastic relative to the rock thin section was maintained using corresponding 

orientation marks. Detectors and samples were then packaged in a 'sandwich' 

arrangement as shown in Figure 3.A.l, held together with aluminium foil and packed 

securely into an irradiation can with aluminium foil. To minimise the contamination 

during irradiation (particularly 24Na), all components of the irradiation package were 

cleaned prior to assembly with Decon-90®. 

The packages were irradiated in a well-thermalised neutron flux of -3 x 1012 n 

cm-2 sec-1 at the HIFAR nuclear reactor facility, Lucas Heights Research Laboratories 

of the Australian Nuclear Science and Technology Organisation. Two separate 

irradiations were undertaken in the horizontal graphite position for one hour and one 

minute periods to ensure that the range of uranium concentrations for all minerals (from 

<lllg gol to >150 Ilg g-1) could be resolved. Following irradiation, the detectors were 

separated and etched in 6.25M NaOH for 12 to 15 minutes at 75°C to preferentially 

enhance the fission track images. Track densities were evaluated at 1000 x. 

magnification using a Nikon® Labophot-Pol optical microscope in transmitted light 

with a 1 mm x. 1 mm grid. Correlation between the location of the tracks and the 

individual contributing minerals was maintained using the orientation marks. 
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Figure 3A.i Schematic representation of 'sandwich' arrangement ofpolished 

thin sections, £exan® plastic detectors and standard ready for irradiation. The 

assembly is approximately 40 cm long. 

3A.2 Calculations 

The density of 235U fission tracks in an external detector which has been 

exposed to a flat surface of a solid material containing uranium is governed by the 

equation; 

p. = cp a I K n .....3.A.l 
1 a 

where Pi is the induced track density (cm-2), cp is me integrated thermal neutron 

dose (n cm-2), a is the neutron-induced cross section of 235U fission which is equal to 

5.802 x 10-22 cm-2, I is the atom density (cm-3) of 235U nucleii in the polished thin 

section surface (calculated from the 235U;238U ratio of 7.2526 x 10-3 and the known 
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uranium concentration in the host substance) for the effective range of fission 

fragments, Ka; is a geometric factor which is the product of the range of fission 

fragments in the thin section and the etching efficiency and is equal to 11.3 ± 0.46 ~m 

(Kleeman, 1984), and n is the detector efficiency (0.5 in this case). 

I may be calculated from; 

I~a(Dc) .....3.A.2
A 

where a is Avogadro's Number, A is the atomic mass of the radioe1ement, D is 

the density of the host phase and c is the concentration of the radioe1ement in g g;1. 

In practice these two equations combined may be used to calculate the uranium 

concentration provided that the neutron dose is monitored. More commonly however, a 

uranium standard is irradiated with the samples using identical detectors and irradiation 

geometry. The uranium concentration may then be calculated from the reduced form of 

equations 3.A.1 and 3.A.2; 

..... 3.A.3 

where x is the unknown matrix and s is the standard; U is the weight 

concentration of uranium (g), Pi is the induced track density (cm-2), and D and K are 

defined in equations 3.A.1 and 3.A.2. The product of D and K is equivalent to the 

effective range of fission fragments in the unknown host matrix (g cm-2) which is 

proportional to the square root of its atomic number, -,/Ze (K1eeman, 1984). Equation 

3.A.3 is therefore reduced to; 
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..... 3.A.4 

and ...Jz" may be detennined from; 

V. ],1
 
.....3.A.5...JZe = [ f.

n 

...J~i 

where ...J'Z;. is the atomic number of the ith element, and Vi is its concentration. 

Mineral Mineral C...Jz,,)s!C...Jz,,)x 
glass 0.990 iJmenite 0.813 

quartz 1.01 magnetite 1.071 

plagioclase zircon 0.780 

K-feldspar apatite 0.905 

biotite 0.960 epidote 0.965 

chlorite 0.960 allanite 0.965 

muscovite/sericite 0.960 sphene 0.915 

hematite 0.626 monazite 0.680 

Fe-oxides 0.626 £luorite 0.886 

leucoxene 0.886 rutile 0.886 

clays 1.01 calcite 1.089 

siderite 0.994 

Table 3A.l Values for the effective atomic numbers ratio (.../zeJj(.../zeJxfor the 

minerals investigated in this study. Values for individual minerals have been taken 

from Kleeman (1969J and Enders (1984J, or have been calculated according to 

equation 3.A.5. 

Ideally, the value for ...JZe should be calculated from the precise compositional 

analysis of each unknown phase, however in practice, the use of an estimated 

composition or chemical formula does not introduce significant errors (Kleeman, 
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1984). The values for the ratio (..JZc)sI(..JZeh for the minerals examined in this work 

are given in Table 3.A.l after Kleeman (1969) and Enders (1984). 

3A.3 Errors 

For the calculation of uranium concentration, 2cr errors are based on counting 

statistics and have been calculated on representative track populations (for>1000 tracks 

total counted per mineral wherever possible) assuming Poisson distribution statistics. 

The relative standard deviation S for any population of t number of fission tracks is 

given by; 

-./t
S = .....3.A.6 

t 

As the relative error is cumulative, the total error on counting statistics at one 

standard deviation is; 

S = [(S)2 + (S ,2 + (S)2 ]0.5 ..... 3.A.7 
s x' " 

where S is the relative standard deviation, s is the standard, x is the unknown 

and Su is the known error of the uranium concentration in the standard. 

As a result of the counting statistics, the errors vary according to the number of 

tracks counted per mineral, which is also related to the uranium concentration in the 

mineral. In most cases, these errors range between 5% for minerals containing> lOO 

Ilg g-l uranium ( e.g. resistate minerals), 5 - 10% for minerals containing between 10 

and 100 Ilg g-l and >15% for minerals with <1 Ilg If1 such as quartz and some 

feldspar. The errors are quoted with the uranium concentrations given in Tables 3.1, 

3.2 and 3.3 in Chapter 3. 



Appendix 4A 

Sample Preparation and Experimental Techniques
 

V-series Disequilibrium Analysis
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Appendix 4A 

Analysis of whole rock samples for 238U, 234U and 230Th of the U-decay 

series was undertaken using isotope dilution and u-spectrometric techniques as 

described in Ivanovich and Harmon (1982). A number of variations of the sample 

preparation and isotope dilution techniques were used in an attempt to determine the 

most efficient and consistent method for these samples. The greatest variation between 

the methods was in the digestion of the powdered samples; both combined acid 

digestion and fusion methods were tested. The fInal method used for the majority of 

samples was a combined concentrated acid digestion. 

4A.l Experimental Procedure 

Representative powdered whole rock samples « 100 Ilm grain size, see 

Appendix 2D) were taken at each sample depth indicated in Appendices 2A, 2B and 

2C for U-series disequilibrium analysis as shown in Figure 4.A.1. 

Sample Preparation 

1.0 g samples were accurately weighed into a teflon beaker and moistened, a 

magnetic stirrer was added and an appropriate amount of both 236U and 229Th tracers 

were accurately weighed directly into the vessel The tracers (or spikes) were added so 

that the losses which result from the chemical extraction procedure could be 

determined. The amount of tracer required was determined by calculation of the 

expected activity of the sample derived from previous data on the whole rock 

concentrations of U and Th. The 236U spike was used as the interference between u

energy peaks with both 234U and 238U was minimal. Despite the wide range of u

energies for the 229Th tracer, this was used in preference to the 228Th tracer as it 

ensured that the 228Th of the sample could actually be measured and any 

disequilibrium with 232Th could be detected. 

The spiked sample was then digested in 10 mL of hydrofluoric acid (HP) and 

10 mL 6 M hydrochloric acid (HCl) by continually stirring at boiling point until a thick 
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., 
Alpha Spectrometry 

Figure 4A.l Experimenral procedure for the determination of a-activity 

of whole rock samples. 
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syrup (or dried precipitate) was produced. The procedure was repeated with 10 mL 

aliquots of acid and again with 5 mL aliquots to ensure that all the sample had been 

digested. This dried precipitate sample was taken up in 5 mL of HF and heated at 

boiling point until near dryness to further volatilise all silica as SiF4. Finally, 2 mL of 

perchloric acid (HCI04) was added and the sample was taken to dryness to oxidise the 

remaining fluorides which were produced during HF digestion; this step was repeated 

two times. The [mal precipitate was taken up in 50 mL 9 M HC1, transferred to a glass 

beaker and gently heated to dissolve all of the sample. The final solution was cooled to 

room temperature for isotope separation. 

Chloride column 

Oean and dry 10 mm diameter glass or BioRad plastic disposal columns were 

filled with approximately 2 g of BioRad analytical grade quaternary ammonium AG 1

X8 100 - 200 mesh anion exchange resin (in chloride form) and pre-eonditioned with 

50 - 100 mL of9M HCl. For the Roxby Downs samples, up to 3 g of resin was used 

to avoid saturation of the column by the transition metals (particularly Fe and Cu) 

which were significantly enriched in these samples. 

Cooled sample solutions were added to the chloride column and allowed to 

pass through slowly (around 1 mL per minute) to separate U (in association with Fe) 

from all other isotopes.which remained in the eluted solution and were collected. It 

was noticed that in most cases the top of the column turned deep yellow as a result of 

the Fe and U which was retained by the resin. However for the Roxby Downs 

samples this was more often green to yellow in colour as a result of the transition metal 

concentrations. After all the sample had passed through the column was washed with 

50 mL of 9 M HCl and the washings were collected with the original eluted sample for 

further analysis. For the Roxby Downs samples, washing of the column continued 

until all of the colour had passed through into the eluted solution. The final U and Fe 

(or Cu in the Roxby Downs samples) was collected from the column by elution with 

approximately 60 mL I M HCI added in small aliquots. 
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The sample containing U and Fe was evaporated to < I mL of solution and 

taken up in < 10 mL 9 M HC!. An equal proportion of di-iso-propyl-ether (DIPE) was 

added and the sample was shaken vigorously for 2 minutes to ensure complete mixing. 

The solution was allowed to settle and the acid (inorganic) phase containing the U 

sample was separated from the DIPE which was discarded. The procedure was 

repeated on the acid phase with DIPE until the final acid phase sample was clear 

(usually two times). The [mal sample was reduced to dryness and 2 mL HCl04 was 

added and the sample was heated to oxidise the remaining precipitate. The final 

precipitate was converted to chloride form by evaporating with concentrated HCI and 

then taken up in 12 mL of electrolyte containing 2.7 g L-l ammonium acetate in 250 

mL L-l 1 M HC!. 

Nitrate column 

Nitrate columns for the separation of Th from the remaining isotopes were 

prepared from approximately 2 g of the same resin as the chloride column. This resin 

was firstly eluted with 20 mL 6 M HCI to ensure that any residual Th would not be 

retained by the resin before sample separation. The column was then pre-conditioned 

with 40 mL of 8 M RN03 and the sample was allowed to slowly pass through. 

The eluted solution and washings from the chloride column were evaporated to 

dryness and converted to nitrate compounds by repeated (at least 3 times) evaporations 

with concentrated nitric acid (RN03). The final precipitate was taken up in 50 mL 8 M 

RN03, stirred and gently heated until the solution became clear. In some cases the 

volume of 8 M HN03 added was increased to 100 mL to ensure that all the sample 

was in solution. The cooled solution was then passed through the resin, and the 

column was washed with a further 50 mL 8 M RN03. The eluted sample and 

washings were discarded and the Th sample was then eluted from the resin column 

with 30 mL 6 M HC!. This sample was evaporated very slowly to dryness then 2 mL 

HCl04 was added and the sample was evaporated to dryness again. The final 
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precipitate was reconverted to nitrate fonn and taken up in 12 mL of electrolyte 

solution containing 15.4 g L-l ammonium acetate and 16.9 g L-l concentrated HN03. 

Electrodeposition 

Both of the samples were electrodeposited ontO stainless steel planchettes from 

a Pt electrode for up to 2 hours at 400 mA and starting voltage of 8.5 V, which 

increased to >14 V during deposition. The a-activity of the samples was measured by 

a-spectrometty using a surface silicon barrier detector and the calculations of sample 

recovery and activity are given in Appendix 4B. 



Appendix 4B 

Calculation of a-activity for Whole Rock Samples
 

V-series Disequilibrium Analysis
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Appendix 4B 

In a-spectrometry the decay rate (disintegrations per minute or dpm) for each 

sample is determined from tlle number of counts under each energy peak detected by 

the silicon surface barrier detector. Figure 4.B.1 shows a typical uranium spectrum for 

a sample spiked with a 236U tracer, and Figure 4.B.2 shows a typical thorium 

spectrum for a sample with 229Th as the tracer. The spectra were measured by a

spectrometry using either ORTEC 476 or Alpha-King model dual a-spectrometers 

which contain 25 mm diameter silicon-surface barrier detectors (depletion depth of 

-100 Ilm). Signals were passed from each detector through a Nuclear Data ND 568 

mixer-router and collected over 512 channels of either a Nuclear Data ND 62 or a PC-

based multi-channel analyser in a 3.0 - 8.0 MeV or 4.0 - 7.0 MeV energy range. 

Counting periods were selected to achieve optimal counting statistics and ranged from 

24 hour for the most active samples to 72 hours for the very low activity samples. a-

peaks for each nuclide were manually selected for the measured energies shown in 

Table 4.B.1. 

During the lengthy sample preparntion and chemical extraction procedure loss 

of the a-source is observed. As a consequence the tracer which is added prior to 

chemical extraction is used to determine the chemical recovery rate for each sample. 

The recovery is determined from; 

C 100 
tR =-='::---:;:;-;- .... .4.B.I 

t tt DE W, at 

for Rt is the recovery of the tracer in percent, Ct is the nett counts measured by 

integration of the tracer peak in the spectrum and tt is the counting time (in seconds) 

(i.e. the ratio is the measured count rate), DE is the detector efficiency which is taken 

to be an average of 26.14% and is related to source-detector geometry, Wt is the 
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Figure 4JJ.1 A typical uranium alpha spectrum for a whole rock sample spiked 

with a 236U tracer. 
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Figure 4.8.2 A typical thorium alpha spectrum for a whole rock sample spiked with 

a 229Th tracer. 
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Isotope 

224Ra 

224Ra 

228Th 

228Th 

229Th 

229Th 

229Th 

229Th 

229Th 

234U 

234U 

230Jb 

230Jb 

236U 

236U 

238U 

238U 

232Th 

232Th 

peak energy (MeV) 

5.684 

5.447 

5.427 

5.344 

5.054 

4.967 

4.899 

4.842 

4.811 

4.773 

4.722 

4.684 

4.617 

4.493 

4.440 

4.200 

4.15 

4.011 

3.95 

abundance (%) 

94.5
 

5.5
 

71
 

28
 

7
 

6
 

11
 

58
 

11
 

72
 

28
 

76
 

24
 

74
 

26
 

77
 

23
 

77
 

23
 

half-life 

3.66 d 

3.66 d 

1.913 y 

1.913 y 

7340y 

7340y 

7340y 

7340y 

7340y 

2.446 x HP y 

2.446 x 105 y 

7.54 x 1()4 y 

7.54 x 1()4 y 

2.342 x 107 y 

2.342 x 107 y 

4.468 x 109 y 

4.468 x 109 y 

1.405 x 1010 y 

1.405 x 1010 v 

Table 4.B.1 Peak energies, abundances and half-lives of the a-emitting isotopes of 

uranium and thorium and the tracers 236U and 229Th measured in the U-series 

analysis. 

weight of the tracer added (g) and at is the known activity of the tracer (in Bq g-1). The 

weight and activity of the tracers is given with each individual sample in Appendix 4C. 

Following calculation of the recovery rate for each sample, the activity of the 

individual isotopes are calculated from; 
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C,
C s at 

A = .... .4.B.2 s t t, W s s 

where As is the activity of the isotope (Bq), Cs is the nett counts for the sample 

isotope, ts and tt are the count times for the sample and the tracer respectively 

(seconds), Ws is the weight of the sample (in grams) Ct is the measured nett counts 

for the tracer and at is the known activity of the tracer (Bq gol). This calculation is 

applied to both the uranium isotopes 234U and 238U (for the tracer 236U) and the 

thorium isotopes 232Th, 230Th and 228Th (for the tracer 229Th). For 228Th, the 

contribution of the peak: 224Ra is subtracted from the measured counts during 

background correction, and is equivalent to 5.5% of the total 224Ra activity. The 

contribution of 235U to the uranium isotope activity is assumed to be negligible. 

Following calculation of the activities of the individual isotopes, the activity 

ratios (AR's) may be calculated. These are of greater significance than the actual 

activity for each isotope as they may provide an indication of physical or chemical 

disruption to the samples. For the uranium isotopes the AR 234U;238U may be 

calculated from a direct ratio of their nett counts for each sample, as the errors 

associated with the tracer and counting period will remain constant, such that; 

= .... .4.B.3AR234/238 

where AR234/238 is the activity ratio of 234U to 238U, C234 is the nett counts under the 

234U peak: and C238 is the nett counts under the 238U peak: which are shown in the 

spectrum in Figure 4.B.1. 

The error for this ratio is based on counting statistics and is calculated as 1 cr 

from; 
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,JC;;;]2 + [;c;;;.]2
1 Cl" = .... .4.BA

C[C238 234 

where C is the nett counts for each of the peaks 234U and 238U. The activity 

ratio for 230ThJ234U is given by the equation; 

....A.B.5 

for AR230/234 is the activity ratio of 230TIJJ234U, C230, C2J4, C236, C229 are 

the counts per second for each of the peaks 230'Ib, 234U, 236U and 229Th respectively 

as shown in Figures 4.B.1 and 4.B.2 and W t 236 and W t 229 are the weight of the 

tracers (g) 236U and 229Th added and at 236 and at 229 are the tracer activity (in Bq g-l) 

for the tracers 236U and 229Th respectively. This calculation assumes that no 

fractionation of either the uranium or thorium isotopes has occurred during the 

chemical procedures, that is the recovery of both 238U and 236U is equal and 230Th 

and 229Th is also equal. The 1 Cl" error associated with this ratio may be calculated 

from; 

1 Cl" = [{:]' + [~:~]' + [z]' + [~]'4B6 

The concentrations of both U and Th may also be calculated from the isotopes 

238U and 232Th as they constitute 99.27% and 100% respectively of the natural 

isotopic abundance of these elements. U concentration is calculated from; 
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W, a,C238
[D] = ~=-----;;-;;-~ ....A.B.7 

C 0.7416236 

for [U] is the concentration of uranium in I!g g-t, C236 and C238 are the nett 

counts for the peaks 236U and 238U respectively, Wt is the weight of the tracer added 

(g), at is the activity of the tracer added (in dpm g-I) and 0.7416 is the activity in dpm 

of Il!g of 238U. Similarly for thorium, the concentration may be calculated from; 

....A.B.8 

for [Th] is the concentration of thorium in I!g g-I, C232 and C229 are the 

measured nett counts for 232Th and 229Th respectively, Wt is the weight of the tracer 

added (g), at is the activity of the tracer added in dpm goI, and 0.24455 is the activity 

in dpm of Il!g of 232Th. 

The errors for these concentrations may be calculated from the counting error, 

spike uncertainty and errors during measurement. In this case, the error incurred 

during measurement and the known error in the activity of the spike are negligible in 

comparison to the counting errors, so that the error is calculated from; 

10"= ....A.B.9 

where Cs is the nett counts for the isotope in the sample (Le. 238U or 232Th) 

and Ct is the nett counts for the tracer (Le. 236U and 229Th). Finally the ThIU ratio is 

determined as a direct ratio of the concentration of U and Th, such that; 
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= [rh]Th/U .... .4.B.lO[U] 

where [U] is the concentration of uranium (jJ.g gol) calculated from equation 

4.B.7 and [Th] is the concentration of thorium (jJ.g g-l) calculated from equation 

4.B.8. The error associated with this ratio is calculated from the errors of each of the 

thorium and uranium concentrations as follows; 

.... .4.B.ll 

for cru is the error calculated for the uranium concentration, and O"TH is the error 

calculated for the thorium concentration as determined according to equation 4.B.9. 



Appendix 4C 

Complete Data Sets for U-series Analysis
 

Coles Bay Granite, Kambalda Granodiorite and Roxby Downs Granite
 



Coles Bay Granite U-series Disequilibriwn Analysis 

URANIUM URANIUM 
URANIUM TRACER TRACER DETECTOR 

SAMPLE· WEIGHT 
(!!l1lIIlS) 

TRACER 
(dom/.) 

ADDED 
(l!r3IllS) 

ACTIVITY 
(dnm\ 

~IM~
seconds 

U·238 U·236 U·234 RECOVERY 
(%) 

CB 21-A 1.053 63.69 0.2 12.74 0 1123 905 1206 -
CB 21-B 1.009 63.69 0.2 12.74 0 2922 2427 2937 -

CB 119-A 
CB 119-B 

1.157 
1.026 

63.69 
63.69 

0.2 
0.2 

12.74 
12.74 

80300 
0 

1586 
1857 

1381 
1594 

1655 
1823 

30.99 
-

;.. 
::g 

CB 235-A 1.069 63.69 0.2 12.74 0 2113 1888 2323 - t>J 

CB 235-B 1.013 63.69 0.2 12.74 0 2605 2290 2661 - ~ 

CB 270-A 
CB 270-B 

1.002 
0.508 

63.69 
86.9 

0.2 
0.115 

12.74 
09.99 

0 
86400 

590 
1135 

636 
2075 

642 
1122 

-
55.16 B 

CB 423-A 1.065 63.69 0.2 12.74 0 8145 4433 8321 -
CB 423-B 1 63.69 0.2 12.74 0 5542 3152 5473 -
CB 650-A 1.005 63.69 0.2 12.74 0 663 691 650 -
CB 650-B 1.006 63.69 0.2 12.74 0 1610 1643 1590 -
CB 669-A 1.002 63.69 0.2 12.74 0 2923 1378 2416 -
CB 869-A 1.002 63.69 0.2 12.74 0 1807 8497 2355 -
CB 869-B 1.002 83.9 0.218 18.94 69797 1465 2874 1503 49.89 
CB 963-A 1 63.69 0.2 12.74 0 3515 3651 3417 -
CB 963-B 1.021 63.69 0.2 12.74 0 1946 2096 2087 -

.. "" A and 0 are duplicates of the sample. Sample numbers correspond to down hole depth in metres. 
# = delector time was not recorded for all samples. 

;.. 
i.;,-




THORIUM THORIUM 
THORIUM TRACER TRACER DETECTOR 

SAMPLE' TRACER ADDED ACTIVITY TIME# Th·232 Th·230 Th·229 Th·228 Ra·224 RECOVERY 
(dpmlg) 1!ml111S\ Idom\ Isecs\ (%) 

CB 21-A 96.5 0.5 48.25 0 303 576 662 549 0 -
CB 21-B 96.5 0.5 48.25 0 623 1406 1389 889 661 -

CB 119-A 96.5 0.5 48.25 7100 532 1102 638 219 0 42.75 
CB 119-B 96.5 0.5 48.25 0 408 2164 1020 1073 805 -
CB 235-A 96.5 0.5 48.25 0 900 1373 1749 1032 0 -
CB 235-B 
CB 27fJ.A 

96.5 
96.5 

0.5 
0.5 

48.25 
48.25 

0 
0 

865 
221 

1859 
314 

2159 
438 

1096 
510 

879 
0 

-
-

)...,.., 
CB 27fJ.B 96.5 0.115 11.10 86400 432 559 820 459 IV7 19.63 (>] 

CB 423-A 
CB 423-B 

96.5 
96.5 

0.5 
0.5 

48.25 
48.25 

0 
0 

368 
295 

1206 
444 

637 
435 

586 
340 

0 
0 

-
- ~ 

CB 65fJ.A 96.5 0.5 48.25 0 596 840 1120 644 0 - (>]

'"CB 65fJ.B 96.5 0.5 48.25 0 1310 1951 2137 1177 0 -
CB 669-A 96.5 0.5 48.25 0 221 1087 912 384 363 -
CB 869-A 96.5 0.5 48.25 0 1005 1631 2239 1329 0 -
CB 869-B 86.9 0.2 17.38 86400 1422 1918 3120 1552 2150 47.69 
CB 963-A 96.5 0.5 48.25 0 270 1451 1114 341 0 -
~  A and B are duplicates of the sample. Sample numbers correspond to down hole depth in metres. 

CB 963-B 96.5 0.5 48.25 0 1079 1693. 2294 1490 0 -
11 = dclcC(()f time was not recorded for all samples. 

). 
<.;,..., 



U·2341 Th·2301 
SAMPLE' U·238 error U·234 error [U] error [Th] error Th/U error 

1 s 1 s ppm 1 s oom 1 s 1 s 
CB 21-A 1.07 0.04 2.47 0.07 21.31 0.04 90.31 0.07 4.24 0.010 
CB 21-B 1.01 0.03 3.17 0.05 20.68 0.03 88.49 0.05 4.28 0.006 

CB 119-A 1.04 0.04 5.46 0.06 19.73 0.04 164.52 0.06 8.34 0.016 
CB 119-B 0.98 0.03 7.03 0.05 20.01 0.03 78.92 0.06 3.94 0.007 
CB 235-A 1.10 0.03 2.42 0.05 19.22 0.03 101.53 0.04 5.28 0.009 
CB 235·B 1.02 0.03 2.81 0.04 19.54 0.03 79.05 0.04 4.05 0.006 
CB 270-A 1.09 0.06 2.69 0.09 15.93 0.06 99.55 0.08 6.25 0.023 ;l>. 

CB 270-B 0.99 0.04 1.40 0.07 24.76 0.04 23.91 0.06 0.97 0.004 
CB 423-A 1.02 0.02 3.82 0.05 30.20 0.02 113.98 0.07 3.77 0.003 ~ CB 423-B 0.99 0.02 2.23 0.07 30.20 0.02 133.80 0.08 4.43 0.004 
CB 650-A 
CB 650-B 

0.98 
0.99 

0.06 
0.04 

3.02 
3.57 

0.07 
0.05 

16.48 
16.83 

0.05 
0.04 

104.99 
120.95 

0.05 
0.Q4 

6.37 
7.19 

0.021 
0.015 

Cl 
t>l 

'" CB 669-A 0.83 0.03 2.58 0.06 36.43 0.03 47.81 0.07 1.31 0.003 
CB 869-A 1.30 0.03 9.96 0.04 3.65 0.03 88.56 0.04 24.24 0.172 
CB 869-B 1.03 0.04 1.08 0.04 13.02 0.03 32.39 0.03 2.49 0.007 
CB 963-A 0.97 0.02 5.27 0.05 16.54 0.02 47.82 0.07 2.89 0.006 
CB 963-B 1.07 0.03 2.81 0.04 15.95 0.03 92.80 0.Q4 5.82 0.012 

, ~ A and B are duplicates of the sample. Sample numbers correspond to down hole depth in metres. 

;l>. 
i.;, 
w 



Kambalda GranodwriJe U-series Disequilibrium Analysis 

URANIUM URANIUM 
URANIUM TRACER TRACER DETECTOR 

SAMPLE" WEIGHT TRACER ADDED ACTIVITY TIME U-238 U-236 U-234 RECOVERY 
1=) (dDmI.) l<rram<1 Idnm) (seconds) loen:ent) 

KD32 0.5 86.9 0.078 06.78 252000 768 4321 558 58.07 
KD98 0.5 86.9 0.095 08.26 252000 505 9195 472 80.36 

KO 162 0.502 86.9 0.124 10.78 252000 351 5303 430 44.83 
KD 199 1.262 86.9 0.217 18.86 252000 122 1015 128 04.90 
KO 201 
KO 283 
KD368 

0.501 
0.501 
0.501 

86.9 
86.9 
86.9 

0.132 
0.161 
0.123 

11.47 
13.99 
10.69 

252000 
252000 
252000 

306 
494 
745 

5788 
14497 
8442 

362 
670 
828 

45.96 
74.76 
71.94 

::....,.., 
t:l 

KD464 0.503 86.9 0.128 11.12 252000 666 10390 762 85.08 ~ 

KD607 
KO 706 
KD776 

0.585 
0.501 
0.506 

86.9 
86.9 
86.9 

0.133 
0.11 

0.113 

11.56 
09.56 
09.82 

252000 
252000 
252000 

727 
655 
451 

9728 
7427 
5332 

795 
722 
460 

76.67 
70.77 
49.46 

a 
KO 885 0.515 86.9 . 0.111 09.65 252000 776 10424 875 77.97 
KD971 0.508 86.9 0.109 09.47 252000 185 1926 245 18.52 
KD 1067 0.533 86.9 0.135 11.73 252000 1114 12049 1214 93.55 
KO 1139 0.538 86.9 0.119 10.34 252000 713 7295 617 64.25 
KD 1246 0.585 86.9 0.133 11.56 252000 124 1989 185 15.68 
= Sample numbers correspond to down hole depth in metres. 

~ 

::.. 
l;,...
 



THORIUM THORIUM 
THORIUM TRACER TRACER DETECTOR 

SAMPLE" TRACER ADDED ACTIVITY TIME# Th·232 Th·230 Th·229 Th·228 RECOVERY 
Idoml.1 lorams1 Idom1 lsecs1 loercent1 

KD32 86.7 0.145 12.57 252000 760 593 9650 742 69.92 
KD98 86.7 0.1 08.67 252000 592 221 5431 321 57.06 

KD 162 86.7 0.113 09.80 252000 596 420 6280 575 58.39 
KD 199 86.7 0.213 18.47 252000 1273 1363 12370 1370 61.01 
KD201 86.7 0.123 10.66 252000 378 164 3946 400 33.70 
KD283 86.7 0.102 08.84 252000 665 474 7893 677 81.30 ). 

KD368 86.7 0.118 10.23 252000 781 602 7827 739 69.69 ." 
." 

KD464 86.7 0.132 11.44 252000 644 331 8995 688 71.59 t:"l 

KD607 86.7 0.136 11.79 252000 205 238 2389 136 18.45 ~-KD706 86.7 0.104 09.02 252000 823 594 8218 823 83.02 C"'l 
KD776 86.7 0.118 10.23 252000 718 634 9753 723 86.83 t:"l 

'"KD885 86.7 0.111 09.62 252000 795 751 8344 785 78.97 
KD971 86.7 0.109 09.45 252000 772 765 8793 845 84.75 
KD 1067 86.7 0.137 11.88 0 0 0 0 0 -
KD 1139 86.7 0.129 11.18 252000 396 0 3533 413 28.77 
KD 1246 86.7 0.144 12.48 252000 402 281 4932 464 35.98 

" = Sample numbers correspond to down hole depth in metres. 
# = detector lime was not recorded for all samples. 

). 

~  



V·2341 Th·2301 
SAMPLE" V·238 error V-234 error [V] error [Th] error Th/V error 

1 s 1 s nom 1 s nom 1 • 1 s 
K032 0.73 0.06 0.88 0.06 1.62 0.04 4.05 0.04 2.49 0.069 
K098 0.93 0.06 0.83 0.08 0.61 0.05 3.86 0.04 6.32 0.484 

KO 162 1.23 0.07 0.75 0.07 0.96 0.06 3.80 0.04 3.95 0.238 
KO 199 1.05 0.13 0.86 0.10 3.06 0.10 7.77 0.03 2.54 0.084 

K0201 1.18 0.08 0.62 0.10 0.82 0.06 4.18 0.05 5.11 0.379 
KO 283 1.36 0.06 0.82 0.06 0.64 0.05 3.05 0.04 4.74 0.351 
K0368 1.11 0.05 0.75 0.06 1.27 0.04 4.17 0.04 3.28 0.108 ». 
KO 464 1.14 0.05 0.52 0.07 0.96 0.04 3.35 0.04 3.48 0.157 .." 

.." 
KO 607 1.09 0.05 1.24 0.08 1.16 0.04 4.14 0.07 3.55 0.135 
KO 706 1.10 0.05 0.70 0.06 1.14 0.04 3.69 0.04 3.25 0.126 ~KO 776 1.02 0.07 0.79 0.06 1.12 0.05 3.08 0.04 2.75 0.133 
KO 885 1.13 0.05 1.07 0.05 0.97 0.04 3.75 0.04 3.87 0.159 t>l 

'" KO 971 1.32 0.10 0.68 0.08 1.23 0.08 3.39 0.04 2.77 0.185 
KO 1067 1.09 0.04 - - 1.46 0.03 . - - -
KO 1139 0.87 0.05 - - 1.36 0.04 5.13 0.05 3.76 0.119 
KO 1246 1.49 0.12 0.66 0.10 0.97 0.09 4.16 0.05 4.28 0.420 

• = Sample numbers correspond to down hole depUt in metres. 

». 
<.;, 

'" 



Roxby Dawns Granite U·series Disequilibrium A7Ul1yJU 

URANIUM URANIUM 
URANIUM TRACER TRACER DETECTOR 

SAMPLE WEIGHT TRACER ADDED ACTIVITY TIME U-238 U-236 U-234 RECOVERY 
(lmlJIls) (dam'e) (lmlJIls) (dam) (sets) (%) 

RD458-A 0.502 63.69 1.064 67.77 86400 663 12532 799 49.13 
RD458-B 0.503 63.69 0.669 42.61 86400 731 7887 774 49.18 
RD458-C 0.502 86.90 0.15 13.04 86400 926 989 1102 20.16 
RD458-0 0.502 86.90 0.144 12.51 86400 149 930 346 19.74 
RD 458-E 1.003 3.91 2.026 07.92 86400 2118 2432 2091 81.60 
RD496-A 0.5 63.69 1.003 63.88 . 144000 971 21623 1418 53.95 
RD496-B 0.52 86.90 0.208 18.08 144000 1024 5902 1264 52.05 
RD496-C 1.225 3.91 2.034 07.95 60000 1298 1236 1284 59.48 
RD 516-A 0.51 63.69 1.069 68.08 147512 530 2100 752 04.80 
RD 516-B 0.505 63.69 1.056 67.26 233912 1686 5031 1732 07.34 
RD 516-C 0.202 86.90 0.213 18.51 86400 2078 3149 1957 45.20 
R0528-A 0.516 63.69 0.987 62.86 62936 14195 7499 16288 43.51 
RD528-B 0.504 63.69 1.058 67.38 62936 14573 6758 14557 36.58 
RO 528-C 0.204 86.90 0.832 72.30 86400 198 295 274 01.08 
R0539-A 0.517 63.69 1.068 68.02 - - - - -
RD539-B 0.503 63.69 1.075 68.47 76705 8424 9016 10530 39.41 ;,.. 
RO 539-C 0.208 86.90 0.428 37.19 141000 3374 3888 3224 17.02 ~ 

RD582-A 0.504 63.69 1.074 68.40 86883 750 7251 723 28.00 '"RD582-B 0.506 63.69 1.074 68.40 86883 998 10831 1165 41.83 
RD582-C 0.206 86.90 0.215 18.68 86400 900 3768 877 53.58 ~ 

R0582-0 
RD 618-A 

0.202 
0.512 

86.90 
86.90 

0.214 
0.119 

18.60 
10.34 

57600 
108000 

158 
2907 

1255 
2995 

200 
2730 

26.89 
61.55 '" '" 

RD 618-B 1.041 3.91 2.017 07.88 6ססoo  2176 926 2216 44.94 
RO 683-A 0.506 86.90 0.137 11.91 80820 1164 987 1092 23.55 
RD 683-B 1.006 3.91 2.009 07.85 64000 3162 838 3036 38.28 
R0714-A 0.5 63.69 1.072 68.28 76350 731 3812 751 16.79 
RD714-B 0.502 63.69 1.137 . 72.42 76350 220 1274 206 05.29 
RD714-C 0.223 86.90 0.253 21.99 86400 609 4107 687 49.63 
RD767 0.52 86.90 0.116 10.08 252000 877 1849 852 16.71 

R0890-A 0.499 63.69 1.073 68.34 77135 1020 10270 1128 44.72 
RO 890-1l 0.53 63.69 1.06 67.51 77135 908 8217 922 36.22 
RD890-C 0.201 86.90 0.307 26.68 85000 420 4972 493 50.33 
RD 890-0 0.201 86.90 0.296 25.72 86400 448 6282 547 64.88 
RD913-A 0.525 63.69 1.065 67.83 108769 707 6297 862 19.59 
RD 913-1l 0.508 63.69 1.054 67.13 108769 740 6412 776 20.16 
RO 913-C 0.499 86.90 0.131 11.38 144000 1827 4023 1767 56.33 
RO 1000-A 1.045 3.91 2.122 08.29 64000 2933 550 
* = A, B, C, D, and E are replicate analyses of the sample. Sample numbers correspond to down hole depth in metres. 

2705 23.79 
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THORIUM THORIUM 
THORIUM TRACER TRACER DETECTOR 

SAMPLE TRACER 
(dorn/Q) 

ADDED 
("",rn.\ 

ACTIVITY 
(<1nm\ 

TIME 
(secs\ 

Tb-232 Tb-230 Tb-229 Tb-228 Ra·224 RE~RY,,\ 
RD 458-A 96.5 1.054 101.71 86400 332 132 3823 378 3854 09.99 
RD 458-0 96.5 1.058 102.10 - . . . - - -
RD 458-C 86.7 0.095 08.24 - . - - - - . 
RD 458-D 86.7 0.178 15.43 86400 1873 869 3161 1919 4694 54.41 
RD 458-E 4.129 2.052 08.47 300000 5265 2306 768 5063 4120 06.94 
RD496-A 96.5 1.029 99.30 - - - - - - -
RD 496-B 86.7 0.1 08.67 129600 943 611 1468 1114 1625 29.99 
RD 496-C 4.129 2.012 08.31 86000 1055 439 246 1034 690 07.90 
RD516-A 96.5 1.07 103.26 116318 102 242 rn7 95 447 01.87 
RD 516-0 96.5 1.068 103.06 116318 79 174 948 164 489 01.82 
RD 516·C 86.7 0.202 17.51 129600 683 1944 3725 710 2283 37.67 
RD528-A 96.5 1.088 104.99 86400 1346 38209 2531 1426 0 06.40 
RD 528-0 96.5 1.075 103.74 300707 94 2466 1560 147 281 01.15 
RD 528-C 86.7 0.808 70.05 86400 582 ))208 13066 530 6273 49.55 
RD 539-A 96.5 1.076 103.83 300707 174 2477 1619 241 286 01.19 
RD 539-B 96.5 1.081 104.32 76705 221 1951 2307 321 0 06.62 ;.. 
RD539-C 86.7 0.316 27.40 86400 696 6959 5193 698 2740 50.36 ~ 

RD582-A 96.5 1.6D7 155.08 151200 54. 90 69 70 0 00.07 (» 

RD 582-0 96.5 1.085 104.70 - - - - - - . ~ 

RD582-C 
RD582-D 
RD 618-A 

86.7 
86.7 
86.7 

0.209 
0.227 
0.121 

18.16 
19.68 
10.49 

-
86400 
86400 

-
530 
0 

-
898 
0 

-
5419 

0 

-
657 
0 

-
5))5 

0 

-
73.15 
00.00 

?l 
(»

'" 
RD 618-B 4.129 2.041 08.43 86400 0 0 0 0 0 00.00 
RD 683-A 86.7 0.149 12.92 80820 1587 3122 2378 1544 ))38 52.28 
RD 683-B 4.129 2.051 08.47 200000 780 1555 131 644 758 01.78 
RD 714-A 96.5 1.075 103.74 72802 72 292 1992 95 179 06.05 
RD 714-B 96.5 1.04 100.36 72802 183 600 4207 278 237 13.22 
RD 714-C 86.7 0.199 17.25 144600 506 1545 5))6 667 573 47.07 
RD767 86.7 0.124 10.75 86400 2310 1433 2950 2168 1577 72.90 

RD 890-A 96.5 1.08 104.22 - - - - - - -
RD 890-B 96.5 1.063 102.58 162000 547 522 15235 476 162)) 21.04 
RD 890-C 86.7 0.304 26.36 69797 58 176 1559 82 423 19.45 
RD 890-D 86.7 0.298 25.84 86400 195 413 4591 176 3972 47.21 
RD913-A 96.5 1.084 104.61 146456 164 167 2000 181 169 03.00 
RD 913-0 96.5 1.071 103.35 146456 475 374 5582 603 188 08.46 
RD 913-C 86.7 0.103 08.93 86400 1949 2124 2107 1823 1730 62.68 
RD 1000-A 4.129 2.012 08.31 250000 272 523 29 292 384 00.32 
* '" A, B, C, D, and Eare replicate analyses of the sample. Sample numbers correspond to down hole depth in metres. ;.. 

~ 



U-234! Tb-230! 
SAMPLE' U-238 error U-234 error [VI error [Tb] error 

Is I. nnm I. nnm I. 
RD458-A 1.21 0.05 0.81 0.10 4.83 0.04 36.12 0.11 
RD 458-B 1.06 0.05 - - 5.33 0.04 · · 
RD 458-C 1.19 0.Q4 - - 16.46 0.05 · · 
RD458-D 2.32 0.10 0.91 0.07 2.70 0.09 37.39 0.03 
RD458-E 0.99 0.03 3.74 0.05 9.30 0.Q3 237.52 0.04 
RD496-A 1.46 0.04 - - 3.87 0.Q3 - 
RD496-B 1.23 0.04 0.93 0.06 4.23 0.Q3 22.77 0.04 
RD496-C 0.99 0.04 1.80 0.09 11.26 0.04 145.69 0.07 

RD 516-A 1.42 0.06 1.05 0.08 23.17 0.05 44.08 0.21 
RD 516-B 1.03 0.03 0.82 0.09 30.39 0.03 35.12 0.23 
RD 516-C 0.94 0.03 0.79 0.04 16.47 0.Q3 13.13 0.04 
RD528·A 1.15 0.01 11.61 0.02 160.45 0.01 228.32 0.07 
RD 528-B 1.00 0.01 1.13 0.04 195.94 0.01 25.56 0.21 
RD528-C 1.38 0.09 0.89 0.08 65.44 0.09 12.76 0.04 
RD539-A - - - - - - 45.63 0.16 
RD539-B 1.25 0.01 1.10 0.03 9.55 0.02 40.86 0.14 
RD539-C 0.96 0.02 1.19 0.03 43.52 0.02 15.02 0.04 
RD582-A 0.96 0.05 29.66 0.16 9.54 0.04 496.27 0.36 
RD 582-B 1.17 0.04 - - 8.50 0.03 - 
RD582-C 0.97 0.05 - - 6.02 0.04 - 
RD582-D 1.27 0.11 1.10 0.08 3.16 0.08 7.87 0.05 
RD 618-A 0.94 0.03 - - 13.53 0.03 - 
RD 618-B 1.02 0.03 - - 24.98 0.04 - 
RD 683-A 0.94 0.04 1.29 0.05 18.93 0.04 35.25 0.03 
RD 683-B 0.96 0.Q3 3.53 0.10 39.95 0.04 206.19 0.09 
RD714-A 1.03 0.05 1.13 0.07 17.65 0.04 15.33 0.24 
RD 714-B 0.94 0.10 1.22 0.09 16.86 0.07 17.85 0.15 
RD 714-C 1.13 0.06 1.42 0.05 4.40 0.04 6.98 0.05 
RD767 0.97 0.05 1.12 0.05 6.45 0.04 34.42 0.Q3 

RD 890-A 1.11 0.04 - . 9.15 0.Q3 · · 
RD 8!X).B 1.02 0.05 0.46 0.06 10.06 0.03 15.06 0.09 
RD 890·C 1.17 0.07 I.l2 0.09 3.04 0.05 4.01 0.13 
RD 890-D 1.22 0.06 1.04 0,07 2.47 0.05 4.49 0.07 
RD 913-A 1.22 0.05 0.94 0.09 10.27 0.04 35.08 0.16 
RD913-B 1.05 0.05 0.85 0.07 10.45 0.04 35.96 0.10 
RD 913-C 0.97 0.Q3 1.80 0.04 6.97 0.03 33.78 0.Q3 
RD 1000·C 0.92 0.03 3.67 0.20 59.63 0.05 318.62 0.20 
* = A, B, C, D, and E are replicate analyses of the sample. Sample numbers correspond to down hole depth in metres. 

. 

Tb!V 

7.47 
-
-

13.83 
25.54 

-
5.39 
12.94 
1.90 
1.16 
0.80 
1.42 
0.13 
0.19 
-

4.28 
0.34 

52.02 

-

-

2.49 
-. 

1.86 
5.16 
0.87 
1.06 
1.59 
5.34 
-

1.50 
1.32 
1.81 
3.42 
3.44 
4.85 
5.34 

error 
I. 

0.Q3 

· 
-

0.04 
om 
· 

0.02 
0.01 
om 
om 
0.00 
0.00 
0.00 
0.00 

-

0.02 
0.00 
0.04 
-
-

0.04 

· 
-

0.00 
0.00 
0.02 
0.01 
0.02 
0.01 

-

0.01 
0.06 
0.05 
0.02 
0.01 
0.01 
0.00 

:>-
~ 

t'J 

-~
t'J "
 "" 

:>-
C, 
'0 



Appendix SA 

Alternative Wasteforms for HLW Disposal 



APPENDICES A:61 

Appendix SA 

Of the three alternative HLW wasteforrns currently under investigation - that is, 

glass, unprocessed spent fuel and ceramics - glass forms the baseline reference 

materials for comparison of other wasteforms. The differences in composition and 

structure of glass and the other wasteforms has a significant effect upon their durability 

and performance, which therefore reflects upon their suitability as a disposal alternative 

under different repository conditions. Much previous work has concentrated on defining 

the composition and structure of these alternative wasteforms, which is now reviewed 

here. 

5A.l Borosilicate Glass 

The use of glass as a wasteform depends on the radioactive waste elements being 

incorporated into its random three-dimensional structure during vitrification (Bench et al., 

1984). Of the different types which have been studied, borosilicate compositions 

demonstrate greater flexibility or stability, can be formed at relatively low temperatures 

and are able to adequately incorporate the bulk of the radioactive waste components into 

their structure (Chapman and McKinley, 1987). A schematic representation of the 

borosilicate glass array is illustrated in Figure 5.A.1. 

Compositionally, borosilicate glass is dominated by strongly bonded Si044

tetrahedra with other multivalent species including B3+, Fe2+, Fe3+, Al3+, the Rare Earth 

Elements (REE) and actinides generally held within the network by bridging oxygen 

bonds (Hench et al., 1984). The lighter elements such as Na+, Cs+, Sr2+ are held within 

the network by non-bridging oxygen bonds. Some simulated borosilicate nuclear waste 

glass compositions are shown in Table 5.A.1. 
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Glass Designations 

Component AVM PNL 76-68 SRL 165 JSS 

Si02 45.2 38.3 48.9 45.52 

Ti02 2.9 

B203 13.9 9.2 7.0 14.04 

A1203 4.9 2.7 4.91 

Na20 9.8 12.14 10.0 9.86 

Cao 4.0 1.9 1.0 4.03 

Fe203 2.9 9.38 13.4 2.91 

NiO 0.4 0.2 1.6 0.87 

Cr203 0.5 0.4 0.51 

P20S 0.3 0.46 0.28 

Zr02 1.0 0.7 0.54 

Li2P 2.0 4.9 1.98 

Zno 2.5 4.9 2.51 

FP oxides 11.1 12.37 4.33 9.51 

Actinide oxides 0.9 7.39 1.1 1.82 

Other 0.6 0.7 4.4 0.75 

Table SA.! Simulated borosilicate nuclear waste glass compositions (wt %) for 

various glass designations (after Hench et aI., 1984 and Chapman and McKinley, 1987). 

FP = Fission Products, Other components include metallic particles, zeolites and coal. 

The glass designations are AVM =Cogema specifications at the Atelier Vitrification 

Marcoule, France; PNL 76-68 = Pacific Northwest Laboratories, USA; SRL 165 = 

Savannah River Laboratories, USA; JSS = Japan-Sweden-Switzerland Cooperative 

Program. 
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Up to 50 weight percent of the glass comprises the Si02 molecule with the HLW 

loading being around 10 wt% (Hench et al., 1984). The HLW elements combined with 

A1203 + Fe203 may be incorporated into surface films during chemical attack (Strachan, 

et al., 1982), although it is generally accepted that such fIlms do not provide a significant 

barrier to mobile elements during leaching at temperatures of greater than 90°C 

(Grambow et aI., 1988). The spatial distribution of these elements within the glass 

network changes as a function of waste stream variations, however this appears to have 

negligible effect upon the thermal stability and chemical durability (Hench et aL, 1984). 

The performance of various waste glasses during leaching under simulated 

repository conditions has been widely assessed (Dran et al., 1980; Strachan et al., 1984; 

Grambow et al., 1988). Normalised elemental mass losses (g m-2) for some glass 

samples which have been leached at 90°C vary with time and elements considered, and 

range between maxima of50 to 125 g m-2 to minima of between 1 and 2 g m-2 (Strachan 

et al., 1984; Bazan et al., 1987; Bates and Gerding, 1988). The dissolution processes 

which occur are complex (Harker and Flintoff, 1987), and are often affected by the 

composition of the leach solution which is usually alkaline (Bates and Gerding, 1988). 

Surface film formation during leaching and glass breakdown plays a critical role in the 

release of waste elements from the glass network. This fIlm is severely hydrolysed and 

may form multiple surface layers which are inhomogeneous and display differing 

compositions under varying leaching conditions (Barker and Flintoff, 1987; Ewing and 

Jercinovic, 1987). 

Surface layering during glass dissolution is solubility dependent and is thus 

affected by leachant pH and composition, temperature, and flow rates and residence times 

(Harker and Flintoff, 1987). For the highly soluble elements such as Na, Mo, Cs and B, 

release from the glass network is influenced by the solution composition and flow rates, 

however for the low solubility elements (such as the rare earths and 
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most actinides), dissolution appears to occur via mass transfer in which the leachant 

adjacent to the liquid-solid interface reacts quickly until a steady-state is achieved and the 

elements are retained within the gel layer (Chambre and Pigford, 1984). In the repository 

environment, the solubility limits for glass dissolution may also be affected by interaction 

with the host medium, such as sorption of the dissolved species by the buffer or rock 

media, which effectively increases the time for steady state to be achieved (Chambre and 

Pigford, 1984). In assessing the wasteform performance in the repository environment, it 

is therefore important to be able!o assess not only the solid phase structure, its chemistry 

and behaviour but also the aqueous chemistry of the solution and the nature of the 

disposal environment (Chapman and McKinley, 1987). 

5 A.2 Spent Fuel 

Spent fuel is composed of essentially unprocessed fuel rods, cladding and 

assembly hardware which have been irradiated during nuclear power production. 

Disposal of spent fuel is proposed without further processing to extract Pu and unspent 

U, hence its content of nuclear reaction by-products is more dilute than most other HI..W 

forms (Chapman and McKinley, 1987), apart from US defense wastes at Savannah River 

and Idaho, which are highly diluted by process chemicals. There are a number of types of 

spent fuel originating from different types of reactors - PWR (pressurised water 

reactor), LWR (light water reactor), BWR (boiling water reactor) and CANDU fuels are 

some of the most common. 

The spent fuel waste matrix comprises >95% U02 or U metal, the rest being 

fission products and transuranic elements (Johnson and Shoesmith, 1988). The 

composition of an average PWR spent fuel is given in Table 5.A.2. The burnup 

(irradiation history) of this fuel is 33 000 megawatts days per metric ton of initial heavy 

metal (MWd/MTIHM) at 1000 years after storage (Bruton and Shaw, 1987). 
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element Bq/MTlHM# g/MTIHM* moles/MTlHM 

C 3.7 x 10-11 1.6 x 102 1.3 x 101 

Ca 5.2 x 10-15 4.28 x 10-5 

Ni 1.5 x 10-10 1.2 x 1()4 3.3 x 102 

Se 1.1 x 10-11 1.3 x 101 8.0 x 101 

ZI 5.2 x 10-11 1.8 x 105 2.8 x 102 

Nb 8.3 x 10-11 7.0 x 102 9.2 x 101 

Mo 5.8 x 10-13 3.4 x 103 4.9 x 102 

Tc 3.5 x 10-10 7.8 

Pd 3.0 x 10-12 1.15 x 103 5.3 x 102 

Sn 2.1 x 10-11 3.8 x 103 8.4 x 102 

I 8.5 x 10-13 1.5 

Cs 9.3 x 10-12 1.1 x 103 1.4 x 102 

Srn 4.4 x 10-12 8.6 x 102 7.5 x 102 

Ho 3.9 x 10-14 4.8 x 10-6 

Pb 8.4 x 10-14 1.8 x 10-7 

Ra 8.4 x 10-14 1.4 x 10-5 

Ac 1.0 x 10-14 2.3 x 10-8 

Th 4.6 x 10-13 3.7 x 10-3 

U 7.1 x 10-11 4.1 x 103 

Np 2.7 x 10-11 6.0 

Pu 2.1 x 10-8 3.1 x 101 

Am 4.2 x 10-10 3.2 x 10-1 

Cm 4.4 x 10-12 3.9 x 10-3 

# =radioactive isotopes only * =non-radioactive isotopes only 

. Table 5A.2 Composition ofaverage PWRfuel1000 years after storage, taken from 

the National Waste Terminal Storage Data Base. Burnup is 33000 MWdIMTIHM, after 

Bruton and Shaw, (1987). MWdlMTIHM =megawatt days per metric ton ofinitial heavy 

metal. 
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Because the spent fuel has very little porosity, dissolution and release of 

radionuclides is largely controlled by U solubility in water, particularly in the 

groundwater expected in the disposal environment (Chapman and McKinley, 1987). This 

solubility is affected by five main parameters; temperature, redox conditions of the 

groundwater, groundwater composition, physical characteristics of the fuel itself and 

radiation characteristics (Forsyth, 1987; Johnson and Shoesmith, 1988). Temperature 

appears to have relatively little effect upon dissolution. During the dissolution process the 

variation in physical changes in the spent fuel with temperature between 25°C and 300°C 

(repository conditions) are poorly understood (Johnson and Shoesmith, 1988). 

The solubility of U02 is more significantly controlled by the prevailing 

oxidation/reduction conditions and is greatest where oxidants are present Dissolution 

usually results in the dominance of UCVIl rather than U(IV) or U(Vl (Johnson, 1987), and 

the production of uranium oxides of variable structure at the matrix surface. Under 

oxidising conditions the U02 appears to form surface layers of varying structure; 

U02---- U02.33--- U0 2.S ---- U02.67 

(U20 S) (U30S) 

although U02.S is not commonly observed. In the transition from U02.33 to U02.67, 

dissolution also involves film recrystallisation and a change in crystallographic structure 

(Johnson and Shoesmith, 1988). Under reducing conditions, U02 solubility and matrix 

dissolution are significantly decreased and the effects of other parameters such as 

temperature, groundwater composition and pH are also lessened (Forsyth and Werme, 

1987). 

The oxidation conditions of the groundwater may be significantly affected by the 

radiation emanating from the fuel itself. In the long-term, only a-radiation will be 
-

important due to the decay of "(-emitters to essentially insignificant levels during aging of 

the waste (Johnson and Shoesmith, 1988). a-radiolysis can decompose the groundwater 

providing a mixture of molecular (e.g. H202) and radical (e.g. OH) oxidants thereby 

increasing the dissolution of the fuel matrix (Chapman and McKinley, 1987). The long
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term effects of a-radiolysis on matrix dissolution remain under investigation (Stroes

Gascoyne et al., 1986). 

In the expected pH range for repository groundwaters (e.g. pH = 5-11), the 

concentration of complexing species will affect the UOZ matrix dissolu tion through 

complexation (e.g of UOZ) or kinetic effects such as the formation of secondary species 

and surface films (Chapman and McKinley, 1987). In particular, the anions CI-, S04Z-, 

HZP04-, HC03-/C03Z-, F- and the cations Na+, K+, CaZ+ and silica may affect matrix 

dissolution, although under oxidising conditions, C03" and to a lesser extent P04-, 

appear to be most significant in increasing dissolution rates (Johnson and Shoesmith, 

1988). 

The microstructure, morphology and stoichiometry of the fuel itself will vary with 

changes in fabrication and irradiation conditions (Forsyth, 1987). Such inhomogeneity in 

the distribution of fission products in the fuel structure produces preferential dissolution 

at grain boundaries and in the fueVcladding gap, thereby allowing the release of selected 

radionuclides which may have accumulated in these regions (Johnson, 1987). As a result 

of this preferential release, incongruent dissolution has been recognised in three main, 

essentially separate but overlapping steps (Forsyth et al., 1984; Johnson, 1987; Sargent 

and Vandergraaf, 1988; Johnson and Shoesmith, 1988; Sargent and McKinley, 1989). 

An instantaneous release in Cs and I from the fueVcladding gap which occurs in the initial 

stages of leaching (sometimes referred to as the gap inventory leaching; Johnson, 1987), 

is accompanied by a slow and continual grain boundary leaching of Cs, I, Pd, Tc, and 

other elements, until finally a slow release of radionuclides during UOZ matrix 

dissolution dominates (Johnson and Shoesmith, 1988). This pattern for release with time 

is shown in Figure 5.A.2 for Cs, Sr, U, Tc and Pu from a CANDU spent fuel in 

synthetic groundwater, and schematically for the gap inventory, grain boundary release 

and matrix dissolution. 
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Figure 5A.2 Release rate (inventory fractions per day) offission products and 

actinides from spent CANDUfuel which has been exposed to a synthetic groundwater at 

25°C, (Johnson and Shoesmith, 1988). The three stages ofradionuclide release are also 

represented schematically. 

The various radionuclides which are incorporated into the spent fuel are released 

according to their location in the fuel itself (Johnson and Shoesmith, 1988). The gap 

inventory is essentially composed of the fission products Cs and I (Johnson, 1987). 

Instantaneous leaching of between 0.01 and 10% of these elements occurs in the first 10 

days of exposure to groundwater (see Figure 5.A.2) (Forsyth et aI., 1984). The kinetics 

of this release are not established, but appear to be dependent on solution chemistry, 

temperature and irradiation history (Johnson, 1987). 
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Concurrent long-term leaching of these radionuclides, which involves the two 

steps of preferential grain boundary leaching and matrix dissolution, is also accompanied 

by other radionuclides (Forsyth et al., 1984; Johnson and Shoesmith, 1988). This release 

initially involves preferential grain boundary leaching, followed by matrix dissolution 

which is most affected by the carbonate concentration and oxidation potential of the 

groundwater (Johnson and Shoesrnith, 1988). The slower release of the fission product 

elements from the matrix reflects their decreased solubility in solution, which appears to 

be controlled by the formation of surface layers, and their adsorption or reprecipitation 

(Chapman and McKin1ey, 1987). 

The long-term release of actinides and some fission products during leaching is 

governed by the UOz matrix dissolution rate (Johnson, 1987; Sargent and McKinley, 

1989), and is significantly less than the gap inventory or grain boundary leaching 

elements (Forsyth et al., 1984). In particular, release rates for U, Pu and Cm appear to be 

controlled by their solubility limits in solution and precipitation and adsorption processes 

(Forsyth et aI., 1984; Johnson and Shoesrnith, 1988). These factors are also influenced 

by the oxidation potential of the groundwater, particularly where Fe(II) or HZ may induce 

reducing conditions and thereby decrease actinide solubility (Forsyth and Werrne, 1987). 

The radionuclide release rates for matrix dissolution from spent fuel are generally 

of the order of 10-6 to 10-9 inventory fractions per day (Chapman and McKinley, 1987). 

The formation of surface layers on the UOZ matrix appears to suppress the further release 

of radionuclides, and long-term dissolution is controlled by surface film recrystallisation 

and the formation of secondary phases (Johnson and Shoesrnith, 1988). In the repository 

environment, these processes will be most affected by the redox conditions and 

groundwater characteristics. 

5.A.3 Synroc as.a WasteformAlternative 

Synroc, the polyphase titanate ceramic wasteform, was first proposed in 1978 as 

an alternative to vitrified forms by Prof. A.E. Ringwood of the Research School of Earth 

Sciences at the Australian National University (ANU). Since that time, considerable 
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development of the original Synroc formula has been undertaken by Ringwood and 

others (Ringwood et aI., 1979a, 1979b; 1981; Ringwood, 1985; Ringwood and Kelly, 

1986 and Ringwood et al., 1988; Levins and Smart, 1984; White 1985; Levins et al., 

1986, 1989 and Reeve et al., 1987, 1988). Current research into Synroc is based on its 

development as a second generation wasteform, and the assessment of its performance 

under the conditions which may dominate in the potential repository environment 

Synroc was first developed with the primary objective of 

"... (providing)...a wasteform which has much greater resistance to leaching by 

groundwaters than borosilicate glass and which is capable of maintaining its integrity in 

suitable geological environments for periods exceeding one million years" 

(Ringwood et al., 1988). 

It is based upon the strategy of incorporation of radioactive elements into the 

lattice structure of crystalline phases, which is exhibited by many natural minerals 

(Ringwood et al., 1979a). Its stability is dependent on the ability of the crystalline phases 

to incorporate a broad range of chemical species (Ringwood and Kelly, 1986), and as a 

result of this flexibility it displays some distinct advantages compared to other 

wasteforms such as; 

•	 a high waste loading capacity (up to 25% where significant Na is not present in the 

waste stream) 

•	 the ability to adjust modal mineralogy spontaneously to variations in the waste stream 

•	 excellent thermal and mechanical stability 

•	 inherently low leach rates for many of its crystalline phases 

• long-term resistance to leaching and radiation damage
 

(Bench et al., 1984; Ringwood and Kelly, 1986; Ringwood et al., 1988).
 

There are a number of different formulations for Synroc, each of which has been 

developed for a specific purpose. The reference formulation of Synroc for immobilisation 

of High-Level Waste (HLW) derived from reprocessing of spent nuclear power reactor 

fuel is Synroc-C (commercial). This is designed to carry about 20 wt% of calcined HLW 

(Ringwood et al., 1988). 



APPENDICES A:72 

Synroc-E is a special purpose formulation which comprises the same mineralogy 

as Synroc-C in differing proportions, and utilises a Cs-rich hollandite phase (Ringwood, 

1985). It contains much less HLW (5-7 wt%), and is best suited to geological disposal in 

salt or deep-sea disposal (Ringwood et al., 1988). Synroc-D (defense) has been 

developed specifically for the immobilisation of defense wastes from the Savannah River 

Laboratories for the United States Department of Defense, and can carry large amounts of 

processing contaminants and up to 60 - 70 wt % ofHLW. Synroc-F (fuel) differs from 

all the other formulations and is designed to carry HLW from 'once-through' fuel cycles 

(Ringwood., 1985), that is, where reprocessing and plutonium recycling have not been 

undertaken and spent fuel is converted directly into the ceramic wasteform (Ringwood et 

aI., 1988). 

This study is principally concerned with the Synroc-C formulation. Synroc-C is 

composed of three main titanate minerals hollandite, zirconolite and perovskite, with Ti

oxides and Ca-AI titanates (Ringwood et al., 1988). Some minor metallic alloys 

(containing Mo, Ru, Rh, Pd, Te, Ag, Ni and some Fe) and a Ca-phosphate phase may 

also be present. Synroc-C is designed to carry calcined waste within the range of 

commercial interests, Le. up to 20 wt % (Ringwood, 1985), although waste loadings of 

up to 40 wt % have been examined (Come, 1986). 

Fabrication 

The stability of Synroc as a wasteform is dependent upon the integrity and 

homogeneity of the starting precursor (Ringwood et al., 1988). As a consequence, much 

research has been undertaken to develop an appropriate precursor for Synroc (e.g. 

Mitamura et al., 1986; Levins et al., 1986; see also Ringwood et al., 1988) which carries 

the correct stoichiometric proportions of the oxides (Levins et aI., 1986). Four main 

precursors have .been proposed; 

• oxide route, which is prepared by traditional methods such as ball milling of oxides, is 

based on unreactive anatase and displays inhomogeneous mixing with development of 



APPENDICES	 A:73 

relict and metastable phases. It requires relatively high hot pressing temperatures to 

produce fully consolidated Synroc (Levins et al., 1986). 

•	 Sandia (or alkoxide) route, developed by Dosch and others at the Sandia laboratories 

(Dosch et aI., 1982), is highly reactive, has a high specific area and a high degree of 

homogeneity (Ringwood et aI., 1988). However it may carry up to 2 wt% NazO as a 

contaminant (Ringwood et al., 1988), and requires complex processing, thereby 

causing a low throughput and increasing the cost of production (Levins et al., 1989). 

•	 Sol-gel precursor is a mix of titania and zirconia sols, alumina and Ba/Ca nitrates 

(Levins et al., 1986). Spray-drying of the mix produces a free-flowing powder of 

spherical particles of high tap density (up to 2 times that of other precursors) which 

can easily incorporate 10% HLW loading (Ringwood et al., 1988). 

•	 hydroxide route precursor is prepared by hydrolysis of alkoxides/ethanol mixtures. It 

produces a solid similar in character to Sandia-route material but the process is 

cheaper, simpler and eliminates some of the waste product problems of the Sandia 

route (Ringwood et al., 1988). 

For all of these precursor materials, fabrication conditions are important in 

determining durability (Levins et al., 1986). Tests of temperature and pressure effects on 

Synroc quality (Woolfrey et aI., 1987) indicate that hot pressing conditions of 1150 

1200°C and 14 - 21 MPa are optimal for production of Synroc of near theoretical density. 

Redox control, the choice of precursor and mixing homogeneity may also be important. 

Mineralogy 

Hollandite 

The hollandite family of Ba-titanates has the nominal general formula AxByCS_ 

y016 for x<2, and includes the structural isotype which is found in Synroc, 

Ba(AlTi)zTi6016 (Ringwood, 1985). Hollandite crystal structure is dominated by edge

sharing octahedrally coordinated small cations (Ti4+, Ti3+, AI3+) which form double 

chains running parallel to the c axis and share corners to form a three-dimensional 

framework as shown in Figure 5.A.3 (Ringwood et aI., 1979a). This framework thus 
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contains tunnels in which the large cations Ba, Cs, and some Rb are situated (Ringwood 

et aI., 1988). Free migration of large cations along these tunnels is prevented by their 

irregular coordination with the surrounding oxygen anions (Kesson and White, 1986b). 

(TiAlFe)06 \ 

edge-sharing octahedral 

1O~ 

Figure SA.3 Octahedral arrangement of the unit cell ofhollandite, with the edge

sharing octahedral pairs creating the larger tunnel sites which accommodate the waste 

elements Cs andRb after White, (1985). 

The titanaceous hollandites exhibit a solid solution series between the Ba and Cs 

end-members with a corresponding exchange between the trivalent species A13+ and Ti3+ 

(Kesson and White 1986a). The superlattice structure of the hollandite and the 

stoichiometry of coexisting phases appears to be more affected by the replacement of Ba 

by Cs rather than trivalent species variation (Ringwood et aI., 1988). As a result, 
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immobilisation of Ba, and more particularly Cs, in hollandite during Synroc production is 

greatly improved when sufficient quantities of the trivalent species (AI3+ and more 

importantly Ti3+) are present to prevent formation of soluble Ba and Cs titanates and 

ensure total incorporation of Ba and Cs into the hollandite structure (Kesson and White, 

1986a). 

Zirconolite 

There are four distinct phases within the zirconolite group; pyroch10re, 

zirconolite, zirkelite and polymignite (White, 1985) which have a general composition 

CazrxTi3_x07 for 0.8 < x < 1.37, and a nominal composition of CazrTh07 in Synroc 

(Ringwood et al., 1988). They form anion-deficient superstructures of the fluorite type in 

which Ti occupies 3 main lattice positions or occurs on a random basis in one of two 

five-fold coordination sites (White, 1985). The Ti06 octahedra are corner-linked to form 

six-member and three-member rings in a planar array of hexagonal-tungsten-bronze 

(HTB) type motifs (Ringwood, 1985), with the cations Ca2+ and :zr4+ held in the 

interlayer planes (White, 1985). Figure 5.A.4 shows two HTB layers and the interlayer 

cations as they occur in the zirconolite structure. Variations between members of the 

zirconolite family occur by the regular stacking of layers in a variety of orientations and 

with a characteristic displacement between layers (known as the interlayer stacking 

vector; White, 1985). 

The variety of structural members within the zirconolite family permits the 

incorporation of many of the HLW species including up to 27% U02, 22% Th02 and 

29% intermediate REE. srO and Na20 are excluded due to their large ionic radii 

(Ringwood et al., 1988). This flexibility results from the five cation acceptor sites within 

the structure and the ability of the various cations to enter more than one site (Ringwood 

et al., 1988). 

Zirconolite exhibits stoichiometry for caZrxTi3-x07 and 0.8 < x < 1.37 and can 

tolerate substitutions of up to 20% of some trivalent elemental species, (speciflcally the 

REE3+), in the Ca2+ and Z,r4+ sites (Ringwood, 1985). 
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lOA 

• T;3+4;. Fe2+3+ Al3+ o Ca2+ REE3+ U 4+ 

~ (TiZrFeAl)06 octahedron • 

Figure 5.A.4 Crystal structure of Hexagonal Tungsten Bronze (HTB) motif layers 

with interlayer cations and elementpartitioning in zirconolite (White, 1985). 

Twinning occurs in zirconolite where signillcant cation substitutions occur (e.g. REE for 

Ca, U for Zr, Al for Ti) (White, 1985). Zirkelite exhibits an almost identical structure to 

zirconolite with some tetravalent species occupying the Ca2+ site (Ringwood et al., 

1988), but pyrochlore differs from the zirconolite structure in that the z.r4+ interlayer site 

is occupied by a cation with ionic radius much greater than z.r4+ such as U4+ or Cm3+. 
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The fourth structural type, polymignite, contains HTB layers modified by shear planes, 

providing a structure compatible with the incorporation of high concentrations of REE in 

the Ca2+ site (White, 1985; Ringwood et aI., 1988). The single and multiple cation 

substitutions which are possible within the zirconolite family thus means that zirconolite 

contributes significantly to the accommodation of waste stream variations by the Synroc 

structure (Ringwood, 1985). 

Perovskite 

Perovskite has a natural composition of CaTi03 and may be structurally 

described as AB03 where the ionic radius of A substantially exceeds that of B 

(Ringwood et al., 1988). 

lOA 

Figure SA.5 Corner-sharing octahedra arrangement displaying the large central cavity 

and element partitioning in perovsldte (White, 1985). 
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In this structure, B06 octahedra share corners fonning a three-dimensional 

framework with a large central cavity to accommodate the larger A cations as shown in 

Figure 5.A.5 (Ringwood, 1985). The perovskite structure has the capacity to incorporate 

a wide range of HI..W elements into stable solid solution. Table 5.A.3 lists the elements 

which may replace Ca or Ti in the perovskite structure (Ringwood et al., 1979b). 

valence state Ca2+ Ti3+ 

1+ Na 

2+ Ba, Sr, Cd 

3+ REE, Y, Cm, Am, Pu Fe, Cr, Al 

4+ Zr, Mo, Pu, Th, U, Sn, Ru 

5+ Nb 

Table 5.A.3 HLW elements which are incorporated into the perovsldte structure and 

their relative positions (Ringwood et aI., 1979b). 

Of particular interest in the Synroc context are; the Ca-Sr Ti03 solid solution, 

REE uptake as REEAI03, REETi03 or with Na as Nao.sREEO.sTi4+03 and the 

incorporation ofU in Cao.sUO.sTi3+03 (Ringwood et al., 1988). The trivalent actinides 

display similar ionic radii to the REE and are expected to behave in much the same way. 

As a result of its diversity and flexibility, perovskite is the primary host for Sr,light and 

intermediate REE, trivalent actinides and Na in Synroc (Ringwood et al., 1988). 

Other Phases 

The other minerals in Synroc comprise rutile and minor amounts of Ca-AI-Ti 

phases, metal alloys and Ca-phosphate. For Synroc that has been fabricated without the 

addition of Ti metal, rutile (Ti02) is abundant, whereas in the absence of Ti metal, Ti-

oxide phases of the formula Tix02x-l (for 7 < x < 9) predominare as tiny crystals or 

dispersed Ti haloes (Ringwood et aI., 1988). The Ca-AI-Ti phases may be either a 

prismaric aluminous phase (CaTi3AIg019 or CaAl6013) or an acicular predominantly 
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titaniferous phase (Ringwood et al., 1988). Metal alloys which occur as submicron 

inclusions dispersed throughout the primary titanate phases, commonly form by 

reduction of the noble metal species such as Mo, Ru, Rh, Pd, Ag, Te, Ni and some Fe. 

Minor Ca3(P04h can also occur (Ringwood et aI., 1988). This species may incorporate 

Sr and Ba into its structure and negligible U4+ or REE3+ (and by implication trivalent and 

tetravalent actinides) (Ringwood et aI., 1988). Where high Na contamination occurs 

during Synroc production this may also form a complex Ca-Na phosphate. 

5.A.4 HLW Immobilisation in the Synroc Structure 

More than 30 elements of varying ionic radius and charge which require 

immobilisation within the Synroc structure may be present in HLW (Ringwood et al., 

1988). The capacity of Synroc to incorporate all of these elements is based upon its 

flexibility to 1) accommodate cations of diverse ionic radius and charge by simple or 

multiple cation substitutions and structural modifications within the individual titanate 

phases and 2) spontaneous adjustments in modal mineralogy to waste stream fluctuations 

(Ringwood and Kelly, 1986). 

Each of the Synroc minerals preferentially incorporates one of the most hazardous 

HLW elements (or a group), such as Cs in hollandite, Sr in perovskite and actinides in 

zirconolite and sometimes perovskite (Ringwood et aI., 1979b). Under the appropriate 

conditions for Synroc production, a wide variation in composition and loadings of these 

HLW elements would be tolerated without loss of immobilisation performance or 

integrity (Ringwood, 1985). 
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Appendix 6A 

Experimental MetJwds 

Leach testing of the Coles Bay Granite, Kambalda Granodiorite and the Roxby 

Downs Granite was undertaken to determine the changes in mineralogy and chemistry 

of the granites during simulated alteration, and the variation in leach solution 

characteristics induced by the changes in the granites. A flow diagram of the 

experimental procedures for each granite is given in Figure 6.A.1. 

Each granite was sliced and ground to -30 J.IIll thickness, then areas of specific 

interest were selected for study, e.g. secondary minerals and fracture infillings. Six 

3mm diameter disc specimens of the selected areas were then cored and prepared for 

examination by dimpling and ion-beam thinning in a Gatan Dual Ion Mill (model 660) 

at an angle of 20° until penetration, then at an angle of 12° for 1 to 2 hours to remove 

surface damage. 

Of the six thinned foils prepared, three of these foils (unleached samples) were 

examined directly using a JEOL 2000 FX Transmission Electron Microscope (lEM), 

and compositions of individual minerals were determined with a TN Microtrace EDS 

detector and TN 5450 analyser. The other three thinned foils were placed in pre

conditioned polythene vials (conditioned prior to use in deionised water at 70°C for 24 

hours), and leached in 20 mL of deionised water at 70°C for 28 days, then examined 

after leaching using the TEM. No holders were used during the leach testing 

procedure, and the samples were allowed to circulate throughout the whole of the 20 

mL of solution. The analyses of the leached and unleached samples were then 

compared to determine if any changes to microstructure, mineralogy or composition 

had occurred during the leaching procedure. 

The change in solution composition during leach testing was also determined. 

Six polished discs 10 mm diameter and 2 mm thick of each of the three granites were 

leached individually in 20 mL deionised water at 70°C for 28 days under MCC-I static 
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leach testing conditions, with the leachant volume/surface area ratio being maintained 

at 0.1 m (MCC, 1983; Reeve et aI., 1987). The tests were performed in polythene 

vials and the discs were suspended in the leachant using stainless steel holders as 

depicted in Figure 6.A.2. Prior to leaching the granite discs were cleaned in an 

ultrasonic bath and the leach vessels and holders were pre-conditioned in deionised 

water at 70°C for 24 hours. Following leaching, the granite discs were removed and 

discarded, and the leachants were analysed. 

polythene leach vessell 
..". 1-_-./ 

20 mL deionised water 

stainless steel holder' 

granite disc of either! 

-Coles Bay Granite' 

-Kambalda Granodiorite 

-Roxby Downs Granite 

Figureo.A.2 Leach testing assemblage for the granites under MCC-l static test 

conditions, at 70°Cfor 28 days. 
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The initial and fmal pH, Eh and conductivity of the leachant were measured, 

with the Eh measured relative to a saturated calomel electrode and the conductivity 

measured in I.l Sieverts per centimetre (I.lSv cm- l ). The composition of the final 

leachants was also detennined following leach testing for the major elements Si, Ti, 

AI, Fe, Mg, Mo, Ca, Na; K and P using either inductively-coupled plasma mass 

spectrometry (ICPMS), inductively-coupled plasma optical emission spectrometry 

(ICPOES) or atomic absorption spectroscopy (AAS). The analyses were calibrated 

using standard solutions made up in 5 % RN03, at 1.00 part per million (ppm) for Si, 
..•. 

Ti, Al, Fe, and Mo, 0.50 ppm for Mg and Ca and 5.00 ppm for 1(, Na and P. 



Appendix 7A 

Leach Testing Procedure
 

The Actinides
 



APPENDICES A:86 

Appendix 7A 

Experimenral Merhods 

Leach testing of Synroc with granite was carried out under MCC-l static test 

conditions as specified by the Materials Characterisation Center (MCC, 1983), with 

the leachant volume/surface area ratio being altered by the presence of the granite to 

approximately 0.3 m (Reeve et al., 1987). The tests were performed in polythene vials 

with polythene and stainless steel holders in 18 or 20 mL of deionised water at 70°C 

for 28 days. Leach tests of triplicate samples of Synroc leached separately and with 

two granite discs were performed to ensure reproducability of the results. 

Synroc which had been made to the specifications given in Reeve et aI., 

(1987), was doped with either 239pu (pG-leach), 237Np (NG-leach) or 244em (CG

leach) and cored samples approximately 10 mm in diameter were cut into discs of 2 

mm thickness and polished on both the faces and edges to reduce particle shedding 

(Reeve et al., 1987). Each of the granites was cut to the same specifications and also 

polished. Prior to leaching, the Synroc and granite discs were cleaned in an ultrasonic 

bath, and the leach vessels and sample holders were conditioned in deionised water for 

24 hours at 70°C. Initial pH and conductivity of the leachant were measured and the 

leach vessel containing the polythene and stainless steel holder with the Synroc 

specimens held between two granite discs at a distance of 2 mm was assembled as 

depicted in Figure 7.A.1. 

Following leaching, the Synroc specimens and granite samples were removed 

from the leachant and the pH and conductivity of the solution was measured. The leach 

assemblage was then divided into 6 separate samples to be analysed for actinides 

unfiltered solution, filtrate, vessel and holder, 0.45 JlIll filter, 2nm or 1000 MW filters 

and the granite. The flow chart in Figure 7.A.2 shows the treatment of the samples 

after leaching. In all cases, the actinide activity was determined according to the 

calculations given in Appendix 7B. 
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polythene leach ve~sel\ 

20 mL deionised water I 

stainless steel holder/_I- J 

.granitediscs~f_eit1l~~1 
Synroc containing either! 

__1--__ . ·c···-····· .

-ColesB~~c;~anitel . th.eactinidesI orI 
-Kambalda Granodiorite] mixed! fission products I 
. -R~;byDo~~sili;;cit~1 

Figure 7A.l Leach testing assemblagefor Synroc and granite under MCC-l static 

test conditions 0-28 days, 70°C. 

Activity in Solution 

Approximately 10 mL of the leachant was taken from the initial assemblage for 

actinide analysis using a-spectrometry. The remaining solution was filtered through a 

Millipore HA 25 mm diameter 0.45 Ilm membrane filter and then through either a 

Diapore 25 mm diameter, 2nm or Millipore PCAC 25 mm diameter 1000 MW 

ultrafiltration membrane filter, and a 10 mL aliquot of the fmal fIltrate was analysed for 

actinides by the same counting techinques. 

For the 239pu leach tests, activity in both the unfiltered and filtered solutions 

was deteInined from a near weightless source produced by electroplating. In this 

method which is shown in Figure 7.A.3, a 236Pu tracer at an activity of 1.3 Bq g-l for 

the IPG-leach test (granite absent and Coles Bay samples), 1.11 Bq g-l for the 3PG

leach test (Kambalda Granodiorite) and 1.11 or 1.02 Bq gc l for the 4PG-leach test 
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(Roxby Downs Granite) was added to a 10 mL aliquot of each of the solutions to 

determine chemical recovery (see Appendix 7B). Each sample was evaporated to 

dryness and taken up in <5 mL conc. HCI and evaporated to dryness. This procedure 

was repeated two times to ensure that all the actinides had been convened to chloride . 

form. The [mal precipitate was taken up in 12 mL 0.35 M ammonium acetate buffer 

solution and electroplated onto a 25 mm diameter stainless steel planchette at 500 mA 

and 8 V starting voltage for 1.5 hours. 

For the 237Np and 244Cm leach tests, a more rapid and improved procedure 

which was developed by Sill and Williams (1981), was used as shown in Figure 

7.A.3. This procedure avoided the use of a standard tracer and chemical recovery 

calculations. In this method, approximately 5 mL aliquots of the initial 1eachant 

(unfiltered sample) and the filtered sample were evaporated to dryness and the 

actinides taken up in 6 mL of 0.05 M alkaline EDTA in a centrifuge tube. The samples 

were placed in a boiling water bath for 2 minutes then 0.2 mL of 0.5 mg mL-1cerous 

nitrate, 2 drops of 25% w/v hydrazine dichloride and 2 mL 10 M NaOH were added 

and mixed. This solution was then digested for 10 minutes in continuously boiling 

water to allow hydroxides to form. Following cooling for 30 minutes, the sample was 

filtered through an invened 0.2 Ilm 25 mm diameter Tuffryn filter paper which was 

preconditioned with 5 mL of cerium suspension to form a substrate layer. Once dried, 

the filter paper was mounted onto a stainless steel planchette for counting by a

spectrometry. The activity in the sample is calculated by comparison of the count rate 

with that of a standard prepared in the same manner. 

Activity on Solid Surfaces 

The activity associated with the 0.45 Ilm and 2 nm or 1000 MW filter papers and both 

faces of the granite discs before and after leaching was determined using the a-track 

etch technique. In this method, the a-activity of the solid surface has been determined 

by placing the material in close contact with the a-particle sensitive plastic detector 

CR-39, which is composed of allyl-diglycol-carbonate and is available from 
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Pu-239 Np-237 Cm-244 

LEACHATE 

I 0.45 JlD1 filler I I 0.45 JlD1 filler ·1 
10mL 5mL 

I 2nmfilter IlOOOMW mler II 

I.-t Pu-239 tracer IOmL titrate 5 mL titrateI 

• 
Evaporate to dryness Evaporate to dryness 

" 

~EDTA I 

AddHCl• 2 minuteS 2 repetitions 
boiling water bath 

cerous nitrate 
hydrazine..Conven to chloride - ~' dichloride 
NaOH 

.. 
10 minutes Buffer \ boiling water bath 

-• 
Electroplate
 

500mA 1.5 hours
 .. 
Filtration 

Alpha Spectrometry 

.

Figure 7A3 Procedure for preparation and analysis of leachants containing the 

actinides. 



APPENDICES A:91 

Pershore Mouldings, UK. For the granite discs, clean and dust-free strips of CR-39 

were held in contact with each face of the disc between two perspex microscope slides, 

with correlating orientation marks defining their exact alignment, whereas the filter 

papers and CR-39 were taped together into a petri dish. The exposure time for these 

samples was determined from their expected activity, such that; 

3.5 
.....7.A.lt1 = -=fo""v----'A:

where tl =time of exposure (hours), fov =area of the counting grid (cm2) and 

A = sample activity (Bq g-1). For all of the granites and filter papers analysed, the 

calculated exposure time was 7 days. Following exposure, the CR-39 detectors were' 

etched in 6.25 M NaOH solution at 75 ± a.5°C for 6 hours to enhance the track image. 

The tracks were then counted in transmitted light using a Nikon optical microscope at 

400 x magnification. 

Two microscopes were used to correlate the occurrence of a-activity on the 

etch plates with the corresponding minerals on the polished granite disc faces. The a-

track etch was positioned on one microscope with an orientation mark defining its 

alignment, and the corresponding granite disc was positioned on a second microscope 

so that the alignment correlated with the etch plate. Comparison of the two images 

therefore provided a qualitative analysis of the relative uptake of the activity by the 

individual granite minerals. No quantitative analysis could be determined using this 

method, and therefore the results in Chapter 7 reflect a qualitative analysis only. 

Activity on the Leach Vessel 

For the 239Pu tests where the activity of the leachant was determined from a 

electroplated source, the activity associated with the vessel and holder was determined 

by liquid scintillation. After removal of any remaining leachant, the vessel (with the 

holder inside) was washed with 10 mL of deionised water which was decanted into a 

fresh polythene vial. The leach vessel was then refilled with 10 mL deionised water, 
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and 10 mL of 'Ins ta-gel' liquid scintillant was added to both the washings and the 

vessel. A separate standard of 239pu was prepared at a known activity of 0.96 Bq g-l 

and used to measure the efficiency of the detector. It was assumed that the solution and 

the material on the vessel had the same counting efficiency, which is considered to be " 

reasonable as the scintillant had extracted" most of the activity from the vessel walls 

(Reeve et al., 1987). The activity of the standard and each sample was then measured 

using a Packard Tri-carb model 2000CA liquid scintillation counter. 

For the 237Np and 244Cm tests samples were prepared by a concentrated nitric 

acid wash followed by the cerium hydroxide precipitation method. After removal of 

the flnalleachant, the vessel and holder were washed by shaking in 20 mL of conc. 

HN03 for 2 hours, which was repeated twice to ensure all activity was removed. The 

washings were combined to give a total volume of 60 mL and this solution was then 

treated in the same manner as for the leachants to produce a 0.2 JlDl Tuffryn fllter 

paper for analysis by a-spectrometry. After acid washing, some containers were also 

counted using the liquid scintillation technique to ascertain that all the activity had been 

removed from the vessel walls. Within the detection limits, the activity remaining on 

the vessel walls after acid washing was the same as the detector background. 



Appendix 7B 

Calculation of activity and leach rates
 

The Actinides
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Appendix 7D 

For each of the leach tests, Synroc Batches #Pu-7 containing 12 MBq 239pu 

per gram, #Np-6 containing 0.26 MBq 237Np per gram and #Cm-3 containing 12.9 

MBq 244Cm per gram were used. The activity of the prepared leachant and filtrate 

samples (see Appendix 7A), was measured by a-spectrometry using either ORTEC 

476 or Alpha-King model dual a-spectrometers which contain 25 mm diameter 

silicon-surface barrier detectors (depletion depth of -100 ~). Signals were passed 

from each detector through a Nuclear Data ND 568 mixer-router and collected over 

512 channels of either a Nuclear Data ND 62 or a PC-based multi-ehannel analyser in 

a 3.0 - 8.0 MeV or 4.0 - 7.0 MeV energy range. Counting periods were selected to 

achieve optimal counting statistics and ranged from 1 hour for the most active samples 

to 72 hours for the very low activity samples. a-peaks for each nuclide were manually 

selected for the measured energies shown in Table 7.R1. 

Radionuclide energy (MeV) abundance (%) 

Plutonium-236 5.720 30.9 

Plutonium-236 5.767 68.9 

Neptunium-237 4.638 6.18 

Neptunium-237 4.663 3.32 

Neptunium-237 4.765 8.0 

Neptunium-237 4.770 25.0 

Neptunium-237 4.787 47.0 

Neptunium-237 4.802 3.0 

Plutonium-239 5.105 11.5 

Plutonium-239 5.143 15.1 

P1Ulonium-239 5.155 73.3 

Curium-244 5.805 76.4 

Curium-244 5.763 23.6 

Table 7.B.! Energies and abundances of the major peaks for the a-emitting isotopes 

measured in the actinide-doped SYNROC and granite leach tests. 
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The activity of the vessel walls and holders was measured either by liquid 

scintillation counting (239Pu) or a-spectrometry (237Np and 244Cm), and for solid 

surfaces (granite and filter papers) the a-track etch technique was used. 

7B.1 Specific Activity 

To calculate the release of 239pu, 237Np and 244Cm activity from the Synroc 

into solution, the specific activity of each nuclide is required. This has been calculated 

from; 

.....7.B.l 

where S is the specific activity of the nuclide, A is the atomic mass number of the 

nuclide, NA is Avogadro's Number and A. is the decay constant of the nuclide. Since 

NA = 6.023 x 1023 and 

.....7.B.2 

for lo.s is the half-life of the nuclide, then 

23
0.693 6.023 X 10

S = x .....7.B.3 
Ato.5 

in Bequerels per gram of nuclide (Bq g-l). This assumes that the sample contains only 

one active radionuclide species. For these samples, the specific activities of the 

nuclides (Bq g:-l) are given in Table 7.B.2. 
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nuclide specific activity (Bq g-I) 

239pu 2.29 x 109 

237Np 2.62 x 107 

244Cm 3.00 x 1012 

Table 7.B.2 Specific activities (Bq g-l) for the nuclides 239Pu, 237Np and 244Cm. 

7B.2 Counting Standards 

For 237Np and 244Cm, a counting standard of known concentration was 

prepared from the same original nuclide stock solution as the Synroc sample. The 

activity of the nuclide in the counting standard was measured from a sample prepared 

following the same procedure as the other leachants. The expected activity of the 

nuclide was calculated from its known concentration in the counting standard and the 

specific activity (Table 7.B.2) such that; 

C = c S .....7.BA e s 

where Ce is the expected counts from the counting standard, Cs is the concentration of 

the nuclide in the counting standard and S is the specific activity of the nuclide. The 

concentration of the nuclide and its activity in the counting standards for 237Np and 

244Cm are given in Table 7.B.3. 

Concentration Activity 

(g mL-1) (Bq) 

237Np 5 x 10-9 0.131 

244Cm 4.36 x 10-14 0.131 

Table 7.B.3 Concentration ofnuclide in the counting standard and its activity
 

(expected counts) for 237Np and 244Cm.
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7B.3 Activity in Synroc 

The activity of each nuclide present in the Synroc samples has been calculated 

from; 

Ss = ..... 7.B.5 

where Ss is the activity of the nuclide in Synroc (Bq actinide g-1 Synroc), Cs is the 

concentration of nuclide in the original stock solution (g mL-1) and S is the specific 

activity of the nuclide (see Table 7.B.2). For 239Pu, the activity in Synroc is 1.2 x 107 

Bq 239pu g-1 Synroc (see Table 7.BA), and for 237Np and 244em, the values used to 

calculate Ss are given in Table 7.B.4. 

v WT Cs Ss 

239pu 1.2 x 107 

237Np 16 79.3 0.05 2.64 x 105 

244em 8.5 78.7 4x 10-5 1.29 x 107 

Table 7.B.4 The values used to calculate the activity of239Pu, 237Np and 244Cm in 

Synroc. 

7B.4 Activity in Solutions - leachate andfiltrate 

For 239Pu, activity of the leachates and filtrates was calculated from the counts 

under each a-peak and the recovery of a tracer of known activity. For these samples, 

236pu was used as the standard tracer as the energy of its main a-peak was 

sufficiently different from 239pu to minimise interference (see Table 7.B.l). The 
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chemical recovery of the tracer varied between 10 and 50% for all tests and was 

calculated according to the equation; 

.....7.B.6 

where Y is the chemical yield of the sample (%), Ct is nett counts of the standard 

236pu, tt is the counting time of the standard in minutes, DE is the detector efficiency, 

Wt is the weight of the tracer standard 236pu added to the sample and at is the activity 

of the tracer standard 236pu, which was 1.3 Bq g-l for 1PG- and 2PG-Leach, and 

1.11 Bq g-l for 3PG- and 4PG-Leach. The detector efficiency for these detectors has 

been measured on a calibrated standard using the same chemical preparation 

techniques (see Appendix 7A), and is calculated to be 26.14% for the OR1EC (l

sepctrometers. This value is assumed to be constant for all of the spectrometers used. 

The value for recovery has been used to determine the activity of the leachates 

and fIltrates, such that; 

Cs 
.....7.B.7A = -:-t---;D""E~6';;-0 """;'R"-;-L 

s 

where A is the activity of the sample (Bq), Cs is the nett counts of the sample, ts is the 

counting time for the sample in minutes, R is the recovery (%) and L is the volume 

correction factor = 100. The value of 60 converts the count rate (disintegrations per 

minute) to counts per second. 

From the calculated activity of each sample, a normalised leach rate was then 

determined according to equation 7.B.8; 
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A 
R = ~-;:-;- ..... 7.B.8 

Ss SA t 

where R is the total leach rate for the solution in grams per square metre per day (g m-2 

day-I), A is the calculated activity of the sample (Bq), Ss is the activity of the 239Pu in 

the Synroc (Bq 239Pu g-t Synroc), SA is the measured surface area of the Synroc 

sample (m2) and t is the leach period (days). The activity of 239pu in these Synroc 

samples is given in Table 7.BA. 

237Np and 244Cm 

For 237Np and 244em, activity was calculated from the counts under the major 

a-peak of each nuclide assuming 100% recovery of the nuclide during sample 

preparation. The activity was calculated according to the equation; 

C V 
A = _=,s'=--= .....7.B.9 

t DE 60 s 

where Cs is the nett counts of the sample, ts is the counting time of the sample in 

minutes, DE is the detector efficiency for these samples, 60 converts counts 

(disintegrations per minute) to counts per second and V is the factor correcting activity 

in the aliquot to the total volume of the leachate as follows; 

V = 20 .....7.B.I0
V 

s 

where 20 is the volume of the leachant (constant for all these samples) and Vs is the 

sample aliquor-volume. 

The detector efficiency was calculated from the ratio of the measured to 

expected counts in the counting standard such that; 
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C 
DE = ~ x 100% ....7.B.ll

C 
e 

where Cm is the measured counts for the sample (in counts per second) and Cc is the 

expected counts (counts per second). The expected counts (= Activity) are given in 

Table 7.B.3, the measured counts are taken from the average of duplicate samples of 

the counting standard which were prepared following the same procedure as for the 

unknown solutions (see Appendix 7A). The measured counts and DE for 237Np and 

244em are given in Table 7.B.5. 

Cm (cos) DE(%) 

237Np 1.93 x 10-2 14.7 

244Cm 2.08 x 10-2 15.9 

Table 7.B.5 Measured counts and the calculated detector efficiency for 237Np and 
244Cm. 

From the calculated activity of each sample, a normalised leach rate has been 

determined following equation 7.B.8. 

7B.5 Vessels 

239pu 

The activity associated with the vessel walls was calculated from; 

C t a 
A = ' t I .....7.B.12 

t, Ct 

where A is the activity (Bq), Cs and Ct are nett counts of the sample (s) and standard 

(t), Ts and tt are the counting times for the sample (s) and standard (t) (minutes), and 
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at is the activity of the 236pu standard (Bq) which equals 2.275 Bq for IPG-Leach, 

0.271 Bq for 2PG-Leach, 0.236 Bq for 3PG-Leach, 1.751 Bq for 4PG-Leach. From 

this activity, the normalised leach rate for the vessel was calculated according to 

equation 6.B.8. No volume correction was required. 

237Np and 244Cm 

For 237Np and 244Cm, the activity associated with the vessel walls can be 

calculated according to equation 7.B.B; 

.....7.B.13 

where Cs is the nett counts for the sample, ts is the counting time for the sample 

(minutes), DE is the detector efficiency given in Table 7.B.5 (%), and 60 converts 
/ 

dpm to counts per second. The normalised leach rates were then calculated according 

to equation 7.B.8. 

7B.6 Granites 

For the granite samples for 239pu, 237Np and 244Cm, the thickness (z) of the 

a-emitting material exposed to the detector is assumed to be much smaller than the 

range of the a-particle (RI) in the source material (Le. Z<<RI) (Ring et al., 1988). 

Consequently, only the surface activity (an infmitely thin source material) may be 

measured using the a-track etch technique. In this case, the surface activity of the 

granite was calculated from; 

C 
A = s .....7.B.14 

t DE f 
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where As is the surface activity (Bq cm-2), Cs is the nett counts of the sample, t is the 

exposure time (seconds), DE is the detector efficiency and f is the field of view, or 

area counted (cm2). For the detector efficiency it is assumed that all the a-particles 

leaving the surface in the forward plane (i.e. 50% of the total) will strike the external 

detector (CR-39), however a correction must be made for the a-particles not revealed 

by etching of the CR-39. Thus for CR-39. the detector efficiency has been determined 

from; 

DE = 0.5 (l - sin Bc) .....7.B.15 

where DE is the detector efficiency (%), Bc is the critical angle of track registration. 

For these samples, Bc = 20°, and (l - sinBc) = 0.66, thus; 

DE = 0.5 x 0.66 = 0.33 

The total activity of \he sample has \hen been calculated from; 

A = A a .....7.B.16 s 

where A is the total activity of the granite sample (Bq), As is \he surface activity of the 

sample (Bq cm-2) and a is the total surface area of the granite discs (cm2). From this 

activity, a normalised leach rate for the granite has been determined according to 

equation 7.B.8. No volume correction was required. 

7B.7 Filter Papers 

Surface activity for the fIlter papers was determined from; 
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C V 
A = ----0'::-;0:--;:: ..... 7.B.17 

, t DE f 

or V determined from equation 7.B.ll, with Vs being 10 mL for the PG-Leach tests 

and 15 mL for the NG- and CG-Leach tests. The total activity A has been calculated 

from equation 7.B.16, and the normalised leach rate has also been determined from 

equation 7.B.8. 
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Results:
 

Actinide Leach Tests for Synroc alone
 

and in the presence of the Coles Bay Granite,
 

KambaltUl Granodiorite and the Roxby Downs Granite
 



Distribution of Pu-239 as Activity (Bq) and Leach Rate (g/sq. m/day) 
a) f!ranite absent and b) in the nresence of the Coles Bav Granite. 

sample ACTIVITY LEACH RATE PERCENT ACTIVITY LEACH RATE PERCENT ACTIVITY LEACH RATE PERCENT 
B:l '/<n. mlda. % Ib 21so. mlda. % Ib ./<n. mlda. % 

IPG-I IPG-2 IPG-3 
GRANITE ABSENT 

unfiltcrcd 8.20£-02 1.59£-06 1.79£-01 3.46£-06 128E-OI 2.46£-06 
filtered 6.73£-03 1.30£-07 1.12% 1.09E-OI 2.10£-06 17.96% 320E-02 6.19£-07 6.45% 
vc!\~cl 554£-01 1.07£-05 91.80% 4.70£-01 9.07£-06 77.45% 4A2E-OI 855£-06 89.09% 

filter paper 0.45Jlffi 3.73£-02 7.2 1B-07 6.19% 2.38B-02 4.60E-07 3.93% 1.93E-02 3.73E-07 3.89% 
filter paper 2nm 5.37£-03 1.04£-07 0.89% 4.05E-03 7.82E-08 0.67% 2.81E-03 5A3E-08 0.57% 

IPG-4 IPG-5 IPG~  

Coles Boy Granite 
unfillcrcd 1.73£-02 3.34£-07 1.76£-01 3.41£-06 1.95E-OI 3.76E-06 

mtered 3.47£-02 6.71£-07 10.52% 2.07£-02 3.99E-07 9.04% 3.19£-02 6.16E-07 11.17% 
vessel 255£-01 4.93£-06 77.29% 1.78£-01 3.44£-06 77.88% 220£-01 425E-06 76.98% 

granite 3.35£-02 6.48£-07 10.16% 2.39£-02 4.61E-07 10.45% 2.75E-02 5.31£-07 9.62% 
filter paper 0.45Jlffi 2.10£-03 4.07£-08 0.64% 2.99£-03 5.78£-08 1.31% 2.90£-03 5.61£-08 1.02% ». 

filter paper 2nffi 4.62£-03 8.93£-08 1.40% 3.03£-03 5.85£-08 1.33% 3.47£-03 6.71£-08 1.22% ~ 

4PG-4 4PG-5 4PG-6 r>l 
Roxby Downs Granite ~ 

unfiltercd 
filtered 
vessel 

1.13£-01 
4.04£-02 
2.82l!-01 

2.18£-06 
7.80£-07 
5.44&06 

10.63% 
74.10% 

7.35£-02 
1.16£-01 
2.77£-01 

1.42E-06 
2.23£-06 
5.35E-06 

26.20% 
62.67% 

257£-02 
3.35E-02 
2.31E-OI 

4.96£-07 
6A8E-07 
4.46E-06 

10.18% 
70.09% 

B 
granite 5.70£-02 1.10£-06 14.99% 4.83£-02 9.33E-07 10.94% 6.4IE-02 124E-06 19.47% 

filter paper 0.45Jlffi 2.13£-03 1.08B-08 0.15% 1.90£-03 9.64E-09 0.11% 1.95E-03 9.93E-09 0.16% 
filter Daocr 2nm 1.95£-03 9.93E-09 0.14% 1.27£-03 6.43£-09 0.08% 129E-03 654E-09 0.10% 

3PG-4 3PG-5 3PG~ 

Kamba/da Granodiorite 
unfiltcred 1.36£-02 2.63£-07 5.69£-02 1.10£-06 3.12E-02 6.02E-07 

mtered 3.88£-02 7.49£-07 11.72% 4.04£-02 7.82£-07 9.46% 2.61E-02 5.05E-07 8.32% 
vessel 1.70£-01 329£-06 51.40% 2.13£-01 4.12E-06 49.83% 157£-01 3.04£-06 50.08% 

Kranilc 7.44£-02 1.44£-06 2250% 7.56£-02 1.46E-06 17.70% 7.03E-02 1.36£-06 22.37% 
filler paper O.45l!1ll 9.03E-03 1.74£-07 2.73% 1.65E-02 3.19E-07 3.86% 5.4IE-03 1.05E-07 1.72% 

filler paper 2nm 3.85£-02 7.45£-07 11.65% 8.19£-02 1.58£-06 19.16% 550£-02 1.06£-06 17.51% 

». 
;.:. 
~ 



Distribution of Np.237 as Acti,lty (Bq) and Leach Rate (g/sq. m/day) In the presence 
of the Coles Bay Granite. Kambalda Granodiorite and OI.malc Dam !!ranile. 

sample ACTIVITY LEACH RATE PERCENT ACTIVITY LEACH RATE PERCENT ~CTIVITY  LEACH RATE PERCENT 
8l I!fsa. mlda. % BJ l!!so. mlda. % BJ ~/so. mlda. % 

!NG-I ING-2 ING-3 
GRANITE ABSENT 

unfI1tered 3.06E-OI 2.11E-04 3.74E-llI 2.23E-04 2.33E-OI 1.62E-{)4 
filtered 2.17E-OI I.S0E-04 78.3S% 7.69E-llI 459E-04 93.23% 2.43E-OI 1.69E-{)4 80.58% 
vessel 4.09E-02 2.83E-OS 14.77% 3.70E-lJ2 2.21E-OS 4.49% 4.14E-02 2.88E-lJS 13.72% 

filter paper O.4S11ffi 8.3SE·03 S.80E-06 3.03% 7.21E-lJ3 4.32E-06 0.88% 6.98E-03 4.87E-1l6 2.32% 
filter paper IODOMW I.06E-02 7.37E-06 3.8S% 1.16E-lJ2 6.92E-06 1.40% I.02E-02 7.1DE-06 3.38% 

lNG-4 ING-S ING-6 
Coles Bay Granite 

unflltcred 1.17E-Ol 7.67E-OS I.3IE-lll 8.64E-OS IAIE-Ol 9.46E-OS 
filtered 1.28E-Ol 8AIE-OS 79.31% 1.86E-llI I 22E-04 83.5S% I.60E-OI 1.08E-{)4 69.56% 
vessel I.64E-02 1.08E-OS 10.16% 1.81E-lJ2 1.19E-OS 8.12% 2.S6E-02 I.72E-OS 11.11 % 
granilc 

filler paper O.4S11ffi 
9.40E-03 
4.19E-03 

6.20E-06 
2.76E-06 

S.8S% 
2.61% 

9.77E-ll3 
2.0IE-ll3 

6.4SE-06 
1.32E-06 

4.40% 
0.90% 

I.54E-02 
2.56E-03 

I.04E-OS 
1.73E-06 

6.71% 
1.12% 

». 
~ filter paper IODOMW 3.33E-03 2.20E-06 2.07% 6.70E-ll3 4.42E-06 3.02% 2.64E-02 I.78E-llS 1150% t'J 

2NG-I 2NG-2 2NG-3 ~ Kamba/da Granodiorite 
unfI1leted l.7SE-Ol 1.12E-04 1.6SE-llI 1.14E-04 2.ISE-0l 1.48E-04 

r; 
t'J 

filleted 7.54E-02 4.80E-OS 6S.02% 1.19E-lJI 8.20E-OS 83.06% 2.17E-OI 150E-04 88.77% '" 
vessel 1.96E-02 I.25E-OS 16.92% 1.33E-ll2 9.20E-06 9.32% 1.31E-02 9.00E-06 S.3S% 
granilc S.88E-03 3.7SE-06 S.08% 4.19E-ll3 2.90E-06 2.94% 7.30E-03 S.04E-1l6 2.99% 

filter paper O.4S11ffi 3.20E-03 2.04E-06 2.77% 2.01E-lJ3 1.39E-06 1.41% 4.7SE-03 328E-1l6 1.9S% 
filter paper IODOMW 1.18E-02 7.53E-06 10.22% 4.65E-ll3 3.22E-06 3.27% 2.3IE-03 159E-1l6 0.9S% 

3NG-1 3NG-2 3NG-3 
Rorhy Downs Granite 

unfI1tercd 4.0SE-02 2.59E-OS 2.37E-ll2 I.S6E-OS I.40E-02 9.4SE-1l6 
filtered 2.92E-02 1.87E-OS 42.04% 2.96E-ll2 1.94E-OS 38.93% 2.82E-02 1.90E-llS 41.7S% 
vessel 2.04E-02 1.30E-OS 29.34% 1.03E-ll2 6.76E-06 13.54% I.D9E-02 7.32E-06 16.09% 
gmniLc 1.06E-02 6.79E-06 15.28% 1.91E-ll2 1.26E-OS 25.29% 1.41E-02 9.5IE-1l6 20.90% 

filter paper 0.4511ffi 2.87E-03 I.84E-06 4.14% 2.72E-ll3 1.79E-06 3.59% 2.06E-03 1.39E-1l6 3.06% 
filter paper IODOMW 6.37E-03 4.D9E-06 9.20% 1.41E-ll2 9.32E-06 18.6S% I.22E-02 828E-1l6 18.20% 

». 
>.:.. 
:§; 



Distributio. of Cm-244 as Activity (IJq) alld Leacll Rate (g/sq. m/day) ill tile prestllce 
of the Colts Ball Granite. Olvmp;c Dam Granite and the Kambalda Grallodiorite. 

sample ACTIVITY LEACH RATE PERCENTIACTIVITY LEACH RATE PERCENTiACTIVITY LEACH RATE PERCENT
 
III ,",sq. m1dav % I III "'SQ. m1dav % I 1l:I "'SQ. m1dav %
 

lCG-l I ICG-2 I lCG-3
 
GRANITE AIJSENT 

unfillcrcd 3.28E-1l1 4.mE-05 1.87E+00 2.36E-04 3.75E-Ol 4.37E-1l5
 
fillcrcd 4.49E-1l3 5.56E-07 0.35% 8.44E-02 1.06E-05 5.04% 4.42E-02 5.16E-1l6 3.47%
 
vessel 1.28E+OO 1.58E-04 98.93% 1.58E+00 1.99E-04 94.69% 1.23E+OO 1.43E-04 96.41%
 

filler paper 0.45/lm 8.40E-02 1.13E-06 0.71% 3.78E-02 5.17E-07 0.25% 1.21E-02 1.53E-1l7 0.10%
 
filler mlPcr l000MW 1.03E-1l3 1.39E-08 0.01% 2.89E-03 3.95E-08 0.02% 2.55E-03 3.23E-1l8 0.02%
 

2CG-l 2CG-2 2CG-3
 
Kambalda Granodjorite 

unfiltcrcd 1.33E-1l3 1.61E-07 2.53E-03 3.10E-07 1.14E-02 1.42E-1l6
 
fillcrcd 2.29E-1l4 2.77E-08 0.49% 7.4IE-04 9.10E-08 1.10% 3.36E-03 4.19E-1l7 1.82%
 
vessel 4.56E-1l2 5.52E-1l6 96.82% 657E-02 8.06E-06 97.59% 1.80E-Ol 2.25E-1l5 97.40%
 
granite 2.84E-1l3 3.74E-08 0.66% I.11E-03 1.48E-08 0.18% 6.42E-03 8.70E-1l8 0.38%
 :»

filler paper 0.45/lm 3.15E-1l3 4. 15E-08 0.73% 2.84E-03 3.80E-08 0.46% 2.72E-03 3.69E-1l8 0.16% :g
filter paper l000MW 5.66E-03 7.46E-08 1.31% 4.14E-03 5.53E-08 0.67% 4.16E-1l3 5.65E-1l8 0.24% 

lCG-4 lCG-5 lCG-{) ""i§ 
Co/es Bay Granite i') 

unfJltercd 5.IOE-1l3 6.24E-07 7.37E-03 9.37E-07 I.66E-02 2.07E-1l6 
filtered 4.18E-1l3 5.11E-1l7 8.87% 2.35E-02 2.99E-06 35.28% 9.03E-03 1.13E-1l6 15.93% '""" 
vessel 4.28E-1l2 5.23E-06 90.88% 4.29E-02 5.45E-06 64.24% 4.74E-02 5.91E-1l6 83.59% 
granite 4.47E-1l4 5.95E-09 0.10% 1.66E-03 2.29E-08 0.27% 1.19E-03 1.61E-1l8 0.23% 

filter paper 0.45Jlffi 2.78E-1l4 3.70E-09 0.06% 624E-04 8.63E-09 0.10% 5.37E-04 7.29E-1l9 0.10%
 
filler paper lOOOMW 3.53E-04 4.70E-09 0.08% 6.46E-04 8.94E-09 0.11% 7.59E-04 1.03E-08 0.15%
 

3CG-l 3CG-2 3CG-3
 
Roxby Downs Gran.ite 

unfJ1lcred 1.01E-1l2 5.39E-07 1.42E-1l3 7.84E-08 7.13E-03 3.85E-1l7
 
filtered 1.49E-03 7.95E-08 11.97% 6.97E-03 3.78E-07 32.10% 3.38E-03 1.82E-1l7 23.34%
 
vessel 2.22E-02 2.99E-07 45.05% 4.27E-02 5.86E-1l7 49.69% 1.76E-02 2.37E-1l7 30.35%
 
granite 1.27E-02 1.70E-1l7 25.63% 5.94E-03 8.10E-08 6.87% 1.89E-02 254E-1l7 32.57%
 

filler paper 0.45/lm 4.57E-03 6.14E-1l8 9.24% 3.96E-03 5.40E-08 4.58% 3.25E-03 4.37E-1l8 5.59%
 
filler paper lOOOMW 4.01E-03 5.39E-08 8.11% 5.84E-03 7.96E-08 6.76% 4.75E-03 6.38E-1l8 8.16%
 

:»
:.:.. 
CO> ..... 
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Appendix 8A 

Two Synroc batches were used in the leach testing of the three different 

granites (Coles Bay Granite CB 669, Kambalda Granodiorite KD 776 and Roxby 

Downs Granite RD 10(0) with Synroc doped with the mixed fission products - HAS 

and HA6. The two Synroc batches were prepared in the hot-cell facility at the Lucas 

Heights Research Laboratories of the Australian Nuclear Science and Technology 

Organisation according to the specifications outlined in Reeve et aI., (1987), and 

contained the isotopes 95Zr, 95Nbf95Zr, 103Ru, 106Rh/106Ru, 125Sb, 129Te, 1311, 

137Cs, 140Ba, 14OLa/140Ba, 141Ce, 144Prfl44Ce and 144Ce (where two isotopes are 

grouped, the first is a shott-lived daughter of the second isotope). The waste slurry 

was derived from 99Mo production and both HAS and HA6 had a total activity at 

manufacture of 10 TBq. The waste loading, preparation characteristics and production 

specifications are given in Table 8.A.I. 

Specifications HAS HA6 

Batch type 'Sandia' 'Sandia' 

Waste type PW-4b-D PW-4b-D 

(uranium omitted) (uranium omitted) 

Waste loading 10% 10% 

Hot Pressing rc 1200 1200 

Hot Pressing P(MPa) 13.6 15 

Stock solution volume (mL) 240 249 

Final Weight (g) 75.5 1.3 

Table 8A.1 HAS and HA6 Synroc batch production specifications. 

Following leach testing of the Synroc specimens with the granites (see 

Appendix 7A), the y-activities of the all of the isotopes in the samples (total, unfiltered 

solution, filtered solution, filter paper, vessel and granite) were measured using a Ge 
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(Li) or Gamma-X HP Ge coaxial y-ray detector on the peaks of y-energies for the 

isotopes given in Table 8.A.2. 

Isotope half-life' decay mode peak 

energy (keV) abundance (%) 

95NIIl5Zr 64.0 d Y 765.83 100 
95Zr 64.0 d ~-. Y 756.74 55.5 

724.23 45.5
 
103Ru 39.35 d ~-. Y 497.08 86.4
 

610.33 5.3
 
106Rh!I06Ru
 368 d 511.80 20.6Y 

. 621.80 9.8
 
125Sb 2.77 a ~-, y 427.90 29.5
 

636.00 11.3
 
129Te 34.1 d ~-. Y 459.60 7.1
 
1311
 8.02 d ~-. Y 364.48 81.2
 
137Cs 30.17 a ~-. y 661.65 90.0
 
l4OLaJ140Ba 12.75 d ~-. Y 1596.49 95.5
 

815.85 22.5 

487.03 43.0 

328.77 18.5
 
140Ba 12.75 d ~-, Y 537.32 20.0
 

423.81 2.5 
. 

304.83 3.4 

163.40 5.6
 
141Ce
 32.5 d ~-. Y 145.44 48.0 
144Pr/I44Ce 284.8 d ~-, Y 696.49 10.8
 
144Ce
 284.8 d ~-, Y 133.53 10.8 

Table 8.A.2 The half-life, decay mode and peak energies and abundances for the 

mixedfission product isotopes incorporated into Synroc batches HAS and HA6 . ' = d 

is days and a is years. 
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Counting periods varied with individual samples and were selected to achieve 

optimal counting statistics. For some of the isotopes, multiple peaks of varying y-

energies were detected, and the activity was calculated from the counts under the most 

abundant peaks with the best resolution. The half-lives, y-energies and abundances of 

the peaks detected are given in Table 8.A.2. 

The activity of each sample was calculated as a normalised leach rate (in grams 

per square metre per day) from the following equation; 

.....8.A.I 

where Q is the normalised leach rate (g m-2 day-I), Cs and Ct are the nett 

counts for the sample and the Synroc feed standard, ts and tt are the counting times in 

seconds for the sample and Synroc feed standard, Vs and Vtare the sample volumes in 

mL for the sample and Synroc feed standard, Wt is the concentration of waste 

elements in the original waste stock solution (g mL-I), SA is the surface area of the 

individual Synroc disc (m2), T is the leach period in days, dr is the decay correction 

and! is the dilution factor for the production of the Synroc feed standard which has 

been made from the original waste stock solution. 

The decay correction has been calculated from the equation; 

-A , 
d, = e .....8.A.2 

where t is the time elapsed between original Synroc batch production and activity 

measurement (in days), and Abeing 

0.693
1..--- .....8.A.3 
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for to.5 is the half-life of the isotope in days which is given in Table 8.A.2. The 

dilution factor for both HA5 and HA6 Synroc batches has been calculated from the 

known volume of waste elements in the original stock solution and the mass of Synroc 

produced, and the aliquots taken to prepare the feed standard. The factors which 

remain constant in this calculation for each of the Synroc batches are given in Table 

8.A.3 (Le. Wt,f, V(, T). 

Sample Wt Vt(mL) T (days) f 

HA5-l 0.3146 20 28 2.0 x 1()4 

HA5-2 0.3146 20 105 2.0 x 1()4 

HAS-3 0.3146 20 28 2.0 x 1()4 

HA6-1 0.3655 18 28 5597.8 

Table 8A.3 Waste element concentration,jeed standard volume, leaching period 

and dilutionfactorsfor HAS-I, HAS-2, HAS-3 and HA6leach tests. 

The surface area has been calculated from the known diameter and thickness .of 

each Synroc specimen and from the equation; 

..... 8.AA 

for SA is the surface area (m2), d is the diameter (m) and H is the thickness of 

the Synroc specimen (m). The other variable factors (Vs, SA, A, pH and conductivity) 

for each of the samples measured (total, unfiltered solution, filtered solution, paper, 

vessel and granite) are given in Tables 8.AA and 8.A.5. 

The errors associated with the normalised leach rates have been based on 

measured errors and counting statistics and are calculated from; 
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es x 1.96] 
20- = C Q .....8.A.5[ s 

for a 20- error at the 95% confidence interval, and es is the measured error from 

the number of counts under the selected isotope peak, Cs are the measured nett counts. 

and Q is the normalised leach rate (g m-2 day- I) calculated from equation 8.A.1. 

Sample Vs SA dt Sample Vs SA dt 
.,'.<HAS-lA 
.. 

HAS-ID 

total 18 1.96 x 10-4 56 total 15.3 1.96 x 10-4 56 

unfiltered 20.7 1.96 x 10-4 57 unfiltered 18 1.96 x 10-4 63 

vessel 20.7 1.96 x 10-4 57 vessel 18 1.96 x 10-4 63 

filtered 20.7 1.96 x 10-4 57 filtered 18 1.96 x 10-4 64 

filter paper 20.7 1.96 x 10-4 62 filter paper 18 1.96 x 10-4 64 

granite 20.7 1.96 x 10-4 66 

HAS-IB HAS-lE 

total 15.3 1.95 x 10-4 56 total 15.3 1.96 x 10-4 56 

unfiltered 18 1.95 x 10-4 62 unfiltered 18 1.96 x 10-4 64 

vessel 18 1.95 x 10-4 62 vessel 18 1.96 x 10-4 64 

filtered 18 1.95 x 10-4 62 filtered 18 1.96 x 10-4 64 

filter paper 18 1.95 x 10-4 62 filter paper 18 1.96 x 10-4 65 

granite 18 1.95 x 10-4 66 

HAS-IC HAS-IG 

total 15.3 1.95 x 10-4 56 total 15.3 1.88 x 10-4 56 

unfI1tered 18 1.95 x 10-4 63 unfiltered 18 1.88 x 10-4 65 

vessel 18 1.95 x 10-4 63 vessel 18 1.88 x 10-4 65 

filtered 18 1.95 x 10-4 63 filtered 18 1.88 x 10-4 70 

filter paper 18 1.95 x 10-4 63 filter paper 18 1.88 x 10-4 66 

I granite 18 1.95 x 10-4 68 

Table 8.A.4 a) Sample volume, surface area of Synroc and time elapsed between 

Synroc production and activity measurementfor a) leach test HA5-1 Coles Bay 

Granite. The larger Vs in the individual samples (with respect to the tocal) is a result of 

the greater volume of liquid which was required to maintain constant geometry for y. 

counting. 
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Sample Vs SA dt Sample Vs SA dt 

HAS-2A HAS-2D 

total 15.6 1.96 x 10-4 161 total 15.9 1.96 x 10-4 162 

unfiltered 18.0 1.96 x 10-4 162 wrliltered 18.5 1.96 x 10-4 162 

vessel 16.0 1.96 x 10-4 163 vessel 16.5 1.96 x 10-4 166 

filtered 18.2 1.96 x 10-4 168 filtered 18.5 1.96 x 10-4 169 

filter paper 18.5 1.96 x 10-4 169 filter paper 18.9 1.96 x 10-4 169 

granite 16.9 1.96 x 10-4 174 

HAS-2B HAS-2E 

total 16.0 1.95 x 10-4 161 total 16.3 1.96 x 10-4 162 

unfiltered 18.6 1.95 x 10-4 162 unfiltered 18.7 1.96 x 10-4 163 

vessel 17.1 1.95 x 10-4 166 vessel 16.7 1.96 x 10-4 166 

filtered 18.8 1.95 x 10-4 168 filtered 19.1 1.96 x 10-4 170 

filter paper 19.0 1.95 x 10-4 168 filter paper 18.5 1.96 x 10-4 170 

granite 17.2 1.95 x 10-4 174 

HAS-2e HAS-2G 

total 15.1 1.95 x 10-4 161 total 15.4 1.88 x 10-4 162 

unfIltered 18.1 1.95 x 10-4 162 unfiltered 17.5 1.88 x 10-4 163 

vessel 16.4 1.95 x 10-4 166 vessel 16.0 1.88 x 10-4 166 

fIltered 18.5 1.95 x 10-4 167 filtered 17.9 1.88 x 10-4 173 

filter paper 18.4 1.95 x 10-4 169 filter paper 17.9 1.88 x 10-4 173 
-

granite 17.0 1.95 x 10-4 175 

Table 8.AA b)Sample volume, surface area of Synroc and time elapsed between 

Synroc production and activity measurementfor b) leach test HAS-2 Coles Bay 

Granite. The larger Vs in the individual samples (with respect to the total) is a result of 

the greater volume ofliquid which was required to maintain constant geometry for ?'" 

counting. 
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Sample Vs SA d( Sample Vs SA d( 

HAS-3A HAS-3D 

total 18.5 1.96 x 10-4 397 total 18.8 1.96 x 10-4 398 

vessel 18.5 1.96 x 10-4 398 vessel 18.8 1.96 x 10-4 400 

gramte. " 18.8 1.96 x 10-4 404 ho1deril 18.4 1.96 x 10-4 406 

ho1deril 18.6 1.96 x 10-4 407 filtered 18.8 1.96 x 10-4 419 

filtered 17.9 1.96 x 10-4 418 

HAS-3B HAS-3E 

total 18.6 1.96 x 10-4 397 total 19.6 1.96 x 10-4 398 

vessel 18.6 1.96 x 10-4 399 vessel 19.6 1.96 x 10-4 401 

granite" 18.0 1.96 x 10-4 405 ho1deril 18.7 1.96 x 10-4 406 

ho1deril 18.5 1.96 x 10-4 411 filtered 18.5 1.96 x 10-4 419 

fIltered 18.2 1.96 x 10-4 418 

HAS-3C HAS·3G 

total 18.8 1.96 x 10-4 398 total 19.3 1.96 x 10-4 398 

vessel 18.8 1.96 x 10-4 399 vessel 19.3 1.96 x 10-4 404 
. " gramte 18.8 1.96 x 10-4 405 ho1deril 18.0 1.96 x 10-4 407 

ho1deril 18.4 1.96 x 10-4 412 filtered 18.4 1.96 x 10-4 420 

filtered 17.9 1.96 x 10-4 419 

Table 8.A.4 c) Sample volume, surface area of Synroc and time elapsed between 

Synroc production and activity measurementfor c) leach test HAS-3 Kambalda 

Granodiorite "= granite measured in holder; # = holder is included in vessel activity 

calculations. The larger Vs in the individual samples (with respect to the total) is a 

result ofthe greater volume ofliquid which was required to maintain constant 

geometry for y-counting. 
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Sample Vs SA " Sample Vs SA "
HAG-lA HAG-ID 

total 16.8 2.41 x 10-4 48 total 16.7 2.3 x 10-4 48 

unfiltered 20.4 2.41 x 10-4 49 unfiltered 1804 2.3 x 10-4 49 

vessel 1804 2.41 x 10-4 55 vessel 17.6 2.3 x 1()4 56 

granite" 18.8 2.41 x 10-4 53 holdeZ# 17.0 2.3 x 10-4 53 

ho1deZ# 18.6 2041 x 10-4 54 filtered 1804 2.3 x 10-4 60 

filtered 2004 2.41 x 10-4 60 

HAG·1B HAG-lE 

total 17.2 2.28 x 10-4 48 total 16.6 2.33 x 10-4 48 

unfiltered 19.9 2.28 x 10-4 49 unfiltered 18.4 2.33 x 10-4 50 

vessel 19.6 2.28 x 10-4 56 vessel 18.2 2.33 x 10-4 56 

granite" 18.8 2.28 x 10-4 53 holdeZ# 1804 2.33 x 10-4 54 

holdeZ# 1804 2.28 x 10-4 54 filtered 1804 2.33 x 10-4 61 

filtered 20 2.28 x 10-4 60 

HAG-le HAG-1G 

total 16.6 2.29 x 10-4 48 total 16.6 2.31 x 10-4 48 

unfiltered 20 2.29 x 10-4 49 unfiltered 19.2 2.31x 10-4 51 

vessel 18.3 2.29 x 10-4 56 vessel 18.3 2.31 x 10-4 57 

granite" 19.0 2.29 x 10-4 53 holdeZ# 17.9 2.31 x 10-4 54 

holdeZ# 18.6 2.29 x 10-4 55 filtered 19.2 2.31 x 10-4 61 

fIltered 20.0 2.29 x 10-4 60 

Table 8A.4 d) Sample volume, swface area of Synroc and time elapsed between 

Synroc producrion and acrivity measurementfor d) leach resr HA6 Roxby Downs 

Granire. " =granire measured in holder; # =holder is included in vessel activity 

calcularions. The larger Vs in rhe individual samples (wirh respecr to rhe roral) is a 

resulr of rhe grearer volume ofliquld which was required ro maintain consranr 

geomerry for r-counring. 
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Sample pH conductivity Sample pH conductivity 

HAS-lA 7.6 25 HA5-3A - 
HA5-lB 7.5 24 HA5-3B - 
HA5-1C 7.4 29 HA5-3C - 
HAS-lD 4.8 11 HA5-3D 4.8 10 

HAS-lE 4.9 10 HAS-3E 4.7 10 

HA5-lG 4.8 10 HAS-3G 4.8 9.7 

HAS-2A 7.7 24 HA6-1A 7.8 111 

HAS-2B 7.5 20 HA6-lB 7.9 118 

HA5-2C 7.4 18 HA6-1C 8.1 120 

HAS-ID 4.8 10 HA6-lD 4.8 9.6 

HAS-2E 4.8 10 HA6-1E 4.6 10 

HA5-2G 4.7 9 HA6-1G 4.7 10 

Table SA.S pH and conductivity (pS cm-I) of leach solutions following leach 

testing ofHAS-l andHAS-2 Co/es Bay Granite; HAS-3 Kamba/da Granodiorite and 

HA-6 Roxby Downs Granite. 
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Normalised elemental leach rates for isotopes released from Mixed 

Fission Product (MFP)-doped Synroc for the experimental series HAS

"1, HAS-2, HAS-3 and HA6 
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8A5- LEACHING PERIOD (d.,I) 
LEACH RATE Cl per :tq. m "per cl_r) 

RADIONUCLlDE ENERGY GRAI'lITE GRANITE GRANITE 
(keV) 8..,5-1,., a..,5·1B SAS. le 8"5-10 8A5-1£ 8A5·10 

RllIRII·IO<i 511.8 TOUl J'sE4S t ~.IE~ 1'sE-OJ. i: 4.9~ UI!-Q6 =- S.31!.Q4 9.32-04 i: ,S.6I!.()4 8.11!.Q4 ± .s.se..Q4 9.3&04 ± 6.!1!"()':' 
UlIli1leredaolll:Dcl S.3E.OS =- 9.3E-OS O.OE.OO ± 2.JE~ ± 9.62.QS ?.6E-G4 t 'J.SE.()4 1.41!.()4 i: 3.8E.()4 2.6£-04 =- 2.3E.()4v_ 

j'AE.QS = 2.41!..()4 l.JE-Oloi t lSB-Ot JAE-04 ± 18£.0< $.18-04 i: I.lIE.()4 5.2E-04 t 2.1E.()4 5.1£-04 t 6.81!o04 
?illtndlollam o.oE...oo ::: 6.8E-QS t 4.1E-OS UE..Q:5 :: 5.le-os 0.02+00 :l: 2.11!.()4 t 2.2E-04 0.0£.00 :!; 

t.ts.M :l: l.9E.QS I~ t 2.1E.QS O.Oa.OO :!; 1.3£-04 t a.oE.QS 5.::E.QS t 9.6E-QS" 1.3£-04 :l: l.-1E.()4 
~ !.~,...04:!; UE.Q4 t.3£.Qd. :!; 1.6E.()4 1.iE-OS t 1.'7E.Q4 

[-131 3"-" -TOUl 0.01:.-00 :!; 9.3E-02 t 2.3B-Ol O.oe.oo = O.Oa.oo :!; 0.0£+00 ± o.oe...oo t 
Ulll'iJ.w.cIlO.m:- 0.0£-.00 :l: O.OE-OO :l: O.oe.oo =- 0.0£+00 t 4.8e-oz =3AB-Ol 0.02+00 -= 

V-, o.oE-OO t S.5E-01 t UE-Ol o.oE--OO :l: 0.08+00 t 1.2E-01 t 2.'lI!.{I! 0.08+00 t 
I'il""'",,= O.ot.-OO t 1.3&001 t 4Se.oz O.OI!-oOO ± 1.1B-OI :!; 2.1R-Ol O.Oe.oo ± I.IE-Ol :l: 0.02+00 

I.9E-01 :!; !.sE.., 5.8&4'3 :!; IAIl"" 3.31!-O1 :!; 1.sE.., 0.08+00 t 2..6B-02 :l: 8.8E42 O.OE+OO :l: 0.0&.00 
~ O.OE-OO :!: 7.8E..J'2 :. \.7E.Qt 4.9E~ .; 'lIE-01 

Te.l29 .ciS1.6 -TOUl SjS-02 :: S.6E-03 6.6£..."2 :l: 6.8E-031 Ue..o2 :: 1.4E.Q3 1.0e..ol :: !.4E..Q3 l.3e..o1 :l: Sj£-03 1.08-01 :. 3.6£.()J 
lJllfiI~~1:I:::o:I 1.lsm :l: 1.9£.Q'3 l.6E.C2 :l: 2jE.QJ 7SE-03 : 2.0e..o3 8.6e..o2 : 6.8E.Q'3 1.0£.{Il :l: 6.9R-C3 8.6E-02 : S-S£.{I3 

V-, 3.1 £.01 =3.3£.Q'3 4.1E-ln :!: 3.8E.oo 6.1£-4::: 6.3E-03 5.3e..o3 :. 3.28.., I.IEm :l: ].6E.oo 5.]Em :l: l.oE-Ol 
Filtered 1011:»11.	 t.oE.-in :!: 1.3E-03 7.0&00 ;j; 1.2J!.oo 16.1£-03 .:: 1.]£-03 7.7e..o2 :l: 1.6£.QJ 9.3£m :l: 4..sE.QJ 7.7E-01 :: 6.3E.Q'3 

S..sE...Q.4:l: ~22-04 I.IE-Cot ;t 3.8E.Q411.2B-03 :: ...£.0< 9.1£-04 ± 1.2B-<l3 O.OE+OO :l: 9.1£-04 :l: 2.6£-03 
3.0E.-02 :l: UE-03 3.3E-0'2 :l: 2.3£.00 5.0£.02 :. 1.IM] 

Ru.IO] 491.1 """'"-TOUl .s.1E41 :!: 1.6E..Q5 .s.\l£..,)l. :!: 1.9£..IJS 7.3£-04 = ,,£.OS l.SE-03 :!: 3.1£.etS 1.411-03 ± ].oe-os 1.5£..0] ;t 5.1E.QS 
Ullfilterel1JO!I:::cll l.:zE..O( :l: 7.4E-06 1.7£.C4 ± 9.6E.Q6 t,9E.Q4 :!: !.Oe..oS 2.9&04 :l: 1.6£..IJS 2.6£-04 :l: 1.SE.etS 2\l&04 ± 3.6£-05 

V""" 2.1S.Q.4 :: UE45 2.3E-Q4 ;j; 9.7£.06 4.0E-Ol. = 1.1E-llS 1.0e..o3 :l: 2.4E-OS 9.3£.04 :l: 2.3f!...IJS {.O£..O3 :!: 3.9f!..QS 
Filtered 101'll::Q:l 1.0E.U4 :. 4.8E-06 7~:!: 4.5E.Q6 t.!f!..Q4 :!: 7.0f!..Q6 2.8£-04 :!: ,,£.OS 2.4E.Q4 :l: 9.9E45 2.8E-04 :!: 2AE-OS,,... UI!M •1.]£.06 ;j; lA£.Q6 S.oE.Q6 : I.2E.Q6 I.S£-OS :!: "l!-O6 2.0E.Q6 :l: 2.1E45 2.2E.Q6 : S.6£-07 
~ 1!.9&-OS :!: S.4E.06 6.3E-o)S :l: SA2-06 1.0E..Q.i .:!: 6.3£.Q6 

610-] -TOUl 3.1s,.04 :. 2.02-04 J.0;;..;J4 t 2.32-0' 1.Se,..o. ± ,....,. ,.,.... .4.3E-05 (.IE.QJ :l: 2.8£-04 2.2E-04 :. 1.7E-OS 
Ullfil~~1:::clI 1.3E-l).;l ± 4.'S..QS 2.!£.V4 ± S.6E-O:S 1.7£..Q.i :l: '.7£-OS 6,01£-04 :!: "£.0< US..Q.i:l: 1.9E-04 6.4E.Q4 :l: 6.oE.()4 

V"",, 2.6E-<:l4 ± !.1E.Q4 J.1£.C4 :: t.2E-Ot 12.1E-04 ± 2.!£.Q4 1•.1.£-04 :I: I.9E-OS 8.6E.Q4 :l: 1.41!..()4 1,4£-04 :l: S.2£-OS 
Piltered 1Olt:=i= !.7E-OS : 3.O£..QS 6.1'f..OS : 2.S£.QS I 1.6£.04 :!: ].6E..QS :l.2£.OS. t.O!!-os 2.6!!.Q4 : t.!E.()4 2.lf.OS -:l: 

0.0£-00 -= 2.2£.OS :I: 9.4E-06h7E-06 = L9£.OS 6.2f.06 :: 63£-OS 0.0£+00 ':I: 6.2£.06 ± 6.8E-06 
1.0~:: U£-OS 3.6E-oi6 :!: 8.!E..Q5 II.sE.Q4 :!: 9..!iE.{IS"""~ 

"",,"1" '96.S -TOUl t.5E-<'n :!: J.tE.Q3 2.6i!-02 ;t ].7£.00 13.OM2 :: .I..0E-O] 4.4£..02 :: 4,01£-03 S.IEm .:: 4.6£-03 4.4£..02 :. S.5£.()] 
1Jllfillend~1:o::icQ L]E.-Q] :l: 9.12.Q4 5.lS-03 :!: 1.o£.oJ 7.Si!-03 : '.sE-<>< 3.0E.01 ± 3.28.., ].1£.01 =].2E.oo 3.08-02 ;:; S.2E.()3 

V_ 1.3s-02 ;!: :.S2.Q3 1.3E...."2 ;!: UE.oJ I L9E-Q2 :: 3.D£.{I] 1.98-03 .:- 1.2B-<l3 4.6£.00 :!: 1.5£.oJ 1.98-0] : I-SE.Q3 
Fil~dlO!= 3.7s.a] :: 6.0E.Q4 I.SE.03 :!: 4.6£~ 12.3£~ .;; U£.O< 2.7E-02 :!: UlEm 1.6£.01 :: 2.1£-00 2.18-01 :: 2.9E.{I3 

1-SE.-04 :!: 2.22-04 0.0£-00 :: i 2.ge-004 :!: 6.72..Q.i 4.2e.<J4 .:!: S..8E.Q4 4.5E.Q4 :l: 6.7£.Q4 L1£-04 :!: 
0- 9.3:..<)) :!: 1.1E-OO \.0£..')7: :: 1.2£-0'31 L5£-02 ;:!: 1.4E-O) 

"." 1U-.2 . -TOUl 1.lf...V6 : 1.05-06 S.4E-U6 :: 5.lS-06lo.0S..oo :. 0.05+00 ~ 0.0£..00 ~ O.OE..oo :. 
Ulltilt='Od ~I::=c O.OE-OO :!: • O.OE-<:O :!: • 4.0E~ = 1.1.E-06 0.0£...00 :!: O.OeM :!: 0.0£..00 :: 

V_ 1.3E-.?6 :: 4..1E-06 6.oE-W : 4.1S-06lo.0£..oo :: t.9E-OS ;!: 4.1£-06 1.0E..QS :: 4.32-06 l.9£-05 :I: 2.5E-06 
;:U~dlol= O.OE-OO ;:; • O.Oe-::o :l: • 10.OE..oo:: o.oe..oo :l: O.OE..oo ;j; O.OeM -= 

6.0E...Q1 :: S.gS-07 6.9£.J1 =3.92-07 .0.OE..oo :!: 0.0£+00 ;j; 0.0£...00 :l: 0.0£.0.00 :: 
~ O.OE-OO : O.OE.-OO : ~O.O£...oo :!: 

756.7	 TOUl- 1.4s-05 :: 4.7E-06 6.)£..V6 1; S.3£-0611.2£-OS :: 6.0£.06 l.SE.OS : 6.-1£-06 6.5E-06 :l: 6.0£.06 l.SE-05 :!: 2.1£-06 
UnfiIU:red 1O!:::I::l 7.6E.-J1 :: 3.zE-07 l.J£.V6 ::i: t.oe-06 5.6£.Q1 ::- 6.iE.Q1 1.5£.06 -= 1.1£-06 : 4.2E.06 1.3E-06 :. S.IE-Q6'.28'" 

V.... 6.1E-06 : 2.5£.06 .!..9£..'JoS :: ].DE-06I2.7E-06 :!: 'Al!-06 I.5E-05 :!: 3.28... I.IE..QS :!: 3.0E-06 1.3£-05 :: 2.3E.06 
Fillc'edlOl= 1.4E-07 :: S.J"E-01 0.0£-00 : • i.DE...Q1:!: 2..5£.Q1 0.0£.00 : 0.0£..00 ± 0.02..00 :!: 0.0£.+00 

4.':'S...Q1 :: 3.6£-01 1.3£.J1 :: 2.SE-01 1.]E-07 .:- 5.0£-07 0.0£.00 .: o.oe..oo :!: O.OE.OO :: 0.0&.00 '-
Grori~ 2.~:..06 :: !.SE-06 !.1E.-joS :: 1.9E-06IO.0E~:O -= 

:-IbJZr.9S 765.3 Tow 3.7;;..:)5 : 4.4E-C6121£..jS :: 4.6E-C6i 2.4£-05 ::: 5.1£-06 3.18-0S : 5AE-06 t.6S..IJS =5.4£-06 3.1£-05 :: 3.7E-06 
U~tered~=:::.:u \.7;.<>6 :; t.IE-06 27E-JoS :: 9.2E-0711.6£-06 : 8.]£-07 2.3E-06 :!: 3.5e-06 S.9E-07 -= J.2E-06 2.3E-06 :: 1.6£-06 

V=1 1.6s..Jj :!: 2.SE-06 1.6£..j$:!: 2j£-06 1.9E-OS: l.8£-06 2.1£-05 :!: 2.9E-D6 2.2E.,o,' ;:!: 2.SE-06 2.7&-05 :: 2.1E-06 
Fil~d 10h:>;.:	 l-Se..06 :. S.9E-01II.6<,...,t :!: 3.6£-07 1.3E-07 .: J.IE.{I1 8.8£-01 ;t I.SE-06 3.lE.Q1 :: 1.7£-06 8,SE.{I1 :!: 

6.~E.-01 :: 4.4£-01 S~)7 :: 2.lE-01 j1.4E...Q1 :!: 4.1E.{I1 3.7£-01 :: 9.9E-01 O.OeM :!: 3.1E-01 :: 1.0£-011, 
GIL";~ 5.9;:-06 :!: 1.6E-0614.1E.-:.6 :: 1.7E-05 t .5.2S-06 .: l.iE.Q6
 

Sb.l2S 636.0 -Tow o.OE.-OO :: iO.O£-:)) : jO.OS..oo : 0.02.00 .: 4DtVlO!
 0.".<10 • ,D'V., 10.".<10 ,
U:.'i.!:ered JO==c::. O.OS-OO ;!: O.OS-oXl :: fO.02-OO :!: 0.0£+00 :!: 4DlVlO! O.oE...oo :I: ~OIV.l)! O.OeM :: 

V"",, o.oE-OO ;:; 0.0£-:0 ;j; 10.OE..oo :: O.OE..OO :: =DlVIO! o.oE...oo :: =DIV.{Jl O.OE..oo :: 
Fil!.C:ed,ol=:: O.OE-OO :: O.OE..;;o :: io.oEM :: O.OE+OO :: 4DlVlOI 0.0£..00 :l: =D(Vol)l O.OS.OO :!: 

O.OS-OO : O.OE..::o :. iO.OE..oo : O.OE..oo :: 4DlVlO! 0.0£+00 :l: :DIV(ll 10.0£..00 :: 
"""', O.O=:-OO :: o.oE_X1 :. 'O.OE..JXl :. 

Cl·tJ1 ~61.7 -ToW 2.!~] :: !.9E-CU 3.9E.-j] :: 2.4£-0:., .l.. ..:.E..::JJ .: :'~E.()4 S.3E-03 .: 2.SE.()4 S.2E.Q3 2.3E.(U S.3E.-OJ : :i.32.o:.1 
U:JiillO:<'ed~~ 6..s~ :: UE-V5 1.1E.-:;.i : IlAE-CC t ci,SE-04 .: !.O£.{IS 4.]£-03 :: 1.]£.G4 .1.3£.QJ 2.3£-C.1 4.Je.ol : 1.6E.c..:. 

V=, :':S-V3 : L1E-<)4 2.;!.Ji !.2E..J,: j j.j£.03 :!: 1.0E-04 9.J£-05 :!: ~.ge..QS t.6£.Q4 s.3E...1j 9.jEJ)S :: S.9E...aS 
ri!!.C:edlol= S.:!~ : S.4E-V5 3.5E-:4 J.5E-CC15.3E.Q.:. :. HE-<lS .1.0E.o] .: I.5E-04 .1.0E-o) I.5"E-<J4 <!.O£..O3 , :.6£-041 

:,:=:..QS , VE-V6 ~E-li 1.3E-CS i U£-05 :: 1.6iO.{I5 8.0s.o5 : 2.9E.etS 6.7£..QS 2.9E-OS 8.0s.oS , :.m3'1<>.=, 2..l.E.<J) , J.i£-OS z.s;...n 9.JE-OS 11.l!:..Q"3 :: \.0£-04 -
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1:IA5. l.EACSL"iG PERIOD (d.,,) :.
LEACH ""Tt: Cl pu Iq•• ""r lb·fl 

RADI0NUCLlDE ENERGY GRANITE GRA.'HTE 
(ll:eV) SAS·IB aM·le BAS·1O 

Co.,,, 133.0 Tol1l ,ue-os = 2,'lE.QS 
UlltUtmlcl.lQlu.tloll. 0-02+00 ;!; 

.s.4e-oj .: JAIUIS 
l.J.e-tlli ± S.2E-06 

6.7£.Qj : 
2.S!-07 ~ 

16E-4S 
1.9£-06 

1.31!-Oot ± 4.2!U1S 
6.3E-{)j :. 1.7B.OS 

1.J2-04:l: 4.1~ 

7.rn..QS ± 2.6R.05 
1.72-04 ± 4.oE-W 
1.9e-05 ::!: 1.9E-QS 

V_I 4.OE-05 :t 1.6e-as :UE.-a5 ± 1.7!-QS 1.6E~ :l:. 2.6!..Q$ 4.oE-05 ± UI!.QS 4.7E-OS t I..!E-OS S.iE-05 ± 1.8E.os 
FUler8dlaJ\Idlm 2.18-06 ± 4,7B-OI5 O.ol!+OO ± 0.02+00: .... ,!-OS = lJiEJ» '2.ll!..QS ± t.6.1!-05" 9.6B-06 ± 7.!!!-06 

0:' ~~~; I.O;.as ~'~i::; 1.184$ ~:~i:; T.~;: l.lE-05 ± 6.12006 1.1!.4S ± UE-06 !A!-QS:!: 3.l£.06 

C.-141 14.5.4 Total 
U.atil~*Ilulion 

V_I 

2.1E.OS :l: '.22.06 
].3E-06 =l.1e.oti 
20!-QS ::!: :3.1F,.06 

2.6£.05 ± 6~ 

lOE-06::!: 1.71!.ll1S 
2,j'!!-os::!: 3.4&.06 

].3!!-OS :t 6Jf..C6 
1..2P.-06 ± 1.sE-06 
1.6E-05:l: 5.3£.06 

U£.04 ± i.5E-06 
S.2J!..05 t $.98-06 
U!-QS :t 4.18-06 

lJE-l)4 ± a.JE.Q6 
6.3E..QS :t 6.Oe..06 
7.6B-m :t ".7E-D6 

1.6E-a4:l: 6.7£.06 
5.2E-05 :t 6J£-06 
a.sa-os :t 3.l1B-06 

Pllla'Illllctlltloll 1.6B-06 ± 8.6E.a1 SJ!-07 ± 7.DB-07 1.6!-01 t 9.6E-07 26E-05 ;l: :UE.06 2.8!-QS :t J..AE-06 2.6143' ± 7.92-06 
~ 

Oranitll 
7.12-01 ± 3.52..07 
l.lf..G6 ± 2.1!!.()6 

1.9E-01:: 2.7E.07 
6JE-06 t UR.06 

UB-07 :. 
t:re-06 :!: 

UB-a7 
lSe..Q6 

9.1p,.ij6:t 1.4£.05 1.'71!4'"': 1.7E-Oti 9.1E-Oei ::l: 3.3B-a1 

163.4 Tow 
UnfillenK1lOlutioG 

1.1~1 .t 8.3E.Q4. 
J.8~ :t 2.1£.Q4. 

1.4s.m.t 1.02-03 
7,6R-04 ~ 3.36-0' 

1.711.-O2:!: 
1.12-03 :t 

1.1£.03 
J.2&.04 ~~; 1.2S-OO 

1.2!-03 
2.3£.01:!: 1.3E..ro 
1.O'l!-O1:!: 1.3£-00 

2j~ .: 

uJ'l!-01 ::l: 
~.2E-Ol 

1.6E..Ql 
VesteI 1.1E-01 :!: S,4B41 I.OE-02:t 6.9e.o& 1,42-01 =. 1.1!!.o3 5.6£..04 ::l: 6.1£..04 8,48-04 :t 6.1£.04 .1.6£..04 :!: 2.92-G4 

PUt=ed101\ltlllll .1.7I!-04:!: 1;3E4l 4.1E-04 :!: 1.6E-Ol 1.1B-G4 :!: 2.1E.-t14 1.8£.01 :!: 8.0£.04 1.7E-Q'1:t 1.9E..I)l. 1.8£.01 :!: I.2E..Q'} 

'0'" 
PIper 1.1£..04 ::l: ,,0£.(lS O.OE+OO ::l: 

Ofmllt 1.2.E-01 :!: '.3£-04 tle-01 =S.91!-Ool. 
TOW t.2.E-01 = 1.9£.03 l.Je-01.: 1A2-03 

Uefil~lOlut!oG 806£..04 ~ 5.3E.Q4. 9.6£..04 :!: 7.3£.04 

3.81!..l1S :!: 7.AE.QS 
1.4e-01:!: 6.7E.04 
2.1£-o1:!: 1.62.00 
1.1I!.o3:t LlEo04 

2.1'l!-O1 = 2.9£-00 
l.2E.Ol :l: UE-OJ 

2.4~4..1£..04 :!: 

2.62-02 :t 2.9£.oJ 
l.2l!.Q1::l: u£.m 

5.68-04 ± 'l8B-04 

2.1£.02.: ].lE-OJ 
'UB-02:!: 4.JE-OJ 

LS8-04 :t I.2B.ol 

V_I J.2l!.-02 :!: 1.2E-m 1.32-01:t 1.6E-OO 1.9£.o2:t 2.7E.oJ 'l.8E-03 :!: 1.6E-03 2.0E..Q3 :t. 1.7E-03 28J!..O):t 2.9£-00 
Filc..d,oJIItioG 2.1E-Ol:!: 3.l£.O4 .4.4E-O<! :t 3.1E-04 9.18-04 :!: .5Z004 l.9E-01::l: 1.7B.QJ 1.91..o1:t. 1.7E.QJ 1.9s.cn::!: 2..JE.Q1 

PIper 6,1E.oS :!: 1.:zE.()4 0.08...00 ::l: 0.0&+00 = U8-04 :l: 5.88-04 6.IE-OoI :t 6.5E-04 2,4E;..()4 :t l..1E-o£ 
<in:nUe 1.3e-01 .:: 1.'2R-03 1j'2-01:l: 1.3£.03 1.7£.Q'2;' 1.5E-O) 

.123.8 Tow 1.0e-01 .: 2.1I!-O) Ue-01.: UE.QJ l.n.oo. = 'llE-O) 2.4E-01 :t 33E.oo 1.22.Q1 :l: 3.32-03 UE-01:t 3.6E.QJ 
Ull.l'l1lel'cdIOWtkll1 O.OB+OO:!: l.lE-OJ::l: 9.2.1!-O4 1.1£.O3:!: 7,1E-G4 1.6£.01 ::l: 3.3£.00 I.SE-02::l: 3,4E.{)) 1.6E-Ol :t 4.52-00 

V_I 1.1f!..()1 :!: 1.5i!-OO ME-03:t 1.8£.03 1.6£-01:!: 2.22-03 6.1£.05 :!: l.6E..Q'} o.oe...oo :t &.lE-OS ± 9.8E.llS 
Fillered,oll>lloa 4,6£..04:t 4.3£-G4 1.1£..04:t 4.6£...04 1..124'":!: L7'IUl6 1.9E-01 :t 2.1£.03 !SE-01:1: 'llE-OO 1.9£.Ol :t 2.92-03 

Paper &,9E-QS :t. I~ 1.88-04 :t LAE-04 1.J£4'":!: 6..1a-o! :!: 604E-04 6,0£.04 ± 1,4£.04 UE-OS t 2.3£.Q.l, 
Citltailt 1.3E-Ol::l: 1.JE..03 1.2.E-01:!:. 1.6UlJ l.4£-o1:!: I.]E.o3 

$]7.3 TOla/ 
Ull1il~ IOlIuiOl1 

V_I 

1.2.E-01 ;, 5.1£.Q4 
3.1E-03 :t 6.9£.Q4 
1,le-01 :; 2.1E.ro 

I.JE-01:!: 6.3E-U4 
8.0£.04 ;, 1.7E4l 
1,JE-Ol': 4.1E4!. 

1.8E.Q1 :!: 
9.6£..04 .:: 
!.5E-Ol ~ 

6.8£.04 
1.7E-04 
7.1E-04 

3042-00 'l.~E.Q1 : 1.fil!.Q4 2AE-01 : 

'.2M' I'l.0£..()'2. :l: ,.9E-CA! '2.0£.01 .:: 
I.4E..Q2 9..n:4!.:t 2.5E-04 .5.1£.04 :l: 

2.4E.JJ2 = 
1.0E.Q1 :!: 
5.2£.04 .!; 

U2-04 

I.1E-OO 
1..s2.oe 

l'ilt='cdlolUlJoI1 2.7~]:!: 4.3E-G41 3.1£..04 .: 6.JE.QS 8.5E-04.:: t.lE-04 L9E-02 .:; 2.12..Q3 uE..Q1.:t 5,IE.Q4 1.9E..Ol:!: 8.1E.oe 
~ 

Gnnil4 
9,6E-05 :!: 
l.IE-01 :: 

1.9£.04 O.O~ :l: • 
2.!em 1.)£..Q1.!: 1.6E.<)l. 

LlE-05 ;, 
t.6B-02:!: 

3.22-05 
4.JE.Q4 

1.JE~ j1.1E-G4 .::2,3E-04 ± I.~E-G4 2.3~ :!: l..62-OS 

la' Total I.1.E..Q2 .:; 4.6£-001 UE.-02;; ;.7£4 1,82-O2.:!: 6,11;..(;4 2.1E-02 :!:. 6.8E.oo:!2,IE-02 =6,7E.(il.I2.1£-02:!: 6.9~ 

lJll.l'l1lemi.solU~l1 1.6£..04 ~ 9.S2-OS 2.1£..04 :t J..1E..{)4 1.3E-04.:: :'':E..{l.4 1.1E-Ol :!: 6,6£.0411,6£-01:: 6.iE.Q.l.j tiE-Ol :: 9.7E~ 

V_I 1.1£-01 .:: 1.oE41 1.1e.o1::l: 3.aE~ 1.72-02;; 6.4E-l)4 2.Sf!.-OJ .:: 1.5E-04 .1.1E-OO :!: '.0£41 2.SE-01 ± 2.6£.Q4 
Fi1~dJollltiol1 1.2..£-0.4:: 6.0E..(lS UE-QS :t 604E.as 7.6i!-05 .:: i.9E-OS 9.8~) t 1.9E4!. 8.6£-00 :!: 1.7E-l)l. 9.8E-01 :: 1.7E-O) 

p.per 3.7£.05 :: 1.02..os 4.7£.05 .:: 2.4E.QS 6.4E-05 :. ).6£-0.5 1.81!4!.2.7£-03 = 3..1E-Ol .:: 2.0E4I 1.72-03 ± .1.I£.Q:I 
OI'.lli16 1.1E-01 :: 1.0E4I 1.1E-01:!: 3.3EJJ4 1.6E-02':: 1.8E-04 

"'.0 Tow l.2f',()l :: 1.224!. 1.6E-01':: 04.02.(..1. UE..Q1':: .:..1£-04 2.2E-02 ;; 4..7E..et. ':.22-01 ± 4,7E..o.: 'UB-02:l: ".9E4I 
UlI1iIt=nid sohnioD 1.0£..(15 :: 8SE.{ltj 3.8J!..04 :t. g,7E.QS 2.5E.Q4 :: !.7E-US 1.9e.o1 ::: J..72.().:, 1.7E..Q1.::: .1.8E-G4 1.9E-01.:!: 1.1E-G4 

Vessel 1.1E,.01 :!: 3.1E-OS 1.25-01:: 2.72..:\t. 1.7E.Q1:!: J.62JJ4 28£-03 :!: 2.3E-O<:IJ.02-OO t 2.7E.Q4 1.8£.O3::l: t.8E..()4. 
Fill~rec1Jolll1iol1 2.IE-05:!: 5SE.Q6 i.:ffi..04 :!; 4.1E.(Q I..1E-04.:: S,3E-OS I.!Ul2 .: 2.7E-04J 9.82-00 :l: 'l6E-OJ, 1.:E-02.:: 9.JE41 

!'3pet 
Grmile 

2.9p,.ij6 .:; 1.9E.lJ6 
l,.1E-01 .:: ~.()5 

5,2E-QS :: 2.;E..:lS 
l,.1E-02 ':!: 2.)£";>:' 

8,1£-05 :: 
1.1£.00..:: 

'!.9E.QS 
2.7E.()4 

'lSE-Ol ± 1.JE.{I.(13.5E-OO :: lSE-OJ, 1.SE-01 , I t J.oEol1S 

315.9 ToW I.1E-01 ;, SSE41 1.6E-01.:!: 6.8E4:. I.8E-01 UE.()4 1.1£.01 ; 7.9E..o.: I2.JE..Q1 :t 7.9E41121E-01 8,2E-OJ. 
UIUII.~ooh.lioCl 1.2241:: !.1I!.Q:I 104E-04:t l.lE...().l. 1.0E4!. L.OE-04 1.8E.o1 :; U£.Q4 .1.7E-01:!: 3.lE41 I.SE-02 1.1£-00 

VtoLSel 
Fil~dJCllll1ioD. 

1.2E-02 .:: ].7E41 
1.2..£-0.4.:: 4.5E-OS 

1.2E-01.:t. 4.6E..\).l. 
1.2..£-0.4 =J.1E..()S 

l.5E.o'l 
t.02-04 

i.9E..Q4 
S.lE-OS 

'lSE-03 ~ 

9j'E-03 :!:. 
3,:JE-04 
.UE-04 

3.SE-<D ± 4..0E.oe 2Se..o3 
UE-<D :: J.22,G.:,19..1e..oJ 

2.9E.Q4 
\..1E..(J) 

?>!:per l.'ZE-OS :!: 3.02..Q5 0.02..00 :!: 1.22JJ4 ':.4£-05 'l1E-03 :!: 2.J2-04 3.JE..oo :!: :!.7E.(l.l. 1.8e..o3 6.a2.QS 
Gtzn.ilt I.JE-01 :!: 3.72-04 1.3£-O2:!: .!.o2~ 1.6E..Q2 J.7E-O-: 
Tow I.tE-01 :;:; 3.92-04 1..1£.01.: :5.oE...)I 1..1E-01 S.5E-04 'lOE-01 :; S.sE..().1. 1.9E.Q1; 5.82..0.:. ::'OE-01 6.1E-OJ. 

lJlIfilt=1:l1wluQOCl I.J£.04:;:; 3,4E..Q5 2SE-04 '; 6.7~ 2.6E44 5.3£-05 l.8E-01 :; 5.6E..o.:.1 LSE.Q1 ; .s,7'E..o.:.1 1.JE-01 Bo4E.oe 
V~I 

FlIt='cd ~ollUiOl1 

l.]E-01 .:: 2.6E.()l. 
UE-05:: 1.2£-05 

1•.1E-01.: 3.3E..c-: 
!.OE-OS ;; 'l6E.,)S 

I.8E-02 
1.0£..04 

s'5E.1j4. 
3.1£-05 

'l92.QJ :: 
L1E-V1 ::: 

2.32* 1.l..J.E.oo .:!: 2.3E..QJ.1 ::'9Ul1 
3.1E..().:!· 9.J£-OO :!: ~9E~ i1.1E-01 

1.9E-04 
l.rE-03 

~ 1.3E-QS .: 2.3£-05 7.2£-05 t l./iE.(Q 1.1£.04 ).JE-O'S 3.1E-V3 :!: 1.624!. J.OE..Q3 ± L9E-04.1 ].le..o] 5.0£-05 
Gr.1nite 1.4B-02 ::2.se-04 1.5E..D2.:!: 1.9E.,j,1 t.se-02 ).JE~ 
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ILU- LEACHING PERIOD (cia,., 
LEACH lATE Cl ,..r JI\. • ,..r "r) '" 

RADlONUCLIDE E."';ERGY GRANITE GRANITE GRANITE 
(1r.t V) BA5.1A BA,·28 BA5-2C BA5.:m 8A5·1E IIA5-1G 

e.-'44 133.0 ToW 4.&£-06 ::l;. 2.8B-06 l.oe-os ± "E-06 1.1£-06 : J.IE-06 1.62-0$ :; 2,':'B.Q6 UE-OS .t " .... 2.3£..(lS ::l;. " .... 
IJlIl'i1tllred 1OhAkn:! 'J)£.(1/ : ....-C7 5.SE-07 ± .nB-C7 o.oe..oo -= 1.0£.06 ± 1.6£-06 7.1E.06 ::I;. l.oSE-O/i IDE-OS .l: 1.82-06 

V-, ,,.... .• .8U1 :LJE-OIi ± 'n.... ..,.... : 1.1!-01S ....... : lA.... t.IE-CU: ± ".... IJ'E-QS ± lA.... 
PIlUnd tGludoll. ),.(2-07 ± 6.4B-07 4.2E-OB± UE-01 ",..., : 6.1E-07 7.82.01 • !.~E-06 4.3£.06 ± Ul!M " ..... In.... 

0.0&.00 ± 0.02+00 ± 'AB-C7 5.1E-06 : 1.9£.07 5.6E-01 <2£.OS : 7.SE.Q7,"'"' :	 ""'" :
2.72-06 ± 1.11!-06 .UE-06 :: 1.3E-06 8.2E.06 • 1.21!-O/i 

Cll·141 ToW 3.81!-06 3.!1!.Q6I<SA """'"- 1.48-05 .t 1.9e.o:s ± " .... 1.llE~ : 3.$2-0:5 3.8E-IXi .t J'E-06 4JiE...QS ::l;. 

UAtilUnd IObltioll 0.02..00 ± '.sI!'" t.l!l-06 ± I.""" 1.1&47 • In.... 1.1E-aS •• ..,"........ I.ee.os ± ,..... 2.Ul.QS ± "....
v-' ,....... 1.1£.06 .",... .I.J.... ,...... • lA.... I.:ze.os • 1.U!-06 1.9E-05 ± " .... 23I!.-OS to 1.4R-06
 

PilUnd toluUoD 0.0£+00 ± 6.1E-01 ± 9.8E-01 O.OR+OO :t. 1.lE-06 : I...... 7.1E-06 ± t.!E-06 4.62.06 ± 1.Se.06 
o.oE+OO ± 0.02+00 ± 0.02+00 ± ..,.... • I""'" 2.6E.-Oll -= LIB-C7 7...£-06 ± I.3E-06 

enm. 4.5E.Q6 ± t.7E-06 1.2&-05 ± '0.... 1.31:-05 :: ",.... """ 8..·\40 163.4 ToW 0.02+00 ± 0.08+00 ± UE-az : lA"'" 0.0£..00 :t o.oe+oo :l: l..oE-OO ± 3AE-04 
lJn.tiIUndlOlwloll 1.2E4J ± 5.12-03 0.011+00: 0.02..00 .: O.OE+OO .: 3./R.04 .: 9.6E-03 .08<00 • 

v-' o.oe..oo ± 6.l1M<1 • 6,4E-03 '3.92-03 .: 7.6£.Q3 o.oe...oo ± SAE-03 ± t.lE-02 0.0£+00 ± 
PilUnd loJuUoa	 ,UE-03 .: 5jE-03 0.01!+OO ± 0.0£+00 : 2.82~ • '.61!-OJ O.OI!+OO .: Ll£.02 ± 4.12-03 

o.oE..oo ± O.OE+OO ± 0.0£..00 .: 4.5E.-Jl = ~ 0.0£+00 ± lAI!-03 ± lA,'" 
'.5J!.<l3 • 1.JI!-02 2.22-01 ± 1.42-02 O.OE..oo .: "'" 

104.8	 ""'"ToW O.OE+OO :!: I.5E-OZ ;!; 4.2!-02 1.4£.02 '2£-02 1.6E-OZ .: 3.8£.02, 5..m~3 ± ""'" 0.0£..00 ± 
UlIfiIUnd sohl1loa 7.8£-03 ± 1.3£.02, O.OE+OO ± 0.0£.+00 :!:. O.OE+OQ -= 5.6£..001, ± 2.~£.02, I.9E-03 ± ",.01

v-' 1,3E.Q3 :!: lo4e.oz 6.3B-03 ± 1.6B-02 0.0£+00 .: 2,7E42 :!: 2.7E.02 3..m~Z :!: ,,"'" 0.05..00 ± 
PiltllredJolWoa	 0.02..00 ± 9.9E-03 ± 1.6B-02 0.02..00 :t UE-03 :. 2,4£.02, 7.02~3 ± '"""" 6.3E.Q3 ± "',.01

O.Oe..oo ± 2.4E-03 ± S.7B-03 4.32-03 1,02-03 O.OJ!,.OO ± 5.oE~3 ± 7.6B-03 6AE.oo ± 1.JI!.o1 
o.oe..oo ± o.oe+oo ± 1.3E-01 .; ,.."'" 

ToW 6042-01 '.JI!-02 0.02..00 ± 1.7E.02 ± ,n"", 
t.'atiI~-'Olutioll 0.02...00 ± 0.02+00 ± 0.0&+00 :!: O.OE+OO :!: 2.S2-01 ± 3.8E-02 .oe.oo • 

V_I 0.0£+00 ± S.4B-Ot ± 9.9B-02 o.oE+OO = 0.01!+OO ± 1.92-02 ± ""'" 0.0£..00 ± 
Piltllred JolUUOII • 0.0&+00 ± 0.02+00 ± O.OE+OO ± 0.02+00 ± 7.9E-03 = ""'" 8.1E.oo ± 4.11!-O2 

7.!E.Q3 ± 1.JI!.o1 2.4B-03 ± 6.3E-03 S.2E.Q3 ::: lA"'" S.IE.-oJ ::: :..sE.Q'2 1.0E.Q'2 ± L'''''' ..,"'" .1.11!.o2 
4.4E.02 ± 4.91!-O2 0.02..00 ± 0.0£<.00 .: 

413.8 """ o.oE..oo ± -=	 4.1E-03 """'" 6.7B-02 O.o.E...oo =	 -

ToW 7.6E-03 
Udillared -'Olu1ioa O.OE..oo ± o.oe+oo ± 0.0&.00 .: 2.61!-O] :. ~-03 2.6E-03 ± 4.IE-03 .oe.oo • 

V_I 1.9E~I± 6.3E-OI • 2.3B-D2 O.OI!..oo ± 0.0"6-00 .; <lAE-03 ± '.= 0.0£..00 ± 

537.3 """ 4.1£-0'3 = 8.IE-03 7.7£-03 O.Oa.oo .: 6.8E-03 .: 5.5E-03 lJ£-0'3 ± 4.lE.Q3 """'" ± 7.8E-03 9.6E-a3 

' .....1
FilUnd IOIUlioa 2.:E..o1 • 6.2I!~1 lo4B-03 =3.0B-03 O.OE.oo :: 0.0£..00 .: 0.0&.00 :!: O.oe.oo ± 

O.oE..oo ± 2.8£..Od ± L.4B-03 7.6£..Q.l. • 3,OEm .HE-04 • :£-03 O.OE..oo ± 0.0&0-00 ± 
enm. O.OE<-OO ± $.4£.03 :: 6.4e.o3 1..9E..()J : tT2.Q3 

LatBa-I40 328.8 -Tout 1.2E..Q2 .: 1.8e~3 4.9E-03 =: 5.le.o3 1.';E-03 • 7..9£-03 4.6;;..;)3 : l.,.l.E-03 =: 6.6E~:; 

: 2.]e~]	 
'.lE'" 10.0£-00 .Uctill=lll toluIJIIl1 ].o£..QJ 2.9E-03 ± 2.7B-03 3.2E..Q.l. 2.72-03 1..m~] • .:.JE-a3 4.2.1!~3 :!: .:..3E-03 0.0£..00 -= 

v-' 3.0E-03 ± >5£-02 ,-""" : 3.3B-03 o.oe...oo .: 1.71!.~] : 4.6E-03 2.2.1!~3::: 5.2f,.()] o.O£-rOO ± 
Fillared IclllLiol1 0.0£.,.00 "± 0.0£.00 :!: 7.:;e-04 , ,,"'" O.oe-oo .: • UI!-03 .: 4..iB-O] 0.0£..00 ± 

0.0£..00 ± 0.02+00 : 9.]E-04 • lAE-OJ 1.8E.-0'3 : on"", 1..SE-03 :!: 1.7E-O] 4.1£.QJ. ± 2.12m 
enm. 6.6E-03 .: 6.OE~] O.OE+OO ± l.~.oo , 6.9Em 

487.0	 ToW 1.;10-02 .: S.OB-O] 9.4E-03 .: 4.9B-O] l.;E-01 • 4.8E-03 S.9E..o3 ~-03 S.6e-oJ :!: 4.1E-03 6..9E-03 .: .n"'" 
U.e.l'll~tohl1lo11. 3.7E..Q6 ± 5.5E-06 0.08+00 :!; 1.1£,JJ] • 1.3£m 3.2£,,<)3 : :""£-03 4'sE-03 .: 2.7E...o3 4.52-03 : ,,"'"

V_I 3.7E..06 :: 6.]E-06 6.8.£..01 .; t.5B-02 O.OE...oo = 1.6E-03 : :.7Em UE..QJ :; 2!E-03 G.Oe...OO± 
Pilt<:rcd 4olwial1 2.lE.Q7 :!: 4.98-06 0.0£+00 .:l: o.oE..oo :!: 4.1f..{)] : :'7U33 S.5E..o3 .: >0"'" 7.J£..QJ ± JAE.OJ 

O.OE-OO :!: 1.6E-03 ± 3.7£..Od 4.9E-04 , UE~ O.oe..oo = 7.3E-04 = 8.6E-04 ssa.QJ. .l: I.lEm 
enm. :z.:E..QS :!: 8.9E-06 9.SE-03 :; 4.::e-oJ !~-01 = .l.3E-03 

-	 •

315.9 -ToW 7.9E-OJ .: 6.IE..o] 1.6E-03 .: J..6E-O] S.iE.oo : S.3£m ,"'-<.-02 ':'.3E.OJ 27£...03 :!: 4.7E4l 2.iE..Q.l. ± 4.7E..QJ
 
UllfiIUnd IOJ\1I.ioa o.oE-OO :!: I.5B-03 .: 2.1E..o3 1.7E-03 l.!S.Q3 1.3£.0] .:: :.9E..QJ 0.0&.00 :!: a.GeM ±
 

V_I 3.61;-03 .:: 2.0E-O] 6.6B-Ot :: ,,"", 0.010+00 : 2.0E~ ; .:..J8.OJ 0.0£..00 .; o.oe..oo :t
 
?il~SChIl.iOD	 l.:E.oo :!: 2.]E..o] 1.9£.04 :!: 2,]E-O] O.OEM :: 0.08-00 '; 8..:iE..Qo1 ± 3.]B-03 HE.oo :!: 3.JE..Q3 

6.2£...Q4. : 3.JB-03 t.5B-O] :!: 1.91!-O3 1.01:;..)3 : ].1£..03 : :.SC-03 1.1E-04 :!: l:B-O:; SJE-03 : J.a£.Q3 
3.7E..()01 .l: 4.6E..Q3 6..5B-O] ± ~.iB-03 O.OE..oo 

1596.5 """'"-
-

4.1E.OJ lTE-02 7.9B-O] .:: 20B-03 7.0E-03 ,
: 

:.3E-03 1..2l!..Q] I.5B-O] o.oe...oo ±ToW .:: 1.31:.-03 5.310-04 
U:uiJ.u::ed -'Ohltiol1 O.OeM t S.7£..Od :: MEM 4.7E..QoI. 6.9E..I):. 4.6E-04 5.iE..Q4 8.4E-04 7.0£..04 0.00..00 ± 

V_I 2.SE.04 ± 1.1E-04 7.6E-Ot 1.3£..02 3.:E-O.l. 4.2E..Q4 0.0£...00 = O.OE...JO o.oE...oo :!: 
filu::ed solw..iol1 5.':'E..Q4. :!: UE-04 'l.1£..Od : •.= o.oe..oo ].J.E..()4. : ':'.J.E..Q4 6.9E-04 "~IM<I t':E-03 :t 5.8E.QJ. 

4~E..04 :!: 6.68-04 8.3B-04 .; 5.1£..1)4. 5.7E..l):. UE..n U5..Q3 , 5.5E-04 O.OE-OO .:.,Se-04 t 5.9E-04 
C-nnlte S.!S..)') I.1E.Q3 55M3 : \.5E.O'3 S.5E.Q3 ;~E..n 

cmm2
Sticky Note
There was no A:122 in the original thesis.



HA5. LEACHlNG PERIOD (d.'I) 28 
LEACH RATE (I per Iq. m per d.,) 

RADlONUCLlDE ENERGY GRANITE GRANITE GRANITE 
(keV) 8.405·3.40 B.4oJ·3B BA5·3C BA5·3D BA5·3E B.405·3G 

Cc-l44 133.0 Totl,l O.OB+oo :.t: • O.OB+OO:.t: • O.OB+OO :t • 1.7B.OS • 2.3B.OS 0.08+00 • • .08+00 • • 

JUlIRu·!06 

u·95 

511.8 

71A.2 

7S6.7 

Vellel 
FlItared solution 

0"",.. 
Totl,l 

Vessel 
Plltor&d solution 

0",,'"
Totl,l 
Veuel 

PillIlred solution 
0"",.. 
Total 

4.08-06 :t 1.78-06 3.82.06 ± 1.48-06 1.7B.Q6 ± :1.28-06 3.0B-OS ± 3,4£.06 3,7B.os :t 4.2E-06 
0,08+00 ± • O.OB+OO ± - o.oB~ • · O.OB+OO ± . 0.08+00 ± · 
4.98-06 ± 5.oB.()6 6.92..06 ± 4.88-06 O.OB ± · 
1.48-04 ± 2.oB-04 O.OB+OO :t · O.OB...oo ± - O.oB+OO ± . 0,08+00 :t · 
292-04 ± l.lB-M 3.4B-04 ± 5.2E-05 3.6E-04 ± 8.oB-OS 6.8il-04 • 9.1B.OS 6.2.B-04 ± 8.32-05 
2.9£-04 ± 1.6B-04 O,OB+OO ± · 4.8B-04 ± 4.oB-04 1.9Jl.04 • 3.5il-04 23B-04 ± 292.()4 
1,78-04 ± 1.1 B-04 7.2B.oS :t 7.tB-05 o.on...oo ± · 

0.08+00 ± · 5,4B.o5 ± 8.08-05 O.OB+OO ::I: · 2.8B-04 ± 1.58-04 0.08+00 ::I: 
7.0n-oS ± 4.20-05 SAll.oS ± t.4B-OS 2.5B-05 ± 3.2B-05 J.4B-05 ± J.7B-04 2"B-04 ± :UB-OS 
0.08+00 ± · 4.1B-OS ± 6.1 B-OS O.OB+OO ± · B.3B-05 ± 1,38-04 0,08+00 ± · 
7.9B-06 ± 2.0B-OS 4.2B.o5 ± 3.3B-05 2.3B-0:5 :t 6.oB-OS 
O,OB+oo ± O.OB+OO ± · 0.08-+00 ± - 7.78-0S ± 9.0B-OS 0.08+00 ± · 

4.8£.05 ± 
0.08+00 ± 

O.OB+OO ± 
6.28-04 ± 
1.58-04 ± 

2. t8-04 ± 
4.08-04 ± 

O.OB+OO ± 

0.08+00 ± 

4.1B.Q6 . 

9.oB-05 
2.6B-04 

1.1 E.-04 
S,on-05 

;,.. 
-0 
-0 
t">1 

~ 

r; 
t">1 c..., 

Vellel 1.2B-OS ± 6.4B-06 1.tB.oJ ± 4.28-06 1AB-OS ± 1.88-05 4.5B-0.5 ± :2.38-0S 4.2B-OS ± 2,1B-OS B.1B-05 ± 2,72-05 
Flltenld solution 

Gnmite 
O.OB+oo ± 
O.OB+oo ± · 3,BB.Qj ± :.\.9B-05 O.OB+OO ± · - o,on...oo ± · S.58-05 ± 3,98-05 

5.9B.oS ± 8.18-05 0.08+00 ± - 0.08+00 ± -
Nb/Zr-95 765.8 Toto! 

Vessel 
Filtered solution 

0"",.. 

O.OB+oo ± - O,OB+OQ :t · 0.08+00 ± - 0.08+00 ± O,OB+OQ ± 
2.3B-05 ± 6.58-06 1.62.05 ± 7.3B-06 2.3'B-05 :t 1.38-05 1.08-05 ± 1.2B-05 1.68-05 ± 
0,08+00 ± O.OB+OO ± · 0.08+00 ± · 3,0B-05 :t 5.8E-05 0.08+00 ± 
t.lB-OS ± 1.6B-05 3.3B-06 ± 8,18-06 3.18-06 ± 3.0B-05 

· 
1.18-05 

· 
O,OB+OO ± 
2,6B-05 ± 

0.08+00 ± 

-
1AB-05 

Cs-131 661.1 Toto! 
Vesul 

Plltered solution 
Oranlt. 

1,2B-03 ± 8.48-05 
lA8-05 :t 2.oe-05 
1.28-03 ± 6.on-os 
7.9B-04 ± 3.68-05 

1.8B-03 ± 1.1B-04 7.5B-04 ± 1.3B.04 
1.68-0S ± 9.7B-06 O.OB+OO ± · 
1.::~3 • ::7B.OS ~:~~ ± 8,BE-05
6 3 .()4 ± .2B-O.5 4 -04:t: ,56Il.os 

1.9B.()3 :t 1.38-04 
1.ge-OS ± 1.5B-OS 
1.8B-03 ± 9.3B-OS 

1.5B-03 :t 1.18-04 
8.58-06 ± 1.5E-05 
1.4B.Q3 ± B.1J!..OS 

1,0B-03 ± 9.9B-OS 
1.28-05 ± 1,6n-05 
9,88-04 ± 7.oB-05 

;,.. 
;.:. 
'" "" 



HA6· LEACHING PERIOD (d.,,) 28 
LEACH RATE (I per Iq. m per d.,) 

RADIONUCLIDE ENERG GRANITE GRANITE GRANITE 
(keV) HA6-lA HA6·1D HA6·1C HA6-lD DA6-lE HA6·10 

Cc·141 145.4 Total 9.1E-05 ± 248-05 3.3E-05 ± 3.6E-05 4.18-05 ± 288-05 7.48-04 ± 3.38-05 8.68-04 ± 3AB-OS 8.6B-04 :f: 3.28-05 
Unfiltered solutlon 3,jE-05 :f: 4.58-06 2.SB-06 :f: 3.6E-06 0.08+00 ± · 5.08-04 ± 1.68-05 5.2B-04 ± 1.7B-05 5.28-04 :f: 1.6B-05 

Vessel 26E-05 :f: 4.38-06 231W3 ± 3.21W6 7.5B41 ± 7.61WS 2.48-04 ± 8.7B-06 3.sB-04 ± 1.lB-OS 3.sB-04 :f: 8.8£-06 
Flttered solution 

Granite 
278-06 :f: 3.4B-06 
2.3B-05 ± 1.2B-05 

8.0B-07 ± 6.08-06 0.0R+00 ± · 
8.1B-07 ± 1.7B-05 268-04 ± 1.68-04 

3.78-05 ± 1.68-OS 4.1B-O:S ± 1.7B-OS 4.08-05 :f: 1.6E..{lS 

DII-I40 163.4 Total 2.88-02 ± 1.98-03 7.8B-02 ± 2.9B-03 3.88-02 ± 2.3B-03 6.28-02 ± 2.S8-03 6.8B-02 ± 2.6B-03 6.2B-02 :f: 25E-03 
Unfillered solution 3.1B-03 ± 3.58-04 7.38-03 :f: 3.48-04 3.28-03 ± 3.28-04 5.oB-02 ± 1.28-03 5.9B-01 ± 1.5B-03 5.5B-02 :f: 1.4B-03 

Veaael 5.5B-05 ± 1.68-04 2.28-04 ± 2.18-04 4.68-04 ± 298-04 4.78-04 ± 3.28-04 1.98-03 ± 8.98-04 2.SB-04 :f: 7AE-04 
Flltared solution 3,28-03 ± 4.88-04 7.3B-03 ± 7.88-04 3.48-03 ± 5.58-04 4.48-02 ± 2.18-03 5.3B-02 ± 2.4B-03 4.7B-02:f: 2.2B-03 

"""I~ 228-02:f: 1.48-03 5.98-02 ± 2.18-03 3.1B-02 ± 1.6B-03 
304,8 Toto! 2.68-02 ± 4.28-03 7.48-02 ± 6.18-03 4.2E-02 ± 4.88-03 5048-02 :f: 558-03 6.5B-02 ± 5.7B-03 6.3B-02 :f: S.3B-03 

Untl1tered solution 3.1 8-03 ± 7.6B.04 7.18-03 ± 6.48-04 281W3 ± 3.5B41 4.68-02 ± 258-03 5.2.8-02 ± 2.7B-03 5.18-02 :f: 2.6B-03 

423.8 

Vellel 
Piltered aolution 

"""I~ 

Total 

3.68-05 :f: 
2.68-03 :f: 
2.28-02 :f: 
3.7B-02 :f: 

4,jB.04 
9,9B-04 
3.0B-03 
6,OB-03 

4.08-04 ± 1.08-03 0.0R+00 ± · 4.6B-03 ± 1,j8-03 20B-03 ± 1.08-03 
5.8B-02 ± 4.08-03 3,28-02 ± 2.9B-03 
9.6B-02 ± 8.3B-03 5.48-02 ± 6.18-03 

6.38-04 ± 6.78-04 
4.2B-02 ± 4.18-03 

7,j8-02 ± 7.38-03 

8,jB-04 ± 8.6B-04 
5.08-02 ± 4.3B-03 

8.18-02 ± 7.68-03 

1.1B-03 :f: 9.2B-04 
4.38-02 :f: 3.9B-03 

7.48-02 ± 7.1B-03 

:.. 
.." 
.." 

'" 
537.3 

Unfiltm'ed solution 
Veaael 

FlItered .olution 

"""'~ Total 

4,58-03 ± 1.1B-03 8.4B-03 ± 6.58-04 3.58-03 ± 6.78-04 
O.OB+OO ± . o.oR+oo ± . O.OB+oo ± · 
3.48-03 ± I.IB-03 5.6B-03 ± 218-03 2SB-03 ± 1.28-03 
2.88-02 ± 4.48-03 7.28-02 ± 6.08-03 4.28-02 ± 3.88-03 
3.28-02 ± 1.28-03 8.18-02 ± 1.78-03 4.28-02 ± 1.28-03 

5.98-02 ± 3,3B-03 
6.68-05 ± 1.08-03 
4.6B-02 ± 5.38-03 

6.38-02 ± 6.28-03 

6,9B-01 ± ),78-03 
1.8B-03 ± 2.28-03 
5.7B-01 ± 5,jE.03 

6.9B-01 ± 1.68-03 

6.3Bo02 ± 3.5B-03 
1.28.03 ± 1.2B-03 
5.7B-02 ± 5.38-03 

6.48-02 ± 1.6B-03 

~ 

r; 
'" '"Untiltered solution 3.58-03 ± 2.3B.04 7.7B-03 ± 1.8B-04 3.38-03 ± 1.68-04 5.38-02 ± 3'oB-03 6.0B-01 ± 8.2£-04 5.48-02 ± 7.78-04 

Veuel 
Plltered solution 

(ltl.nlte 

2.78-04 ± 9,8B-OS 
3.38-03 ± 1.9B.04 
2,4E-02 ± 5.SB-04 

7.88-06 ± 1.4B-04 
7.18-03 ± 3.7B-04 
6,5B-02 ± 1.28-03 

3,08-04 ± 3.1B-Q4 
3.78-03 ± 2.28-04 
3.41W2± 76B41 

6.88-04 ± 2.58-03 
4.6B-02 ± 5.38-03 

1.88-03 ± 4A8-04 
5.6B-01 ± 1.3B.03 

5.7B.04 ± 2.oB.04 
4,8B.Q2 ± 1.2B.o3 

La!Oll.·l40 328.8 Total 2.78-02 ± 1.1B.o3 7.18-02 ± 1.68-03 3.8B-02 ± 1.38-03 3A..02 ± 1.5..03 13.68-02 ± 1.58-03 4.7B-02 ± 1A8-03 
Untiltmd solution 1.7B-03 ± 1.8B.04 2,78-03 ± 1.7B-04 1.4E-03 ± 1.38-04 4.88-02 ± 658-04 5.2B-02 ± 7.18-04 5.0B-02 ± 6.78-04 

Vesael 6.6B-06 ± 8.2B-05 8.68-04 ± 2.SB-04 3.4B-Q4 ± 3.08-04 2.78-03 ± 358-04 3.4B-03 ± 4.08-04 6.1B-04 ± 3.4B-04 
Filtered lolutlon 2.7B-03 ± 2S8-04 5.78-03 ± 4.08-04 2.8B-03 ± 2.S8-04 3.78-02 ± 1.08-03 4.7B-02 ± 1.2B.Q3 4.2B-02 ± l.lB.Q3 

"""'~ 2.2B-02 ± 7.9B-04 5.8B-02 ± 1.18-03 3.2B-02 ± 6.08-04 
487,0 Total 

Unflltered lolution 
3.2B-02 ± 6.0B-04 
1.78-03 ± 8,3n.o5 

8.1B-02 ± 9.08-04 
3.2B-03 ± 8.0n-os 

4.5B-OZ ± 6.58-04 
1.58-03 ± 7.08-05 

6.28-02 ± 7,j8-04 
5,jB-02 ± 4.38-04 

6,j8-02 ± 7.8B-04 
5.9B-02 ± 4.5B-04 

5.7B-02 ± 7.1E-04 
5.6B-02 ± 4.3E-04 

Ve.ul.l 6.18-04 ± 8.3n-05 9.18-04 ± 1.1E-04 7.8B-04 ± I.3B-04 3.28-03 ± 1.88-04 4.0B.03 ± 2.2E-04 3.78-03 ± 1.88-04 
FillenJd solution 3.0B-03 ± 1.2E-04 6.78-03 ± 2..18-04 3.0B-03 ± 1,jB-04 4.28-02 ± 5.98-04 5048-02 ± 6.88-04 4.78-02 ± 6.3B-04 

"""'~ 2.SB-02 ± 3.7B-04 6.88-02 ± 5.8B-04 3.6B-02 ± 3.88-04 
815.9 Toto! 2.7B-02 ± 9.8B-04 6.98-02 ± UB-03 3.8B-02 ± 1.18-03 5.2B-02 ± 1048-03 5.6B-02 ± 1.4B.Q3 4.68-02 ± 1.3E-03 

Unfilt«ed .olution I.5B-03 ± 1.48-04 2.SB-03 ± 1.18-04 1048-03 ± 1.28-04 9.98-03 ± 4.18-04 5.1B-01 ± 6.8B-04 4.8B-02 ± 6.7E-04 
Vessel 4.68-04 ± 7.9B.o5 6.78-04 ± 1.78-04 4.88-04 ± 1.88-04 2,88-03 ± 2.S8-04 3.68-03 ± 2.9E-04 3.18-03 ± 2.8B-04 

Filtmd. solution 
Onni~ 

2.2B-03 ± 2.0B-04 
2.1B-02 ± 6.38-04 

5.28-03 ± 3.48-04 
5.8B-02 ± 1.0B-03 

2.7B-03 ± 2.1B-04 
3.0B-02 ± 6.0B-04 

3.6E-02 ± 9.08-04 4.5B-02 ± 1.08.()) 4.0B-02 ± 9.6E.Q4 

1596.5 Totel 2.7B-02 ± 4.78-04 6.6B-02 ± 7.88-04 3.7B-02 ± 5.78-04 4.98-02 ± 6.88-04 5.28-02 ± 7,OB.Q4 4$-0'2 ± 6.4B-04 
Unflltered aolutlon 

Ve.uol 
PillenJd lolution 

Clnmite 

1.58-03 ± 8.18-05 
9.lB.05 ± 8.0B-05 
2.48-03 1.0B-04 
2.IE-02 ± 3.08-04 

2,58-03 ± 7.28-05 
8.38-04 ± 1.18-04 
5.6B-03 ± 1.9&-04 
5.6M2 ± 4.8B-04 

1.2B-03 ± 6.68-05 
5,jB-04 ± 7.5s.os 
2,38-03 ± 1.38-04 
'300M2 ± 3,68-04 

5.78-04 ± 5,jB-05 
2.6E-03 ± 1,j8-04 
3.38-02 ± 5.18-04 

4.88-02 ± 3.98-04 
).2B-03 ± 2.08-04 
4.2.8-02 ± 6.18-04 

4.5E.Q2. ± 3.Sf!.-04 
3,lE.()) ± 1.5E-04 
3.8E-02 ± S,3E-04 

:.. 
:.;, 
';:: 
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LEACH RATE (I per'lq. m per d.y) 

RAUlONUCLlDE ENERG GRANITE GRANITE GRANITE 
(keV) HA6·1A BA6-1B HA6-1C BA6·1D HA6-IE HA6-IG 

Ru·to3 497.1 ToW 3.98-04 ± 4.5£-05 7.78-04 ± 6.3B-05 9.08-04 ± 4.9B-OS 1.3B-03 ± :.8B-OS lAB-03 ± 4AB-OS 1.0£-03 ± 5.3B-05 
Unfiltered lolution 2.0B-04 ± 9.7B-06 2,0B-04 ± 6.9B-06 1.18-04 ± 7.2B-06 '2.38-04 ± 2.3B-OS 3.4B-04 ± 2.6E-05 2.3E.()4 ± 2.3E.QS 

Ve!!el 2.5£-04 ± 1.1E.()S 5.1B-04 ± 1.5B-05 4.78-04 ± t.78-05 9.3B-04 ± 2.IB-OS 9.7B-04 ± 2.3E..os 7.7B.()4 ± 1.9E.()S 
Filtered solution 

Onol~ 

1.6B-04 ± 7.4B.()6 
248-05 ± 1.0B.QS 

1.7B-04 ± 1.18-05 
t.SB-04 ± 2,78-05 

1.0B-04 ± 7.78-06 
2.1E-04 ± 1.88-05 

1.58-04 ± 2.5E-OS 1.6B-04 ± 2.7B.05 1.5B-04 ± 2AB..{)5 

610.3 Total 
Untiltered solution 

Veasel 

1.88-02 ± 7.7B-04 
0.0&+00 ± 
1.8B-04 ± 6.9B.05 

21B-04 ± 7.2B-04 
t.1B-04 ± 29B-05 
3.3B-04 ± 9.2B.05 

4.7B-04 ± 5.5£-04 
6.1B-05 ± S.4B.OS 
1.7B-04 ± t.0B-04 

3.98-04 ± 1.7B-03 7.5B-04 ± 6.6JU)4 
13B-04 ± 2.28-04 O.OB+OO ± · 
4.0B-03 ± 9.8B-04 6.8B-04 ± tAE-04 

4.9£-04 ± 5.8E.{)4 
1.7B.()4 ± 1.8B-04 
5.5B-04 ± l.2B-04 

Fllwred solutlon 
Ononl~ 

0.08+00 ± 
O.OB+OO ± 

-. 1.58-04 ± 9.0B.05 
4.9B-03 ± 3.28-04 

t.1B-04 ± 6.3B-05 
7.2B-05 ± t.7B-04 

1.6B-04 ± . 4.0B-06 ± 2.tB-04 1.9B.()4 ± 2.0B-04 ;,. 

Zr·95 724.2 

756,7 

Total 
Unfiltered lolution 

Ve!!el 
Filtered solution 

Ononl~ 

Total 
Unfilt«ed lolution 

6.6E-05 ± 3.9B'()5 20B-OS ± 5.9B-05 3.1B-05 ± 4.8B-OS 
24£-05 ± 6.1B'()6 1.9B-06 ± 6.2B-07 3.7B-06 ± 3.7£-06 
tAn.oS ± 5.3B'()6 22B-05 ± 4.0B-06 4.5B-05 ± 8.5£..06 
1.0£..06 ± 26B.()6 1.9B-06 ± 6.08-06 O.OB+OO ± -
3,08-0S ± 1.0B-05 1.9E-05 ± 3.2E-05 8.78-05 ± 104£..05 
3.4B-OS ± 1.1B.Q5 t.IE-05 ± 29£..05 4.08-05 ± l.3B-OS 
2.2B-OS ± 3,9B.Q6 O.OB+oo ± . 4AB-06 ± 2.2B-06 

IAB-04 ± :.2B-OS 
'2.38-04 ± I.2B-OS 
2.7B-Q$ ± 8.oB-06 
tA8-OS ± 1.7B-OS 

7.tB-05 ± 2.0B-OS 
8.t B-OS ± t.8B-OS 

2.1~~' ~$~~ 

t.3B.04 ± 2,OB-OS 
8.6B-OS ± 9.38-06 
1,3B-OS ± t.8B-OS 

1.5B-04 ± 2.1B.QS 
5.8B-05 ± 9.58-06 

7.4B.QS ± 5.0£-05 
'2.4B-05 ± t.8B-OS 
9.4B.06 ± 5,6B-06 
3.2E.QS ± 1.7B-OS 

3.5B.()6 ± 2.6B..QS 
4.7B.06 ± 9.7B.06 

~ 

t'1 

! 
Vene! 

Filtered lolutlon 
6.3B-06 ± 1.6B.Q6 
O,OS+OO ± 

1.2B-05 ± 4.3B-06 
6.2B-06 ± 26B-06 

3.88-05 ± 7048-06 1.7B-OS ± 6.68-06 
5,3B-07 ± 2,38-06 0.08+00 ± . 9.08-0$ ± t.OB.QS 

0.08+00 ± · 
6.1B.06 ± 6.1B.06 
9.3£-08 ± 7.7B.06 

Ononl~ 2.5B-06 ± 1.2B-OS O.OB 00 ± - 3.48-06 ± 9.58-06 
Nbrlr-95 765.8 Total 

Unfiltered solution 
Veue.l 

PlIteted solution 

27B-05 ± 25B-OS 
3.8B-05 ± 4.8B.Q6 
1.OB-05 ± 4.9B-06 
5.0B-08 ± 24B.()6 

3.68-05 ± 208-05 1.28-04:1: t.9B-OS 
2.6B-07 ± 9.2B-07 7.6B-07 ± 28B-06 
4..4B-05 ± 5A8-06 8.8B-05 ± 8.8B-06 
2.9B-07 ± 4,4B-06 O.O1l+OO • . 

2.08-04 ± 3AB-OS 3.1B-04 ± 3.7B-OS 1.4£-06 :I: 3,IB-05 
t.6B-03 ± '2.2E-OS t.5B-04 ± 1.1B-OS t.8B.QS ± 1.2B.QS 
4AB-Q$ ± 8.58-06 t.3B-04 ± t,OB-05 3.28-05 ± 4.8B.06 
4.98-06 ± t.tB-05 O.OB+OO • · 0.08+00 ± -

Ononl~ 1.1 B-OS ± t.5e-os 4,OB-06 ± 7.78-06 4.68-06 ± 1.0B-05 
Cs-I37 661.7 Total 

Unfiltered lolution 
Veuel 

1ll1t~rod lolution 
Ononl~ 

3.9B-03 ± 1.1E-04 
1.88-04 ± 1.08-04 
3.5B-05 ± 3.78-OS 

O.on+OO ± 
4.0M3 ± 4.2r.!-04 

1.9B-03 ± 1.1B-03 6.4B-03 ± 8.7£.04 
1.1£-04 ± 2.1B-05 1.78-04 ± 8.7B-OS 
6.08-05 ± S.2B-OS 0.0£+00 ± 
9,8B-05 ± t.4B-04 1.58-04 ± 9,8B-05 
6.8[!'()3 ± 5.6E.-04 4,9B-03 ± 4,5B-04 

7AM3 ± 9.68-04 
'2.68-03 ± 4.68-04 
1.9B-04 ± 1.58-04 
5.28-03 ± 4.t8-04 

6.6£-03 ± 1.0E-03 
4.9B-03 ± 4.98-04 
7.0B.QS ± 1.88-04 
5.1B-03 ± 4AB-04 

6.2E-03 ± 9,3B-04 
5.1B-03 ± 4,38-04 
4.8B.QS ± 1.1£004 
4.8B-03 ± 3.98-04 

;,. 

"" v, '" 
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Appendix SC 

Experimental Procedure 

Triplicate samples of polished granite discs 10 mm diameter and 2 mm 

thickness of each of the Coles Bay Granite, Kambalda Granodiorite and Roxby 

Downs Granite were leached individually in two separate series to determine the 

uptake of 134Cs and 90Sr from solution by granites, the distribution of this activity and 

the retention rates for these radionuclides. Initially, samples were held in contact with 

20 mL of 'spiked' deionised water solutions containing either 134Cs or 90Sr (in 

equilibrium with 90y) for 3 days at 70°C under MCC-l static test conditions (MCC, 

1983). Following measurement of the activity associated with the granites and the 

solutions from this leach test, the samples were releached in unspiked leach solutions 

of 20 mL deionised water under the same conditions, and the activities of the 

components were measured. The leach assemblage is shown in Figure 7.A.l, and the 

procedures for leach testing are the same as those described for the mixed fission 

product leach testing in Appendix 7A. 

Activity Measurement and Calculations 

The 'spiked' leach solutions (uptake solutions) were prepared by taking either 

1 rnL of 134Cs at 3.7 x 107 BqL-l activity or 10 rnL of 90Sr at 3.4 x 103 BqL-l activity 

and making them up to a 20 rnL volume for each sample. The activity of the spiked 

leach solutions is given in Table 8.C.!. 

90S r 

stock solution activity 3.7 x 107 BqL-l 3.4 x 103 BqL-l 

dilution factor 1 rnL in 20 rnL 10 rnL in 20 rnL 

leach solution activity 1.85 x 106 BqL-l 1.7 x 103 BqL-l 

Table S.C.! Activity of stock and leach solutions for 134Cs and 90Sr. 



APPENDICES A:I28 

The activity of the 134Cs in both the spiked and unspiked leach solutions was 

measured by 'Y-spectrometry using a Gamma-X HP Ge coaxial detector (GMX series) 

connected to a PC-based 2-spectrum, 1024 channel analyser. The activity of each 

solution was calculated from; 

A = ..... 8.C.I s 

for As and At are the activities in BqL-l of the sample and standard solutions 

respectively, ts and tt is the time in seconds for both the sample and standard, Cs and Ct 

are the nett counts for the sample and standard and d, is the decay correction for 90Sr 

which accounts for the period of time elapsed since the original stock solution was 

prepared. No volume correction is required for these samples and a constant 

source:detector geometry was maintained for all samples. The decay correction de is 

calculated from; 

- .. t
d, = e ..... 8.C.2 

where t is the time elapsed between original Synroc batch production and activity 

measurement (in days), and A. being 

..... 8.C.3 

for to.5 is the half-life of the isotope in days. The decay corrections for both 134Cs and 

90Sr are given with data for individual samples are given in Appendix 8D. 

For both the 90Sr-spiked and unspiked leach solutions activity was measured 

by ~-scintillometry. Activities were calculated from the equation; 
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Cs 
As = -t----;=----;-;---, ..... 8.CA 

s DE Vs d, 

for As is the activity of the sample (BqL-l), ts is the counting time in seconds, 

Cs are the nett counts for the sample, DE is the detector efficiency, which for these 

samples is equal to 0.997 measured from two calibrated standards of the same solution 

and different activities, Vs is the volume correction for the sample, which is equal to 3 

mL for all samples and d( is the decay correction as calculated from equations 8.C.2 

and 8.C.3 and is equal to 0.9735 for all 90Sr samples. 

The distribution of 134Cs and 90Sr activity over the face of each polished 

granite disc was evaluated qualitatively using ~-autoradiography after leaching in both 

spiked active (uptake) and non-active (removal) solutions. The granite discs were 

removed from the leach solutions washed and dried then placed in contact with a ~-

sensitive AGFA-GEVAERT lOOFW Gevar Polyester base X-ray ftlm for periods of 2, 

4, 7, 17, 24, 32 and 48 hours to gain optimal exposure for each of the granites. The 

films were then processed and the degree and distribution of uptake of activity 

estimated visually. Unfortunately, the limitations of this technique preclude the 

quantitative determination of the activity present on each of the granite faces, and the 

method has been used only to provide a distribution map. 



Appendix 8D 

Activity (BqL-l) of l34Cs and 90Sr in spiked leach solutions (uptake
 

solutions) and in unspiked leach solutions (removal samples) after
 

exposure to the Coles Bay Granite, Kambalda Granodiorite
 

and Roxby Downs Granite
 



Uptake and Retention by Granite 
Cs-134 activity of leach solutions 

Energy (keV) 

Nett Counts (cps) 

569.3 604.7 795.9 
Decay 

Correction 
Activity 
(BqlL) 

Percentage of 
initial solution 

(%) 

Coles Bay CB-669 

Stock (uptake) 
Stock (removal) 

Feed-1 (Iml) 

CB/Cs-1 uptake 
CB/Cs-2 uptake 
CB/Cs-3 uptake 

10.04 
10.06 
0.61 

8.89 
8.80 
7.84 

64.27 
65.87 
3.97 

57.28 
55.84 
50.87 

. 45.60 
42.88 
2.59 

40.11 
39.43 
35.60 

1.0000 
1.0000 
1.0000 

1.0000 
0.9772 
0.9763 

3.70E+07 
3.70E+07 
1.85E+06 

3.30E+07 
3.29E+07 
3.00E+07 

100.0 
100.0 
100.0 

89.1 
88.9 
81.1 

Kambalda KD-776 

CB/Cs-1 removal 
CB/Cs-2 removal 
CI3/Cs-3 removal 

KD/Cs-4 uptake 
KD/Cs-5 uptake 
KD/Cs-6 uptake 

0.41 
0.39 
0.49 

10.03 
9.40 
9.66 

2.67 
2.59 
3.05 

63.94 
59.46 
61.83 

1.74 
1.66 
1.97 

45.00 
42.15 
43.80 

0.8654 
0.8654 
0.8654 

1.0000 
0.9763 
0.9763 

1.73E+06 
1.68E+06 
1.98E+06 

3.68E+07 
3.51E+07 
3.65E+07 

4.7 
4.5 
5.4 

99.5 
92.5 
96.2 

:>0

~ 

1>] 

~ 

rs 
1>]

'" 

KD/Cs-4 removal 
KD/Cs-5 removal 
KD/Cs-6 removal 

0.06 
0.06 
0.06 

0.42 
0.39 
0.44 

0.26 
0.25 
0.39 

0.8654 
0.8646 
0.8646 

2.73E+05 
2.51E+05 
2.85E+05 

0.7 
0.7 
0.8 

Roxby Downs RD-I000 RD/Cs-7 uptake 
RD/Cs-8 uptake 
RD/Cs-9 uptake 

3.89 
2.82 
4.31 

24.92 
18.22 
27.33 

17.52 
12.89 
19.30 

1.0000 
0.9763 
0.9763 

1.43E+07 
1.07E+07 
I.61E+07 

38.8 
28.3 
42.5 

RD/Cs-7 removal 
RD/Cs-8 removal 
RD/Cs-9 removal 

0.75 
0.72 
0.79 

4.97 
4.66 
5.15 

3.20 
3.06 
3.41 

0.8646 
0.8646 
0.8646 

3.23E+06 
3.03E+06 
3.35E+06 

8.7 
8.2 
9.0 

:>0
~ 

c.., ..... 



Coles Bay CB-669 

Kambalda KD-776 

Roxby Downs RD-lOOO 

Uptake and RetentIOn by Granite 
Sr-90 activity of leach solutions 

Decay Activity 
Net Counts (cpm) Correction BqlL 

Stock (uptake) 3.40E+03
 
Stock (removal) 3.40E+03
 
Feed-I (10m1) 305691 1.0000 1.70E+03
 

CBISr-1 uptake 287352 0.9735 . 1.64E+03 
CBISr-2 uptake 284953 0.9735 1.63E+03 
CBISr-3 uptake 289348 0.9735 1.66E+03 

CBISr-1 removal 341 0.9735 1.95 
CBISr-2 removal 239 0.9735 1.37 
CBISr-3 removal 229 0.9735 1.31 

KDISr-4 uptake 292537 0.9735 1.67E+03 
KDISr-5 uptake 290136 0.9735 1.66E+03 
KDISr-6 uptake 295824 0.9735 1.69E+03 

KDISr-4 removal 152 0.9735 0.87 
KDISr-5 removal 269 0.9735 1.54 
KDISr-6 removal 113 0.9735 0.65 

RDISr-7 uptake 264377 0.9735 1.51E+03 
RDlSr-8 uptake 279957 0.9735 1.60E+03 
RDISr-9 uptake 258119 0.9735 1.48E+03 

RDISr-7'removal 176 0.9735 1.01 
RDISr-8removal 1219 0.9735 6.98 
RDISr-9 removal 620 0.9735 3.55 

Percentage of 
initial solution 

(%) 

100.0 
100.0 
100.0 

96.8 
95.9 
97.4 

0.1 
0.1 
0.1 

98.5 
97.7 
99.6 

0.1 
0.1 
0.0 

89.0 
94.3 
86.9 

0.1 
0.4 
0.2 

~  

~  

t'J 

~ 
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Fission-track analysis of uranium distribution in 
granitic rocks 

VANESSA A. GUTHRIE 
Department of Geology, University of Tasmania, Hobart, Tas. 7001 (Australia) 

(Received June 7, 1989j accepted for publication June 14, 1989) 

Abstract 

Guthrie, V.A., 1989. Fission-track analysis of uranium distribution in granitic rocks. Chem. Geo!., 77: 87-103. 

The natural uranium concentration and distribution in three granitoids from Australia has been used to develop an 
understanding of the geochemical processes which control its behaviour in the natural environment and the potential 
behaviour of some analogue elements within a crystalline high-level radioactive waste (HLW) repository environ
ment. In the Coles Bay Granite, Olympic Dam granite and the Kambalda Granodiorite, fission-track micromapping 
has been used to identify primary and secondary distribution between four main mineralogical locales: (1) Background 
U; (2) Resistate U; (3) Secondary U; and (4) Fracture U. Minor concentrations of total U are present as Background 
U in the major rock-forming minerals whereas Resistate U, contributed by the accessory minerals, comprises up to 
60% of total U. 

Two modes of redistribution of primary U are evident: (1) in the secondary minerals, particularly Fe- and Ti
hydroxides; and (2) on alteration minerals which infill microfractures. The association ofU with these secondary and 
fracture-infilling minerals indicates that it has been redistributed during post-magmatic hydrothermal alteration and 
possibly by recent groundwater-rock interaction. 

The most important geochemical processes involved in this U redistribution include mobilisation and fixation 
through complex decoupling and redox reactions, and retention by secondary minerals through adsorption and ionic 
exchange. The effect of these processes upon natural U redistribution may be considered as an analogue ofgeochemical 
processes around a HLW repository. This work shows that a degree ofpost-magmatic alteration of a granite increases 
the proportion of secondary minerals of high sorption capacity present, which may thus enhance the radionucLide 
retardation capability of the granitoids. 

1. Introduction system (Thunvik and Braester, 1982) and the 
geochemical processes which operate within the 

The successful isolation of high-level radio principal dispersion regime, i.e. circulating 
active waste (HLW) (including spent fuel) in groundwaters (Krauskopf, 1986). These pro
crystaJJine rocks is dependent upon the multi cesses include specific mineral precipitation and 
pIe barriers concept which involves the use of rock matrix diffusion (Speer et aI., 1981; Ska
man-made waste forms and engineered barriers gius and Neretnieks, 1984) and a number of ad
within the repository to delay the dispersion of sorption mechanisms resulting from the inter
released radioactive wastes into the geological action of groundwaters with fracture surface 
environment (Airey and Ivanovich, 1986). If minerals (Milton and Brown, 1987). Such pro
and when radionuclides are released into this cesses are affected by the composition, redox 
environment their behaviour is controJJed by potential and the flow regime of the ground
the development of a hydrothermal circulation water (Neretnieks, 1986). 

0009-2541/89/$03.50 © 1989 Elsevier Science Publishers B.V. 
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An understanding of the interaction of these 
process~s may assist in the prediction of radio
nuclide behaviour in the waste disposal envi
ronment through natural geochemical ana
logue studies (Brookins, 1984; Airey and 
Ivanovich, 1986), and thus may be useful in de
termining the most appropriate geological for
mation for HLW disposal. In particular, the 
long-term behaviour of radionuclide dispersion 
within a granite repository system may be bet
ter understood through assessment of past nat
ural radionuclide behaviour, such as the natu
ral total U abundance, its distribution in 
crystalline rocks and the extent of its mobili
sation during late-stage alteration which may 
assist in the prediction of radionuclide behav
iour, especially actinides, within the repository 
environment. 

This study aims to determine the oCCurrence 
and behaviour of U in granitoids and apply this 
as a geochemical analogue of actinides and spent 
fuel in high-level radioactive wastes. Fission
track micromapping has been used to, charac
terise the natural U abundance and distribu
tion within three gninitoids, and to define the 
natural processes such as U transportation, fix
ation and retention which control its behaviour 
during possible remobilisation events including 
late-stage alteration and groundwater inter
action. 

2. Analytical methods 

U concentrations and distributions within the 
three granitoids were determined on thin sec
tions of polished rock from their corresponding 
fission-track densities within external Lexan® 
plastic detectors (e'.g., Kleeman and Lovering, 
1967; Komarov et aI., 1986). U concentrations 
of individual contributing minerals were cal
culated by comparison with fission tracks reg
istered in a Corning® standard glass CN 4 con
taining 4Jlg g-l U. Samples and detectors were 
irradiated in a well-thermalised neutron flux 
and the detectors were then etched in 6N NaOH 
for 12-15 min. at 75' C. Track densities were 

V.A. GUTHRIE 

determined at 1000 X magnification using a 
transmitted-light optical microscope. 

U concentrations were calculated using the 
values for the radio of effective atomic numbers 
and the reduced equations given in Kleeman 
(1969, 1984). Errors (2<1) were calculated on 
representative populations (> 1000 tracks per 
mineral) assuming Poisson distribution statis
tics. These generally vary according to the 
number of tracks counted per mineral, ranging 
between 5% for minerals containing> 100 Jlg 
g-l U, 5-10% for 10-100 Jlg g-l U, 10-15% for 
1-10 Jlg g-l U and> 15% for minerals contain
ing <1 Jlg g-l U. 

Mineralogy of the three granitoids was deter
mined using an optical microscope and quan
titative elemental analyses of individual min
erals were determined using a JEOL®JX 50A 
scanning electron microscope (SEM) and mi
croprobe with a Tracor Northern® TR-2000 
energy-dispersive spectrometer. The nature of 
the fine-grained non-crystalline phases pre
cluded the determination of quantitative ele
mental analyses using this facility; however, 
compositional variations were recorded and 
verified on powdered smear samples using X
ray diffraction. 

3. Samples and petrography 

Diamond drill-cores to at least 1000-m depth 
through three granitoids were selected for in
vestigation. The three sample localities and 
schematic lithological logs of the Coles Bay 
Granite, Tasmania; the Kambalda Grano
diorite, Western Australia, and the basement 
granite in proximity to the Olympic Dam Cu
U mineralisation, South Australia, are shown 
in Fig. 1. 

3.1. Coles Bay Granite 

The Coles Bay Granite forms part of a De
vonian plutonic province which intrudes Or
dovician to Devonian sediments on the east 
coast of Tasmania. It varies from a pale-pink, 



89 FISSlON-TRACK ANALYSIS OF URANIUM DISTRIBUTION 

• 

KAMBALDA
 
GRANODIORITE
 .~ 

+ + +101 ++ ++ + 
+ + + + 

100 
+ +++++ OLYMPIC DAM COLES BAYI: ++ + + + 
+ + + + GRANITE GRANITE 

+ + +200 + + + + + + + + 
+ + + + 

+ + + ++ + + + 
300 + + + + 100 ++++++++ + + + + + + + ++ + + + + + + + 

+ + + + 
0400 ++ + + + 200 +++++++++ + + 

+ + + + 
+ +++ + + + + + 

500 300++++++++m + + + + + + + +w + + + + + + + +IX: + + + + + + + + 
W BOO + + + + 400++++I + + + + 

+ + + + 
+ + + + 

+ + + + '"~ + + + + 
+ + +m 700 + 500 500 + + + ++ + + +:I: + + + + •l  + + + +Q. + + + +

W 800 ++ + + + BOO + + + ++ + + + + + + 

•
+ 

+
+

• + 
" • + + + + ++ • • • 

900 + + + + 
+ + + + 

+ + • + 
+ • • • + + + ++ + • + 

1000 ++ • + • 800++++++++• • + 

• • + •1100 • • + •• + • •+ • + •+ + • 
1200 + • + + 1ooof:+~~·~+;:·d 

'+' • + 

granite EJ graniteGJ graoodiorite 
severe hematite 

microgranite•hematite/quartz alteration 
veining 

brecciated a It eratloo/1 racture 
granite zone 

Fig. 1. Sample localities and schematic lithologicallogs of drill·core from the Coles Bay Granite, Tasmania; the Olympic 
Dam granite, South Australia; and the Kambalda Granodiorite, Western Australia. Selected sample depths are marked down 
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fresh porphyritic alkali feldspar granite to a 
fine-grained pink equigranular microgranite of 
similar composition, which have suffered late
stage hydrothermal alteration. 

The porphyritic biotite granite comprises 
microcline and quartz phenocrysts set in a 
coarse-grained equigranular groundmass of 
biotite (altered to phengite and rarely chlo
rite), quartz, K-feldspar, plagioclase (both var
iably altered to sericite) and accessory min
erals including monazite, zircon (and 
isostructural xenotime), apatite, ilmenite, ru
tile and unidentified submicroscopic V-Th-rich 
minerals, which remain unaltered throughout. 
Hydrothermal alteration within the pluton is 
reflected by a deep red colour, microfractures 
and increased proportions of secondary phases 
including phengite and chlorite replacing bio
tite, sericite after the feldspars, sphene, brook
ite and other amorphous Fe-Ti-oxides and -hy
droxides. Microfractures in the microgranite are 
infilled with siderite, calcite, and Fe-Ti-oxides 
and hydroxides. The intensity of hydrothermal 
alteration increases with proximity to major 
joints and fractures both near the surface and 
with depth (Green and Guthrie, 1987), indicat
ing that these fracture systems may have pro
vided the major pathways for hydrothermal 
fluid migration. 

3.2. Kambalda Grarwdiorite 

The Kambalda Granodiorite is a fine-grained, 
highly sodic intrusive with gradational contacts 
to felsic porphyry dykes and sills and is em
placed into Archean greenstone stratigraphy in 
the Eastern Goldfields Province of the Yilgarn 
Block (Archibald et aI., 1978; Wong, 1986). It 
appears to have been emplaced during a peak 
in regional metamorphic and tectonic activity 
(Archibald et aI., 1978) at - 2662 :!: 6 Ma 
(Compston et aI., 1985), and intrudes a domal 
structure developed late in the regional defor
mation sequence (Archibald et aI., 1978). 

Regional metamorphism has produced a low
temperature metamorphic mineralogical as-

I 
( 
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semblage in the Kambalda Granodiorite with 
generally well-preserved igneous textures and 
little to no obvious deformation (Gresham and 
Loftus-Hills, 1981). The light grey in colour, 
equigranular Granodiorite is composed of me
dium- to fine-grained quartz, biotite, musco
vite, and the feldspars microcline and plagio
clase (predominantly albite), which are variably 
altered to sericite and kaolinite. Accessory min
erals include zircon, apatite, sphene, allanite, 
Ti-rich magnetite and late-stage epidote. Cal
cite, dolomite and quartz form sporadic string
ers and veins throughout the pluton. Low-tem
perature metamorphism is evident in the 
development of a second generation of xeno
blastic epidote, chlorite (after biotite), rutile 
and associated leucoxene (anatase, brookite and 
finely divided rutile) , sulphates and amor
phous Fe-oxides and -hydroxides. 

3.3. Olympic Dam granite 

The Olympic Dam alkali granite occurs in the 
basement underlying sedimentary units of the 
Stuart Shelf sequence in South Australia 
(Mortimer et aI., 1988). It was emplaced in the 
early Middle Proterozoic around 1.61 Ga (Mor
timer et aI., 1988), during bimodal post-oro
genic alkali-rich igneous activity over the Gaw
ler Craton (Lambert et aI., 1987). 

In the vicinity of the Olympic Dam Cu-V
Au-Ag deposit, this granite is intensely brec
ciated and hydrothermally altered to sericite
and hematite-rich assemblages. Core samples 
have been collected from a diamond drill hole 
lying- 1 km north of a hematite-rich breccia 
complex which constitutes the principal zones 
of Cu-V-Au-Ag mineralisation. The granite 
comprises predominantly coarse-grained K
feldspar and quartz with lesser amounts of pla
gioclase (albite), biotite and the accessory min
era�s zircon, magnetite, fluorite, tourmaline, 
rutile and V-and rare-earth element-bearing 
minerals. In the hole sampled the granite has 
been brecciated, resulting in localised destruc
tion of igneous textures. Partial mineralisation 
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around 530-m depth comprises pyrite ± chal hematite, fluorite, tourmaline, sericite and sil
copyrite ± chalcocite ± bornite ± uraninite, ica; as well as localised secondary carbonates, 
florencite and minerals ofthe bastnaesite group. sulphates (including BaSO. and 8r80.), and 

Hydrothermal alteration and associated amorphous Fe-oxides and hydroxides (such as 
brecciation ofthis granite appears to be related goethite). 
to mineralisation which penetrated both the 
granite and overlying sequence (Roberts and 4. Results: Fission-track micromapping 
Hudson, 1983). The feldspars have been re
placed by hematite, pale-green sericite (phen Fission-track micromapping of samples from 
gitic in composition), and rarely silica, with the Coles Bay Granite, Kambalda Granodiorite 
SOme feldspars being completely replaced by and the Olympic Dam granite reveals four main 
massive hematite. Fe-rich chlorite, hematite mineralogical locales for uranium: (1) the ma
and sericite form pseudomorphs after biotite jor rock-forming minerals; (2) accessory min
and in the most severely altered samples are re erals; (3) secondary phases; and (4) microfrac
placed by leucoxene (anatase). Microfractures ture infillings. U concentrations for individual 
and brecciated veins are infilled principally with minerals are given in Tables I-Ill. The propor-

TABLE! 

Uranium concentrations (pg g_l) in individual minerals according to fission-track micromapping distributions for the Coles 
Bay Granite 

CB 21 CBl19 CB 235 CB 270 CB 423 CB 650 CB 669 CB 869 CB 963 

Background U: 

Quartz 0.1 0.1 0.1 0.1 
K-feldspar 1.1 0.5 0.1 
Plagioclase 1.9 0.8 0.8 1.3 3.3 0.1 
Biotite 21.2 18.6 37.0 12.5 
Muscovite 6.0 4.3 2.6 

Resistate U: 

Ilmenite 14.1 52.1 
Apatite 76.6 63.2 119.8 157.0 
Monazite 51.5 26.5 25.5 31.8 36.4 
Zircon 63.9 78.9 113.5 151.3 
Fluorite 23.3 12.5 16.7 

Secondary U: 

Chlorite 11.4 13.8 18.4 10.5 11.6 
Siderite 29.1 25.5 40.6 14.0 29.0 41.9 18.5 
Leucoxene 74.4 55.2 76.3 80.7 88.6 42.9 
Epidote/sericite 19.2 18.5 50.3 13.3 
"Secondary" sphene 39.0 25.0 

Fracture U: 

Calcite 40.8 38.9 
Clays 21.5 9.5 15.6 8.7 16.0 3.3 
Amorphous Fe- 6.9 65.5 22.4 73.3 46.8 53.4 

oxide/clays 

Sample numbers correspond to sample depths in metres. Where no value is given, minerals were not present in significant 
quantities for counting to proceed. Variation in 2u errors are given in text. 
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TABLE II 

Uranium concentrations (pg g-l) in individual minerals according to fission-track micromapping distributions for the Kambalda 
Granodiorite 

KD 32 KD 98 KD 162 KD 199 KD 201 KD 464 KD 706 KD 776 KD 885 KD 1067 KD 1139 KD 1246 

Background U: 

Quartz n.d. n.d. 0.0 n.d. 0.1 0.2 
Plagioclase 0.2 0.1 0.2 0.1 0.2 0.4 0.9 0.3 0.5 
Microcline 0.0 n.d. 0.4 
Biotite 4.4 1.6 l.l 0.8 5.0 2.2 1.6 0.9 2.0 1.5 

Resistate U: 

Apatite 38.7 19.8 12.8 84.9 43.5 
Ti-magnetite 80.1 48.5 62.2 23.3 74.6 
Zircon (0) (0) (0) 64.8 120.4 44.3 (0) (0) (0) S2.5 120.2 
Allanite 51.2 40.9 45.6 26.7 

Secondary U: 

Chlorite 52.4 s.s 15.5 
Epidote in biotite 26.S 24.7 13.5 12.4 13.0 29.5 37.5 25.7 13.2 22.0 29.5 
Sphene in biotite 23.6 52.9 3S.9 27.6 58.1 64.3 42.1 40.5 7S.6 
Epidote{sphene 24.7 40.8 24.4 50.7 33.7 
Rutile{leucoxene 89.0 97.7 100.5 
Sericite 6.4 7.2 3.1 7.3 3.7 2.3 1.3 4.5 

Fracture U: 

Fe-hydroxide 105.9 89.6 (0) 

Ca-sulphate{ 
Fe-hydroxide 40.0 30.5 7.4 S.7 

Sample numbers correspond to sample depths in metres. Where no value is given, minerals were not present in significant quantities
 
for counting to proceed. n.d.=not detected, sensitivity of external detector insufficient to register fission tracks and calculate U con
centration. Variation in 20 errors are given in text.
 
"'Registration of fission-track densities remain saturated after I-min. irradiation conditions, and therefore are not able to be counted.
 
U concentrations for these minerals cannot be calculated and are estimated to be > 150 /.lg g_t.
 

tion of V distributed between the major rock 4.1. Background U
 
forming minerals, accessory minerals, second

ary and alteration minerals and the fracture
 The major rock-forming minerals which in
infillingphases is shown in Fig. 2. The four mi clude fresh primary minerals such as quartz, 
neralogicallocales contribute varying amounts feldspars, biotite and muscovite in all three in
to total (whole rock) V within the three gran trusives contain very low background levels of 
itoids. Background V from the major rock V, generally <5 flg g-l V, and more often <1 
forming minerals contributes < 5% of total V, f.Jf6 g-l V. An exception is biotite in the Coles 
secondary minerals (Secondary V) contrib Bay Granite which contains up to 37 flg g-l V. 
utes> 45% to the total, Fracture V from frac Where fission tracks indicate the presence of 
ture infillings generally carries another 20% V, it appears to be associated with pervasive al
(particularly in the Coles Bay Granite), and the teration and rare inclusions, rather than being 
remainder (up to 60% in the Olympic Dam bound within the primary mineral structure. 
samples) is present as Resistate V, located in Pervasive alteration within the Coles Bay 
the resistate and accessory minerals. Granite and the Kambalda Granodiorite in
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TABLE III 

Uranium concentrations (pg g-l) in individual minerals according to fission-track micromapping distributions for the 
Olympic Dam granite 

OD 458 OD 496 OD 516 OD 539 OD 582 OD 714 OD 878 OD 890 OD 913 OD 1000 

Background U: 

Quartz 0.1 0.03 0.1 0.4 0.4 0,01 0.1 
Sericite after 

feldspars 1.4 1.3 4.4 0.2 1.8 0.9 3.0 

Resistate U: 

Rutile (0) 90.4 111.6 140.3 49.2 103.2 (0) 69.6
 
Zircon (0) 127.0 (0) (0) (0)
 
Tourmaline 0.0 0.0 0.0
 
U minerals (0) (0) (0)
 
Magnetite 47.8 24.5 61.5 26.2 14.9 15.2 

Secondary U: 

Massive hematite 25.0 77.1 54.8 63.2 18.7 19.5 34.1 
Sericitefhematite 3.6 17.3 22.9 6.5 5.7 9.1 13.1 9.4 
Chlorite 20.2 26.4 29.5 

Fracture U: 

HematitefFe
oxidesfsericite 15.1 20.5 26.6 66.4 76.6 60.1 71.0 

Sample numbers correspond to sample depths in metres. Where no value is given, minerals were not present in significant
 
quantities for counting to proceed. Variation in 20' errors are given in text.
 
*Registration of fission-track densities remain saturated after l~min. irradiation conditions, and therefore are not able to be
 
counted. U concentrations for these minerals cannot be calculated and are estimated to be > 150pg g- 1.
 

cludes kaolinisation and sericitisation along 
cleavages and twin planes ofthe feldspars and 
chlorite development along the (001) cleavage 
of biotite. In the Olympic Dam samples, the V 
appears to be particularly concentrated within 
hematite which pseudomorphs the potassic 
feldspars. Plate I, la and b shows an example 
ofthe concentration ofBackground V typically 
associated with the major rock-forming min
erals quartz and potassic feldspar in the Olym
pic Dam granite core at a depth of 458 m. 

4.2. Resistate U 

The primary resistate and accessory min
erals contribute a major proportion of total V 
to the three intrusives. The dense and uniform 
distribution offission tracks throughout the in

dividual mineral grains indicates a high V con
centration which appears to be unaffected by 
any alteration processes (Plate I, 2a and b). The 
major contributing minerals in the Coles Bay 
Granite (see Table I) include apatite, fluorite, 
zircon (and isostructural xenotime), monazite, 
ilmenite and rutile. Apatite and zircon appear 
to be most enriched in V (up to 150 /lg g- [), 
and fluorite has the lowest concentration (12 
/lg g-l ). In the Kambalda Granodiorite, Resis
tate V is principally found within zircon, Ti
rich magnetite, allanite, apatite, epidote, and 
rarely pyrite, in decreasing order of contribu
tion (see Table II) . 

Within the Olympic Dam granite, a number' 
of V-rich minerals (uraninite, the bastnaesite 
group and florencite), which occur as either in
clusions in the major minerals or associatedwith 
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Fig. 2. Background, Resistate, Secondary and Fracture U distributions as a percentage of total U defined by fission-track 
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the hematite alteration, show dense fission
track registrations such as starbursts, and are 
the greatest source of Resistate U (up to 100 !J.g 
g-l U per individual mineral). The values 
shown in Table III represent the minimum con
centrations in most grains, as the fission-track 
registrations of many of these minerals could 
not be resolved at 1-min. irradiation. Other ac
cessory minerals which contain evenly distrib
uted U (up to 140!J.g g-l) include rutile, mag
netite, zircon, minor apatite and tluorite. 
Tourmaline associated with hematite in brec
ciated veins records a barren fission-track reg
istration, indicating that this mineral contains 
negligible U. 

PLATE I (continued) 

4.3. Secondary U 

Secondary U is located in alteration and in
terstitial minerals formed during post-mag
matic hydrothermal and low-temperature al
teration ofall three granitoids. U concentrations 
associated with these minerals vary from quite 
low values (such as 3!J.g g-l for sericite) to sig
nificantly higher concentrations up to 100 !J.g 
g-l (Plate I, 3a and b). 

In the Coles Bay Granite, siderite, "second
ary sphene", epidote, chlorite after biotite, and 
sericite contain significant concentrations ofU. 
Further alteration of these minerals results in 
redistribution and enrichment of Secondary U 

38 and b. Sphene which has further altered to leucoxene (lx) in the Kambalda Granodiorite which shows variable fission

track registrations corresponding to Secondary U.
 
48 and b. Microfractures (fr) within the Coles Bay Granite infilled with siderite and Fe-oxides/ -hydroxides and the corre

sponding fission-track registration which represents Fracture U.
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PLATE I
 

1a b 

2a 

la and bl Quartz and altered potassic feldspar and their corresponding mirror-image Background U fission-track registration
 
(qz = negligible tracks; Is = scattered registration) in the Olympic Dam granite.
 
2a and b. The small accessory mineral grains ofmonazite (m) and zircon (2) within the Coles Bay Granite which correspond
 
to saturated Resistate U fission-track registrations.
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into leucoxene and amorphous Fe-oxides/-hy
droxides (see Table I). 

The alteration minerals which contain mod
erate concentrations of Secondary V in the 
Kambalda Granodiorite are dominated by 
abundant discrete crystals and aggregates of 
epidote and sphene (up to 70 flg g-l V, see Ta
ble Il). Other significant secondary minerals 
include chlorite, sericite, gypsum and less com
monly hematite. Further alteration of epidote 
and sphene has resulted in the concentration of 
the V into secondary Fe-oxides and -hydrox
ides and leucoxene. 

The most common secondary minerals in the 
Olympic Dam granite are hematite, which con
tains most ofthe Secondary V (Table Ill), and 
sericite which contains up to 23 flg g-l V. The 
sericite in this granite contains a higher con
centration of V than sericite in either of the 
other two granitoids, which may be due to the 
higher whole-rock V concentration and the de
gree of alteration within this sample. Further 
intense hematisation and alteration ofprimary 
rutile causes redistribution of the V into non
uniform concentrations within anatase and 
amorphous Fe-oxides and -hydroxides. Barite 
(BaS04) and celestine (SrS04) also contribute 
to Secondary V. 

4.4. Fracture U 

Significant V concentrations are also located 
in microfractures within all three rock types, 
but most particularly within the Coles Bay and 
Olympic Dam granites (see Tables Il and IlI). 
In the Coles Bay Granite, these microfractures 
are infilled with fine-grained aggregates of sec
ondary minerals, including siderite, phengite, 
calcite, hematite and amorphous Fe-oxides and 
-hydroxides. The fission-track evidence shows 
a concentration of V particularly associated 
with the Fe-rich phases siderite and amorphous 
Fe-oxides and -hydroxides (Plate I, 4a and b). 
Fracture-fill phengite and calcite display low 
concentrations of V similar to those of other 
secondary sericite and calcite replacing feld-

V.A. GUTHRIE 

spars throughout the granite. The differing V 
concentrations of these microfractures reflect 
the variations in composition and V redistri
bution which result from recent rock-ground
water interaction (Guthrie, 1988). 

Hematite and sericite infill fractures and 
veins within the Olympic Dam samples, with 
fluorite, tourmaline and quartz also being pres
ent. Very dense fission-track registrations rep
resent the greatest concentrations of V (up to 
76 flg g-" Table Ill), which occur within he
matite and amorphous Fe-oxides and -hydrox
ides in microfractures, whereas sericite in frac
tures displays only moderate concentrations 
(-12 flg g-l). Fluorite registers very few fis
sion tracks and tourmaline is barren. The com
mon occurrence of dense fission-track registra
tions with occasional saturated fission-track 
starbursts within the fracture-infilling min
erals indicates that submicroscopic V minerals 
also occur amongst these secondary phases, 
particularly where disseminated mineralisa
tion is significant (such as between 516- and 
530-m depth). V-series disequilibrium studies 
ofthis granite also indicate significant redistri
bution of V within these fractures by recent 
groundwater interaction (Guthrie, 1988). 

5. Discussion 

5.1. Primary uranium distribution 

Primary V is represented by the Background 
V and Resistate V distributions within the three 
granitoids. Background V contributes rela
tivelyminor concentrations ofprimary V, which 
may be a function of the original V content of 
the melt, the conditions of crystallisation, and 
the crystallisation history (Fowler, 1981; Kral 
and Burchart, 1983). This V may be incorpo
rated into the crystal lattice of the early crys
tallising primary minerals by atomic substitu
tion and is represented by an even distribution 
and wide scatter of very low concentrations of 
fission tracks (Kleeman and Lovering, 1967; 
Tieh and Ledger, 1981). 
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However, within the three intrusives of this 
study, U incorporated into the major rock
forming primary minerals is more commonly 
unevenly distributed. This may be attributed to 
incipient alteration of the primary mineral 
grains and rare U-rich primary inclusions which 
vary in concentration according to their time of 
formation relative to the crystallisation history 
(Komarov et aI., 1967). Alteration has resulted 
in mobilisation of U from its initial sites and 
incorporation into the secondary phases which 
have developed within the major minerals as a 
result of fluid activity (O'Connor et aI., 1982). 
Retention of this U appears to be a function of 
the extent of the fluid activity and the nature 
of the actual alteration phases (Berzina et aI., 
1975; Kamineni, 1986). 

With progressive crystallisation, primary U 
is mainly concentrated into the final fractions 
of the residual magma and preferentially incor
porated into the later formed minerals as Re· 
sistate U (Troeng, 1982; Villemant and Pala
cin, 1987). In all the plutons, the early formed 
accessory minerals such as apatite display uni
form concentrations of fission tracks, indicat
ing incorporation of U by crystal lattice substi
tution (Fowler, 1981). However, the late
forming accessory minerals zircon, rutile, mon
azite, magnetite and ilmenite display inhomo
geneous incorporation of U, probably by iso
valent or coupled substitution (Komarov et aI., 
1986). This inhomogeneous distribution of Re
sistate U is controlled by chemical and physical 
parameters of the magma, including its com
position and the pressure, temperature and ox
ygen fugacity during crystallisation (Cuney and 
Friedrich, 1987; Dubessy et aI., 1987). 

Most accessory minerals are extremely re
sistant to late-stage alteration and retain their 
primary Resistate U concentrations through
out any alteration events (Tieh and Ledger, 
1981; Bajo et aI., 1983). This is shown by the 
persistence of a uniform fission-track distribu
tion within individual accessory mineral grains 
in the most pervasively altered of these sam
ples. However, some redistribution ofU may be 

observed, principally in ilmenite in the Coles 
Bay Granite, indicating that dissolution and re
precipitation of U has occurred in selective 
minerals which are susceptible to further alter
ation during post-magmatic processes (Kami
neni and Bonardi, 1983). Mobilisation may 
have been enhancedby partial metamictisation 
of the primary crystal lattice during radioactive 
decay of the incorporated U (Petit et aI., 1985). 

5.2. Secondary uranium distribution 

The substantial redistribution ofU which ac
companied the development of secondary min
erals during post-magmatic alteration of the 
Coles Bay, Olympic Dam and Kambalda sam
ples is evident in the increase in Secondary U 
and Fracture U associated with fracture infil
lings, the crystalline secondary minerals (in
cluding phengite, clays and epidote) and the 
amorphous phases, particularly Fe- and Ti-ox
ides and -hydroxides. This distribution pattern 
suggests that U has been relatively mobile dur
ing the alteration process, and may have mi
grated through the microfractures. 

5.2.1. Mechanisms for uranium immobilisation. 
U is most effectively transported during post
magmatic alteration in oxidising fluids in the 
hexavalent state (Langmuir, 1978), as the ur
anyl ion (UO~+), and as soluble uranylcarbon
ate, phosphate, sulphate and fluoride com
plexes (Speer et aI., 1981). The prevailing 
conditions within the mobilising fluid, includ
ing the pH, temperature, oxygen fugacity and 
the concentrations of the individualligands also 
contribute to U mobility (Langmuir, 1978; Ca
ruson and Simmons, 1985). Under the appro
priate physico-chemical conditions, soluble U 
migrating within the post-magmatic fluid may 
have been immobilised by either: (1) reduction 
of the highly mobile oxidised UO~+ , or (2) de
struction of soluble uranium complexes includ
ing carbonate, sulphate, phosphate and fluo
ride complexes. 
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(1) Reduction of the highly mobile oxidised 
UO~+. A change in pH and fo, during post
magmatic alteration may oxidise Fe2+ to Fe3+ 
in the hydrothermal fluid which precipitates 
ferric iron as hematite or an amorphous hy
droxide. This is accompanied by the reduction 
of U(VI) (as UO~+) to U(IV) and coprecipi
tation of U according to the following reactions 
(Kamineni et aI., 1986): 

(UO~+h+2Fe2++3H20 

::=U02(,) +Fe(OH)3(') +3H+ (1) 

::=U02(,) + Fe203(,) +6H+ (2) 

The temperature of this reaction determines 
whether hematite forms directly or recrystal
lises from the earlier formed amorphous Fe-ox
ides and -hydroxides (Langmuir, 1971). 

The close association of hematite and U 
within the intensely hematised Olympic Dam 
samples suggests that hydrothermal fluids have 
coprecipitated reduced U with ferric iron as he
matite on a localised scale according to reaction 
(2). Within the Coles Bay and Kambalda sam
ples, the high concentrations ofU which are as
sociated with amorphous Fe-oxides and -hy
droxides indicate that reduction and 
precipitation ofU02is more likely to have pro
ceeded according to reaction (1). Such reduc
tion and precipitation of U has also been ob
served in the presence of secondary Ti-oxides 
and -hydroxides (Ruhlmann, 1980). The con
stant association of high concentrations of sec
ondary U with abundant leucoxene following 
alteration of the Ti-rich phases in all of the in
trusives indicates that reduction of the uranyl 
ion may also have been induced by the presence 
ofTi. 

An alternative mechanism for the reduction 
of the uranyl complex is the presence of sul
phide minerals (Kamineni et aI., 1982; Caruso 
and Simmons, 1985). Sufficient reduced sul
phur typically exists within alteration fluids to 
allow formation oflate-stage sulphide minerals 
(Speer et aI., 1981). Significant U concentra
tions associated with chalcopyrite, bornite and 
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chalcocite in the Olympic Dam granite and py
rite in the Kambalda sample indicate the ap
parent simultaneous reduction of U (VI) and 
coprecipitation of the reduced U as U02. How
ever, the limited distribution of these minerals 
within the Olympic Dam core (e.g., between 
516- and 530-m depth only) implies that this 
mechanism has only occurred on a localised 
scale, and may not necessarily apply to the 
whole Olympic Dam deposit. 

(2) Destruction of the soluble U complexes 
including carbonate, sulphate, phosphate and 
fluoride complexes. The most common U
transporting complexes under differing pH, 
temperature and fo, conditions in hydrother
mal alteration fluids are: (a) the uranyl phos
phate and U02C03 complexes at near neutral 
conditions; (b) the carbonate complexes 
U02(C03)~- and U02(C03H- in alkaline so
lutions, and (c) the sulphate or fluoride com
p�exes at low pH (Rich et aI., 1977; Langmuir, 
1978). Under appropriate conditions, these 
complexes may dissociate in the presence of a 
reductant to release U in its reduced form for 
precipitation principally as U02 (Speer et aI., 
1981). 

Within the Coles Bay Granite, the occur
rence of siderite and minor calcite in some mi
crofractures indicates that the conditions may 
have been conducive to the formation of car
bonate complexes. The association of signifi
cant concentrations of secondary U with these 
carbonate minerals indicates that U may have 
been coprecipitated from either the uranyl di
carbonate complex (UDC) such as (Kamineni 
et aI., 1982; Caruso and Simmons, 1985): 

U02(C03)~- +Fe2+ +2H2S 

::=U02+ FeS2 + 2H2C03 (3) 

::=U02+ FeS2 + 2H20 + 2C02 (4) 

or the uranyl tricarbonate complex (UTC) as 
defined by Kamineni et al. (1986): 

U02(C03)~- +2Fe2+ +3H+::= 

U02+Fe(OH),+3C02 (5) 
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The presence ofFe2 + may have been the cat
alyst for the dissociation and release ofU, some 
of which has later formed siderite and associ
ated amorphous Fe-oxides in the micro
fractures. 

The lack of carbonate minerals with associ
ated U in either the Olympic Dam or Kambalda 
samples implies that the post-magmatic alter
ation fluids of these granites did not favour sol
ute transport by carbonate complexes. 

Alternatively, Iow-pH, high-f02 conditions 
within SOme post-magmatic solutions suggest 
uranyl sulphate complexes may also be an im
portant mechanism for transporting U (Lang
muir, 1978). These may be destabilised with in
creasing pH to produce reduced U (U02 ) 

associated with sulphate minerals. The high 
concentrations of U in the secondary sulphate 
minerals such as barite and celestine in the 
Olympic Dam granite, and gypsum in the Kam
balda Granodiorite suggest that destabilisation 
of uranyl sulphate complexes and coprecipita
tion of the U and sulphate minerals may have 
occurred. However, the limited occurrence of 
this association throughout these intrusives in
dicates that the physical conditions responsible 
for this process were localised. 

There is little evidence within these three in
trusives to suggest that other U-transporting 
complexes which are commonly found in post
magmatic alteration solutions, such as fluoride 
and phosphate complexes, played a significant 
role in U mobilisation. Secondary U-bearing 
phosphate minerals do not occur in any ofthese 
intrusives. U associated with fluorite develop
ment is generally localised within the Olympic 
Dam samples, although more significant U con
centrations in fluorite may be found through
out the Olympic Dam deposit (K. Cross, pers. 
commun., 1989). A number of complexes ap
pear to be significant in U transport within the 
Olympic Dam hydrothermal system, and the 
localised U distributions observed here are not 
representative ofthe more complex U mobilisa
tion associated with alteration and mineralis

ation of the whole Olympic Dam deposit. 

5.2.2. Mechanisms for uranium retention. Fol
lowing reduction of the mobile U, retention of 
secondary U by alteration minerals may be con
trolled by one of three main processes: 

(1) Incorporation into the mineral structure. 
During post-magmatic alteration, U which has 
been mobilised from its primary concentra
tions may be incorporated into the crystallat
tice of some alteration minerals either as major 
constituents or by trace-element substitution 
(Menager et aI., 1988), particularly in micro
fractures (Kamineni, 1986). The even distri
bution of fission tracks within the secondary 
minerals epidote and sphene in the Kambalda 
sample, chlorite replacing biotite and in mi
crofractures in the Coles Bay samples, reflects 
the concentration of this secondary U by struc
tural incorporation during post-magmatic 
alteration. 

(2) Adsorption and ionic exchange onto sec
ondary minerals. Fixation of mobile U by sec
ondary minerals during post-magmatic altera
tion is demonstrated by the numerous, 
irregularly distributed fission tracks in clays and 
amorphous/crystalline Fe- and Ti-oxides/-hy
droxides of the three granitoids. U, which has 
become available for fixation as a result of de
coupling of complexes or redox reactions, may 
be fixed by sorption onto the surface of the sec
ondary minerals or by ionic exchange into cav
ities within the mineral structure (Speer et aI., 
1981; Dran et aI., 1988). Two main processes 
occur during adsorption; rapid reaction be
tween the solute and solid constituents reach
ing almost instantaneous equilibrium, and a 
slow, kinetically controlled reaction (Milton 
and Brown, 1987). 

Rapid reactions appear to be electrostatic and 
reversible, and are best expressed by the vari
able U concentrations associated with: (1) the 
amorphous Fe-oxides and -hydroxides in mi
crofractures within the Coles Bay Granite; (2) 
hematite development in the Olympic Dam 
samples; and (3) amorphous Ti-oxides and 
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-hydroxides replacing epidote and sphene in the 
Kambalda Granodiorite. The patchy fission
track registrations for these minerals indicate 
that the V is loosely sorbed and may have been 
remobilised and reprecipitated during further 
alteration, including subsequent groundwater
rock interactions (Hsi and Langmuir, 1985). 

The kinetically controlled adsorption of V 
onto crystalline secondary minerals may be a 
two-step reaction involving a surface process 
followed by slow and irreversible adsorption 
onto interior mineral surfaces (Milton and 
Brown, 1987). The clay minerals most Com
monly display this mechanism for V concentra
tion (Kamineni, 1986), as indicated by the 
variable fission-track registrations associated 
with phengite in the microfractures of the Coles 
Bay Granite, and sericite in the Olympic Dam 
samples, and with the alteration of the major 
rock-forming minerals in all three intrusives. 

Significant adsorption of secondary V also 
may have followed decoupling of the soluble V 
complexes and reduction of the V (VI) onto the 
precipitated secondary minerals. This mecha
nism is indicated by the occurrence of signifi
cant concentrations of fission tracks in the sec
ondary sulphates barite and celestine in the 
Olympic Dam samples, gypsum in the Kam
balda Granodiorite, and secondary carbonates 
in the Coles Bay Granite. 

(3) Precipitation of submicroscopic uranif
erous minerals. Secondary uranium which is 
generally attributed to alteration phases may in 
fact be associated with fine-grained to submi
croscopic V-rich minerals coprecipitated with 
the secondary mineral (Simmons and Caruso, 
1985; Menager et aI., 1988). This is generally 
represented by -dense concentrations of fission 
tracks (such as starbursts) within the clay 
mineral sites, particularly where these are in
filling microfractures. This process is most 
likely to have been operative in the V-miner
alised Olympic Dam samples, where the mobi
lisation of secondary V has led to very dense 
fission-track registrations including stringers 
and starbursts associated with the simultane-
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ous V enrichment ofalteration minerals and the 
precipitation of visible uraninite grains. 

Of these three mechanisms, adsorption ap
pears to be the most significant and widespread 
process for the concentration of secondary V in 
these samples, although it is recognised that 
structural incorporation and precipitation of 
submicroscopic uraniferous minerals under low
temperature oxidising alteration conditions 
(Hsi and Langmuir, 1985) also contribute sig
nificantly to the immobilisation of secondary 
V. Where V is considered as an analogue of 
some radioactive waste elements, these results 
imply that radionuclide retention within the 
potential repository environment is a dynamic 
process involving a number of simultaneous 
mechanisms. The prevailing environmental 
conditions within these samples have resulted 
in a concentration of secondary minerals with 
a high sorptive capacity, such as hematite and 
the amorphous Fe- and Ti-oxides/-hydroxides. 
As has been previously suggested by Speer et al. 
(1981) and Kamineni (1986), such an increase 
in sorptive capacity may improve the suitabil
ity of these granites as hosts ofHLW reposito
ries, particularly where these highly sorptive 
minerals infill microfractures which form prin
cipal fluid pathways, as in the Coles Bay 
Granite. 

6. Conclusions 

Fission-track micromapping of the Coles Bay 
and Olympic Dam granites and the Kambalda 
Granodiorite indicates there are four main dis
tributions ofuranium - Background V and Re
sistate V, which comprise primary V, and Sec
ondary V and Fracture V, which comprise 
secondary V. Redistribution of the primary V 
during late-stage hydrothermal alteration and/ 
or low-temperature metamorphism is indicated 
by the association of significant concentrations 
of secondary V with the increased proportion 
ofalteration minerals, most particularly Fe- and 
Ti-oxides and -hydroxides and clays. The oc
currence of secondaryV with these minerals in
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filling microfractures in the Coles Bay Granite 
and brecciation veins within the Olympic Dam 
samples, implies that these may have formed 
the main pathways for post-magmatic fluid mi
gration on a localised scale. 

The non-uniform distribution of secondary 
U amongst the alteration pbases indicates the 
main mechanisms for immobilisation bave been 
reduction ofUO~+ by the presence ofFe2+ and 
sulphide minerals, and decoupling of soluble U 
complexes. Adsorption and ionic exchange onto 
the alteration minerals, principally Fe- and Ti
oxides/-hydroxides and the clay minerals, are 
the most common mechanisms for retention of 
this U; however, in the Olympic Dam samples, 
precipitation of late-stage submicroscopic ura
niferous minerals is also significant. The effec
tive U retention capacity of these granitoids 
therefore appears to be enhanced by the pres
ence of secondary minerals formed during late
stage hydrothermal and low-temperature 
alteration. 

Where natural U behaviour is considered as 
an analogue of radionuclides in spent fuel or 
HLW (especially the actinides), these results 
imply that a degree ofpost-magmatic alteration 
increases the sorptive capacity of a granitoid 
selected as a host of a HLW repository. A sig
nificant proportion of secondary minerals with 
a high sorption capacity present within an in
trusive may therefore enhance its potential to 
retard radionuclides migrating through the re
pository environment. 
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Abstract-The isotope activity ratios 2J4UpJ8U and 2JOThPJ4U have been investigated in drill core 
samples up to 1300 m depth in three granitoids from Australia to identify the nature of possible recent «1 
Ma) radio nuclide mobilisation. Most whole-rock samples from the Coles Bay Granite, Tasmania, display' 
secular equilibrium between 2J4U and 238U ~34UpJ8U - 1.0) and preferential 234 U loss occurring in one 
highly fractured sample. Significant 2J(lThP34U disequilibrium throughout most of the drill core is 
attributed to a de~letion in bulk U and produetion of excess 23oTh. Radioaetjve disequilibrium which 
occurs between 23 U, 2J4U and 2JOTh in drill eore samples from the Kambalda Granodiorite, Western 
Australia indicates U gain as a result of interaction with §round waters enriched in 234U. Near-surface 
samples are weathered and display preferential loss of 2J U through further surface water interaction. 
Signifieant radioaetive disequilibrium in the Roxby Downs Granite, South Australia suggests that a 
number of interactive U aeeumulation and removal events have occurred. Initial U deposition from 
enriched ~round water is indicated in samples to 530 m depth and has been followed by selective removal 
of 2J4U e8UP34U - 1.0 and 23lJ.yh/234U > 1.0) which has generated excess 23oTh. These enriched ground 
watcr~ do not appear to have penetrated below 530 m depth, and 23C7h excess indicates bulk loss of U. 

The observed disequilibria indicate that signifieant radionuclide mobilisation has occurred in these 
rocks during the recent past «1.2 Ma) as a result of ground water migration through the granitoids, 
principally via fracture flow and rock-matrix diffusion. Interaction between the migrating ground waters 
and the rock has been influeneed by the presence offracture·infilling and other secondary minerals, As an 
analogue for the behaviour o'f the aetinides in solidified high-level waste forms (including spent fuel) in a 
granitic repository environment, the disequilibrium observed in these granitoids provides a qualitative 
identification of the migration processes and helps to characterise potential radionuclide behaviour which 
may occur within a crystalline high-level nuclear waste repository, 

INTRODUCTION in granites as a result of the increased abundance of 
V-rich accessory minerals (GASCOYNE and 

THE ASSESSMENT of potential repository rocks for SCHWARCZ, 1986). Vnder closed geochemical con
high-level nuclear waste (HLW) disposal requires an ditions, the V and Th isotopes of the V-decay chain 
understanding of the geochemical processes which (principally 238V, 234V and 230Th) attain secular equi • 
operate within this environment, One tool which has librium within about 1.2 Ma. However, where an 
been used by many workers involves the study of the open geochemical system prevails in granitic rocks, 
relationship between the naturally occurring radio such as during low temperatpre alteration, weather
nuclides of the V-decay series chain (SCHWARCZ et ing and ground water infiltration, V is typically 
al., t982; SMELLlE er ai" '1986; GASCOYNE and mobile (GASCOYNE and SCHWARCZ, 1986), resulting 
SCHWARCZ, 1986; CHAPMAN and SMELLlE, 1986). Dis in significant Vffh fractionation and isotopic disequi
equilibrium between the natural isotopes indicates librium between Z3BV, 234V and 230Th, Where dis~ 

that the system has been open to some chemical equilibrium is measured, parent or daughter isotope 
disruption, principally resulting from interaction mobilisation must have occurred within a specific, 
with migrating surface waters and ground waters relatively recent time period of 0.35 Ma for 
(ROSHOLT, 1983), and may assist in the determination 2JOTh/234U and 1.2 Ma for 234U1238U. 
of fluid pathways and mobilisation processes. The Previous studies have shown .extensive fractioJ;l.
most useful radionuclides for such studies are 23!l V ation of these isotopes in granites during ,surficial 
(t"2 = 4.468 X 109 a), 23'U (r"2 =2.446 x 10' a) and weathering and ground water mobilisation with 
230Th (t112 = 7.54 X 10' a). These radionuclides may 234UI'38U varying between 2.30 and 0.50, and 
serve as analogues for the actinides (e.g. V, Pu, Np, 2JOThP34V values of between 3.7 and 0.80 (ZIELlNSKI 

Am and Cm). which may be incorporated into spent et al., 1981; ROSHOLT, 1983; GASCOYNE and 
fuel and solidified HLW (CHAPMAN and SMELLlE, SCHWARCZ, 1986; LATHAM and SCHWARCZ, 1987b). 
1986). Fractionation may commonly result from selective 

Vranium and Thoccur in trace amounts in all rocks leaching of the V isotopes which produces an excess 
at the Earth's surface (from 0.1 to 100 JLglg; ROGERS of 230Th (SMELLlE and ROSHOLT, 1984), or prefcrcn
and ADAMS, 1969), and may be particularly enriched tlalloss of 23'U (OSMOND et al., 1983) as a result of 
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FIG. 1. Sample localities and schematic lithological logs of drill core from the Coles Bay Granite,
 
Tasmania, the Kambalda Granodiorite, Western Australia and the Roxby Downs Granite, South
 
Australia. Selected sample depths are marked on the drill core log and correspond to the depths shown in
 

Table 1.
 

their increased susceptibility to removal. This prefer
ential mobilisation may arise from changes in oxi
dation states from VIV to V Vl 

(SMELLIE el al., 1986) 
or relocation of the 234U into more accessible sites 
during radiation-induced lattice damage of minerals 
(FLEISCHER, 1988). In general, preferential mobilisa
tion appears to be the result of the interaction of 
complex disequilibrium occurrences rather than a 
single discrete event (GASCOYNE and SCHWARCZ, 

1986). 
In this study the behaviour of and relation between 

238U, 234U and 230Th in three Australian granitoids 
has been investigated in order to identify the radio
nuclide migration processes which have occurred in 
these rocks ':Vithin the las't 1.2 Ma. From these ~esults, 
the nature of water-rock interaction in the granitoids 
has been determined and the implications of the 
observed radionuclide mobilisation for high-level nu
clear waste (HLW) disposal are ~iscussed. 

EXPERIMENTAL METHODS 

Representative samples of .the differing mineralogical 
and alteration types from each of the drill cores were 

selected at 8D-I00 m intervals at the sample depths shown in 
Fig. 1. Mineralogy was determined by thin~section examin
ation and microprobe analysis and whole~rock ma~or ele~ 

ment analyses (Si02•Ti02• A120 3, Fe (total), MnO, MgO, 
CaO, K20, Na20 and P20S) were obtained by a combi~ 
nation of XRF and wet chemical techniques following the 
standard proeedures in NORRISH and CHAPPELL (1977). The 
ratio FeO/FC203 was determined by titration of dissolved 
samples with potassium dichromate using a diphenylamine 
sulphonate indieator (GOLorCH, 1984). 

The activities of 238U. 234U and 230Th were measured on 
1 g powdered whole-rock samples by isotope dilution and a
spectrometry using 236U and 229Th tracers to determine 
chemical recovery. This was found to be >20% for all 
samples. Samples were repeatedly digested in Teflon 
beakers with concentrated hydrofluofic, perchloric, nitric 
and hydrochloric acids over a 36 h period. Uranium and Th 
isotopes were separated from the final solution by standard 
ion exchange methods (see e.g. IVANovlcH and HARMON, 
1982), and electrodeposited onto stainless steel plancheues 
for counting by a-spectrometry using ORTEC and 
ALPHA~KING Si surface barrier detectors. 

Data collection and reduction was performed using a PC
based multichannel analyser. All samples were analysed 
more than once, and median values have been utilised in the 
plots of activity ratios. Representative samples of each 
granitoid were analysed in three different laboratories of 
the Australian Nuclear Science and Technology Organisa
tion (ANSTO) using a variety of preparation techniques. to 
determine the reprOducibility of techniques and results by 
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an interlaboratory calibration. In general, the variation 
between these duplicate analyses is <20%. 

Errors (la) which are based on counting statistics and the 
known spike calibration uncertainties have been used to 
describe the total variance between analyses. These are also 
generally better than 20%. 

GEOLOGY 

Diamond drill cores to at least 1000 m, depth in 
individual plutons were examined by V-series analy
sis in the Coles Bay Granite, Tasmania, the Kam
balda Granodiorite, Western Australia and the base
ment Roxby Downs Granit,e in proximity to the 
Olympic Dam Cu-U-Au-Ag deposit, South Austra
lia. Corresponding ground water samples from each 
drill hole were not available for analysis. The three 
sample localities and schematic lithologicallogs are 
shown in Fig. 1. The main characteristics of each 
plutonic body are summarised below, and more 
detailed petrographic descriptions can be found in 
GUTHRIE (1989). 

Coles Bay Granite, Tasmania 

The Coles Bay Granite (Tasmania) forms part of a 
Devonian plutonic province and is a predominantly 
fresh, porphyritic, alkali feldspar granite with a fine
grained equigranular microgranite also occurring in 
sub-horizontal sheets (MCCLENAGHAN, 1989). Late
stage hydrothermal alteration of the granite is re
flected in the presence of microfractures and an 
increase in the abundance of sccondary minerals. 
The intensity of hydrothermal alteration increases' 
with proximity to major joints and fracturcs both near 
the surface and with depth (GREEN and GUTHRlE, 
1987). 

Samples wcre chosen for analysis to represent the 
variation in degree of alteration and fracture density 
with depth. Two samples (CB 423 and CB 669) were 
selected in the fine-grained and highly fractured mic
rogranite, all other samples were relatively unfrac
tured but displayed a variation in alteration from 
fresh (CB 869, CB 963) to extremely altered (CB 
270). 

Kambalda Granodiorite, Western Australia 

The medium- to fine-grained, highly sodic Kam
balda Granodiorite (Durkin Granodiorite, COWDEN 
and ARCHIBALD, 1991) intruded Archean green
stones and associated rocks in the Eastern Goldfields 
Province (WONG, 1986) around 2662 ± 6 Ma (COMP
STON et al., 1985). It displays little or no obvious 
deformation or fracturing (GRESHAM and LOFTus
HILLS, 1981), and low temperature retrogressive 
metamorphism is evident in the widespread develop
ment of the alteration minerals. 

AG 6-1-C 

The samples selected for analysis display little 
macroscopic variation in mineralogy or the degree of 
alteration, with the exception of the more weathered 
surface samples (KD 32 and KD 98). This granodior
ite represents the least disturbed samples (both phy
sically and chemically) of all three plutons con
sidered. 

Roxby Downs Granite, South Australia 

The Roxby Downs Granite (also known as the 
Olympic Dam granite, GUTHRIE, 1989) in South Aus
tralia was emplaced in the Middle Proterozoic and 
underlies the Stuart Shelf sequence (COOPER et al., 
1985; LAMBERT er al., 1987). It hosts the Olympic 
Dam Cu-U-Au-Ag deposit and has been dated at 
-1.61 Ga (MoRTIMER etal., 1988; REEVEetal., 1991). 

In the vicinity of the Olympic Dam deposit, intense 
brecciation and hydrothermal alteration of the gra
nite appears to be related to the mineralisation event 
and is evident in the development of secondary 
minerals. Samples from a diamond drill hole located 
-1 km north of the principal zones of mineralisation 
also display microfractures and brecciated veins and 
limited Cu-U mineralisation occurs at -- 530 m depth. 

Samples were selected from this granite bascd on 
the degrce of alteration, particularly hematisation, 
and range from partially altered samples (e.g. RD 
913) to complete hematite replacement (e.g. RD 714, 
RD 878). All of the samples chosen were fractured to 
some degree, although major veins and fractures 
were more limited in extent (e.g. RD 539, RD 714).· 
As a result of the intensity of fracturing, all of the 
samples chosen are assumed to be in close proximity 
to water-bearing fractures. 

RESULTS 

The,activity ratios 238UP34U J 230Thp3<1U and con
centrations of U and Th at varying depths within the 
Coles Bay Granite, Kambalda Granodiorite, and 
Roxby Downs Granite are given in Table 1. 

Coles Bay Granite 

The relations between depth, the isotopic ratios, U 
and Th concentrations and Fe oxidation states for the 
Coles Bay Granite are illustrated in Fig. 2. Low 
temperature surface alteration is indicated by the 
lower Fe2+lFe3+ ratio near the surface. The Tb/U 
ratio is generally high (4.02-K22, Table 1), in com
parison to typical values for granites throughout the 
world (SMELLIE et aI., 1986) which reflects the high Th 
·concentrations. The two lowest Th/U values occur in 
samples CB 423· and CB 669 which are typically 

•
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Table 1. Variation in activity ratios 234U/23RU and 2JUTh/23-lU and Th/U mass ratio with depth in 
the Coles Bay Granite, Kambalda Granodiorite and the Roxby Downs Granite. Errors (la) arc 
based on standard deviation calculations and arc better than 20%. Samples numbers corre
spond to depth down the drill hole, and duplicate analyses from the same depth whieh have 
been performed in three different laboratories form the basis for intcrlaboratory calibration of 
the techniques and results. Where no value is given, chemical recovery has been <10%, and the 

data were considered unreliable. Chemical recovery is >20% for all other samples 

Sample 23(JTh/234U U (ppm) Th (ppm) ThlU 
depth (m) ±la ±la ±la ±la 

Colcs Bay Granite 
CB21 1.01 ± 0.03 2.47 ± 0.07 20.68 ± 0.03 90.31 ± 0.07 4.37 ± 0.01 
CB119 0.98 ± 0.03 5.46 ± 0.06 20.01 ± 0.03 164.52 ± 0.06 8.22 ± 0.02 
CB235 1.02 ± 0.03 2.42 ± 0.05 19.54 ± 0.03 101.53 ± 0.04 5.20 ± 0.01 
CB270 1.02 ± 0.03 2.69 ± 0.07 24.76 ± 0.04 99.55 ± 0.06 4.02 ± 0.01 
CB423 0.99 ± 0.02 4.13 ±0.05 30.20 ± 0.02 113.98 ± 0.07 3.77 ± 0.01 
CB650 0.99 ± 0.04 3.02 ± 0.07 16.83 ± 0.04 104.99 ± 0.05 6.24 ± 0.02 
CB669 0.83 ± 0.03 2.21 ± 0.04 36.43 ± 0.03 49.76 ± 0.04 1.37 ± 0.01 
CB869 1.03 ± 0.03 1.08 ± 0.04 13.02 ± 0.03 88.56 ± 0.04 6.80 ± 0.02 
CB963 1.07 ± 0.03 2.81 ± 0.04 15.95 ± 0.03 92.80 ± 0.04 5.82 ± 0.01 

Kambalda Granodioritc 
KD32 0.73 ± 0.06 0.88 ± 0.06 1.62 ± 0.04 4.05 ± 0.04 2.50 ± 0.08 
KD98 0.93 ± 0.06 0.83 ± 0.08 0.61 ± 0.05 3.86 ± 0.04 6.30 ± 0.58 
KDI62 1.23 ± 0.07 0.75 ± 0.07 0.96 ± 0.06 3.80 ± 0.04 3.96 ± 0.29 
KDI99 1.03 ± 0.10 0.86 ± 0.10 3.06 ± 0.10 7.77 ± 0.03 2.54 ± 0.09 
KD201 1.18 ± 0.08 0.62 ± 0.10 0.82 ± 0.06 4.18 ± 0.05 5.10 ± 0.43 
KD283 1.36 ± 0.06 0.82 ± 0.06 0.64 ± 0.05 3.05 ± 0.04 4.77 ± 0.44 
KD368 1.11 ± 0.05 0.75 ± 0.06 1.27 ± 0.04 4.17 ± 0.04 3.28 ± 0.13 
KD464 1.14 ± 0.05 0.52 ± 0.07 0.96 ± 0.04 3.35 ± 0.04 3.49 ± 0.19 
'KD607 1.09 ± 0.05 1.24 ± 0.08 1.16 ± 0.04 4.14 ± 0.07 3.57 ± 0.18 
KD706 1.10 ± 0.05 0.70 ± 0.06 1.14 ± 0.04 3.69 ± 0.04 3.24 ± 0.15 
KD776 -1.02 ± 0.07 0.79 ± 0.06 1.12 ± 0.05 3.08 ± 0.04 2.75 ± 0.16 
KD885 1.13 ± 0.05 1.07 ± 0.05 0.97 ± 0.04 3.75 ± 0.04 3.R7 ± 0.20 
KD971 1.32 ± 0.10 0.68 ± 0.08 1.23 ± 0.08 3.39 ± 0.04 2.76 ± 0.21 
KD1067 1.09 ± 0.04 1.46 ± 0.03 
KDII39 0.87 ± 0.04 1.36 ± 0.04 
KDI246 1.49 ± 0.10 0.66 ± 0.10 0.97 ± 0.09 4.16 ± 0.05 4.29 ± 0.45 

Roxby Downs Gnmite 
RD458 1.19 ± 0.04 0.91 ± 0.07 16.46 ± 0.03 37.39 ± 0.03 2.28 ± O.OJ 
RD496 1.23 ± 0.04 0.93 ± 0.06 4.23 ± 0.03 22.77 ± 0.04 5.38 ± 0.05 
RD516 1.03 ± 0.04 0.82 ± 0.09 30.39 ± 0.03 35.12 ± 0.12 1-.15 ± 0.01 
RD528 1.15 ±0.02 0.89 ± 0.08 160.45 ± 0.02 25.56 ± 0.11 0.16 ± 0.001 
RD539 
RD582 

0.94 ± 0.04 
0.97 ± 0.05 

1.19 ± 0.03 
1.10 ± 0.08 

43.52 ± 0.02 
6.02 ± 0.04 

15.02 ± 0.04 
7.87 ± 0.05 

0.34 ± 0.001 
1.31 ± 0.02 • 

RD618 1.02 ± 0.03 24.98 ± 0.04 
RD683 0.96 ± 0.03 1.29 ± 0.05 18.93 ± 0.04 33.25 ± 0.03 1.86 ± 0.01 
RD714 1.03 ± 0.05 1.22 ± 0.09 17.65 ±0.04 17.85 ± 0.08 1.01 ± 0.01 
RD767 0.97 ± 0.05 1.12 ± 0.05 6.45 ± 0.04 34.42 ± 0.03 5.34 ± 0.04 
RD890 1.11 ± 0.05 1.04 ± 0.07 3.04 ± 0.05 4.49 ± 0.07 1.48 ± 0.05 
RD913 1.05 ± 0.05 0.94 ± 0.09 10.45 ± 0.04 35.08 ± 0.08 3.36 ± 0.02 
RDWOO 1.03 ± 0.03 0.93 ± 0.03 24.78 ± 0.02 36.27 ± 0.04 1.42 ± 0.06 

fractured and display the highest degree of alter Kambalda Granodiorite 
ation. 

Secular equilibrium values of 234 UP3R U activity Data for the Kambalda Granodiorite are shown in 
ratio are maintained for most depths except the more Fig. 3. The FeH IFe3+ ratio does nol vary signifi
intensely altered and fractured mierogranite at 669 cantly with depth, with a marginal decrease in near
rn, where an observed aetivity ratio of 0.83 ± 0.03 surface values indieating an increase in oxidation due 
indicates a depletion of 234U over 23RU. The to surficial weathering effeets. Uranium and Th eon
230Thp34U activity ratio for the Coles Bay Granite eentrations are both very low, which is reflected by 
displays severe disequilibrium at all depths, with Th/U mass ratios generally less than the typieal 
230Th always in excess Of 234 U. The majority of values values for many granitic roeks of 4.2 (SMELLIE et al., 
are >2.0, indicating that a recent and severe"disequi 1986). Near-surface and more altered samples dis
librium event has either preferentially mobilised U or play the greatest variation from the mean Th/U mass 
23uTh enriehment has occurred, regardless of minera ratio of3.74 for these samples. 
logy, degree of alteration or fracture density. Daughter. isotope depletion is also observed in 
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near-surface samples, with both 234UP3SU and 
230Thp34U activity ratios being <1.0. However, with 
increasing depth, 234UP38U activity ratio increases to 
>1.0, and excess 234U (for IQ error) is observed at 
most depths. Equilibrium between 230Th and 234 U is 
rarely achieved and the majority of samples display 
230Th depletion with activity ratios <1.0. The only 
'exception is the sample at 607 'm, which displays a 
slight excess of 230Th. 

Roxby Downs Granite 

Data for the Roxby Downs Granite are shown in
 
Fig. 4. The low Fe2+lFe3+ ratios indicate very strong
 
oxidation throughout the granite, as reflected in the
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pervasive development of hematite. The marginal 
increase in this value implies less severe oxidation 
with depth. The granite has high U concentrations 
which are reflected in generally low Th/U mass ratios 
(Table 1, mean Th/U = 2.09). The samples which 
display more typical Th/U mass ratios (SMELLIE et al., 
1986) are relatively U depleted, whereas some ex
treme values (e.g. RD 528, RD 539) indicate U 
mineralisation accompanying oxidation in the shal
lower .samples. 

Below the zone of partial mineralisation in the 
Rm;:by Downs Granite, the 234UP38U activity ratio is 
close to equilibrium and the 230Thp34U activity ratio 
is variable throughout the core. In the top of the 
granite core (450-550 m) where samples are highly 
fractured, oxidised and brecciated, an excess Of 234 U 
is reflected in 234UP38U > 1.0 and 230Th/234U < 1.0. 
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FIG. 2. Variation ofTll/U. Fc2+IFe:;'" and the isotope activity ratios 2J4UpJKU and 2JIlTh/2J4 U with dcpth 
in the Coles Bay Granite. Tasmania. 
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FIG. 3. Variation ofTh/U, Fc2+IFeJ+ and the isotope activity ratios 234 UF3flU and 2JUThp34 U with depth 
in the Kambalda Granodioritc, Western Australia. . 

At increased depths (650-800 m) samples become penetrated the top portion of the granite which may 
less severely oxidised, 234UP38U activity ratios de have produced an excess O{234U. Below 530 ID depth, 
crease to around equilibrium at 1.0, and the the 234U~enriched ground waters do not appear to 
23UTh/234U activity ratio increases to >1.0. These have penetrated the granite, and an excess of rela
results suggest that ground water enriched in 234 U has tively immobile 23UTh is observed. 
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DISCUSSION: MECHANISMS FOR ISOTOPIC 23IlTh/'34U = 1.0 and 2.14ut'''u = 1.0. As the degree 
FRACTlONATION of disequilibrium increases, data plot farther from 

the intersection of the two equilibrium lines, express
The disequilibrium observed in the three grani ingeither U addition (Region 1), U loss (Region 3) or 

toids considered in this study indicates that open combinations of the two (Region 2 and Region 4). 
system behaviour with respect to the radionuclide With time, the degree of disequilibrium will be 
23uTh, 234U and VRU has prevailed over the last 1.2 reduced if the system remains undisturbed, and 
Ma. Further, the varying geoc~emical processes samples will trend exponentially toward the secular 
which have caused this disequilibrium may be recog equilibrium point at the intersection of the axes. 
nised by the differential behaviour of the parent and In Fig. 5 the Coles Bay Granite indicates a general 
daughter radionuclides attributable to their different trend toward excess 230Th and little fractionation of 
chemical and physical properties (SCHWARCZ et al.• the U isotopes, such that the disequilibrium in the 
1982). Five main processe~ which produce disequili 230Th!2J4U activity ratio is the largest of all samples 
brium between the natural radionuclides were first examined. This appears to be the result of the high 
defined by RosHoLT (1983), and have since been loss and transport rate of U from the minerals into 
recognised in crystalline rock environments by other solution following chemical removal ~uring low tem
workers (SMELLIE et al., 1986; GASCO'r'NE and perature alteration. This has liberated U from the 
CRAMER, 1987; LATHAM and SCHWARCZ, 1987a,b). less stable minerals thereby ereating a relative 
These have been divided into three broad categories: 2JIlTh-enrichment, which is also reflected in the high 
U loss, U gain and a complex interaction of the two Th/U mass ratios· observed in these samples (Table 
processes. 1). . 

Disequilibrium 23uThP34U and 234UP38U activity In the highly fractured and altered sample at 669 
ratios observed within the three granites may be a m, fractionation of U isotopes during bulk loss has 
function of anyone or a combination of these pro also ·occurred, resulting in depletion of 234U and 
cesses, and are expressed in Figs 5, 6 and 7 by the 234UI'''U < 1.0 (Region 3). This fractionation may 
variance of the data from the point of equilibrium at be the result of continuous selective slow removal of 
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in the Roxby Downs Granite. South Australia. 
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2J4U from the fracture-in filling minerals by its a ehemical leaehing oecurs only on a localised seale 
. recoil displacement from the solid into the solution where ground water penetrating by fracture flow may 
during ""Th decay (ROSHOLT, 1983). interact with significant quantities of the fracture

Removal Of 234 U appears to occur by either etching infilling minerals. The excess 230Th throughout the 
of the secondary minerals or leaching from within the samples which do not appear to be in proximity to 
mineral structure (LATHAM and SCHWARCZ, 1986). water-bearing fractures suggests that water-rock 
Removal by etching is linear through time and re interaction which removes bulk U and causes the 
quires a change in porosity and specific mineral apparent 2JIJTh enrichment is not r~stricted to frac
dissolution as U is removed. W'hereas 2JUThP34 U ture flow, but may also involve rock-matrix diffusion 
activity ratios of the Colcs Bay Granite are sufficient where the roek matrix is permeable (NERETNIEKS, 
ly high to support etching as a principal mechanism 1986). 
for U loss, the alteration minerals which contain 234 U Thc Kambalda Granodiorite displays an overall 
do not display the required changes in structure for gain in U relative to Th (Region 1 of Fig. 6) which is 
pure etching la be the dominant U removal process. reflected in the relatively low Th/U mass ratios 
Alternatively, removal of 234U and 23lJTh may be (Table 1). This U assimilation and the 23f1ThPJ4U < 
facilitnted by lattice damagc during 2.3RU decay and 1.0 indicates that ground water flow enriched in 234 U 
relocation of the recoiling daughters (including 2~4 U) relative to 2311Th (i.e. 234UP3RU > 1.0) has occurred 
into mo~e readily leachable sites (SMELU'E and Ros ~elatively recently «0.5 Ma) within this pluton. 
IIOLT, 1984). Selective removal Of 234 U in CB 669 by These aetivity ratios suggest that there has bcen some 
chemical leaching is facilitated by the unstable incor redox control of the U mobilisation (SMELLlE et aL., 
poration of significant concentrations of U in the 1986; GASCOYNE and CRAMER, 1987). 
fracture-infilling minerals through adsorption and The significant association of U with the secondary 
ionic exchange (GUTJ-IRIE, 1989). Fe- or Ti-oxides-hydroxides in the Kambalda Grano

The restriction of 234 UP3R U disequilibrium to one dioritc (GUTHRIE, 1989) suggests that the mechanism 
highly fractured Coles Bay sample indicates that 234 U for the observed U assimilation may be either the 
loss through a-recoil displacement followed by recent coprecipitation of U with low temperature Fe-
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FIG. 7. Varifltion of the,uctivity ratios 2J-lUP::II,U and 2:'ollThpMU from secular equilibrium (intersection of 
the axes at activity ratios = [.0) in the Roxby Downs Granite. For mOTe complete explnnntion sec lcxt. 
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or Ti-oxides/hydroxides during their development, 
or sorption following secondary mineral precipi
tation. During this process, the minerals in contact 
with the ground water will lend to attain the 
234UP3KU activity ratio of the ground water. Alterna
tively, daughter emplacement processes such as 
solution-ta-solid recoil gain of 234 U and 2..10Th may 
have been oper(!tive, in which the secondary minerals 
have become enriched in the daughter products of 
2JXU_decay through direct a-recoil injection into the 
solid surface. Fission track studies of this pluton 
(GuntR1E, 1989) have shown that sorption is an 
important mechanism for U retention by the low
temperature alteration minerals, which suggests that 
the first of these two mechanisms for U assimilation 
may have been operative. 

. The two samples which plot in Region 4 are from 
relatively close to the surface (32 m and 98 ID depth) 
and have undergone continuous low temperature 
alteration. They exhibit a complex history of continu-. 
ous U accumulation and leaching in which Th 
appears to have been relatively immobile and the rate 
of removal OC 234 U has determined the excess of 234 U 
over 23IJTh (GASCOYNE and SCHWARCZ, 1986). The 
variation in these activity ratios suggests that surface 
water interaction may contribute to the shallow 
ground water flow, although this does not appear to 
penetrate at depth, possibly as a result of the lack of 
continuous and connecting fracture systems. The 
variation from equilibrium in the samples which plot 
in Region 2 of Fig. 6 cannot be considered to be 
statistically significant at the 20 level. 

Significant and complex recent U. mobilisation. in 
the Roxby Downs Granite is apparent in the activity 
ratio plot 2~oThP~.JU vs 23.JUp·1HU (Fig. 7). Samples 
from the top 120 m of the drill core (to -530 ID depth) 
plot in.F.egion I, indicating some en.richment of23ll-U 
from ground waters. This enrichment may have been 
caused by dissolution of U~rich minerals during mi
gration of ground waters through the nearby Cu-U
Au-Ag deposit. With increasing depth, however, the 
samples plot in Region 3 and display a trend toward 
U loss (with some preferential 234U 'removal) and 
130Th enrichment. This indicates that the U·enriehed 
ground waters circulating in the top portion of the 
drill core have not penetrated to depth·, and mixing of 
the shallow and deeper ground waters does not 
appear to have occurred. 

This complex series of mobilisation events indi
cates a number of interactive U and Th enrichment 
and removal processes. Initial deposition of U from 
solution with a high 23~uF3XU activity ratio at the top 
of the drill core. appears to have occurred through 
the mechanisms of either incorporation into·U-rieh 
minerals (such as urnninite). coprecipitation or sorp~ 

tion, The significant association of U with hematite, 
shown by fission-track mapping of these samples 
(GUTHRIE, 1989), suggests that eoprecipitation and 
sorption "within the more severely altered, Fe-rich 
portions of the granite is the most likely process. This 

U accumulation appears to have been followed by 
some later preferential removal of 234 U by ground 
water which has generated excess 230Th. The mech~ 
anism for removal appears to be leaching following a
recoil displacement of 234U which has been loosely 
bound through sorption to hematite and the other 
secondary minerals. The 234U_enriched ground 
waters do not appear to have penetrated below 530 m 
depth, and an excess of 230Th is observed. 

Uranium-decay series disequilibrium studies have 
been widely applied as natural geochemical ana~ 

logues of far-field radionuclide migration in the HLW 
repository environment (see e.g. SCHWARCZ et al., 
1982; SMELLlE et al., 1986; GASCOYNE and SCHWARCZ. 
1986). In this study, the disequilibrium observed in 
all three granitoids indicates that a significant degree 
of water-rock interaction has occurred, resulting in 
natural radionuclide migration. The application of 
these data may provide a useful qualitative 'analogue 
for the behaviour of the actinides and spent fuel in the 
HLW repository environment, (particularly U, Th, 
Pu and Np) in that they indicate the radionuc1ide 
migration pathways and sites of rock-radionuclide 
interaction which may prevail in the granitoids. 

However, this application is necessarily limited 
because the natural conditions do not always rep
resent the potential repository environment, particu
larly in accounting for: the effect of the waste package 
in varying thermal conditions and producing new 
reaction products in the host medium~ Nevertheless, 
these data can be of some use as a natural analogue of 
the HLW disposal.environment by providing a quali
tative assessment of the specific geoehemical con
ditions which may prevail, and assisting in characteri
sation of the different rock-radionuclide inter~ 

actions. 

• 
CONCLUSIONS 

The disequilibrium between the .U-series isotopes 
observed in nil three granitoids indicates that signifi
cant ra~ionuclide mobilisation has occurred on a 
locnlised scale within the past 1 Ma, probably 
through ground water migration. 

In the Coles Bay Granite, U loss and 230Th enrich
ment has occurred throughout most of the rock in the 
last 0.35 Ma, with preferential 234U loss prevailing in 
the more highly' fractured sample. The dominant U 
removal process was probably a-recoil displacement 
of 234 U and leaching from minerals into solution. The 
fracture-infilling and other secondary. minerals 
appear to form the principal point of water-rock 
interaction. 

Gross U gain displayed by the Kambalda Grano
diorite may be a result of the interaction of ground 
water enriched in 2;"14 U. The significant nssoeintion of 
U with highly sorptive minerals implies that sorption 
rather than solution-solid emplacement of U is the 
principal mechanism by w.hich this disequilibrium 

---------~----~---------
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occurred. The near-surface samples indicate that 
continuous U deposition followed by preferential 
234U leachin,g may be an ongoing process. 

The Roxby Downs Granite displays' a complex U 
and Th mobilisation history. Initial U deposition 
from grourid waters enriched in 234U appears to have 
affected the top portion of the granite. This has been 
followed by selective removal of 234 U at increased 
depth by chemical leaching following a-recoil dis~ 

placement processes. Below 530 m depth, the rela
tive 2JOTh immobility and continued 234U removal 
has generated excess 230Th. The significant associ
ation of U with the highly reactive secondary miner
als, particularly hematite, indicates that sorption and 
coprecipitation are significant mechanisms for 
accumulation. 

These results provide a qualitative assessment of 
radionuclide behaviour under a varicty of geochemi
cal conditions, and indicate that ground waters form 
the principal pathways for radionuclide mobilisation. 
Such mobilisation implics that actinides, released 
from a HLW repository cannot be assumed to be 
immobile in a granitic environment over a D.I-I.2Ma 
timescale. The sites of rock-radionuclide interaction 
in· this environment may be influenced by the miner
alogical assemblages which are prcsent and the 
physico-chemical processes which are imposed by the 
specific geochemical conditions of HLW disposal. 
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1 INTRODUCTION 
Synroc is being developed in Australia as a second-generation, high

level waste form with superior chemical durability to conventional glass 
waste forms. R&D on Synroc has now been in progress at At'fSTO for a 
decade. The current program (termed phase Il) involves operation of a 10 
kg h-! Demonstration Plant as well as facilities for small-scale preparation 
of samples containing transuranic elements and mixed fission products. 
The production facilities are supported by more fundamental studies of 
Synroc fabrication, properties and performance (induding chemical 
durability). The phase n program, which ends in June 1991, will culminate 
with the preparation of a major state-of-the art report on Synroc 
technology, induding conceptual design and costing of a full-scale 
radioactive facility. 

1.1	 Demonstration Plant 

A total of 27 short-term campaigns have been carried out in the 
Synroc Demonstration Plant. All operations involved in the production
scale fabrication of Synroc have been successfully tested. Much 
engineering data has been collected which will be applied to t.'1e design of 
the conceptual radioactive facility. In particular, it is now apparent that 
economic and operational advantages accrue from introducing the 
precursor/waste slurry in a semi-dry form rather than as a dilute slurry. 
The advantages include smaller equipment, lower evaporative 
requirements and a corresponding smaller load on the off-gas plant. Also 
there are advantages in carrying out drying and calcination operations as 
separate stages. To evaluate this option further, a smaller, dry-feed rotary 
calciner is being installed to operate in parallel with the existing slurry-fed 
dryer / calciner. 

A new method of making the Synroc precursor has also been 
developed. Previously, the Sandia route (Dosch and Lync:t 1980) was 
adopted which invoives hydrolysis of alkaline methanolic solutions of 
titanium and zirconium alkoxides in an acetone/water mixture to form a 
"sodium titanate-sodium zirconate" powder. The new route, which 
involves direct hydroiysis of ethanolic mixed titanium, zirconium and 
aluminium alkoxides into an aqueous slurry of barium and calcium 
hydroxides, is cheaper, simplifies processing and eliminates problems 
associated with acetone-bearing wastes. The new precursor is now 
produced as required for At'fSTO's needs in a small plant at Lucas Heights. 

Calcined pree.usor-waste powder produced by the new route has a 
much higher tap density than Sandia-based powder (1,350 kg m-3 ef 700 kg 
m-3) thereby resulting in increased packing density in the bellows and 
accordingly a larger output per pressing. The only penalty is that the 
powder is not as sinterable so that a slightly higher hot pressing 
temperature is required. 

._ __.__ -. -_~_-----_~-
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1.2 Active Fabrication 

ANSTO's glove-box and hot cell facilities for fabrication of Synroc 
containing actinides and fission products have been described in detail in 
previous reports (Reeve et al 1987, Levins et al 1987). 

In the phase I program, the Synroc precursor !waste slurry was 
dried by a flash-drying process without mixing. This u.ethod gave 
variable results because of partial calcination of some of the powder and 
segregation of soluble and insoluble species. Microstructural studies and 
a-track imaging of actinide-doped specimens of Synroc prepared in this 
way showed some inhomogeneities (Reeve et al 1987). A new method of 
drying! calcination was developed that uses a pneumatically-driven paddle 
enclosed within the original vessel. New equipment to car.y out these 
operations was installed in both the glove-box and hot-cell lines in 
February - April 1988. 

In the phase II program, it was decided to introduce a number of 
changes to ensure better control of redox conditions during Synroc 
manufacture. This involved the use of a finer grade of titanium «400 
mesh powder) to provide better redox control during hot ::Jressing and 
modifications to the calciner to allow introduction of pure hydrogen as 
well as 3.5% H2 in N2. These changes were completed abO\:: six months 
ago and a number of batches of Synroc have been fabricated \:.Sing the new 
precursor and the modified glove-aox line. 

Chemical Durability 

About 4000 leach tests have been carried out at Al'(STO and the 
effect of process variables and leaching parameters on tile chemical 
durability of Synroc has been reported in detail (Ringwood ,,: al 1988). A 
surnrnary of the major findings or earlier work (Levins et al :985, 1987) is 
as follows: 

•	 The chemical durability of Synroc is relatively iI"..5ensitive to 
changes in temperature. The overallleaw'l rate of Syr,:oc increases 
by a factor of 25 over the temperature range 45-250°C whereas the 
rate for waste glasses typically increases by a factor of 250. The 
activation energy for elemental leach rates from Synrcc varies from 
15 to 35 kJ·moP. compared with values of 40 to 80 :<Y.mol-1 for 
borosilicate waste glasses. 

•	 The initial leaching of Synroc is incongruent (i.e. different 
elements leach at different leach rates). Leachability decreases in 
the following order: 

Mo > Cs =I =Tc = Ba > Sr = Ca > Ru > Np > Zr =RE > An =Cm =Pu. 
The most leachable element, molybdenum, is not or radiological 
concern since it has no long-lived, fission product isotope. Note 
also that iodine is not a normal component of high-level waste. 

•	 Leach rates are usually slightly higher in deionised '.vater than in 
groundwaters but are relatively insensitive to the composition of 
the groundwater or its pH. 
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• Fabrication conditions can affect the chemical durability of Synroc. 
The more important parameters are hot-pressing time and 
temperature, precursor type, homogeneity of mixing, and redox 
control during calcination and hot pressing. Good-quality Synroc is 
a dense black ceramic without measurable open porosity. 

• There is an initial, near instantaneous, release of a very small 
percentage of some waste elements (e.g. Cs, Tc, Mo) from Synroc. 
The rate of release of these elements then decreases rapidly with 
time and is kinetically controlled for times up to several hundred 
days. In contrast, the release of the less soluble elements (Ti, Zr, AI, 
rare earths and actinides) appears to be solubility-limited even for 
short times. 

route 
Most of the results summarised above were obtained using Sandia
precursor. Recent changes in the precursor and processing 

conditions have necessitated limited further testing to determine the 
effect, if any, of these changes on chemical durability. 

Leach testing of Synroc doped with fission products has continued 
with the aim of measuring long-term rates that cannot be reliably 
measured using non-radioactive specimens. The research program on 
transuranic elements has concentrated on neptunium, the most leachable 
actinide element in Synroc (Levins et al 1987). Research has also been 
carried out on the interactions between Synroc leachates and granites. 

2.	 LEACH TESTING OF NON-RADIOACTIVE SYNROC 

A number of different methods for preparation of the Synroc 
precursor have been evaluated. In the early stages of the Australian 
program, the precursor was prepared by the 'oxide route' which entailed 
mecahnical mixing of anatase, oxides of Zr and AI, and hydroxides or 
carbonates of calcium and barium. Precursor prepared in this way is 
inexpensive but, because of its relatively low surface area, it is unreactive 
and must be hot pressed at 1250°C. The 'Sandia' route produces a high 
surface area powder (200 m2 g-1 before calcination) which hot presses at a 
relatively low temperature (l150-1200°C). However, the low bulk density 
of the powder (700 kg m-3) is a disadvantage in large-scale production since 
it limits the weight in each bellows. The reference alkoxide precursor now 
used at Al'JSTO combines a high surface area with a high bulk density but 
the minimum hot pressing temperature for full densification is higher 
than that for precursor prepared by the <!lkoxide route. Only limited work 
on the sol gel route has been carried but it is promising since the precursor 
is a free-flowing spherical powder with a high tap density (1700 kg m-3). 
Table 1 compares the leach rates prepared from these precursors. All 
precursors are capable of producing good quality Synroc but oxide-route 
Synroc requires higher temperatures and pressures, even then it has a 
somewhat higher leach rate for cesium. 
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TABLE 1
 

COMPARISON OF LEACH RATES OF SYNROC
 
DERIVED FROM DIFFERENT PRECURSORS
 

CMCC-1 test at 90°C for seven days).
 

Precursor type 

Oxide Sandia	 Reference Sol-gel 
Alkoxide 

Calcination conditions 

Temperature (0C) 1100 750 750 750 

Time (h)	 16 2 2 2 

Hot pressing conditions 

Pressure CvfPa) 37 21 21 21 
Temperature (0C) 1250 1200 1200 1200 
Time (h) 3 2 2 2 

Leach Rates (g m-2 day-l) 

Al <0.02 <0.02 <0.03 <0.02 

Ba 0.013 0.093 0.057 0.018 

Ca 0.031 0.023 0.022 0.013 

Cs 0.25 0.082 0.054 0.055 

Mo 0.53 0.31 0.10 0.2 

Sr 0.009 0.026 0.029 0.017 

Ti <0.0001 <0.0001 <0.0001 <0.0001 

Zr <0.002 <0.002 <0.002 <0.002 

The effect of waste loading on the leaching or Synroc prepared by 
the Sandia route was reported preViously (Levins et al 1985). Recently a 
study has been undertaken using Synroc prepared by the reference 
alkoxide precursor. The results are summarised in Table 2. Clearly, there is 
a sharp dividing line between leach-resistant and leachable Synroc which 
occurs at a loading between 35 and 40 % HLW (PW-4b) calcine. 

TABLE 2
 

EFFECT OF WASTE LOADING ON LEACH RATE OF SYNROC
 

evfCC-1leach test at 90°C)
 

Waste Loading Normalised Leach Rate (g m-2 day-I) 

Wt% Calcine Al Ba Ca Cs Mo Sr 

20 <0.05	 0.1 0.04 0.2 0.9 0.2 

30 <0.05 0.2 0.06 0.1 1 0.2 

35 <0.07 1.0 0.2 0.1 2 1 

40 .J	 0.1 0.7 300 10 2 
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For laboratory studies, Synroc is produced (for convenience) by hot 
pressing in graphite dies whereas, on an engineering scale, it is hot pressed 
in 300-400 mm bellows (Levins et al 1986). Cores have been trepanned 
from various regions of 300 mm diameter bellows and their densities and 
leach rates measured. The densities were over 98% of the theoretical value 
for fully consolidated material. Table 3 compares the leach rates of Synroc 
produced in the demonstration hot press with that produced in the 
laboratory. The leach rate of Synroc produced in the laboratory using a 
graphite die is only marginally lower than that for the large scale pressing. 

TABLE 3 

MASS At'ID ELEMENTAL LEACH RATES (g m-2 day-') OF 
ENGINEERING At'lD LABORATORY SCALE SYN"ROC 

(MCC-1 static test in deionized water at 90°C for seven days) 

Engineering scale Laboratory scale 
300 mm diameter 40 mm diameter 

Mass 0.041 0.016 

Waste elements 

Cs 0.11 0.08 

Sr 0.043 0.026 

Matrix elements 

Tl <0.0002 <0.0002 

Zr <0.003 <0.003 

Ba 0.104 0.090 

Ca 0.035 0.023 

Al <0.02 <0.02 

Untii recently, inductively coupled plasma/optical emission spectrometry 
(ICP/OES) has been used for routine analysis of Synroc leachates. The 
availability of rcp /mass spectrometry (ICP/MS) as a technique for 
elemental analvsis at extremelv low levels has increased the number of,	 . 
elements that can be detected to indude Ti, AI, Zr, Ru, REE and U and, 
moreover, has extended the time frame over which the leaching of Synroc 
can be monitored using non-radioactive specimens. Only limited data on 
leac..'-late concentrations have been obtained to date but it appears that data 
on matrix elements, especially Ti and Zr, will be useful in estimating the 
long-term 'erosion' rate of the Synroc matrix. 

3.	 LEACHING OF ACTIVE SYNROC 

The leaching behaviour of Synroc comammg the transuranic 
elements - neptunium, plutonium, americium and curium - was 
reported in detail at the previous meeting (Levins et al 1987). A number 
of problems were apparent in that study viz., 
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1.	 Microstructural studies and a-track imaging showed that the 
distributions of matrix and transuranic elements were not entirely 
uniform. 

2.	 There was some evidence to suggest that redox conditions were not 
properly controlled during calcination and hot-pressing. 

3.	 There was significant shedding of very fine particles from the 
unpolished Synroc surface which complicated interpretation of 
results. 

These problems was addressed as follows. Firstly, the precursor was 
changed and the precursor/waste slurry was mixed duririg drying. 
Secondly, provision was made for introduction of hydrogen during 
calcination and a finer grade of Ti metal was used during hot pressing (see 
Section 1). Thirdly, all leach specimens were polished prior to' leaching to 
minimise particle shedding effec'".s. 

The research into leaching of transuranic elements has 
concentrated on neptunium since this was the most leachable actinide in 
the phase I study. Seven batc:tes of Synroc containing Np have been 
prepared, three by calcination in a 3.5% H2/N2 atmosphere and four by 
calcination in pure hydrogen. Alpha-track imaging showed that the 
distribution of Np was very uniform with no 'star-bursts' such as those 
obtained in the phase I study ( ef Reeve et a11987, p 31). 

Previously, actinide activities have been measured by electroplating 
and a-counting of 'weIghtless' samples. A more rapid procedure based on 
precipitation onto cerium hydrOXide has been developed in the last year. 
From each leachate, three samples are prepared for counting:- unfiltered 
leachate, leachate filtered through a 0.45 ~m filter and leachate filtered 
through a 1000 yfW filter paper. Each of these samples is evaporated to 
dryness and the actinides taker! up in 6 mL of 0.05M alkaline EDTA. 
Samples are placed in boiling water for 2 minutes before adeing 0.2 mL of 
0.5 mg mL'! cercus nitrate and mixing, followed by 2 drops of 25% w/v 
hydrazine dihydrochloride and 2 mL of 10M NaOH. The samples are 
then mixed and digested in boiling water for 10 minutes to allow the 
hydroxide to form. They are then cooled for 30 minutes and filtered 
through a 0.2 ~m filter paper. Tne filter papers are collected, dried and 
then mounted on stainless steel planchettes. The planchettes are placed in 
an a-spectrometer and counted for a suitable period or time. The 
resolution of a-peaks obtained in this way is only slightly inferior to that 
obtained by electroplating techniques. 

In addition to these samples, the amount and distrIbution of a
activity on the filter papers is measured using the a-track technique. 
Activity on the vessel walls is removed by adding 20 mL of concentrated 
nitric acid to the leaching vessel and shaking for two hours; this procedure 
is carried out three times. The solutions from eac.'l wash are combined and 
the activity is measured in the same manner as for the leachates. 

Figure 1 shows the average distribution of neptunium between the 
solution after filtration, on the two filters and that adsorbed on the wall of 
the leaching vessel. Less than 5% of the neptunium was removed by the 

..........~ _ _-- __. __..
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0.45 !lm filter and a further 12% by the colloid filter. The bulk of the 
neptunium (=70%) was in true solution. This contrasts with previous 
work on Synroc doped with plutonium and curium (Levins et al 1987) 
where most of the activity deposited on the wall of the leaching vessels. 

Vessel walls 

14.32% 

Fllle, 

12.81% 

0.45 flm Fille, 
4.30% 

Solution 

Figure 1: Distribution of neptunium in true solution, on walls of leaching 
vessel and on iilter membranes after filtration of leachates. (Leaching 
conditions: :YrcC-1 test in deionised water for seven days at 70°C.) 

Figure 2 compares the leach rates (based on unfiltered leachates) of 
Np from Synroc made in pure H2 and 3.5% H2/ N 2- Results for 
unpolished specimens from the phase I program (Np-1 & Np-2) are also 
shown for comparison. The leach rates are generally lower than in the 
phase I study. Moreover, the leach rates have continued to decrease with 
time for the first 28 days. 

Surprisingly, the leach rates of Np and inactive elements from 
specimens calcined in pure hydrogen were higher than those pre?ared in 
3.5% H2/N2. This effect is still under investigation but may reflect on the 
ageing of the precursor rather than the effects of the hydrogen 
atmosphere I. 

IThe batches calcined in 3.5%H2/N2 were prepared several months before those in pure 
hydrogen. All batches were prepared from the same precursor which was stored as a slurry. 
There is evidence to suggest that some gelling of the a1umina in the precursor has occurred 
and this could be responsible for the higher leachability of recent ba tches prepared in pure 
hydrogen. 
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Figure 2: Normalised differentialleacn rates for 237Np in deionised water 
at 70°C based on analysis of unfiltered leachates. (Consecutive 7 or 14 day 
static tests carried out according to MCC·1 procedures.) 

Long-term leaching of two batches of Synroc doped with fission 
products is in progress; batch HA4 has been leached for about 500 days and 
batch HA2 for over 1000 days. Leac~ tests were carried out according to 
MCC-1 procedures at 70°e. The leachates were replacea at regular intervals 
(7 to 56 days depending on leaching time) and the test continued. 

Figure 3 shows the leach rates of four radionuclides from batch 
HA4. Leach rates of all elements appear to have reached a plateau after a 
few hundred days. 

Figure 4 shows that polishing reduces initial leach rates by a factor 
of five but long-term leach rates are only reduced by a factor of about two. 

Figure 5 compares Synroc leach rates in deionised water, brine, 
silicate and bicarbonate waters. Initially, there is little variation in leach 
rates for different leachants. For long times, there is significant scatter in 
the data but it appears that leach rates are highest in bicarbonate solution 
and lowest in brine. 

Figure 6 compares long-term leach rates of Cs isotopes from two 
batches of Synroc. The data suggests that the leach rate is relatively 
constant at about 2 x 10-4 g m-2 day-I aiter about 500 days. 
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Figure 3: Effect of time on the differential leach rates of fission-product 

radionuclides from Synroc batch P..A2 at 70c e in deionised water. 
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product radionuclides from Synroc batch HA2 at 70ce in deionised water. 



11 

>: o OEMINEf!AlISEOWATER 

'" "10' 1 , • BAINE 

" 
~ 

[] SILlCATEa. p
E • BICAR80NATE 

~C er 
~ 
$ 

w 
f
<0: 
Cl: 

~ 
<0: 
W 
...J 

10 - 2" "I 
.~ .

·i 

.~C~:~ 
10- 3 0= El

• 
• ••• 

• • 

• • 
g 0 

•• 

• 
c 
i • 

0 

• 

•
• 
0 

• 
11 

c 

10 - 4 

0 100 200 300 400 500 
LEACHING TIME (days) 

Figure 5: Effect of leachant on the differential leach rates of fission-product 

radionuclides from Synroc batc.,.'1 HA2 at 70°e. 
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4	 MATIIEMATICAL MODELLING OF SYNROC LEACHING 

Fundamental studies of Synroc leaching are still in progress but 
sufficient information has been obtained to indicate that the mechanism is 
complex and involves a number of processes that occur simulta..'1eously: 

•	 For short times, the release is dominated by the initial 'spike' from 
radionuclides at grain boundaries or in non-equilibrium phases. This 
release is analogous to the 'instant' dissolution of Cs and I when spent 
fuel is exposed to water, although the fractional release is much 
higher from spent fuel (Reeve et al 1988). 

•	 For intermediate times, leach rates of the more soluble elements 
decrease rapidly because the titanate matrix provides a barrier against 
further attack. A number of distinct mechanisms for Synrcc leaching 
have been considered - matrix hydrolysis, gel formation, selective 
matrix dissolution, and ionic diffusion in pores and along grain 
boundaries. In this period, leach rates from Synroc at 70°C are 
typically two to three orders of magnitude below 60se from 
borosilicate glass (Levins et aI1987). 

•	 In the long term, congruent matrix attack and pre(:pitation! 
recrystallisation processes are likely to dominate. 

Release rates can be satisfac:orily modelled phenomenologically by 
an equation of the form (Levins and Jostsons 1988): 

SFt 
Qi ~	 fRi dt ~ Ai + qi + A (1) 

o 

where
 

Qi = normalised release of element i per unit surface area ig·m -2)
 

Ri = instantaneous normalised leach rate of element i (g m': .day-l)
 

Ai =	 instantaneous release of element i from non-equilibE:ed phases 
(cr·m-2)o 

qi = complex kinetic function that accounts for ionic diffusion, 
selective matrix attack etc. (g.m-2) 

5 = solubility of matrix Cg·m-S) 

F = groundwater flow rate passed waste form (mS ·a-1) 

A ~ surface area (m2) 

t = time (a). 

If it is assumed that the quantities released in the firs. week are 
measures of Ai, then typical values for the more leachable elements from
 
well-formed, as-cut Synroc at 90°C are (in units of g.m-2):
 

Mo =3, Tc = 0.5, Cs = 0.3, Ba =0.2, Sr =0.15, Ca =0.15 and Np =0.02.
 

The kinetic term qi approaches a limiting value with time which is
 
typically 3-5 times Ai. 

Equation (1) indicates that the long-term release from Synroc will 
be controlled by the groundwater flow rate and the matrix solubility S. It is 
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not possible to measure 5 directly from the mass loss since it is too small. 
One approach is to extrapolate radionuclide leach rate data to long times 
when the final term in equation (1) will dominate. Figure 7 shows the 
effect of time on the leach rate of selected elements from Synroc. The data 
was obtained from seven-day leach tests in demineralised water under 
MCC-1 conditions at 70 or 90°C (Levins et al 1987). To approximate 
groundwater flow, the leachate was replaced after each seven-day period 
and the leach test repeated. Except for 239pu, 241Am and 244Cm, the leach 
rates of elements appear to converge, after long times, to a value :s; 10-4 

g.m-2 ·day-l. Data for other elements (e.g. 99Tc, 90Sr, 144Ce), not shown in 
Fig. 7, show a similar trend. 

A long term, seven-day leach rate of:S; 10-1 g.m-2 ·daTI is equivalent 
to a matrix solubility of :s; 0.007 g·m -3 under MCC-1 condit:ons (surface 
area/ leachant volume = 10 m-I) at 90°C. This value is comparable with the 
concentration of the dominant matrix element, titanium, in water as 
measured in MCC-1 leach tests (:s; 0.005 g Ti ·m-3). 

The release rates of 239pu,241Am and 244Cm based en analysis of 
leachates are less than the estimated solubility limit of the overall Synroc 
matrix (see Fig. 7). Further investigation of this phe!'.omenon has 
established that precipitation of the transuranic elements oC::-Jrs onto the 
walls of the leaching vessel (Levins et al 1987). When accou?t is taken of 
the contribution of adsorbed/predpitated species, the total :each rate of 
these elements is comparable with the overall matrix leach ra:e. 

5.	 ADSORPTION OF LEACHED RADIONUCLIDES ONTO GRAl'ITTE 

The discussion thus far has dealt with leaching of Sy:-.IOC alone. In 
the actual repository, radionuclides released from Synroc may be adsorbed 
onto the components of the waste package, the backfill ma~erial and the 
host rock. Granite is a leading contender as a candidate host rock., 
Accordingly a study has been made of the interactions bet-Neen Synroc 
leachates and three Australian granites. 

•	 Olympic Dam granite (South Australia) - forms part of the 
basement to the Olympic Dam Au-Cu-U-Ag deposit although the 
core studied here does not underlie the deposit. It :s an alkali
granite which has undergone intense hydrothermal ,,:teration and 
brecciation which has produced a hematitie-sericite rich 
assemblage and abundant veins and microfractures. T.le leach test 
sample is from 1000m depth. 

•	 Coles Bay granite (Tasmania) - is a porphyritic alkali-feldspar 
granite which has suffered later intrusion by a iine-grained 
microgranite of equivalent composition, and late-stage 
hydrothermal alteration throughout. The sample studied is a 
microgranite from 669 m depth which has suffered hydrothermal 
alteration and is highly fractured. 

•	 Kambalda granodiorite (Western Australia) - is a fine-grained 
sodic intrusive, homogeneous through 1300 m of core. It has 
undergone retrogressive metamorphism which has produced a 

--~. '._--
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at 70 0 C by analysis of unfiltered leachates using a-spectrometry, 
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low temperature metamorphic assemblage. The sample studied 
here is from 776 m depth and is representative of the whole core. 
This core is the least altered material studied. 

Initial experiments were carried out by leaching specimens of 
Synroc containing mixed fission products in close proximity to granite 
specimens of the same size (10 mm diameter x 2 mm thick). The presence 
of the granites had little effect on the total activity released into solution. 
However, in the presence of the granites, the leached activity was partially 
adsorbed onto the granites. For example, in one series of experiments, in 
which granites and Synroc were leached together for 28 days at 70°C in 

• deionised water, the granites adsorbed from 58-76% of the 137Cs and 16
80% of the 95Zr. However the accuracy of these measurements, especially 
for 95Zr, was limited by the low activity in solution. 

In order to improve the accuracy of measurements, leachates were 
spiked with either 134Cs or 90Sr. These solutions were then contacted with 
granite under the same conditions used in leaching experiments. Table 4 
shows that Olympic Dam adsorbed the highest percentage of both 134Cs 
and 90Sr. The uptake of 134Cs was higher than 90Sr in all cases. Most of the 
adsorbed activity was retained after leac..'1ing the granite in deionised water 
for three days at 70°C. 

TABLE 4 

PERCENTAGE ADSORPTION OF 134Cs AL'1D 90Sr FROM S'0iROC 
LEACa~TES ONTO GRANITE AT 70°C 

(Conditions: 3 days adsorption followed by desorption 
in deionised water for 3 days) 

Percentage Olvmpic Dam Coles Bay Kambaica 

Distribution Cs-134 Sr-90 
I 

Cs-134 Sr-90 Cs-134 Sr-90 
~ ? et.Adsorbed 61.2% 11.0% 1i.1 % :J._ 10 3.8% 1.5% 

.f -orDesorbed 8.7% 0.2% -:.,J 10 0.1% 0.8% 0.1% 

Retained 52.5% 10.8% 6.6% 3.19'0 3.0% 1.4% 

~-autoradiography was used to determine the distribution of 
activity adsorbed on the granites. The distribution was found to be very 
non-uniform and dependent on the mineralogy of the different granites. 
However, no differences in distribution patterns between 134Cs and 90S r 
could be discerned. The results for the different granites can be 
summarised as follows: 

Olympic Dam granite. This exhibited the highest adsorption because of 
its extensive hydrothermal alteration. The dominant minerals present 
were quartz, rutile, hematite, sericite, chlorite, days and amorphous 
iron oxides. Uptake of 134Cs and 90Sr decreased in the following order: 

Hematite > Sericite > Chlorite/days/Fe oxides> Rutile > Quar..z. 
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Coles Bay granite. The major minerals in this granite were K-feldspar, 
phengite, biotite and quartz. Fractures were filled with phengite, clay, 
siderite and iron oxyhydroxides. Uptake increased in the following 
order: 

Fractures> Phengite> Biotite > K-feldspar > Quartz 

Kambalda granodiorite. This is the least altered material and 
radionuclide uptake was relatively low (see Table 4). The major 
minerals present were quartz, feldspar, biotite, sphene, epidote and 
leucoxene. Uptake decreased in the following order: 

Leucoxene » Biotite > Feldspar> Quartz 

Actinide-doped Synroc specimens have also been leached in the 
presence of granites. The activity in unfiltered and filtered leachates and 
that on the walls of the leaching vessel were measured by a-spectrometry. 
The distribution of activity deposited on the granite was measured using 
the a-track etch technique. 

Uptake of plutonium onto granites has been studied in most detail. 
The uptake differs considerably between the three granites but correlates 
with the occurrence of different minerals on the granite surfaces. For 
example, the Olympic Dam granite exhibits a high uptake of Pu by 
minerals which are extensively altered to hematite, indicating that the Fe
oxides adsorbed actinides as well as fission products. 'Stringers' of activity 
in the Coles Bay granite correspond to secondary minerals infilling 
microfractures, the most significant adsorption occurring on phengite, 
clays and Fe/Ti oxyhydroxides. In the Kambalda granodiorite, clusters of 
tracks indicate uptake of Pu corresponding to secondary minerals, 
particularly Ti-oxides. 

The controlling mecha!'.isms for fixation of radionuclides on 
granites appear to be adsorption and ionic exchange. The high sorptive 
capacity of these alteration minerals appear to contribute sig!\ificantly to 
the retardation of introduced actinides, which implies that 
hydrothermally altered granite, with a significant proportion of secondary 
minerals present, has good retention capabilities when radionuclide
enriched solutions are passing through the rock.. 

Further Directions 

In the future, the studies of performance of Synroc will shift away 
from leach testing per se to research into the interactions between Synroc 
leachates and repository rocks. Research will also be carried out on 
speciation in Synroc/repository rock systems, adsorption of leached species 
onto candidate repository rocks and transport of contaminants via 
groundwaters. 




