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Chapter 1 

Introduction 

1.1 The concept of geological disposal 

For centuries, the commonly accepted practice for disposing of most types of 
solid waste that cannot be burned has been to bury them. This has all too often 
and, indeed, all too recently, meant a hasty and convenient shallow grave for all 
kinds of environmentally unfriendly material. However, during the last 15 years 
the concept of underground disposal has been embraced by radioactive waste 
management organisations and developed to a degree of sophistication that is far 
removed from practices in any other industry, reflecting the high standards of 
safety that the nuclear industry is expected and legally required to achieve. 

Most countries which have opted to dispose of their longer-lived radioactive waste 
products, rather than store them indefinitely, are actively exploring the possibili
ties for burial in suitable geological formations. Several underground repositories 
for the disposal of lower activity wastes are either operating or under construc
tion, although disposal of the highest level, heat-emitting wastes is still largely at 
the concept development or site investigation stage. The location of a repository, 
its design and the depth of burial depend very much on the types of waste it 
is intended to contain, in terms of their radionuclide content and physical and 
chemical properties. The waste materials and the engineered barriers that ini
tially contain them within the repository are expected eventually to degrade and 
it is anticipated that some small portion of the radionuclides might return to the 
biosphere at some time in the distant future. 

Controlled emplacement in an engineered repository, which may be purpose-built 
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or a modified mine or other excavation, can be distinguished from other types of 
underground disposal which have been practised in the past, such as the injec
tion of liquid wastes or waste-containing grouts in deep boreholes. All types of 
engineered repository utilise the 'multibarrier' concept (Figure l.1), whereby the 
wastes are emplaced inside a series of engineered structures and natural barriers 
which act in concert to control the rate of release of radionuclides over long pe
riods. The solidified wastes are packed into containers which may themselves be 
placed inside an 'overpack'; both containers and overpacks are usually made of 
metal or cement. The waste packages are then emplaced at some depth in an ex
cavated gallery or borehole in a repository. The surrounding space may be filled 
with some suitable 'buffer' material to provide long-term structural, hydraulic 
and chemical stability for the package. After repository operations have been 
completed, access excavations would be backfilled and sealed to the surface. A 
variety of materials and mixtures of materials (often making use of processed rock 
from the excavations) is available for backfilling and sealing operations. The host 
rock in which the repository is excavated is generally selected to be adequately 
stable for the construction and operation of the facility and, most importantly, 
to provide a stable environment where groundwater fluxes through the repository 
zone are small, and other natural geological and geochemical processes are slow 
and predictable. 

Some low activity wastes are currently disposed of by burial in 'shallow' or 'near
surface' repositories, often in concrete chambers situated in trenches or on the 
surface, which are then covered with earth. These types of repository make only 
limited use of natural barriers, as it is generally acknowledged that only rela
tively short containment times are required for the wastes (perhaps only around 
300 years), and that these times can be achieved by confinement within the en
gineered components of the repository. Until the late 1970s, solid wastes were 
also dumped at sea, with no attempt at careful emplacement. Much research 
was also carried out into remote emplacement of highly radioactive wastes in 
seabed repositories. The options considered promised very considerable levels of 
safety and long-term predictability, possibly more so than deep repositories on 
land, but ocean disposal has effectively been abandoned for the time being owing 
to the difficulties in achieving consensus on how to proceed outside the confines 
of national boundaries. However, none of these types of repository is generally 
classed as geological disposal. This book is concerned with what is commonly 
termed 'deep geological disposal' - the emplacement of wastes in repositories con
structed at depths of several tens to many hundreds of metres below the surface, 
making use of the surrounding geological environment as one of the principal 
containment barriers. For a comprehensive description of the background to the 
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Figure 1.1: The near-field of a generic high-level radioactive waste repository demon
strating the multi barrier concept. The wasteform is either spent fuel or vitrified repro
cessing waste packaged in a metal canister which is further encased within an envelope 
of compacted bentonite. Physical containment is assured by the wasteform, the canis
ter, the bentonite and the rock. Chemical containment is assured by low groundwater 
flows in a chemically reducing, mildly alkaline environment buffered by the metal, ben
tonite and the rock. 
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geological disposal of radioactive wastes, see Chapman & McKinley (1987). 

1.1.1 Geological disposal environments 

The fundamental requirement of a suitable geological environment for a repository 
is that it should be relatively stable and its behaviour adequately predictable. 
The need for predictability arises from the requirement to make scientifically 
sound evaluations of the long-term radiological safety of a disposal facility. Such 
evaluations are necessary in order to demonstrate that a repository will comply 
with safety regulations and are generally termed 'performance assessment' or 
'safety assessment' exercises; in this book the two terms are used synonymously. 
Unlike environmental impact assessments in many other areas, 'long-term' in 
the context of radioactive waste disposal really does mean what it says, and it is 
not uncommon to find performance assessment predictions of the behaviour and 
health impacts of radionuclides released from the waste which look at timescales 
of tens of thousands to millions of years into the future. Knowledge of the nature 
and evolution of the geochemical and hydrochemical regime is fundamental to 
making such predictions. This is particularly important for deep radioactive 
waste repositories, situated several hundreds of metres below the surface and 
designed to contain the longest-lived radioactive wastes. 

The search for suitable disposal environments has concentrated on four principal 
types of rock formation: (1) hard, fractured basement rocks, (2) low-permeability 
sediments, (3) thick sequences of extrusive volcanic rocks, and (4) thick or diapiric 
evaporite deposits. The variety of different environments that has been investi
gated or selected for repositories is wide, and the useful features of more than one 
type of environment have been combined (as with basement rocks buried beneath 
thick sediments). However, the essence of any suitable host environment is that 
it should provide a stable cocoon for the repository in which the rates of all pro
cesses which might disturb the engineered barriers surrounding the waste are very 
slow and are not likely to be subject to significant disturbances or modifications 
over the time period of containment. 

1.1.2 Evolution of a waste repository 

The concept of a planned 'time period of containment' stems from two lnecha
nisms which inevitably will occur during repository evolution. The first is that 
of radioactive decay. Many isotopes in radioactive waste decay relatively rapidly 
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and, although highly active members of decay chains may be formed, there is 
a steady decrease in the overall activity of the wastes with time. A number of 
the more radioactive and radiologically problematic radionuclides are sufficiently 
short-lived that they are expected to decay to insignificant levels before there is 
any real possibility of their release from the repository near-field. Consequently, 
it is sensible to think in terms of a containment period in which no release of 
such radionuclides should be expected to occur. However, other radionuclides 
decay very slowly and, consequently, it is much harder to conceive of contain
ing them for any adequate length of time. This is due to the second inevitable 
mechanism, namely the progressive degradation of the engineered barriers within 
the repository (Figure 1.2). The ability to predict how this may happen is the 
central issue in demonstrating the long-term safety of any waste repository. The 
length of time for which it is considered reasonable to expect largely complete 
containment within the engineered barriers varies from concept to concept; in the 
examples dealt with in this book, from a few tens of years to 100 000 years or 
more. 

The essence of predictive safety assessments is to use models which describe, 
in a simplified but adequate fashion, the many processes leading to the degra
dation of the waste containment system (metal containers and other barriers 
engineered into a repository), the mobilisation of radionuclides from the waste 
into porewaters and groundwaters and their transport through the surrounding 
rock formations to the biosphere (for example, to wells or surface water bodies: 
Figure 1.3). In the 'near-field' of a waste repository (the engineered barriers 
and immediately surrounding rock), the geochemistry of these processes will be 
dominated by interactions between local pore fluids, inflowing groundwaters and 
the wastes and other repository components. In the 'far-field' (the rest of the 
rock around the repository), released radionuclides may eventually be diluted 
to become very minor components of a largely unperturbed natural geochemical 
system. Their subsequent behaviour will be dominated by the slow geochemical 
fluxes of an evolving natural hydrochemical system. During the last decade or 
so, a considerable amount of field and laboratory geochemical investigation and 
research has helped to establish which processes are important at each stage of 
this modelling and what the scales and rates of these processes might be. A 
good description of the geochemistry of the natural environment of a proposed 
repository is clearly the starting point for such analyses. 
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Figure 1.2: Over a long time period the components of the near-field will degrade and, 
eventually, the wasteform will be exposed to the groundwater and begin to corrode. 
Dissolution of the wasteform may take place in a locally oxidising environment due to 
a-radiolysis of the groundwater. Migration of radionuclides may be retarded either by 
sorption onto the rock, bentonite or the degradation products of the wasteform and 
canister or by precipitation at the redox front. 
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Years after emplacement of waste 

Figure 1.3: Physical containment will fail after some 103 to 104 years after which 
continued retention of radionuclides in the near-field will be due t~ chemical contain
ment processes. During the period of physical containment the total radioactivity in 
the waste drops substantially due to decay of the shorter-lived radionuclides. 
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1.1.3 The challenge of performance assessment 

Long-term predictions of the behaviour of the natural environment are recog
nised to be fraught with uncertainty if they are based solely on information from 
short-term observations or experiments. Although it may be possible to make 
reasonably accurate predictions of the outcome of a single process from first 
principles and recognised scientific laws, the behaviour of the natural geological 
environment tends to confound attempts to use such predictions quantitatively, 
owing to the complex and frequently non-linear interdependence of most of the 
important processes. Not only are many of the processes which occur in an 
evolving repository and its surrounding geological environment coupled, but they 
are also subject to changes in the external driving forces which control their ef
fects. Such changes, frequently related to climatic cycling, may vary continuously 
throughout the period over which repository performance needs to be evaluated. 
As a consequence there are uncertainties of varying degrees of significance in
volved in predictive modelling of repository behaviour. They can be categorised 
rather broadly as uncertainties regarding: 

• which processes are operative and how they are initiated, 

• which processes are dominant over long periods, 

• the critical interactions between many inter-linked processes, 

• the rates of processes, and whether these are constant, 

• the most appropriate models to use to describe processes, and 

• the values of some of the parameters that are used in these models. 

In order to reduce these uncertainties it is very useful to be able to condition or 
calibrate the experiments, short-term observations and theoretical constructions 
used in performance assessment using a wide range of information drawn from 
studies of natural processes of a broadly equivalent nature. It is important to 
be able to demonstrate that these natural examples have been operative over 
very long periods of time in environments similar to those of the relevant part 
of the repository system. Such parallels are known as 'natural analogues' in the 
radioactive waste jargon. 

Natural analogues can serve a number of functions but, broadly speaking, they 
are studied in order to test whether that models of processes, such as waste dis
solution or radionuclide-rock interactions, are comprehensive and realistic, or to 
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provide illustrative material which demonstrates, to a wide range of audiences, 
our degree of confidence in understanding long-term mechanisms and the scale 
of their effects (e.g. Figure 1.4). Typical natural analogues thus include geolog
ical and archreological occurrences of repository materials such as clays, metals 
and cement minerals, and ore bodies where natural concentrations of radionu
clides have been subject to processes that could cause their mobilisation and 
dispersion. Studies of natural analogues have been carried out for more than a 
decade, although the application of information from them is only just becoming 
scientifically well-ordered. 

Despite the fact that explaining the behaviour of the natural environment un
ambiguously is extremely difficult owing to the many potentially important pa
rameters involved and the ill-constrained boundaries of the system under study, 
interest has grown steadily in the use of analogues in performance assessment. 
Although such poorly-controlled 'experiments' are somewhat distasteful to the 
theoretical or engineering instincts of many performance assessors, it has become 
increasingly clear that there are really no alternative tests of long-term predic
tions. 

1.2 What is a natural analogue? 

The generally accepted definition of the term 'natural analogue' (Come & Chap
man, 1986a) is " ... an occurrence of materials or processes which resemble those 
expected in a proposed geological waste repository." This has subsequently been 
refined by the addition; "The essence of a natural analogue is the aspect of testing 
of models - whether conceptual or mathematical- and not a particular attribute 
of the system itself." (McKinley, 1989) and by an IAEA review group which noted 
that; "Natural analogues are defined more by the methodology used to study and 
assess them than by any intrinsic physico-chemical properties they may possess." 
(IAEA, 1989). The progressive refinement of the definition reflects a maturation 
in the understanding and appreciation of natural analogues. In essence, natural 
analogue studies use information from the closest possible approximations, or 
direct analogies, of the long-term behaviour of materials and processes found in, 
or caused by, a repository to develop or test models appropriate to performance 
assessment work. 

Natural analogue studies have been performed, to date, on a wide range of phe
nomena, including ore deposits, natural fission reactors, marine sediments and 
man-made copper and iron artefacts to name but a few. The latter, archreological 
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HOW HADRIAN'S WALL IS HELPING NIREX 
TO CONTAIN RADIOACTIVE WASTE SAFELY. 

Concrete and other cement-based materials are known to survive for millennia in 
the right conditions. They were used in ancient China., Egypt and Greece. In fact 
the condition of concrete recently excavated from the foundations of Hadrian's 
Wall shows how well it can withstand the centuries. 

It is this quality which makes cement-based grout and concrete so suitable for use 
in the proposed Sellafteld Repository: 

Even when they break down they form an efftcient chemical barrier which prevents 
many of the wastes dissolving in water. In fact, this is one of their main purposes 
in the repository. 

The Sellafleld Repository, if built, will be an impressive feat of engineering, dedicated 
to the safe and permanent disposal of medium and low-level radioactive waste. 

As far as the eye is concerned it will barely be noticeable. 

But what the eye won't see is the very high degree of care which will be in evidence 
underground. 

Half a mile below ground, in solid rock, a series of huge caverns will be excavated 
where low and intermediate-Ievei waste can be emplaced. 

Low-level wast~, items such as overalls, gloves and shoes, will be packed into steel 
drums or concrete boxes and intermediate-level waste will be grouted into stainless 
steel drums. 

This project will meet the country's disposal needs for 50 years and it will safeguard 
the environment for tens of thousands of years after that. 

For further information write to The Information Off1Cer, UK Nirex Ltd., Curie 
Avenue, Harwell, Didcot, Oxfordshire, OXIl ORH, or telephone Peter Curd on 
0235 825 500, and quote reference 'W.' Selbfleld R<posito'Y Projoct is, joint vontu« 

of UK Nirc:x Ltd .and British Nuclear Fuds Ple. 

@ 
United Kingdom Nlrex Umlted 

SAFE FOR THE FUTURE 

Figures 1.4 & 1.5: Natural analogues provide a useful way of demonstrating the 
potential longevity of the materials used in a repository and, hence, the period of 
physical containment. They also illustrate processes that will occur in the near and 
far-fields, showing that they can occur naturally without any serious environmental 
consequences. These two adverts by U.K. Nirex Ltd. and SKB are examples of the 
cogent use of natural analogues for public relations and public education purposes. 
(Reproduced courtesy of U.K. Nirex Ltd. and SKB) 
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Den svenska metoden for forvaring 
av anvant karnbransle ar inte ny. 

Den har funnits i Kanada i 1300 
miljoner are 

Naturen har forsett oss med ett flertal bevis 
pa att det gar att astadkomma sakra under
jordiska fi:irvaringsplatser fOr radioaktiva 
amnen. 

En ~dan finns i Cigar Lake i Kanada. Dar 
upptacktes i borjan pa 80-talet en lva kilome
ter lang malmkropp med extremt hog uran
halt Fyndet gjordes pa 430 meters djup och 
satte myror i huvudet pa forskarvarlden. 

Det som fOrvanade expertema var att fyn
digheten inte gick att indikera fran mark
ytan. 

Vattnet drickbart 5 meter fran 
uranmalmen. 

Detvisade sig att malmen lag inbaddad mellan 
sandsten och underliggande urberg. Runt 
malmkroppen fanns ett 5-30 meter tjockt la
ger av lera som hindrade grundvattenrorelse. 
Fast det omgivande berget var valtenmattat 
hade leran hallit de radioaktiva amnena pa 
plats i 1.300 miljoner ar. 

Matningar visar att redan fern meter fran 
sjalva uranmalmen innehaIler grundvaltnet 
20 ganger mindre uran an det kanadensiska 
gransvardet for dricksvatten. 

Detta exempel har stora Iikheter med den 
metod fOr fOrvaring av anvant kambransle 
som vi tanker anvanda oss av i Sverige. 

500 meter ner i urberget. 
Anvant kambransle, som ar en hard keran1ik, 
avger straining under mycket lang tid och 
maste hallas isolerat fran1 till efter nasta istid 
om hundra tusen ar. Densvenska metoden gar 
ut pa att innesluta branslet i kopparkapslar 
som baddas in i lera 500 meter ner i urberget 

Delta djup har valts fOr att astadkomma en 
stabil miljo, dar kemiska och mekaniska 
fOrandringar skerytterstlangsamt, men ock~ 
fOr alt framtida generationer inte ska riskera 
att borra ett brunnsha! rakt ned i fOrvaret 

Ur stra!synpunkt hade det rackt med tva 
meter. . 

Kopparkapsiarna effektiva barriarer. 
Det enda som skullc kunna transportera 
radioaktiva amncn fran fOrvaret ar grundvatt-

Vi tar hand om Sveriges 
radioaktiva av/all. 

net Men erfarenhetema av lerlagret fran 
Cigar Lake talar har sitt tydliga sprak. 

Man ska ocksa komma ihag att anvant 
karnbransle ar oerhort svariosligt i valten; 
urberget sjalvt ar lattare att lOsa upp. Och pa 
500 meters djup rorvaltnetsig sa langsamt alt 
det kan betraktas som stillastaende. 

For ovngt utgor ocksa kopparkapslama 
effektiva vattenbarriarer. De har 10 centimeter 
tjocka vaggar och haller till efter nasta istid. 

Under gO-talet kommer Svensk Kambrans
lehantering, SKB, att finslipa alia detaljer och 
undersoka iampliga fOrvaringsplatser. Den 
slutliga platsen bestlims av regeringen, tro
ligen omkring sekelskiftet 

,---------------, 
I Vill du veta mer om Sveriges radio- I 
I aktiva avfalI? I 
I Fyll i kupongen och skicka den i ell of ranker at I 
I kuvert till: FRISV AR I 
I SKB I 
I 110 05 Slockho 1m I 
I I 
I Nallln I 
I Adress I 
I I 
I Postadress I L _______________ ~ 
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artefacts, although clearly not natural systems, are studied in the same way as 
natural analogues and are generally classed with them. They provide a record 
that spans nearly 5 000 years and give an indication of how the robustness and 
longevity of 'technological' materials compare with 'natural' materials (Kaplan 
1982; Kaplan 1986). 

Natural analogue studies should not be confused with repository site character
isation studies, even though a large-scale natural analogue study can provide a 
valuable 'dry run' of the site characterisation methodology. Site characterisa
tion provides a different type of input to repository performance assessment in 
defining the nature of the natural environment into which the repository is fitted. 
Natural analogue studies provide information on the subsequent behaviour and 
effect of the repository, and may use data from the site itself or, more likely, from 
other sites. These may be in diverse environments, but are linked back to the 
repository concept by some well-defined similarity of process or material. It fol
lows that not just any geochemical study is a natural analogue; the vital aspect 
is the design of the study in terms of how it contributes to or tests models of 
repository effects. 

1.3 Reasoning by analogy 

Perhaps spurred on by the discussion on the definition of the term natural ana
logue, a number of authors have been concerned with the philosophical aspects of 
reasoning, or proof, by analogy. Notable amongst these are Ewing & Jercinovic 
(1987) and Petit (1992), from whose papers much of the following discussion is 
derived. 

Analogy has been implicitly recognised as a scientific method. Root-Bernstein 
(1988) identified several important mental qualities in famous scientists of the 
past two centuries; foremost amongst these qualities is the 'facility to recognise 
patterns'. This is a process very similar in style to reasoning by analogy. Root
Berstein (op. cit.) concludes that " ... any mental activity that contributes 
directly to scientific discoveries should be recognised as a scientific method." 

Since the time of the Greek philosophers, people have argued over whether the 
use of analogy is another form of inductive thought, or is a distinct type of 
thought process in its own right. A personal view on this issue is given by Mill 
(1874) when he argues that any distinction between induction and analogy is 
artificial because both require collection and interpretation of observations. The 
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two processes differ only when it comes to the important ability to demonstrate 
the validity of the interpretations reached. 

Induction is based on a scientific understanding of causality between events and 
phenomena, while analogy accepts (temporarily) a probable theory without ab
solute proof. It should be noted that this is an approach very commonly used 
in the physical sciences, where a theory is upheld until a negative instance is 
discovered. An obvious example is the displacement of Newtonian mechanics by 
Einstein's theory of relativity. This concept of searching for a negative instance 
is crucial to the idea of natural analogues. Performance assessments are based on 
process models and model chains that explain how modellers believe the waste 
and the repository will behave in the geosphere from an understanding of chem
istry, physics and geology. It is not possible to prove that such models are a 
correct description of the natural environment and the evolution of a repository. 
By applying the models to processes operating in the geosphere (i. e. by studying 
natural analogues), their accuracy can be tested by either finding a negative in
stance (to disprove the model) or finding the fit is good in a particular instance 
(increasing our confidence in the model). It is common, when testing models 
that describe the natural world, to find that they are neither absolutely right 
nor wrong, but rather that they are only approximately correct. It is easy to 
understand how a model can be completely correct; the process occurs just as 
predicted. It is also easy to understand how a model can be completely wrong; 
the process it predicts just does not occur (the negative instance). However, it 
is less easy to understand how a model can be approximately correct until it is 
considered that, in the geological environment, a process does not merely oc
cur but rather it occurs at a particular (sometimes changing) rate, sometimes 
intermittently, and is almost certainly coupled to other processes. 

From this apparent confusion comes one of the strengths of the natural analogue 
approach: it can be used to determine the range of applicability of a model. For 
example, assume that a model predicts that radionuclide transport will occur 
at a given rate in a particular environment. A natural analogue study in a 
similar environment may reveal that radionuclide transport does occur, but at 
a somewhat faster rate than predicted. In this case the model has not been 
disproved (this is not a negative instance) but rather some indication of the 
model's application has been determined, i.e. for this environment the model is 
'non-conservative', that is to say the model would under-estimate the radiological 
risk due to this process. The model can then be further tested by natural analogue 
studies in other, similar environments. In some cases the model will be found to 
be conservative, in others non-conservative, and in yet others the model may be 
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found to be correct. In this way the range of applicability of the model will be 
built up. 

1.4 Perception of natural analogue studies 

The foundations for quantitative natural analogue studies, with application to 
performance assessment, were laid in the seminal work by Chapman et al. (1984) 
which reviewed what was, at that time, an incoherent and generally unfocussed 
range of investigations. Until 1984 most so-called natural analogue studies were 
merely extensions of straightforward geological and geochemical investigations of 
isotopic anomalies, where the principal reasons for study were never allied to the 
needs of repository design and model testing or validation. Some natural ana
logue investigations were initiated with the specific aim of learning more about 
the potential evolution of a repository but, often, the philosophy was to try to in
terpret a single site as an analogue for the whole, complex repository system in a 
global sense. This approach was to prove unsuccessful because adequate natural 
analogues for a complete disposal system do not exist. Even in the natural system 
often quoted to be most similar to a high-level waste or spent fuel repository en
vironment, the fossil nuclear fission reactors at Oklo, the boundary conditions are 
both significantly different and poorly constrained in comparison to a repository 
system (for a discussion on conflicting estimates of pressure, temperature, depth 
and fluid availability at the time of criticality see Brookins, 1990). As a direct 
consequence of the 'global analogy' concept, the information yielded by these 
early natural analogue studies was generally more qualitative than quantitative 
and, with the boundary conditions in many studies poorly defined, radioactive 
waste performance assessment modellers tended to reject the data in favour of 
results from laboratory investigations. 

In an attempt to define natural analogue studies more clearly, and to orient them 
towards individual processes for which good analogues can be found, Chapman et 
al. (1984) listed a set of guidelines for selecting natural analogues for investiga
tion. This need for well-characterised, process-oriented natural analogue studies 
is reaffirmed in this report and these guidelines are repeated here: 

1. The process involved should be clear-cut. Other processes which may 
have been involved in the geochemical system should be identifiable and 
amenable to quantitative assessment as well, so that their effects can be 
subtracted. 
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2. The chemical analogy should be good. It is not always possible to study 
the behaviour of a mineral system, chemical element or isotope identical to 
that whose behaviour requires assessing. The limitations of this should be 
fully understood. 

3. The magnitude of the vanous physico-chemical parameters involved (P, 
T, pH, Eh, concentration etc.) should be determinable, preferably by in
dependent means and should not differ greatly from those envisaged in a 
repository. 

4. The boundaries of the system should be identifiable (whether it is open 
or closed, and consequently how much material has been involved in the 
process being studied). 

5. The timescale of the process must be measurable, since this factor is of the 
greatest significance (the raison d 'etre) for a natural analogue. 

The quantitative philosophy outlined by the 1984 report proved to be the impe
tus for a greater interest in natural analogues which resulted in an international 
symposium (Smellie, 1984) and the formation of the Natural Analogue Working 
Group (NAWG) sponsored by the Commission of the European Communities 
(CEe). The NAWG has met five times (Come & Chapman, 1986a; 1986b; 1989 
and 1991; von Maravic & Smellie, 1993) and held one major international sym
posium (Come & Chapman, 1987). The NAWG reports attempted to develop 
the perception of natural analogues by giving agreed introductory statements on 
their development. The value of these reports is that they summarise almost 
all the results and conclusions drawn from the most important natural analogue 
studies performed up till then. In general, since the 1984 report more natural 
analogue studies have focussed on the requirements of process models and per
formance assessments. This development has been facilitated by the following 
guidelines issued by the NAWG (Come & Chapman, 1986a) for ways of applying 
natural analogues to modelling and assessment processes: 

1. As natural experiments which replicate a process, or a group of processes, 
which are being considered in a model. This is probably the most quan
titative application of analogues, which allows confident constraints to be 
placed on, for example, extrapolations of laboratory experiments to larger 
time or space scales. 

2. For determining the bounds of specific parameter values. This application 
would be most useful at the stage where a modeller needs limiting vaLues 
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on a parameter, but can obtain these from any or many geological systems. 
The origins of the data are not particularly important, and need not be 
linked to the process being modelled. Diverse sources may be used and 
a statistical approach adopted. An example of this is thermodynamic or 
kinetic data, which could be obtained from any system. 

3. As simple 'signposts' indicating which phenomena can occur in the system 
being modelled by reference to a parallel natural system. This is a purely 
qualitative application which gives 'yes-no' answers, or indicates the 'direc
tion' of long-term process. It would be the first means of application used 
when carrying out scoping exercises. 

4. In an empirical sense to integrate the results of many processes at one site, 
over long time periods. Not all of the processes involved may be evident, 
nor may the manner in which they have been linked. Only the end result 
is important, and in this sense this application is the most directly useful 
to a safety assessment (as distinguished from the individual models which 
comprise it). An example might be to determine whether there is any 
surface radiological manifestation of a deeply buried uranium ore body. 

Many of the more recent analogue studies have adhered to the two sets of guide
lines given above, and a variety of specialists have been involved (geochemists, 
geophysicists, archceologists etc). Nonetheless, there are still many purported nat
ural analogue studies that have no clear radioactive waste application and this is 
reflected by the fact that there is still no overwhelming consensus on the useful
ness of natural analogues. Critics of natural analogue studies can find plenty of 
ammunition and usually express doubt about their value on the grounds that: 

1. Natural analogue-derived information is inherently only qualita
tive. It is believed that only quantitative data, that can be input to per
formance assessments, are relevant and that these data cannot be obtained 
from natural analogue studies. 

2. Natural analogues are not true, hard science. It is suggested that 
information derived from natural analogue studies is inherently obscure 
and ambiguous and its interpretation equivocal in contrast to the data 
produced from laboratory experiments and from inductive and deductive 
thought processes. 

One aim of this report is to determine to what extent these criticisms are true by 
a thorough review and compilation of the current understanding of natural ana-
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logues. However, the philosophical aspects of these arguments will be addressed 
briefly here. 

l. Natural analogue-derived information is inherently only qualita
tive. Quantitative and well-constrained data have been obtained from 
several natural analogue studies (e.g. PO<5os de Caldas, Maqarin, Oman). 
Furthermore, some quantitative data obtained from natural analogue stud
ies could only have been obtained from such investigations, laboratory ex
periments being unable satisfactorily to simulate the conditions likely to 
be encountered in a repository. McCombie (1991) lists the following crit
ical processes for which quantitative understanding has been improved by 
natural analogue studies: 

• Radionuclide release from U0 2 and glass waste forms. 

• Radionuclide solubility and speciation in aqueous solutions. 

• Redox front initiation and movement. 

• Radionuclide diffusion in clays. 

• Matrix diffusion in fractured media. 

• Particulate and colloidal transport of radionuclides. 

• Smectite to illite transition in clays. 

There is a second point that is relevant to this discussion, which is rarely, 
if ever, explicitly stated. Quantitative data for input to a process model 
or performance assessment are only required (and of importance) once it 
has been decided that the process is significant for the evolution and safety 
of the repository. The decision as to whether a process is significant or 
not is a qualitative judgement and must be based on an understanding of 
geology and geological processes. In other words, qualitative understanding 
of a process must lead to quantitative examination. This is implied in 
points 3 and 4 of the NAWG guidelines (Come & Chapman, 1986a) listed 
earlier. This heuristic function of natural analogues should be given greater 
prominence in the planning and definition of future studies and should be 
recognised by performance assessment modellers. 

2. Natural analogues are not true, hard science. Whilst it is true that 
quantitative data can be obtained from natural analogue studies, it is also 
true that, even in the best-conducted studies, the boundary conditions are 
never certain. The validity of such data could, therefore, be questioned. 
A parameter may be measured with a high level of accuracy and precision 
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but its significance may still be questioned because the processes which 
influence that parameter are not sufficiently well-known. However, it is 
this very complexity of the system, which results in the uncertain boundary 
conditions, that the modellers are trying to simulate. Only by studying 
natural systems, and attempting to strip away the effects of superposing 
multiple processes, is it possible to determine the rates and effects of single 
processes, to reveal the coupling of processes which are inevitable under 
repository conditions and over geological times cales and to verify that all 
the processes which an assessment should consider have been included. 

Two examples serve to indicate the importance of the role that natural ana
logue studies play in ensuring that all relevant processes have been identified 
for incorporation into mathematical models: 

( a) Some processes are believed to be susceptible to changes in their r ate
limiting parameters over long periods of time. An example of this is the 
rate of elemental diffusion within glasses (both natural and radioactive 
waste form), which is thought to change with time as a result of the 
formation of an alteration rind, the formation of secondary minerals, 
or both (Magonthier et al., 1992). This phenomenon was highlighted 
by natural analogue studies of volcanic glasses. 

(b) Some processes that are immeasurably slow in the simple, confined 
conditions of the laboratory may well be catalysed under complicated 
geological conditions, possibly as the result of bacterial action or the 
presence of colloids. An example would be the enhanced corrosion rate 
of metal in the presence of microorganisms. 

Both these phenomena may have implications for repository safety, and 
both might have gone unidentified if investigations were performed solely 
in the laboratory. 

Following the formulation of the two sets of guidelines listed earlier, there has 
been some evolution in two areas of natural analogue understanding and in their 
application. This is reflected in the changing definition of natural analogues 
described earlier. 

1. It has become apparent that it is not simply the similarity between a natural 
process and a process that it is believed will occur in a repository situation 
that defines a natural analogue. Rather it is the philosophy behind the 
investigation which makes it an analogue; e.g. a geochemist may exam
ine uranium-series disequilibrium in fracture-filling minerals and produce 
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nothing of great value unless the analysis is designed carefully to increase 
understanding of a specific repository process or test a model of that pro
cess. 

2. There has been a gradual reassessment regarding which processes are per
ceived to be important for repository safety. At the time when the first 
natural analogue studies were performed, much work was focussed on de
termining the stability and longevity of potential waste forms and packaging 
materials. As a consequence many of the first process-oriented natural ana
logue studies were examinations of volcanic glasses (as analogues for borosil
icate glass waste forms) and copper and iron ore deposits and archceological 
artefacts (as analogues for waste packages). The development of repository 
concepts, and of the understanding of the long-term evolution of reposi
tory systems, has shown that a range of additional effects, such as colloidal 
transport, gas migration and biosphere processes, could be very significant 
in terms of overall performance. These were not considered from the view
point of available natural analogues by Chapman et al. (1984), although 
subsequent work has begun to address some of these issues. Additionally, 
in the past few years there has been increasing interest in analogues of far
field processes of radionuclide migration and retardation, in addition to the 
more materials-oriented near-field analogue studies of earlier years. 

One unfortunate consequence of the expanding interest in natural analogues is the 
continued publication of studies with no clear objective in terms of end-use of the 
information. In some cases the term 'natural analogue' is simply misunderstood 
and used to label purely academic studies which could possibly be of relevance 
to waste disposal, but in which the application is not discussed. More seriously, 
some workers have misunderstood the models used in performance assessment 
and misapplied them to natural systems. 

1.5 Previous natural analogue reviews 

The first Inajor assessment of natural analogue studies (Chapman et al., 1984) re
viewed all the important studies performed up to that time which had significance 
for the N agra high-level waste and the SKB spent fuel repository concepts (both 
focussed on crystalline host rocks). As such, this report was not an exhaustive re
view of all natural analogue studies. In particular, natural analogues specifically 
relating to high-level waste disposal in evaporites and argillaceous rocks were 
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not discussed, nor were natural analogues related to any low or intermediate
level waste repository concepts. Despite these limitations, much of the material 
in the 1984 report has generic significance for most geological disposal concepts. 

Short reviews on the development and application of natural analogues are given 
by Brookins (1984), Brookins (1987a), Chapman & McKinley (1987), IAEA 
(1989), Amter (1989) and RAWMAC (1990). None of these reviews individ
ual natural analogue studies in particular detail and none is critical; rather they 
tend to discuss the uses of natural analogue studies in more generic terms. The 
IAEA review (1989) is more focussed in discussing the application of natural 
analogue studies in performance assessment. 

An uncritical literature survey of the geochemical natural analogue studies that 
are relevant to the US high-level waste disposal concept has been prepared by 
Pearcy & Murphy (1991). The US high-level waste disposal concept differs sig
nificantly from all other concepts (including those discussed in this report) in one 
particular aspect. The proposed US repository would be situated above the water 
table, in the unsaturated zone, within a tuffaceous sequence at Yucca Mountain, 
Nevada. In such an environment, other processes involving the physical and chem
ical changes wrought by hydrothermal alteration of tuffs and gas-phase transport 
in the unsaturated zone become important. Apart from a continuing interest in 
several major international natural analogue studies, the US programme is, there
fore, looking at a number of rather specific analogues, including the hydrothermal 
uranium ore deposit in unsaturated rhyolitic ignimbrites at Pena Blanca, Mex
ico (Murphy et al., 1991; Murphy, 1992), the volcanogenic uranium deposit in 
rhyolitic lavas and lacustrine sediments at McDermitt Caldera, Nevada-Oregon 
(Alexander & Van Luik, 1991), and the Minoan archreological site in unsaturated 
volcanic ashflows at Santorini, Greece (Murphy et al., 1991; Murphy, 1992). 

1.6 Scope of the book 

Despite the completion of a number of natural analogue studies with well-defined 
performance assessment objectives, little of the resulting information has been 
used for model validation and there is still some uncertainty about how best to 
incorporate it into a performance assessment. At the present time, several coun
tries are nearing the point when final repository site selection will take place and, 
consequently, model construction, validation and comprehensive performance as
sessments will be required. The first purpose of this book is, thus, to provide 
a comprehensive review of the state of development of natural analogue studies 
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with emphasis on those studies which are relevant to the following repository 
designs. 

• Nagra (Switzerland) disposal concepts for: 

High-level waste 

Low and intermediate-level waste 

• SKB (Sweden) disposal concepts for: 

Spent fuel 

Low and intermediate-level waste 

• Nirex (UK) disposal concept for: 

- Low and intermediate-level waste 

These disposal concepts are described in the next section. Existing quantitative 
data derived from natural analogue studies that could be input to performance 
assessments for these disposal concepts will be highlighted. It should be recog
nised that, at the time of writing, all these concepts (with the exception of the 
Swedish SFR) are only at the design stage but all are site or region-specific. 
Much of the discussion in this book will, therefore, be relevant to concepts for 
geological disposal of radioactive wastes proposed by other countries. 

The second aim of this book is to discuss the expanding application of natural 
analogues for non-performance assessment purposes, especially their potential 
for presenting the concept of geological disposal to various interested audiences 
in a coherent, understandable and scientifically legitimate manner (e.g. Figure 
1.4). Anxiety about radioactive waste disposal is a difficult problem and can only 
be overcome if repository developers are perceived to be making a serious effort 
to provide decision-makers, their scientific peers and the public with demon
strations of repository safety that can be understood. The standard format of 
performance assessment submitted for review to safety and licensing authorities 
can be intractable and very difficult to evaluate and put into context with other 
predictions of potential hazard, particularly owing to the time periods involved. 

Natural analogues have been suggested as a means of conveying the safety of 
a repository concept to wider audiences (Winograd, 1986; Papp, 1987: Vovk, 
1988; Chapman & McKinley, 1990). Some of the most convincing studies are the 
archceological analogues (discussed in detail under the relevant process headings 
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later in this report) which investigate phenomena such as slow metal corrosion, 
glass durability, concrete longevity and clay isolation capacity. Archreological 
analogues have the advantage that they relay immediate visual impact and un
derstanding (however qualitative) and relate to objects and processes that people 
are familiar with, even if the quantitative similarity to the repository environment 
is sometimes limited. The illustrative potential of natural and archreological ana
logues may be considered to be equally important to the model evaluation aspect, 
and should not be ignored. 

This book is concerned only with those physico-chemical processes which control 
the release of radio nuclides from the near-field, and their subsequent retardation 
and transport in the geosphere. Ultimately, repository performance depends 
upon several other factors, including climatic driving forces for groundwater flow, 
radionuclide transport and dispersal in the biosphere and radionuclide up-take 
by plants and ingestion by animals. Studies of factors affecting groundwater flow 
are normally part of the site characterisation process and do not fall within the 
technical definition of natural analogue studies. Although studies on the fate 
of radionuclides in the biosphere are generally amenable to the natural analogue 
approach, the scope of this application is potentially so large as to merit a separate 
evaluation, and the issue is not addressed here. 



23 

Chapter 2 

The disposal concepts 

This chapter describes the geological repository concepts with which this book 
is concerned. The objective is to identify those processes which are critical to 
the performance of the repositories and which must consequently be understood 
with most confidence. 

2.1 Swiss disposal concept 

The current Swiss (Nagra) disposal concept envisages two radioactive waste 
repositories, one for short-lived low and intermediate-level waste and another 
for high-level waste and long-lived intermediate-level waste (sometimes termed 
transuranic-containing waste or TRU) or spent fuel (Nagra, 1992). 

2.1.1 The high-level waste repository 

The N agra high-level waste concept calls for very deep (c. 1 km) disposal in a 
purpose-built repository. Project Gewahr (N agra, 1985) evaluated disposal in 
the crystalline basement of northern Switzerland, at a depth of about 1200 m 
below the surface (Figure 2.1). Currently, this option is being further examined 
in the Kristallin-I analysis, following completion of the Phase I (regional) investi
gations of this host rock. In parallel, disposal at about 850 m below the surface in 
argillaceous sedimentary formations is also being studied. This work is focussed 
on the locally named Opalinus Clay, with the Lower Freshwater Molasse as a 
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Figure 2.1: Artist's impression of the N agra repository for high- level and long-lived 
intermediate-level radioactive wastes (Nagra, 1992). The tunnel arrangement is for 
the steel canisters containing the vitrified high-level waste; the silos are for the smaller 
volumes of cemented and bituminised wasteforms. (Reproduced courtesy of Nagm) 
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backup option (Nagra, 1988). 

Performance assessment has concentrated on examining the disposal of vitrified 
high-level waste from reprocessing. For both crystalline and sedimentary host 
rocks, it is planned to encapsulate such waste in massive steel overpacks (25 cm 
thick) and to emplace these horizontally in tunnels which are backfilled with 
compacted bentonite. For the crystalline rock option, the tunnels are somewhat 
larger than for sediments (3.7 m diameter rather than 2.5 m). For stability 
reasons, a tunnel liner would be needed in a repository in sediments. 

2.1.1.1 The near-field 

The most striking observation drawn from geochemical studies of the performance 
of the high-level waste engineered barriers in crystalline (McKinley, 1985) and 
sedimentary rocks (McKinley, 1989) is the great degree of similarity involved. The 
massive bentonite backfill (Figure 2.2) ensures that the chemical environment of 
the corroding canister and leached glass is fairly independent of the groundwater 
chemistry or flow rate (Table 2.1). Apart from chemical buffering and ensuring 
solute migration by diffusion, the role of the bentonite as a colloid filter is also 
important. Thus, the higher organic carbon content in the sediments should not 
affect waste dissolution and radionuclide speciation at source, as this material 
falls mainly in the colloidal size range. 

In the conservative base case analysis of near-field behaviour, with the ground
water flux through the repository averaged over all waste packages, radionuclide 
release rates from the engineered barriers will be similar for all three host rock 
options. For a more realistic analysis, in which the spatial distribution of ad
vective flow is taken into account, release rates will tend to decrease as flow is 
concentrated in more widely separated features. Characterisation of the proper
ties of such features is difficult, however, and is discussed further in the following 
section. 

Despite the general similarity, there are significant differences between the host 
rocks. Both the thermal conductivities and heat capacities of the argillaceous 
sediments are lower than for the crystalline rocks, leading to higher predicted 
near-field temperatures (c.f. Table 2.2). Even for pessimistic calculations, the 
temperature maxima are below those where unacceptable barrier degradation is 
to be expected, but the loss of bentonite swelling capacity due to interaction with 
a steam phase is a potential source of concern. This loss of swelling pressure may 
be balanced to some extent by increased rigidity of the bentonite in the inner 
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part of the annulus which would decrease any long-term canister sinking. Nev
ertheless, the net consequences of such alteration have yet to be evaluated. If 
necessary, however, a temperature problem can be avoided by operational mea
sures (e.g. lower waste loadings or longer storage prior to disposal) or repository 
design (e.g. larger tunnel diameter, higher backfill conductivity or greater pitch 
between canisters). 

Steel canister 

HLW glass matrix 

Host rock 

Highly compacted bentonite blocks 

Figure 2.2: The· near-field of the N agra repository for high-level radioactive wastes 
from the Project Gewahr performance assessment (N agra, 1985). The tunnel has a 
diameter of 3.7 m in the crystalline reference case; the canisters are aligned along the 
axis of the tunnel with a 5 m separation. All void spaces between the bentonite blocks 
will disappear as the benonite resaturates and swells. 
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Another important difference is the mechanical strength of the sediments, which 
is considerably less than that of the granite. Tunnels in granite at a depth of 
about 1200 m would be self-supporting while those in sediments at about 850 
m would require some form of mechanical support. Various liner designs are 
possible; the preferred option, from the safety assessment viewpoint, would be 
steel liners which are removed during waste emplacement. If this is not practical, 
the consequences of leaving steel liners in place need to be evaluated. Although 
this has not yet been done in a rigorous manner, there are some obvious benefits 
and drawbacks associated with the use of liners. On the positive side, they would 
delay bentonite saturation and decrease the supply rates of oxidants and, hence, 
slow canister corrosion. 

Table 2.1 Nagra reference high-level waste 

disposal concepts: layout 

Crystalline 

basement Sediments 

Emplacement tunnel diameter (m) 3.7 2.5 

Liner none steelt 

Canister separation (m) 5 5 

Tunnel separation (m) 40 25 

Maximum temperature 

- years after closure 

- duration of thermal transient (a) 

- at canister surface (OC) <160 <190§ 

- at tunnel wall (OC) <80 <140§ 

t Engineering aspects of alternative concrete liner also studied. 

§ For unsaturated case; would be about 50°C lower if the host rock remains 

saturated during the operational phase or resaturates quickly thereafter. 

The corroded liner would provide further redox buffer capacity and could provide 
a large sorption capacity for released radionuclides. On the negative side, delayed 
resaturation of bentonite would lead to higher near-field temperatures, or the 
corrosion of steel could lead to hydrogen gas build up which coul9 encourage 
mechanical failure of the canister. Overall, it is not expected that the presence 
of a liner would cause deterioration of near-field performance, but the additional 
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complexity makes validation of the predictive models involved more difficult. The 
option of concrete liners would greatly complicate the chemistry of the near-field 
and is not being considered further in the meantime. 

Table 2.2. Nagra reference high-level waste 

disposal concept: geology 

Crystalline Opalinus Lower freshwater 

basement Clay Molasse 

Repository 1200 850 850 

depth (mbgl) 

Ambient 55 45 40 

temperature (OC) 

Rock Biotite granite Siltstone Siltstone-

sandstone 

Principal K -feldspar, Clays (illite, Feldspars, quartz, 

mineralogy plagioclase, kaolinite, chlorite) calcite, clays 

quartz, biotite quartz, calcite (illite, kaolinite, 

smecti te, chlorite) 

Thermal conductivity 2.5 1.6 1.6 

(W m- I K- I ) 

Heat capacity 2.3 2.0 2.0 

(MJ m-3 K- 1) 

Water flux 0.7 0.4 4.0 

(11 canister Iyear) 

Water chemistry 

- pH 6.8 8.5 7.5 

- pe -2.5 (±1.5) -5 (±1) 7.5 

- type Na-Ca-CI-S04 Na-Mg-CI-HC03 Na-CI 

- ionic strength (M) 0.2 0.2 0.2 

The final potentially important difference between the host rock options arises 
from the increased sensitivity of the sediments to chemical perturbation dur
ing the operational life of the repository. In particular, both sediments contain 
significant quantities of potentially labile pyrite which, on complete oxidation, 
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produces sulphuric acid and ferric oxyhydroxides. This oxidation can give rise 
to 'acid mine drainage', as is often observed when the pH buffering capacity of 
the rock is either low or unavailable. The seepage of acidic waters through the 
repository could potentially create undesirable preferential flow paths and sites 
for . localised canister failure. If the buffering capacity within the sediments is 
available, a potential concern is swelling caused by secondary mineral formation. 
This can be localised in cases where sand channels exist, as in the Lower Fresh
water Molasse, and can cause problems both during the operational phase and 
in the long-term thereafter. Research is underway to quantify the extent of this 
problem for the sediments of interest. If found to be significant, however, it is 
possible to avoid the problem by operational (e.g. minimising the time that em
placement tunnels lie open) or design changes (e.g. ensuring that the liners are 
air-tight) . 

In general, the base case performance of the near-field is fairly independent of host 
rock. Only a few long-lived radionuclides are predicted to be released to the far
field in significant quantities. Within the first 105 years, releases would be limited 
to radionuclides which exist in anionic form, the most important being 79Se. 
Releases of 126Sn, l07Pd and 99Tc are also predicted; in these cases, however, high 
releases are calculated primarily because very pessimistic solubility and sorption 
values are assumed due to lack of good experimental or thermodynamic data. 
Finally, some very long-lived nuclides will eventually break through on timescales 
of a million years or more (actinide chains). 

2.1.1.2 The far-field 

The host rocks considered for disposal purposes are all basically dual porosity 
media with advective flow occurring in discontinuities with transport through 
most of the remaining matrix porosity occurring predominantly by diffusion. The 
conceptual model of the far-field is shown in Figure 2.3. For the base case 
far-field solute transport models, the main differences between crystalline and 
sedimentary rocks are the flow path lengths and the extent of diffusion from 
advective flow paths into the rock matrix. The advective water velocity also 
varies between formations but, in general, the uncertainty in the specification 
of major water-carrying features within any formation is so large that this will 
mask any differences between them. 

The flow path is, to some extent, determined by the formation thickness and here 
the Opalinus Clay has the disadvantage of being only about 100 m thick. Under 
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Sediments 

Kakirite 

Figure 2.3: Conceptual model of the behaviour of the far- field of the Nagra repository 
for high- level radioactive wastes from the Project Gewahr performance assessment 
(Nagra, 1985). Radionuclides released from a corroding canister migrate through the 
bentonite by diffusion. Once the rock is reached, advective flow occurs in the fractures 
(kakirite). Some matrix diffusion will also occur in the rock mass . 
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pessimistic assumptions, flow paths of only 50 m must be considered, although 
these may be extended if the argillaceous, low-permeability formations above and 
below the Opalinus Clay are taken into account. Flow paths in the crystalline 
rock and Lower Freshwater Molasse must, from geometric arguments alone, be 
somewhat longer. In the latter case, however, flow may occur to some extent in 
sand channels and in the former case major faults may carry flow. If flow channels 
are wide and comprise poorly sorbing materials, the retardation due to sorption 
and matrix diffusion may be very much reduced, more than compensating for the 
longer path lengths involved. 

Safety analyses carried out to date have clearly shown that the 'flow system', i.e., 
the small-scale description of the advective flow path, must be specified in detail 
in order to calculate solute transport. Within discontinuities such as fractures, 
transport may be further confined to distinct channels. The description of the 
flow system is critical, and this places inherent constraints on the exploration 
programme required to characterise adequately a particular system. From the 
point of view of understanding the formation structure, a fairly homogeneous 
sediment (e.g. the Opalinus Clay) has some obvious advantages over crystalline 
rock. On the other hand, a sediment formed by river deposition, such as the 
Lower Freshwater Molasse, is inherently extremely heterogeneous, which makes 
flow system characterisation a particularly difficult problem. 

The sediments are also significantly different from the crystalline rock in that 
increased concentrations of organic carbon are present in the former. Mobile 
organic carbon is potentially a very efficient transportation medium for radionu
clides which complex very strongly, and partially irreversibly, with it. However, 
most organic carbon would fall into the colloidal size range and, if these particles 
are effectively filtered, this could actually result in a net decrease in radionuclide 
mobility. In large pore systems, such as in the Lower Freshwater Molasse sand 
channels, such organics (and any organic colloids) might be very rno bile. As 
colloid transport models are in an early stage of development and relevant labo
ratory and field data are scarce, quantification of such transport is particularly 
difficult. 

There is evidence that high concentrations of organic carbon may be associated 
with increased in situ microbiological activity. In general, such microbiological 
activity might be expected to be beneficial, directly immobilising radionuclides 
and accelerating some redox buffering reactions. However, this is balanced by 
the additional complexity involved in predictive modelling, along with possible 
negative effects, e.g. complexing byproducts. 
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Finally, it should be mentioned that the problems associated with shaft and tun
nel sealing differ somewhat for the different formations. Because of its limited 
thickness and the possibility of high hydraulic gradients, this is particularly im
portant for the Opalinus Clay. 

Performance assessments to date have shown that, in the base case, acceptable 
performance (i. e. sufficiently low release rates) can be expected for all three 
rock types (Nagra, 1985; 1988). The few radionuclides predicted to be released 
from the near-field all eventually penetrate the far-field, but with concentrations 
greatly reduced due to dilution and radioactive decay. For anionic species, retar
dation (allowing decay and temporal dilution) due to diffusion into the connected 
non-flowing porosity of the rock matrix is a particularly important effect. For 
all other nuclides, this process is further amplified by sorption, which can greatly 
decrease predicted releases. As yet, only a simple approach (Kd) has been used 
to represent sorption in performance assessment, but the concentrationdepen
dence of such sorption has been shown further to decrease predicted releases of 
some radionuclides to negligible levels (e.g. 135CS). Eventual breakthrough of the 
actinide chains (at least those from 238 U, 235 U and 232Th) is predicted, but the 
timescales are so long, and the concentrations at such low (natural) levels, that 
any discussion of such releases is purely philosophical. The key issue in modelling 
the behaviour of each formation is the extent to which the flow system can be 
characterised and the effort required for such characterisation. 

2.1.1.3 Other waste types 

Apart from vitrified high-level waste, direct disposal of spent fuel is also an op
tion under consideration. Such spent fuel may include U /Pu mixed oxide (MOX) 
fuel in addition to conventional uranium oxide fuel resulting from 'once-through' 
cycles. A disposal concept for spent fuel has not been established in detail al
though, in principle, horizontal emplacement in a thick bentonite backfill would 
be expected. Either a copper canister or a thick-walled cast steel canister may 
be used. The near-field evaluation of spent fuel would be similar to that for vit
rified high-level waste, taking into account the fuel leach rate, potentially higher 
radiolysis and 'instant' release of inventories from gaps and grain boundaries. 

Long-lived intermediate-level waste, which is planned to be included in a high
level waste repository, is considerably more heterogeneous than the high-level 
waste. It would be immobilised in cement or bitumen and emplaced in silos or 
caverns backfilled with cement. No detailed modelling of near-field releases for 
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such intermediate-level waste has yet been carried out. 

2.1.2 The low and intermediate-level waste repository 

The low and intermediate-level waste repository concept is shown in Figure 2.4. 
The reference repository is characterised by the following: 

• Disposal is in underground rock caverns with access through horizontal 
tunnels. The waste reception area is also underground. 

• The system of engineered safety barriers comprises the waste solidification 
matrix (cement, bitumen, polymers); steel drums; possible grouting of the 
waste drums with cement in a concrete container; backfilling of remaining 
empty spaces with special concrete; concrete lining of disposal caverns and 
sealing of access tunnels on closure of the repository (Figure 2.5). The 
waste is delivered in conditioned form, i. e. solidified in steel drums. 

• There exists the possibility of dividing the waste into several toxicity classes 
in order to maximise the barrier potential of the repository by emplacing 
waste with higher toxicity in areas with longer migration paths to the bio
sphere. 

Three host rocks are currently under investigation: marl at Wellenberg and Ober
bauenstock; anhydrite at Bois de la Glaive and crystalline rock at Piz Pian Grand. 

2.1.2.1 The near-field 

The low and intermediate-level waste repository ne(1,r-field is dominated by the 
vast quantities (in the order of 1.5 million tonnes) of cement and concrete likely 
to be used. Near-field performance is established by the low rate of radionuclide 
leaching and transport in this cementitious environment. Key parameters for the 
performance assessment are: 

• The hydraulic properties of the cement and concrete masses in the near
field and the evolution of these properties with time. 

• The porewater chemistry in the near-field (especially Eh, pH and concen
tration of major complexing ligands) and its variation in space and time. 
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Disposal 
cavern 

Reception 
area 

Figure 2.4: Artist's impression ofthe Nagra repository for low and intermediate
level radioactive wastes (N agra, 1992) . The repository is built deep into the 
mountainside; in this case the disposal caverns are located in the host rock and 
the reception facilities are in an adjacent rock formation. 
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• Provides favourable chemistry (pH) 

Geosphere: 
• Long water-flow times 
• Additional retardation of 

radioactive material transported 
in water (sorption, matrix diffusion) 

• Long-term stability of 
hydrogeological conditions 
with respect to climatic and 
geological changes 

Repository zone 

• Limited water supply 
• Favourable chemistry 

( redox-potential) 
• Geological long-term stability 

Figure 2.5: The safety barrier system for the Nagra repository for low and 
intermediate-level radioactive wastes from the Project Gewahr performance as
sessment (Nagra, 1985). The multibarrier concept is employed here although the 
components are different to those found in the repository for high-level waste. 
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• The solubility and speciation of key radionuclides in near-field porewater. 

• The sorption of key radionuclides onto cement minerals. 

• The rate of gas formation, predominantly due to anaerobic metal corrosion, 
and the mechanisms and rates of gas release from the near-field. 

• The net effect of microorganisms, organic material and colloids. 

Special cements and concretes will be used which optimise favourable proper
ties (mechanical strength, low hydraulic conductivity, high pH, high sorption 
of important radionuclides, sufficiently high gas permeability). Such cementi
tious materials will degrade with time due to mechanical stresses and leaching 
by groundwater. In the base case, the properties on emplacement are assumed 
to persist for at least 500 years. Complete physical degradation is assumed after 
104 years, although chemical buffering will extend for a longer period. 

The canister is not attributed a containment role and, thus, all containers are 
assumed to fail on emplacement. The steel canister is, however, an important 
redox buffer, consuming oxygen in air trapped during the operational phase. 

In Project Gewahr (Nagra, 1985), the slow rate of release of radionuclides from 
some of the low and intermediate-level waste matrices was not taken into account. 
In more recent waste certification studies, low degradation rates of some matrices 
are directly considered (e.g. bitumen, resins, activated metals) and the rate of 
such degradation can significantly constrain radionuclide releases. 

From the specified cement porewater chemistry, solubility limits for specific ele
ments can be calculated using chemical thermodynamic models; although the in
ventories of most radionuclides are small, stable isotope inventories are often high 
enough for elemental solubility to constrain releases. Thermodynamic databases 
are, however, rather uncertain for relevant hyperalkaline conditions. Solubility 
calculations are further complicated by the presence of organic ligands, either 
from the groundwater or from the degradation of organic matrices in the near
field. 

Many elements of interest are strongly sorbed onto concrete. In general, empiri
cal sorption data are used to derive performance assessment sorption databases. 
These databases are somewhat limited for particular elements, especially those 
which are redox-sensitive, and account for the effects of organics and cement 
mineral ageing in only a very simple manner. 
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Gas formation results from radiolysis, microbiological degradation of organics and 
anoxic corrosion of metals, of which the last (involving hydrogen production) is 
the most important. Potentially very large volumes of gas could be produced 
which may necessitate engineering measures to avoid barrier disruption (e.g. the 
use of porous concretes or gas vents). The rate of gas production under hyperal
kaline conditions is, however, rather uncertain and problems from this source may 
possibly be less than expected (Grauer, 1988). If gas does form in the near-field, 
the rate at which it is transported through degraded concrete is an important 
open question. 

A model has been developed to quantify the maximum consequences of micro
biological activity in the low and intermediate-level waste near-field (Grogan & 
McKinley, 1990). This model assumes that available nutrients and energy sources 
will constrain maximum levels of activity and, thus, possible consequences such 
as production of gas or organic complexing agents. The model should be conser
vative, but could be greatly over-conservative. 

It is assumed that colloid transport does not occur in the microporous environ
ment of the cementitious near-field. This assumption has not yet been borne out 
by laboratory studies and does not take the effects of fracturing into account. 

2.1.2.2 The far-field 

In principle, the processes in the far-field and the models used to quantify them 
are similar for both repository types and hence the discussion in Section 2.1.1.2 
is directly applicable here. The single significant difference is the high pH of 
leachates from the near-field which could, in principle, cause alteration of the host 
rock. It is, thus, necessary to evaluate the potential mechanisms for alteration 
of the host rock by high pH fluids, the likely extent of such alteration and the 
effect of alteration on the transport properties of key radionuclides. Scoping 
modelling studies have already been carried out which indicate that alteration 
could, potentially, extend for a major part of the far-field flow path but the 
thermodynamic and kinetic data used are uncertain. 



38 

2.2 Swedish disposal concepts 

2.2.1 The spent fuel repository 

The present SKB spent fuel repository concept is still largely based on a long
standing model presented in KBS-3 (KBS, 1983) in which each waste container is 
emplaced in a borehole in the floor of a gallery in a deep repository in crystalline 
basement rocks (Figure 2.6). Since ratification by the government in 1984, this 
has been considered as the reference concept for disposal of spent fuel in Swe
den. An alternative design, the WP-CAVE concept, was originally developed by 
Boliden WP Contech AB and reviewed by the National Board of Spent Nuclear 
Fuel (SKN) during 1982-85. Early in 1986 the concept was evaluated by SKB 
and, from 1986 to 1989, it was compared with the reference concept (KBS-3) and 
evaluated with regard to safety, construct ability and cost. By 1989 the study was 
completed and published (SKB, 1989). The WP-CAVE concept .concentrated the 
waste into a small volume whilst the KBS-3 concept distributed the waste over 
a larger volume. The latter was considered preferable due to the lower maximum 
temperatures reached and was economically more attractive. More recently (1987 
to 1990) two other potential alternatives to the KBS-3 concept, the Very Long 
Hole (VLH) and the Very Deep Hole (VDH), have been developed and evaluated 
(Figure 2.7). In the VDH concept, the spent fuel would be contained in canisters 
and disposed of at depths ranging from 3 to 4 km (SKB, 1990). 

According to the VLH concept the waste canisters would be emplaced horizon
tally in long tunnels, contrasting with the vertical positioning assumed in the 
KBS-3 and VDH designs. By placing the canisters lengthwise, the diameter of 
the tunnels can be reduced to such a degree that tunneling can be carried out 
using established full-face drilling techniques. This will effectively reduce the 
perturbation of the bedrock in contrast to blasting methods. A comparison of 
the layouts of the KBS-3 and VLH concepts is given in Table 2.3. Generally the 
VLH and the KBS-3 systems are considered as being more advanced than the 
VDH system. Furthermore, the VDH system will presumably be more expensive. 

Since KBS-3, the trend of conceptual development has shown a strong tendency 
to rely more on the performance of the engineered barriers (i.e. on the near-field) 
and less on the host rock geology (i.e. on the far-field). Two major problem ar
eas remaining are human intrusion and neotectonic activity (faulting), both of 
which could influence the integrity of the engineered barrier system; anticipated 
changes in groundwater chemistry (e.g. variation in pH and salinity) or hydraulic 
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Figure 2.6: Perspective view of the SKB repository for spent-fuel from the KBS-3 
performance assessment (KBS, 1983). The diagram shows a two-storey construction, 
although a one-storey version has also been designed. 



40 

gradient are considered less important. Canister emplacement will be within 
stable tectonic blocks, thus avoiding the large-scale hydraulic fractures and the 
fracture zones which normally bound such structures. Potential tectonic move
ment and any resulting changes in hydraulic gradient and groundwater chemistry 
will thus tend to be buffered by these bounding structures. Consequently, in the 
future the demands of rock characterisation in and around the repository site will 
increasingly depend on which disposal concept is chosen. 

Figure 2.7: Artist 's impression of the KBS-3 spent fuel repository concept (left) and 
two alternative designs, the Very Long Hole (middle) and the Very Deep Hole (right). 
The size and spacing of canisters varies between concepts although, in each case, the 
canister is surrounded with compacted bentonite blocks. 
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A performance assessment study of the KBS-3 concept for spent fuel disposal 
was carried out in 1983. A new study, SKB-91 (SKB, 1992), has now been 
performed for a hypothetical repository site based on the KBS-3 concept. The 
specific site chosen is the Finnsjon area in central Sweden, located 140 km north 
of Stockholm. This area has been used as a site for waste disposal-related studies 
since 1977, and has also been evaluated as one of the study sites used in the KBS-
3 prograrmne. Since then, Finnsjon has been the focus of a detailed programme of 
geoscientific investigations ('Finnsjon Fracture Zone Project ') which has included 
a considerable amount of research and development into drilling and groundwater 
sampling and analysis techniques, sensitive hydraulic testing using small packer 
distances, downhole radar methods and natural groundwater flow measurements 
using tracer tests (Ahlborn & Tiren, 1991; Ahlborn & Smellie, 1991). 

Table 2.3. SKB spent fuel repository concepts 

KBS-3 VLH* 

Emplacement tunnel diameter (m) 3.3* 2.4 

1.5§ 

Liner none none 

Canister separation (m) 6 0.1 

Tunnel separation (m) 25t / 33+ 100 

Maximum temperature 

- time after closure (years) 40 8 

- duration of thermal transient (years) 1000 100 

- at canister surface (DC) 85 100 
- at tunnel wall (DC) 75 85 

* All values are provisional; the VLH concept has not yet been quantified. 

* Width of access gallery, which is not circular in cross-section. 

§ Diameter of disposal hole in gallery floor. 

t Separation for a single-storey repository. 

+ Separation for a two-storey repository. 

The geology and geochemistry at Finnsjon are summarised in Table 2.4; similar 
information from two other study sites in Sweden (Gidea and Kamlunge) is given 
for comparison. The main aim of the SKB-91 study is to identify the key site 
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characteristics which determine the safety of spent fuel disposal according to 
the KBS-3 concept. It was evident from KBS-3 that safety is guaranteed to a 
major extent by the longevity of the copper canister and the general performance 
of the near-field barriers (e.g. fuel leachability and the backfill and near-field 
ro ck properties). This is still an important question for the future selection of a 
disposal site, together with other factors such as safety during transport of the 
spent fuel, public acceptance of disposal sites etc. 

Table 2.4. SKB spent fuel repository concept: 

geology and geochemistry of study sites 

Finnsjon Gidea Kamlunge 

Repository 600 600 550 

depth (m) 

Ambient 13 12 8 

temperature (DC) 

Rock Granodiorite Paragneiss Granite 

Principal K-feldspar, Quartz, biotite, K -feldspar, 

mineralogy biotite, quartz, plagioclase, plagioclase, 

hornblende K-feldspar quartz, biotite 

Thermal conductivity - 3.9 3.6 
(W m-I K-I) 

Heat capacity - 2.3 2.1 

(MJ m-3 K-I ) 

Water flux l.ot 0.02§ 0.06§ 

(1 m-2 a-1) 

Water chemistry 

-pH 7.5 8.8 8.5 

- pe -4.2 -4.9 -2.5 

- type N a-Ca-S04-Cl Na-Ca-HC03-Cl Ca-S04 

- ionic strength (M) 0.2 0.01 0.02 

t SKB-91 concept. 

§ KBS-3 concept. 
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2.2.1.1 The near-field of the spent fuel repository 

The two primary components controlling the access of groundwater to the waste 
and the subsequent movement of radionuclides in the near- field are the copper 
canister and the bentonite buffer (Figure 2.8) . 

Figure 2.8: Artist's impression of the near-field of the KBS-3 spent fuel repository 
concept. The copper canisters are emplaced in individual compacted bentonite lined 
holes in the floor of the gallery. The gallery is backfilled with a sand- bentonite mixture. 
The spacing of the emplacement holes is nominally 6 m and the galleries are 25 m apart, 
although this design can be adapted to suit varying rock conditions. 
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Canister. 
Copper canisters will encapsulate the spent fuel and will be separated frOlTI the 
host rock by a buffer of compacted bentonite (KBS, 1983). The copper canisters 
are ascribed special importance because the concept requires them to isolate the 
spent fuel from the groundwater for very long periods of time (life-span of millions 
of years). 

Evaluation of alternative composite canisters is being considered; for example, 
an inner steel element which is load-bearing, enveloped in an outer thick copper 
liner which is corrosion-resistant. This design, called the Advanced Cold Process 
Canister, should have the same life-span and meet the same safety targets as 
the copper canister (Werme, 1990). Another design incorporates an inner lead 
element which will be cast into the copper container. 

The choice of metal used as an inner lining (e.g. iron, copper etc.) is important 
in the event that corrosion of defective canisters will generate hydrogen gas. This 
must be limited; preferably the gas should be able to escape by diffusion through 
the bentonite. The formation of a separate gas phase can, on one hand, restrict 
the escape of water from within a damaged canister but, on the other hand, can 
also force contaminated water out through the bentonite into the near-field. The 
release of gas phases within and around the near-field may also influence ground
water flow and, hence, radionuclide transport in the far-field both positively (e.g . 

. by restricting flow in fractures) and negatively (e.g. by buoyancy effects). 

Bentonite buffer. 
Bentonite, with its special properties of plasticity and expansion when in con
tact with water, is still very important in the Swedish programme. Furthermore 
when water penetration occurs, bentonite has the added advantage of evenly dis
tributing the water film around the canister surface, thus lessening the chance of 
corrosion being concentrated on several small areas. One possible disadvantage 
of bentonite is its load-bearing capacity, i.e. the possibility of the canister sink
ing with time, reducing the bentonite insulation thickness between the canister 
bottom and the underlying bedrock. Around the remaining canister surface there 
may also be a general loosening at the canister-bentonite contacts. However, this 
was addressed in KBS-3 and subsequently in SKB-91 and, based on experimen
tal studies, it was not considered a problem. Another disadvantage of bentonite 
is its generally low thermal conductivity, in contrast to the surrounding bedrock; 
bentonite-sand backfill mixtures also have higher thermal conductivities. An 
additive which would increase heat transfer in the bentonite would be graphite. 

Sodium bentonite is presently favoured due to its superior swelling capacity. Even 
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the possible incursion of calcium-rich (saline) groundwater, which is expected to 
result in slow ion-exchange reactions, transforming sodium bentonite into the 
calcium-dominated variety, is not expected to be a problem. The calcium ben
tonite has also been shown to have certain swelling properties, which accounts 
for its selection in other waste disposal concepts. However, in reality, because 
of the near-stagnant groundwater flow conditions predicted in and around the 
repository site, together with the massive amounts of bentonite backfill mate
rial available, bentonite alteration by saline groundwater is not expected to be 
significant. 

Another consequence of ion-exchange reactions is that if calcium is preferentially 
exchanged for sodium in the bentonite, the decrease in calcium concentration in 
the groundwater will promote the dissolution of any calcium minerals that may 
be present in the backfill, such as gypsum, anhydrite, calcite or fluorite. This, 
in turn, will lead to increased concentrations of sulphate, carbonate and fluoride 
IOns. 

Severe changes in the bentonite buffer properties will occur if the montmorillonite 
component is transformed into illite, which has a very restricted swelling capacity. 
The two most important factors in this transformation are temperature and the 
availability of potassium. One immediate potassium source is from the ground
water, although concentrations are usually restricted by reactions between rock 
and water and are normally less than 20 mg 1-1. Another potential source is the 
backfill material itself if, for example, potassium feldspar is a notable constituent 
of the sand-bentonite mixtures. In general, however, temperature is the most im
portant constraint. Below 100Ge there will be no illite formation of importance 
occurring during the predicted time of the heat pulse in a spent fuel repository 
(Pusch, 1983). 

Another mineral transformation of importance due to temperature increase is the 
formation of beidellite from montmorillonite. Although beidellite still has good 
backfill properties, silica is also formed, which can give rise to cementation of the 
buffer. However, once again, no important change is expected to occur below 
lOOGe. 

2.2.1.2 Radionuclide release and transport 

In the SKB-91 safety analysis, several important concepts for radionuclide release 
and transport have been modified and some new concepts included. However, the 
basic engineered repository design is essentially unchanged and the maximum 
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bentonite temperature will still be around 80 aC. Two important areas addressed 
are diffusion of radionuclides from a few initially damaged canisters (estimated 
to be between 1 and 10) and the central role of radiolysis in fuel dissolution. 
In the KBS-3 analysis two principal cases of canister failure were considered: 
(a) a central scenario of evenly timed penetrations occurring from approximately 
100 000 to one million years, and (b) an alternative scenario whereupon initial 
damage of one canister caused leakage to start after 100 years. Once the damaged 
areas are penetrated by corrosion, the canisters are assumed simply to disappear, 
producing alteration products which form a 'porous' medium around the spent 
fuel. 

In the SKB-91 analysis, the canisters are assumed to last for more than one 
million years (Werme et al., 1992), except for an estimated 1 to 10 canisters per 
5 000 which are assumed to have undergone initial damage during production 
(welding failure) and, as a result, are penetrated by a 2.5 mm diameter hole in 
the upper welded part of the canister. The inner filling of lead will serve as an 
extra protection and it is assumed that the penetration of lead (6 cm thick) will 
take at least 1 000 years. Following penetration, it is assumed that radionuclides 
escape by diffusion through the hole in the canister and ultimately the bentonite. 

Less emphasis is given to copper corrosion in the SKB-91 analysis as compared 
to KBS-3. This, among other issues, is based on the realisation that the pitting 
factor is about 2 to 3, rather than 25 as anticipated in KBS-3, and that sulphate 
is essentially inert and will, presumably, not contribute as a corrodant. Only 
oxygen, initially trapped in voids, and later sulphide dissolved in groundwater 
were recognised as corrodants in the SKB-91 study. 

The canister corrosion model considers that dissolved radionuclides escaping from 
within a penetrated canister will have to diffuse through the corroded hole, 
through the bentonite clay, and out into the groundwater which is slowly flow
ing in the fractures which intersect the deposition hole; diffusion through the 
rock matrix to the fractures is also considered. These different media can be 
seen as a set of barriers or interconnected 'resistors' to radionuclide transport. 
If the anticipated hole remains small (less than a dm2

) most of the resistance 
to transport will be encountered in and around the hole, and the groundwater 
flow in the near-field will assume less importance. If the more pessimistic KBS-
3 assumption is adopted, i.e. the canister totally disappears, then most of the 
transport resistance is focussed around the area of radionuclide transfer from the 
outer backfill surface to the slowly flowing groundwater in the near-field. Along 
the flow path, radionuclide retardation processes such as reversible-irreversible 
sorption and matrix diffusion will (i)ccur. Transport may be facilitated by or-
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ganic complexation, microbiological and colloidal processes. The more mobile 
and long-lived radionuclides (e.g. 1291, 14C and 135CS) will be transported by 
diffusion and groundwater flow through the near-field and eventually reach the 
undisturbed geosphere. 

The fuel matrix itself will also serve as a barrier to radionuclide release. Most 
radionuclides are trapped in the U02 fuel matrix as inclusions or dissolved in 
the solid phase, and ultimately their release will depend on the dissolution of 
the waste matrix. However, this is not the case for that fraction of caesium and 
iodine which is present in the space between the fuel and the cladding. In both 
the KBS-3 and SKB-91 concepts an instant release of this fraction is, therefore, 
assumed. In the SKB-91 analysis, some 5 % of the total caesium and 10 % 
of the total iodine inventory are conservatively assumed to become immediately 
dissolved if water penetrates to the fuel. The remaining caesium and iodine will 
be liberated at a rate proportional to the oxidation of the fuel matrix (i. e. matrix 
release ). 

In KBS-3, the initial near-field groundwater chemistry was considered to have 
near-neutral pH and be reducing and the large volumes of bentonite in the repos
itory were assumed to buffer the pH. If the canisters are intact, then the external 
radiation field from the spent fuel (mainly 1 radiation) will be weak and, there
fore, have no major influence on the chemical conditions around the canister. 
However, if the canister is breached and water comes into contact with the spent 
fuel surface, then radiolytic effects (mainly due to 0: radiation) will become more 
important. Radiolytic processes thus become the controlling factor for oxida
tion and radionuclide release in the near-field, eventually resulting in spent fuel 
dissolution and the mobilisation and transportation of radionuclides through the 
bentonite buffer. Assuming that the oxidants are not consumed by reactions with 
the canister or the U02 matrix, the build up of oxidants will eventually form a 
redox front in the surrounding bedrock, penetrating along fissures and fractures. 
At the front, buffering by ferrous iron contained in the fracture minerals will 
consume the oxidants, causing precipitation of some radionuclides. 

Formation of new solid phases due to oxidation, reduction, hydrolysis, tempera
ture changes etc., will inevitably cause co-precipitation of some elements. Theo
retically, this should be a very efficient ptocess for removing migrating radionu
clides during waste leaching, at a redox front, within the thermal gradient in the 
near-field (if any release were to occur during the thermal period) and during the 
process of rock surface weathering. Phases which form and act as co-precipitants 
include uranium oxyhydroxide phases, iron oxyhydroxides, calcite and clay miner
als. Although the effect of co-precipitation is well documented, it has so far been 
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considered rarely in safety assessment. There still remain areas of uncertainty 
regarding these phenomena, the most outstanding being the absence of reliable 
and robust models to quantify them and the need to describe what happens if 
and when the precipitated phases change with time. A good example of this is 
the slow transformation of iron hydroxide [Fe(OHh] into goethite [FeO-OH]. This 
can potentially cause a renewed release of the co-precipitated trace constituent. 
To date, co-precipitation has only been used in a qualitative sense as an argu
ment for having less than calculated release rates from the spent fuel leaching 
and the near-field. 

Co-precipitation plays another role in this context. It may also occur in sorp
tion and diffusion experiments and, if not recognised, can result in erroneous 
non-conservative results. For example, the generation of iron oxide phases by 
the presence of atmospheric oxygen in laboratory experiments can result in an 
apparent increase in sorption that will not occur at repository depths. 

Difficulties arise when assessing oxidative radiolytic effects on spent fuel. Rel
evant experimental data are scarce, so that estimates are based on theoretical 
calculations using idealised assumptions and are guided by conservatism to over
estimate rather than under-estimate. Calculations presented in KBS-3 were 
carried out based on the content of a-emitters in the spent fuel as a function 
of time, and assuming a contact surface of 140 m2 per canister. This model 
was tested against laboratory experiments with strong a-radiation sources and 
good agreement between calculated and measured yields was obtained. Radioly
sis was assumed to cause oxidation of the spent fuel, and oxidised uranium was 
considered to be dissolved as a uranyl carbonate complex. 

In the SKB-91 analysis, a lesser radiolytic effect was derived by calibrating the 
calculated results with experimental observations of spent fuel dissolution. Once 
again, based on experimental data, it is assumed that oxidation of uranium pro
ceeds to the formation of new solid phases of greater solubility than U02 , yet 
still solubility limited. In KBS-3, the rate-determining step for the release of 
radionuclides embedded in the U02 matrix was either the dissolution of the ma
trix by oxidation of U02 , and the formation of soluble uranium (VI) carbonate 
complexes, or the fact of radionuclide solubility being limited under reducing con
ditions. Oxidation was calculated to be faster than the supply of carbonate ions 
and, therefore, the latter is the rate-determining step. SKB-91 makes the more 
conservative assumption of matrix release being directly related to oxidative solid 
phase transformation. However, the effective release to the far-field is still much 
less than in KBS-3 dueto lower radiolysis and the assumption of release through 
a small hole in the ~anister. In common with KBS-3, solubility lilnits are used 



49 

in addition to matrix release for radionuclides with low solubility. 

2.2.1.3 The far-field 

The groundwater flow-field at the different KBS-3 study sites was calculated 
using a 3D hydrogeological model which incorporated measurements of hydraulic 
conductivity and groundwater surface topography. By combining the hydraulic 
conductivity measurements and the conceptual structural model of the different 
areas, mean conductivities and their variation with depth were assigned to the 
fracture zones and bulk rock. In SKB-91, a Monte Carlo simulation code is used 
for the flow-field calculations in order to take into account the spatial variability 
of the rock properties (Norman, 1991). 

The performance of the far-field as an efficient barrier to radionuclide migration 
has become more difficult to demonstrate due to introduction of the channelling 
concept of groundwater flow (which was addressed in the KBS-3 analysis). How
ever, the extent of this effect on dispersion and retention have become more 
obvious as a result of in situ experiments. The term channelling refers to the 
fact that flow in a fractured rock may be unevenly distributed and restricted to 
specific pathways with varying hydraulic properties. This causes the groundwa
ter flow to be irregular so that an early breakthrough of a radionuclide fraction 
is possible. This is important since radioactive decay is an important release 
limiting mechanism. If a fraction of a specific radionuclide breaks through after 
a short time interval compared to its half-life, this fraction may well dominate 
release consequences. Channelling also means that less surface area and volume 
will be available for retardation processes such as sorption and matrix diffusion. 

For the radionuclide transport calculations used in SKB-91, the so-called stream 
tube concept has been employed. The flow-field is subdivided into a number of 
stream tubes, chosen from the calculated particle tracks from the groundwater 
flow model, with independent solute transport properties. These tubes run from 
the periphery of the repository or the near vicinity of the failed canisters. Ra
dionuclide transport in each stream tube is determined independently, varying 
parameters such as rock character (porous versus fractured rock) and flow path 
(extreme channelling). This approach effectively restricts the radionuclide trans
port calculation to one dimension. The advection-dispersion model for transport 
includes mechanisms such as radionuclide retention by sorption onto mineral sur
faces and diffusion into the connected porosity of the rock around the fissures 
(matrix diffusion). However, only dispersion along a single stream tube can be 
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handled as yet; interaction between tubes has not been possible. 

One dimensional radionuclide transport was also used in the KBS-3 study, but 
the flow paths chosen were much simpler. An average or shortest migration 
path was selected and a constant average flow rate anticipated. The retention 
calculation was restricted to 100 m of 'suitable rock' between the repository and 
the nearest large-scale conductive zone, assuming a certain frequency of plane 
parallel fractures in the rock. 

In KBS-3 a constant Peclet number of 2 was used to describe the dispersion of the 
dissolved radionuclides, and a surface area of 0.4 m 2m-3 of rock for a flow porosity 
of 10-4 was used to assess the retardation due to sorption and diffusion into the 
rock matrix. Strictly, channelling will yield a Pec1et number that increases with 
migration distance. This is also evident from tracer experiments performed in 
fractured rock. However, for the effective migration distance of 100 m (of low
permeability rock) used in KBS-3, the value of 2 was considered conservative. In 
the SKB-91 analysis, a similar treatment was adopted for dispersion. However, 
in order to compensate for the effect of channelling, a four times smaller surface 
area was employed. 

In KBS-3, an important scenario, which is still relevant for the SKB-91 analysis, 
considered a drinking-water supply well located in a repository area. It is difficult 
to calculate the dilution in the well from hydrogeological modelling and equally 
difficult to assess how much of the water extracted from the well will be used for 
drinking purposes. In the SKB-91 analysis, the simplified conclusion was reached 
that 1 % of the radionuclides released to the biosphere would reach a well, and 
that 1 % of the well-water produced is used for domestic consumption. 

2.2.2 The low and intermediate-level waste repository 
(SFR) 

The Swedish low and intermediate-level waste repository (SFR) is unique among 
the disposal concepts discussed in this report in that it is the only one that has 
already been excavated. Phase One of the construction has been completed and 
Phase Two is planned to commence towards the end of the 1990s. The SFR was 
bujlt at Forsmark to meet two primary requirements; first that radioactive waste 
should be disposed of in rock caverns and, second, that the repository should 
be located adjacent to an existing nuclear facility to minimise radioactive waste 
transportation. A number of possible sites was investigated and Forsmark was 
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considered to be the best option. The most recent published description of the 
SFR, with specific reference to the near-field, is given by Carlsson (1988). 

The repository is located at a depth of 60 m beneath the bed of the Baltic Sea 
(Figure 2.9) in predominantly gneissose rock with a low hydraulic conductivity of 
10-8 to 10-7 m S-l. Locating the repository beneath the seabed ensures a very 
low hydraulic gradient and, as a consequence, low groundwater flow rates. At the 
current rate of isostatic uplift, some six millimetres each year, it will take around 
1000 years for the repository area to become dry land. In the short to medium
term, however, while the site is covered by the sea, the possibility of inadvertent 
human intrusion is clearly minimised. Phase One of the SFR has various disposal 
chambers, each with a different barrier system, designed to hold different waste 
streams. The intermediate-level waste, in the form of ion-exchange resins, is 
solidified in a cement or bitumen matrix and packaged in steel drums and concrete 
moulds. The low-level waste is packed in steel or concrete containers. The highest 
activity waste is emplaced in a concrete silo. The void space between containers 
will eventually be backfilled with porous concrete. The concrete silo is 50 m high, 
28 m in diameter and is located within a 70 m high cylindrical rock cavern. The 
void between the rock and the concrete silo is backfilled with bentonite. The 
remainder of the waste will be held in the four 160 m long rock caverns. Phase 
One of the SFR has a total disposal volume of 60 000 m3

. A second silo and two 
further caverns are planned for Phase Two, which will raise the total disposal 
volume to 90 000 m3 . 

N ear-field groundwater chemistry will be both very alkaline and reducing. The 
large volumes of cement and concrete will buffer the pH, and the iron present in 
the canisters, reinforcing rods etc., will buffer the redox potential in the reposi
tory. 

A preliminary (PSR) and a final (FSR) safety report were submitted prior to 
the issuing of construction ~nd operation permits. When a supplement to the 
FSR was requested by the authorities, this provided the stimulus to conduct an 
updated safety assessment analysis of the SFR site which was accepted by the 
authorities in the spring of 1992. New safety analyses will be made both in con
junction with the extension of the SFR and when it is finally closed and sealed. 
On closure of the SFR (scheduled for 2010), drainage pumping will end, the 
repository will be sealed and resaturation will commence. The present concep
tual hydrogeological model anticipates groundwater flowing horizontally through 
the caverns, leaching radionuclides from the waste form, and then flowing ver
tically through fissures in the rock to reach the seabed, where the Baltic Sea 
will ensure large dilution of releases. Radionuclides leached from the waste forms 
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Figure 2.9: Perspective view of the SKB repository for low and intermediat~level 
waste (SFR). The repository is at a depth of 60 m beneath the Baltic Sea. The concrete 
silo houses the highest activity waste such as ion-exchange resins which is solidified 
in cement or bitumen. The space between the silo and the rock is back filled with 
bentonite. The lower activity waste is packaged in steel or concrete containers and 
housed in the four caverns. 
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in the silo would first diffuse through the bentonite buffer before being advectively 
transported with the slowly moving groundwater to the seabed. This situation 
will change with time due to ageing and weakening of the engineered barriers and 
continued uplift of the seabed. 

Safety analyses are divided into two time periods. The first (the Salt Water 
Period) covers the time period after closure when the Baltic Sea remains over the 
repository area. The second (the Inland Period) extends through the time when 
the Baltic Sea retreats and the repository area dries out and a freshwater system 
is created. The Salt Water Period is assumed to last for 2500 years, during which 
releases occur only to the seabed. In the Inland Period, releases are assumed 
to occur to a small lake and drinking wells. During the Inland Period, lateral 
groundwater flow will become dominant and flow will, according to the existing 
hydraulic concept, increase by a factor of ten. 

2.2.3 Long-lived low and intermediate-level waste dis
posal 

In addition to the wastes described above, a third category of long-lived, low and 
intermediate-level wastes will also be disposed of in an underground repository at 
the same depth, but separate from, the spent fuel repository. This waste, charac
terised by a different radionuclide content, constitutes only a very small amount 
of the total volume of waste material and mostly comprises waste from research 
and development programmes in Sweden. The waste is treated and stored at 
the Studsvik research reactor centre prior to final disposal. The estimated total 
amount for disposal is around 5 000 m3

. Additional components, also classified as 
long-lived waste, may arise. This would include metal components from within 
the cores of reactors, or the near vicinity. Some wastes in this category may 
also result from the encapsulation of spent fuel. The waste will be packed in 
steel or concrete containers; some will be conditioned with concrete. The form of 
these wastes is similar to that destined for the SFR repository, with the excep
tion that more long-lived radionucIides are present. The total volume of low and 
intermediate-level wastes of this third category is estimated to be 20 000 m3 . 
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2.3 British disposal concept 

In the United Kingdom immediate concern is for the disposal of low-level and 
intermediate-level radioactive waste. Disposal sites exist only for low-level wastes 
(such as the Drigg site in Cumbria), but capacity may be reached in the early 
decades of the next century. A repository that can accept both low and inter
mediate-level waste arisings is thus the first priority in Britain. High-level waste 
is currently being vitrified and housed in surface stores to allow much of the 
activity to decay prior to final disposal. This waste is expected to remain in 
storage for a period of some 50 years after conditioning. Although it seems 
certain that the high-level waste will be disposed of in a deep repository there 
is, at present, no high-level waste repository concept being developed. 

2.3.1 The low and intermediate-level waste repository 

The site currently being investigated by UK Nirex Ltd. for a low and intermediate
level radioactive waste repository is beneath land adjacent to the Sellafield nuclear 
site, on the north-west coast of England. The repository is intended to contain 
a wide spectrum of wastes, principally from reactor operations, reactor decom
missioning and fuel reprocessing, and would be constructed at a depth of about 
750-1000 m in basement rocks underlying a thick sequence of mixed sedimentary 
rocks. A generic concept for the repository was described prior to much site 
specific information being available (Nirex, 1989), and consisted of 26 disposal 
caverns, each 250 m long. This design has been modified (Nirex, 1991) to provide 
access to the repository via a spiral tunnel from headworks which will be located 
within the existing Sellafield site, rather than by shafts from headworks directly 
above the repository (Figure 2.10). Apart from the spiral tunnel the repository 
underground design is essentially unchanged. The layout of the Nirex low and 
intermediate-level waste repository is summarised in Table 2.5. 

The projected repository host formation comprises basement rocks of the Lower 
Palceozoic Borrowdale Volcanic Group which are overlain by some 500 m of 
Permo-Triassic sedimentary rocks (Figure 2.11). Sellafield is a coastal site, sit
uated at the edge of the Irish Sea basin, with the sedimentary rocks thickening 
rapidly offshore. Structurally, this basin margin zone is relatively complex, with 
many major north-south striking faults dividing the basement rocks into large, 
kilometre-sized blocks. These constrain the precise choice of repository location 
and will probably control groundwater flow within the region of the repository. 
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Figure 2 .10: Artist's impression of the proposed U.K. Nirex Ltd. low and intermediate
level waste repository at Sellafield, N.W. England. The repository is accessed via 8 km 
long spiral tunnels from the headworks. The waste will be packaged in steel and con
crete containers and emplaced in the 250 m long galleries . The separation between 
galleries will be 54 m. The intermediate-level waste galleries will be backfilled with a 
cementitious grout. (From Nirex, 1991) 
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At present, site investigations are at an intermediate stage and there are, as yet, 
few publically available data on the deep geological environment of Sellafield. 

Table 2.5. Nirex low and intermediate-level 

waste repository concept 

LLW disposal vault dimensions (m) 

ILW disposal vault dimensions (m) 

Repository depth (m) 

Liner 

Disposal cavern separation (m) 

Ambient temperature (OC) 

Maximum temperature 

- time after closure (years) 

- duration of thermal transient (years) 

- at canister surface (OC) 

- at tunnel wall (OC) 

26 wide; 15 high; 400-600 long 

25 wide; 16 high; 265 long 

750-1000 

Shotcrete/mesh * 

54 

30 
c. 5 

c. 100 

c. 80 

not known 

* ILW vaults will contain reinforced concrete bays. 

Between 100 000 and 1 400 000 cubic metres of low-level wastes will be contained 
largely in supercompacted 200 litre steel drums, and emplaced in larger metal 
boxes. Several other types of box will be used for specific waste streams. Dis
posal boxes will simply be stacked in the low-level waste galleries which, in the 
current design, will not be backfilled. The majority of the 600 000 cubic me
tres of intermediate-level waste will be immobilised in a cementitious grout and 
packed in a variety of shapes, sizes, thicknesses and compositions of iron/steel 
container, including carbon steel, cast iron and stainless steel. The containers will 
be stacked in reinforced concrete bays in the separate intermediate-level waste 
disposal caverns and all the void space between the drums will be backfilled 
with a specially formulated, low-strength, enhanced porosity cementitious grout, 
designed to allow rapid chemical mixing and conditioning of the intermediate
level waste near-field environment. There is currently no plan to backfill the 
few metres of void space above the intermediate-level waste bays. Both types 
of cavern roof and walls will be supported with cement-based shot crete and 
rock-bolts/mesh. On completion of repository operations the access excavations 
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Figure 2.11: Simplified geological cross- section of the area around the proposed U.K. 
Nirex Ltd . low and intermediate-level waste repository at Sellafield . The repository 
is situated in volcanic rocks with an overburden of sedimentary rocks that thickens 
rapidly offshore, to the west. (From Nirex, 1991) 



58 

would be backfilled and sealed with mixtures of natural and man-made materials. 

2.3.1.1 The near-field 

In performance assessment terms, evaluation of the future behaviour of the repos
itory is focussed on four central issues: 

• the long-term mechanical stability of the unbackfilled vaults, 

• the maintenance of a high pH radio nuclide solubility-limiting environment 
in the intermediate-level waste vault near-field, 

• the generation and dissipation of large volumes of hydrogen, methane and 
other gases produced by anaerobic corrosion and degradation of the metal 
containers and the wastes, and 

• the potential for enhanced radionuclide mobility as a result of complexation 
with organic waste degradation by products. 

Owing to the short-lived nature of most of the radionuclides in the low-level 
waste and the proposed depth of burial, little emphasis is placed on near-field 
containment for these wastes and, consequently, modelling of the low-level waste 
near-field is likely to be unsophisticated. However, the potential for interaction 
between the low-level waste and the intermediate-level waste vaults may be im
portant in the context of the four issues mentioned above. In essence the Nirex 
repository is very similar to the N agra low and intermediate-level waste reposi
tory concept in crystalline rock and much of the previous description of processes 
relevant to this repository design (Section 2.1.2) is also relevant here. A major 
difference, however, is the much larger content of organic materials in the Nirex 
repository, as reflected in the central issues of concern outlined above. 

The ideal evolution of the groundwater chemistry in the intennediate-Ievel waste 
near-field is described by Atkinson et al. (1988a, 1988b). After closure, ground
water will resaturate the repository slowly. The host rock will restrict the water 
flow to about 10-10 m S-l. This water will equilibrate with the large volumes 
of cement and will thus determine the pH of the near-field. Progressive corro
sion of the steel canisters and steel reinforcing rods will occur, and the corrosion 
products (principally hydrogen and dissolved iron) will control the redox envi
ronment, creating and maintaining reducing conditions. Over a long time period, 
the high pH groundwater will migrate from the repository into the host rock as a 
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hyperalkaline 'plume,' which may result in slow changes in the composition of the 
cement and the pH of the near-field. The high pH groundwater could influence 
the host rock and, depending on the nature of any reactions, may cause both 
physical and chemical changes, thus creating a disturbed zone. The expected 
slow groundwater flow rate will allow chemical equilibrium to be maintained in 
the near-field and along the migration path from the near to far-field. 

The high initial pH (13) in the intermediate-level waste near-field will gradually 
drop to 12.5 over a few thousand years. This hyperalkaline environment will be 
maintained for some 105 years until the calcium silicate hydrate (CSH) gels begin 
to dissolve incongruently, at which point the pH will drop to about 10.5 over a 
period of about one million years. This is much in excess of the expected life 
span of the engineered barriers and indicates that the chemical conditions in the 
near-field should act as a buffer even after the physical integrity of the concrete 
has been lost. 

2.3.1.2 The far-field 

Although the nature of the rocks overlying the basement at Sellafield is different, 
in principle the processes that will occur in the far-field of the Nirex low and 
intermediate-level waste repository are very similar to those that will occur in 
the far-field of the Nagra and SKB repositories. Hence, the discussion in earlier 
sections of this chapter, in particular that on high pH environments, is applicable 
here. An additional factor of specific interest in the Nirex repository is the dis
sipation of the large volumes of gas that will be produced, both in terms of how 
quickly this can take place and in terms of the resultant effects on both repository 
stability and groundwater radionuclide transport if gas dissipation is hampered 
for some reason. 
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Chapter 3 

Selecting analogue studies 

In Chapter One, four technical guidelines were quoted for selecting useful studies, 
but it is perhaps worth stepping back a little and thinking first of the end-user 
of the information and suggesting two further, and very important, guidelines: 

• The precise output aimed for in the study needs to be defined clearly, to
gether with the use which will be made of the material. 

• The end-user (two are envisaged: performance assessor and information 
presenter) would benefit greatly by being involved and informed at each 
stage of the study. 

Involvement of the end-user is still, unfortunately, a rarity in most analogue 
studies. It can be disconcerting to be faced with a 'so what ?' from the target 
audience at the end of an expensive project. The increasing requirement to 
demonstrate validation of the models underlying performance assessment lneans 
that the modellers themselves are keen to test their conceptual and mathematical 
approaches, given a well-defined test case. The best way to define such cases is 
with the active participation of the modeller in designing the project right from 
the start. This may seem painfully obvious, but some fairly rigid discipline is 
required in selecting useful studies, and much of the value of a study may stern 
from careful management of the dissemination of data at the right time to the 
right groups. For example, predictive model testing at its most rigorous is done 
'blind' to the known result against which it is being tested. This requires tight 
planning and control of precisely which data need to be collected, and how these 
data are released. It also has to be said that a lot of work has been carried out on 



62 

analogues which are either not analogous to anything which will actually happen 
in a repository or have no end-use at all in mind. 

The first step is thus to identify a need for information, and then to define a 
study which may produce it, rather than simply picking an interesting looking 
site and then trying to find a use for the data. This is simple supply and demand 
in action. Whilst each repository will require unique information to assist in 
building and presenting a safety case, there are a number of broad areas where 
information is required generically in the geological disposal field and which allow 
the identification of typical environments from which analogue data are gathered. 

The requirement for analogue information is principally a geochemical one; only 
a few other processes are amenable to analogue study. Consequently, the broad 
groups of natural analogues can be categorised, with the exception of archceological 
studies, into convenient geochemical environments representative of some major 
component of a repository system or feature of its evolution. Specific studies 
are then identified from within these broad categories. Clearly, there is consid
erable emphasis on studies of systems containing natural radionuclides or stable 
isotopes of elements of direct relevance to those in a repository. However, many 
studies have evaluated the behaviour of other elements believed to behave in an 
analogous manner to specific radionuclides (the rare earth elements (REEs) as 
analogues for the actinides, and thorium as an analogue of plutonium, for exam
pie). Before discussing the typical geochemical environments of analogues it is, 
therefore, worth evaluating the veracity of the concept of 'chemical analogues'. 
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3.1 Chemical analogues 

The radionuclides of relevance for nuclear waste management are widely spread 
throughout the periodic table (see Figure 3.1). Natural analogue studies involving 
the behaviour of such radionuclides may examine the same radionuclide directly 
(e.g. the natural decay series radionuclides are important waste components but 
can be studied in many natural situations), other isotopes of the same element 
(e.g. stable caesium or bomb fall-out 137CS as an analogue of safety-relevant 
13SCs) or an element which behaves in a chemically similar manner (often termed 
a 'chemical analogue'). 

When considering the natural occurrence of a particular radionuclide, limitations 
of the analogy with the same radionuclide in radioactive waste relate only to the 
differences in the environment considered (e.g. source terms, radionuclide con
centrations etc). Differences in concentration can be particularly significant; for 
example, naturally occurring radioisotopes of plutonium, technetium and iodine 
etc. can now be measured at extremely low concentrations (detection limits of 
about 105 atoms) which are of no possible radiological significance and are, thus, 
far below the levels considered in repository performance assessment. It is highly 
questionable if the behaviour of plutonium, for example, at effective water con
centrations of sub pM levels is in any way representative of its behaviour at more 
relevant concentrations. In fact, it has been shown that classical thermodynamics 
breaks down at such levels and, hence, observations cannot be analysed in terms 
of conventional chemistry. Measurement of sub-tracer levels of 'natural' radionu
clides is, thus, geochemically interesting but probably of no possible chemical 
analogue interest. 

When the analogy is extended to other radionuclides of the element of interest, 
differences due to the decay process must be added to the caveats above. This 
is not generally a problem for very long-lived (or stable) isotopes, but there are 
well-known examples of decay induced processes (recoil, radiolysis, hot atom 
effect) which can give rise to geochemical partitioning of long-lived nuclides (the 
best known being the cases of 234U j238U disequilibrium in natural waters; for 
discussion, see MacKenzie et al., 1990b). For very short-lived nuclides with, say, 
a half-life of less than one year, the timescale of ingrowth and decay may be 
much shorter than that of the process to be studied (e.g. sorption, precipitation, 
matrix diffusion etc.) and, hence, observed behaviour cannot be extrapolated to 
a longer-lived isotope. 

The concept of 'chemical analogues' was discussed previously by Chapman 
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Figure 3.1: Periodic table of the elements. Some examples of chemical or isotopic 
analogues are illustrated (see text for comments on usage): (a) natural 226Ra for waste 
226 Ra; (b) fallout 137 Cs for waste 135 Cs; (c) stable I for waste 1291; ( d) Re as an analogue 

for Tc; (e) Eu, or any lanthanide, as an analogue for a trivalent actinide, e.g. Am; (f) 
Th as an analogue for Pu(IV); (g) U, under oxidising conditions, as an analogue for 

Pu(V1). 
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et al. (1984) who presented a list of possible chemical analogues for some of the 
long-lived radionuclides present in high-level waste or spent fuel. Experience 
since this time has shown that this and similar tabulations can be misleading 
and have led to over-interpretation of the extent of the analogy involved. The 
extent to which one element can be considered a chemical analogue of another is 
very dependent on the system and process studied, and must be examined on a 
case by case basis. 

In the simplest case, chemical analogues can be selected from the well established 
chemical periodicities (e.g. an alkali metal such as rubidium would be expected 
to behave in a similar manner to its neighbour caesium, whilst barium might be 
considered as an analogue of strontium, and bromine as an analogue of iodine etc., 
see Figure 3.1). For elements of simple chemistry, such assumptions may be quite 
easy to justify but great care must be taken for more complex cases, especially if 
different valencies may occur over the range of Eh/pH conditions encountered in 
the natural environment. The limitations of the analogy must always be borne in 
mind, even in the 'simple' cases. For example, bromine may be a good analogue 
for iodine when examining transport processes in deep groundwaters but less 
good when examining soils, due to the much greater tendency of iodine to be 
associated with microbial processes. 

A particular challenge is to select chemical analogues for the transuranic elements, 
as they often have very complex chemistry and are not found in significant con
centrations in most natural systems. Americium and curium are very similar to 
each other and are not redox-sensitive in natural waters, being present only in 
the III oxidation state. Obvious chemical analogues of the actinides would be 
any of the lanthanides, which have very similar chemistry, although curium and 
europium should generally be avoided as they may diverge from the III state 
(to IV and II, respectively) causing a chemical partitioning which is observed in 
many cases (e.g. at Po<;os de Caldas; MacKenzie et aI., 1990b; Miekeley et al., 
1990a). 

Plutonium has an extremely complex chemistry and may be found in natural 
waters in four oxidation states (III to VI), all of which may be present in mea
surable concentrations simultaneously. Under reducing conditions (e.g. in the 
presence of ferrous iron), plutonium is found predominantly in the III and IV 
oxidation states (e.g. Schweingruber, 1983). Some III-valent (lanthanides) or 
IV-valent (thorium or, possibly, zirconium or hafnium) elements can be consid
ered to have similar behaviour but this analogy must be regarded with caution. 
Under oxidising conditions, the IV, V and VI states of plutonium may all be 
important, the higher states especially so in the presence of high carbonate con-
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centrations. In such a case, the closest similarity to the Puot and Puo~+ species 
may be uranium (found predominantly as UO~+ under oxidising conditions) but 
the analogy is not very close. In a system of varying redox conditions, uranium 
is probably the only reasonable analogue of plutonium but, especially here, the 
analogy should be considered as qualitative only. 

Neptunium has slightly less complex chemistry, being found predominantly as 
Np(V) in oxidising conditions and Np(IV) in reducing waters. For the reducing 
case, thorium may be a good analogue, with protactinium as a possible analogue 
for oxidising conditions. Again, only uranium could be considered as a qualitative 
analogue for a case of varying redox conditions. 

Another problem element is technetium as it is not found in significant quantities 
in most natural systems. The chemistry of technetium is similar to rhenium but 
quite different from manganese. Critical to the behaviour of technetium, however, 
is the transition from cationic species under reducing conditions to the anionic 
pertechnetate under oxidising conditions. It should be borne in mind that the 
redox conditions under which this transition occurs will differ for technetium and 
rhenium. 

Finally, it should be emphasised that there is no general recipe for assessing 
the relevance of a particular chemical analogue; every system must be evaluated 
separately and the processes occurring in nature compared to those expected in 
the repository. 
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3.2 Natural analogue environments 

Historically, natural analogue studies have tended to focus on one of a number of 
broad geological environments which are described below. Although this generic 
categorisation is a convenient way of presenting the most obvious areas with the 
potential of providing information, it is important to recognise that useful data 
may be obtained from many types of environment. The objective of this section 
is thus to describe briefly the features of typical geochemical environments which 
can be analogous to processes of interest in repository systems, and to discuss 
some of their limitations. Appendix A complements this general material by 
providing outline descriptions of some of the more widely known analogue study 
sites, their specific features and actual or potential applications. These sites are 
also referred to frequently in subsequent chapters. 

3.2.1 Uranium ore bodies 

Economic and sub economic primary and secondary concentrations of uranium 
occur in various rock formations. Their principal interest lies in the mechanisms 
that have been responsible for their original deposition, and any subsequent re
mobilisation of natural series radionuclides (Figure 3.2). These processes are 
analogous to those that might be expected to occur principally in the near-field 
of spent-fuel or vitrified high-level waste repositories. In evaluating the transport 
processes responsible for their formation, secondary deposits are of lTIOre interest 
than primary deposits, as the processes generally occurred at much lower tem
peratures, more closely analogous to repository conditions. Remobilisation phe
nomena can be studied in both types of deposit. One limitation is that a number 
of the better studied sites are at relatively shallow depths, with high present-day 
and recent fluxes of oxygenated groun~waters which have dominated transport 
processes. For processes where it is interesting to extrapolate to low-flux, reduc
ing conditions, this requires very thorough characterisation of the hydrochemical 
history of the site. The main features of potential value in uranium ore bodies 
are: 

1. composition, long-term stability and corrosion/ dissolution behaviour of urani
nite as an analogue to spent-fuel, 

2. role of redox processes in mobilising and trapping radionuclides (including 
redox fronts and other geochemical discontinuities), 
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Figure 3.2: Diagrammatic view of a generic ore body showing the principal 
processes of interest in natural analogue studies in this geological environment. 
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3. speciation and solubility controls of radionuclides in groundwaters, includ
ing colloid formation and behaviour, 

4. downstream retardation processes of remobilised radionuclides; sorption 
phenomena on various surfaces, diffusion into the rock matrix porosity, 
etc., 

5. the ability to use natural decay series disequilibria to estimate the longevity 
of various mobilisation and deposition processes. 

3.2.2 Geochemical discontinuities in clays 

Clays may be used as either a backfill/buffer in a repository or may form the host 
rock itself. Geochemical transport processes in clays are not well understood, 
owing largely to the complexity of the multiple coupled processes of solute/clay 
interactions which not only drive chemical migration but also control the move
ment of water and the development of the hydraulic properties of the medium. 
Where geochemical discontinuities occur as a result of heterogeneity of a clay
rich sedimentary sequence, or of the intrusion of material into a clay body, they 
offer the opportunity to study small scale migration and other processes (Figure 
3.3), principally: 

1. the relative roles of diffusion and advection and small-scale physical het
erogeneities, 

2. estimation of elemental diffusion coefficients, 

3. movement of redox fronts (including movement along fractures in clays), 

4. thermal stability of clays and thermal effects on transport properties (where 
igneous bodies have intruded into clays), 

5. chemical complexing behaviour of radionuclides and other trace elements in 
pore fluids of different compositions, and in contact with organic material 
in clays. 

3.2.3 Hyperalkaline environments 

Natural waters with abnormally high alkalinities may be analogous to the pore
waters found in cements and concretes. They offer the opportunity to study the 



70 

Figure 3.3: Diagrammatic view of a generic clay formation showing the principal 
processes of interest in natural analogue studies in this geological environment. 
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hydrochemical behaviour of radionuclides and trace elements in conditions similar 
to those of some repository near-fields. Hyperalkaline waters are uncommon and 
may have their origin in, for example, complex rock/water interactions involving 
the alteration of ultramafic rocks or thermally metamorphosed limestones and 
marls. To be reasonably representative of cementitious porewaters the pH must 
be greater than 10. The principal features which have been studied are: 

1. the solubilities and speciation of radionuclides and other relevant trace el
ements and chemical analogues in high pH conditions where solubility cal
culations suggest rates of mobilisation into solution will be very slow, 

2. the interaction of high pH fluids with surrounding rocks analogous to near
field porewaters migrating from a repository, and the consequent impacts 
on rock physico-chemical properties affecting radionuclide transport, 

3. the nature and viability of microbially mediated geochemical processes at 
high pH, with respect to their potential significance in waste form break
down and near-field radionuclide mobilisation, 

4. the nature of colloidal species formed in, and stable in, high pH waters. 

3.2.4 Hydrothermal systems 

Natural hydrothermal systems have frequently been advanced as being analo
gous to the near-field of high-level waste repositories during the early period 
after disposal when temperatures are high. It is suggested that they provide the 
opportunity to study geochemical transport processes in warm, near-field fluids. 
Unfortunately, the analogy is generally weak, as repository host rock temper
atures in most concepts, and certainly in those discussed in Chapter 2, never 
reach more than about 80 to 100°C, which is lower than the temperature of most 
hydrothermal systems. Further, most disposal concepts aim at complete contain
ment of the wastes in the canisters until such high temperatures have declined. In 
addition, most natural hydrothermal systems have been flushed with very much 
larger volumes of hot fluids over time periods which may be several orders of 
magnitude greater than the thermally active epoch of a repository. Combined 
with the generally higher temperatures in natural systems, this means that the 
supposed near-field rock-water interactions and mass transport analogy may be 
grossly exaggerated both in terms of the scales and amounts of materials involved 
and the nature and kinetics of the reactions observed. Attempts to extract perti
nent information for performance assessments from hydrothermally altered gran-
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ites are usually made difficult by the superimposition of several hydrothermal 
events at various temperatures. A review of recent field studies is provided by 
Menager et al. (1992a) and two specific examples are described by Menager et 
al. (1992b) and Parneix (1992). Thus, it may be possible, although very difficult, 
to obtain usable information on elevated temperature near-field processes from 
some active or fossil hydrothermal systems, but the limitations must be borne in 
mind, and the earlier exhortation in this chapter to 'define the end-use' must be 
remembered. Possible applications of studies of hydrothermal systems include: 

1. Evaluation of the alteration of physical properties (e.g. pore and fracture 
enlargement or blocking) and chemical properties (e.g. fracture and pore 
surface mineralogy) of near-field rocks which could occur during a thermal 
transient and may affect transport and sorption of radionuclides released 
at a later time. This is only appropriate for high temperature repository 
concepts. 

2. If it is assumed that package failure occurs during the peak of a high
temperature thermal transient, exposing the waste to hydrothermal fluids 
then it may be useful to know something of the solubility and speciation of 
radionuclides and relevant trace elements in such fluids (in active geother
mal systems). In this case, information on elemental mobilisation and trans
port or deposition down a steep temperature gradient, for example where 
hydrothermal processes have affected an existing ore body or region of rock 
with elevated concentrations of relevant elements, may be useful. 

However, both of these applications appear highly tenuous, which perhaps ex
plains the lack of utility of almost all the observations made in past studies of 
these phenomena. 

3.2.5 Archceological analogues 

The progressive decay of man-made artefacts can provide a very direct analogy 
to the behaviour of repository materials and can be studied at carefully chosen 
archceological sites. The types of artefacts can range from small objects, such 
as jewellery, to larger features, such as buildings. The time period of study is, 
naturally, constrained to a few thousands of years at most for the majority of 
relevant materials, with the advantage, however, that the timescales may be very 
tightly constrained. Although the term archceological is used, some man-made 
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systems that are only a few decades old also may yield useful information on the 
rates of processes that may be of significance in the early life of repositories. 

The greatest difficulty with using archceological materials is that of determining 
the relevance of the environment in which they have been located to that of a 
repository. Most artefacts have been situated either on the surface or at shallow 
depths, often in conditions which, over comparable timespans, have been more 
chemically active than those expected in a repository; for example, in terms of 
chemical fluxes and redox environment. Clearly, if the environment has been 
highly chemically active, most artefacts will not have survived; the general ap
proach to archceological materials is, therefore, one of trying to estimate rates and 
mechanisms of degradation as a function of the chemistry of the environment of 
preservation, and to extrapolate or interpolate the data from one or more sites or 
objects to the chemical conditions expected in a repository. Care must be taken 
in such evaluations, but the range of materials for study is potentially wide: 

1. corrosion of metallic objects analogous to waste containers or waste matri
ces, 

2. corrosion of glasses and cementitious or bituminous materia.ls analogous to 
waste forms, 

3. long-term evolution of physico-chemical properties of cements and other 
building materials analogous to repository structures, 

4. decay and breakdown products of organic materials and complexation with 
trace elements, analogous to waste degradation, 

5. chemical interaction of buried objects with surrounding rocks and soils 
which may be analogous to near-field processes. 

3.2.6 Natural occurrences of repository materials 

This category includes a wide range of materials analogous to wastes or other 
repository components, which are generally found as isolated and often uncom
mon occurrences in nature. Typical examples are glassy igneous intrusions, tek
tites, natural bitumens, iron meteorites and native metals. Superficially these ma
terials are appealing analogues, but frequently they are compositionally inappro
priate when compared to repository materials, to an extent that may make their 
properties and behaviour fundamentally different. Some good analogues can, 
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however, be found, although careful evaluation is essential. As with archceological 
analogues, a critical aspect is the physical and chemical nature of the environment 
in which they are found, and its relevance to that of a repository. The range of 
studies that can be envisaged is similar to that presented above for archceological 
materials. 

The next two chapters examine in detail the analogues available first for the 
behaviour of materials emplaced in a repository and, second, the geochemical 
processes affecting the transport of radionuclides subsequent to their mobilisation 
from the waste form. 



Chapter 4 

Analogues of Repository 
Materials 
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This chapter examines how natural analogue studies provide information on the 
performance of the many different materials which can be found in the near
field of a repository. Most materials in a repository can be grouped into three 
categories which comprise the engineered barriers; (a) the waste form, (b) the 
waste packaging, ( c) buffers, backfills and seals. Some materials may be used 
extensively; for example metals may be present in both the waste form (from 
decommisioning operations) and the waste packaging. Similarly, cement may 
be present as the waste form, the immo bilisation matrix and the backfill. In 
addition, the same materials may also be used in the construction and support 
of the repository excavations and be left in place after closure. 

Many of the materials which will be used in a repository are very familiar, e.g. 
concrete and bitumen. However, the requirements of predictable behaviour and 
longevity of properties in a repository are quite unlike any other placed on these 
materials in the past. Consequently, the issue is not always as simple as ap
plying the performance of these materials, under normal engineering conditions, 
to the repository situation. Some of the other materials which will be used as 
waste matrices are essentially new and have been developed specifically for use in 
repositories, e.g. borosilicate glass. With no previous data on the performance of 
these materials in any environment, they require full testing and characterisation. 

The performance requirements of many repository materials can be measured 
most simply by quantifying their rate of degradation or decomposition; e.g. the 
rate of dissolution of glass or spent fuel waste forms. In reality, the issue is more 
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complicated due to the fact that the products of material degradation may also 
add to the performance of the system by helping to impede radionuclide transport. 
However, for the most part it is the stability of the different materials within the 
repository environment which controls the duration for which radionuclides are 
retained within the near-field. It is difficult to recreate, in a laboratory, the 
physico-chemical conditions expected in a repository and impossible to simulate 
the time scales involved without encountering kinetic effects that cannot be scaled 
back to natural process rates. It follows that a full appreciation of the stability 
and longevity of repository materials can only be reached from a combination of 
complementary field, laboratory and natural analogue studies. 

The materials discussed in this chapter are those which are most likely to be 
used as the waste form or in the engineered barriers in the different repository 
concepts discussed in Chapter 2; they are: 

• Borosilicate glass (vitrified waste). 

• Spent fuel (including mixed oxide fuel). 

• Metals (copper and steel). 

• Bentonite. 

• Cement and concrete. 

• Bitumen. 

• Cellulose. 

• Polymers and resins. 

Although not proposed for the disposal concepts discussed in Chapter 2, other 
'alternative' waste forms have been studied extensively, including various forms 
of ceramics and crystalline materials for high-level wastes. The most widely 
known of these is, perhaps, SYNROC, which is composed of three titanate mineral 
phases; perovskite, hollandite and zirconalite (Ringwood et al., 1979). The entire 
concept of a crystalline waste form, such as SYNROC, can be said to be natural 
analogue led due to the fact that it was the occurrence of natural radionuclide
rich minerals in rocks that inspired the idea to immobilise radioactive waste in 
technical minerals. Crystalline waste forms have been extensively investigated in 
the laboratory, in leaching tests etc., and in natural analogue studies. SYNROC 
and the other crystalline waste forms are not considered in this volume but the 
interested reader is referred to Lutze & Ewing (1988) and Smith et al. (1992). 
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In the case of the waste packages, the different designs have different functions. In 
the N agra high-level waste and SKB spent fuel repository concepts, the steel and 
copper canisters are designed to be load-bearing and to isolate the waste from 
groundwater for extended periods of time. In the low and intermediate-level 
waste repository concepts, the waste package designs have little load-bearing 
capacity and their principal requirements are to enable ease of stacking in the 
repository and to shield repository workers. In some performance assessments, 
low-level waste packages may not be attributed any isolation capacity once the 
repository has been water-saturated, although this is obviously a conservative 
assumption. Copper, steel and cast iron are the only metals which will be used to 
fabricate containers for the repository designs considered in this report, although 
other metals may be used in other repository designs. Different metals may be 
present in the near-field of the same repository. In the SKB spent fuel repository 
design, for example, the void space around the spent fuel in the copper canister 
may be filled with powdered lead (SKB, 1983). In performance assessment, the 
lead is ascribed no isolation capacity and, therefore, the degradation of lead will 
not be discussed here. Readers interested in the long-term stability of lead are 
referred to Tylecote (1983) who examined a number of archceological artefacts 
in order to investigate the durability of the metal in different environmental 
condi tions. 

The main materials which will be used as buffers and seals in the repository 
concepts discussed here are bentonite (possibly mixed with various additives) 
and cement (including concrete). It should be noted that a number of other 
materials have been proposed for use in other designs, including chemical grouts 
and synthetic materials. These, and other materials, have been tested for use in 
a crystalline rock repository as part of the Stripa Project. Interested readers are 
directed to Coons et al. (1987) and Borgesson et al. (1992). 
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4.1 Glasses 

Borosilicate glass is proposed as a matrix for immobilising the high- level waste 
produced from spent fuel reprocessing operations (Figure 4.1) in the repository 
concepts of many countries, including the Nagra case considered in this report . 
Other glass formulations have been suggested but are not considered explicitly 
in this report , although much of the discussion below will be applicable to other 
types of glasses. 

Figure 4.1: Example of the borosilicate glass waste form in a section of steel canister. 
Borosilicate glass, encapsulated in steel canisters, is proposed as a waste matrix by 

Nagra and was considered in Project Gewiihr (Nagra, 1985). 
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There is a large volume of literature concerned with the behaviour of borosilicate 
glasses under repository conditions, including laboratory studies and mechanistic 
modelling. Much of this literature discusses natural glasses as analogues to tech
nical glasses, with particular emphasis placed on measuring dissolution rates and 
determining alteration products (e.g: Lutze et al., 1985; Grambow et al., 1986; 
Byers et al., 1987; Lutze et al., 1987; Zhou et al., 1987; Jercinovic & Ewing, 
1988; Arai et al., 1989; Cowan & Ewing, 1989; Daux et al., 1991; Smith, 1991; 
Magonthier et al., 1992; Crovisier et al., 1992 and Mazer et al., 1992). This is 
partly due to the fact that a considerable body of knowledge has been accumu
lated on natural glasses because they have been studied in detail for many years by 
geologists and mineralogists not concerned with radioactive waste disposal. The 
transfer of knowledge regarding alteration and dissolution, from natural glasses 
to technical glasses, was thus simplified. Whilst the literature on the dissolution 
processes of natural glasses is at first sight extensive, in effect much is repetition 
of the same (or similar) studies and results. In the following discussion, the im
portant points drawn from the literature are discussed and reference is made to 
the most recent relevant papers. 

Boron is a major component of waste glass primarily to decrease its silica content, 
thus causing a lowering of its viscosity and melting point and making it easier to 
lnanipulate. The relatively low silica content of the borosilicate glass (typically 50 
to 60 % ) means that basaltic glass is a closer natural analogue than rhyolitic glass 
or tektites. It is realised that there are compositional differences between basaltic 
glass and borosilicate glass and that the physical properties will also differ, but 
the two glass types may be sufficiently similar to warrant using basaltic glasses 
as natural analogues. The rhyolitic glasses and tektites have both been proposed 
as natural analogues for the high-silica, low-alkali formulations proposed for 
encapsulating high-level waste in some other repository design concepts, but 
these are not considered in this report. 

Glass is a metastable substance and will, over a period of time, devitrify (nucle
ate and crystallise) to a more thermodynamically stable assemblage of phases. 
The presence of water may accelerate this transformation, as well as causing the 
glass to dissolve. During these processes radionuclides can be released from the 
matrix by water in contact with the glass. This process is, however, very slow 
and dependent on the supply of water. In the presence of water, glass becomes 
hydrated and in this condition can release radionuclides at a faster rate. On the 
positive side, the initial hydration causes alteration products (such as palago
nite) to form on the glass surface, which partially protect the glass from further 
hydration. Depending on the nature of this surface layer, it may act to retain 
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radionuclides that migrate out to the glass surface. There are a number of geo
logical environments in which alteration of basaltic glasses to palagonite can be 
studied: 

1. at mid-ocean ridges when pillow lava glass reacts with seawater at about 
4°C (Grambow et ai., 1986; Jercinovic & Ewing, 1988); 

2. in subglacial environments where glass reacts with glacial melt water at O°C 
(Grambow et al., 1986; Jercinovic & Ewing, 1988); 

3. where volcanic ashflow glass reacts with rainwater at ambient temperatures 
(Cowan & Ewing, 1989); 

4. where basaltic glass is altered in active geothermal environments by reaction 
with hot water or water vapour (Jakobsson & Moore, 1986; Jercinovic & 
Ewing, 1988). 

However, the relevance of these situations as natural analogues to the repository 
environment is questionable. In particular, these situations are exclusively ox
idising, with waters of very different temperatures and chemistries to relevant 
groundwaters or near-field porewaters. 

4.1.1 Natural analogues of glasses 

A large volume of literature on natural analogues of glass devitrification and 
leaching was available for review by Chapman et ai. (1984). The principal con
clusions reached were: 

• Devitrification is not a problem on the timescales of interest for repository 
safety, provided temperatures are not too high. However, the effects of 
internal irradiation are not seen in natural glasses and require experimental 
investigation. 

• Under the groundwater regime expected in a deep repository, the theoretical 
lifetime of glass waste forms is of the order of 107 to 108 years, provided 
that the area/volume ratio remains low so as to minimise hydration. 

• To help understand the fracturing process, it would be worthwhile exam
ining massive natural glass occurrences. Correlation between the age of 
the glass, its mechanical properties and the extent of fracturing may prove 
useful. 
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Numerous natural analogue studies have been performed on glass. The following 
discussion examines how these studies have addressed the important processes 
concerning the stability of the glass waste form: 

1. Devitrification. 
Laboratory experiments indicate that devitrification may cause a glass to be 
more prone to chemical degradation or dissolution, with measured increases 
in corrosion rate of a factor of three (see Lutze, 1988). Laboratory tech
niques are unable to predict devitrification rates at low temperatures with 
any degree of confidence. The duration for which natural glasses survive 
before becoming devitrified varies from a few thousand years to tens of mil
lions of years (Forsman, 1984) although most natural glasses are younger 
than the Miocene, i.e. < 25 million years old (Marshall, 1961). Ewing 
(1979) compiled statistics on the ages of 425 North American glasses and 
found that more than half were younger than 2 million years, but some were 
as old as 40 million years. However, these statistics are irrelevant because 
no information is provided on the thermal histories and composition of co
existing waters etc. and, hence, it is impossible to draw conclusions as to 
why there is this range of ages. Older glasses (some Precambrian) are oc
casionally reported but usually from highly localised bodies (e.g. Philpotts 
& Miller, 1963; Lindqvist & Laitakari, 1980). In some individual expo
sures, old glass is fairly common, such as in the 80 million year old Cyprus 
Ophiolite (Robinson et al., 1983; Rautenschlein et al., 1985). This latter 
occurrence points to the favourable preservation of glasses in the marine 
environment. Glass tektites from the Cretaceous-Tertiary (K-T) bound
ary (Izett, 1991) have been discovered but these are of no interest because 
their composition is different to that of borosilicate glasses. 

A particularly interesting Precambrian glass occurrence is reported by Pal
mer et al. (1988) who found small fragments of 1100 million year old 
rhyolites at Lake Superior, Canada. The glass occurred as 25 to 35 11m 
sized, silica-rich, brown isotropic fragments. This glass probably survived 
for so long because the host rock isolated it from groundwaters. Another 
even older natural glass has been collected from the moon. The famous 
orange glass collected by the Apollo 17 astronauts in the vicinity of the 
Shorty Crater was dated using the 40 Arj39 Ar method by Husain & Schaeffer 
(1973) at 3710 ± 60 million years; some three orders of magnitude older 
than an average terrestrial glass. On the moon, free water does not exist 
and, hence, devitrification was slow. 
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In summary, natural glasses offer no unambiguous evidence for the time 
at which devitrification begins, or the rate at which it proceeds, although 
the existence of natural glasses millions of years old may suggest that de
vitrification is not a problem. However, it must be noted that the rate of 
devitrification of borosilicate glass may be influenced by radiation dose and, 
thus, natural glasses may be poor analogues. 

2. Rates of dissolution and formation of alteration products. 
An important process to understand regarding glass behaviour in the repos
itory is the formation of solid alteration products as a consequence of dis
solution (Figure 4.2). These alteration phases are crucial for understanding 
radionuclide releases from the near-field, as they will impose solubility lim
its on the radionuclides. However, despite the importance of this process, 
few natural analogue studies have examined glass alteration phases under 
repository-relevant conditions. 

When dissolution of glass proceeds in the presence of water, the alteration 
rim comprises three distinct zones which are formed on the glass surface 
(Lutze, 1988); see Figure 4.3. The innermost layer, adjacent to the pristine 
glass, is the reaction zone which, in laboratory experiments, has a thickness 
of < 1 /-Lm. In this zone, the glass is depleted in soluble elements, e.g. 

boron, lithium and sodium; compositional variations and pitting can occur. 
Immediately above the reaction zone is the altered zone where amorphous 
palagonite forms, this is generally porous and may allow reaction products 
and water to diffuse through it. A third zone, above the altered zone, is 
a layer of authigenic cement composed of crystalline phases, such as clays 
and zeolites, which form either by replacing cement in the amorphous zone 
or by precipitation on it. It should be noted, however, that most laboratory 
experiments were conducted at temperatures in excess of those expected in 
a repository. 

The authigenic cement reflects not only the composition of the glass and 
the water but also the duration of alteration. The formation of zeolites 
occurs once a substantial volume of glass has been corroded, if the water 
flow rate is very low. As such, zeolite formation has been proposed as a 
measure of reaction progress (Grambow et al., 1986). 

Many attempts have been made to establish the time dependence of disso
lution of basaltic glasses by measuring the thickness of alteration rims on 
glasses of known ages. These alteration rims may vary from a to more than 
1000 /-Lm, the thicker rims being found on deep-sea dredged samples. There 
are two problems with this technique; the first is establishing the age of the 
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Figure 4.2: SEM photomicrographs of alteration products on the surfaces of 
samples of basaltic glasses from British Columbia. Top: A palagonite layer 

forming over a dissolution-pitted glass surface (x4000) . Bottom: Zeolites and a 
mat of smectite growing over the alteration zone (x1500). (From Byers et al., 
1981) 
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glass, which cannot be dated by normal radiometric methods, and the sec
ond is that an assumption has to be made for the duration of contact with 
water. The result is that a wide range of apparent dissolution rates has 
been determined for samples from various environments. Grambow et al. 
(1986) attribute this apparent variation to a two-stage dissolution process: 

(a) The first process occurs in glasses on the open sea floor. In this envi
ronment hydration of the glass occurs and the amorphous palagonite 
forms, but growth of the authigenic cement is restricted due to the low 
silica concentrations in the seawater. At this point dissolution rates 
are relatively rapid, 3 to 20 ,um/IOOO years. 

Crystalline Precipitate Build-up 

1 

p = 0.8-2 g/cml 2 

3 

Figure 4.3: Schematic illustration of the three alteration layers that form 
when glass corrodes in water. The crystalline precipitate layer may be
come sufficiently thick that further alteration of the glass is inhibited. 1 = 
Distributed amorphous precipitate; 2 = highly structured layered region, 
generally amorphous wi th species migration; 3 = glass reaction zone, ex

hibits extensive pitting, depletion of soluble elements. (From, Lutze, 1.988) 
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(b) The second, and subsequent, process operates when the glass has be
come buried by pelagic sediments. In this environment, the porewa
ter rapidly becomes supersaturated with silica and, consequently, the 
growth of authigenic cements on the glass surface is enhanced. Even
tually the authigenic cement will envelop the glass. Further dissolu
tion is then diffusion-controlled because the cement layer is relatively 
impermeable. As a consequence, the dissolution rate is significantly 
reduced, typically about 0.1 fLm/lOOO years. 

This two-stage nature of glass dissolution means that it is impossible to 
calculate a generally applicable dissolution rate simply from the thickness 
of reaction rims and the ages of the samples. Instead, dissolution will be 
strongly controlled by the physico-chemical environment. This two-stage 
process also has serious implications for extrapolating short-term labora
tory experimental results, obtained from technical glasses, over long time 
periods to obtain data for input to performance assessments. 

One unique experiment designed to measure palagonitisation rates was per
formed in the basaltic tephra on the volcanic island of Surtsey over the 
time period 1963 to 1967 (Jakobsson & Moore, 1986). Palagonite forma
tion was monitored via a borehole penetrating into a hydrothermal sys
tem. The palagonite formation was accompanied by precipitation of calcite, 
chabazite, phillipsite, analcime, tobermorite and smectite clays. The rate 
of palagonite formation was temperature-dependent, doubling with every 
12Ge increase. At 100Ge the palagonite formation rate was 3 J-Lm/year. 
This only has significance for repository safety for the unlikely scenario of 
a canister suffering premature failure (in the repository, temperatures of 
about 100Ge will only last for a short time period, while the canister is 
expected to remain intact for at least 1000 years) and backfill resaturation 
occurs very much faster than predicted (resaturation times are calculated 
to be hundreds of years). 

None of the dissolution rates determined either from deep-sea samples or 
from Surtsey can be directly applied to the borosilicate waste form in a 
repository because they show that palagonite formation depends princi
pally upon the flux of water in contact with the glass. Intuitively, the 
dissolution rate must also depend, to some extent, on the composition of 
the water, especially pH and concentration of silica. These two facts are 
not taken into consideration in the above natural analogue studies where, 
it would seem, access of water to the glass is not restricted (other than by 
the formation of the authigenic cement) and the water is always oxidising. 
In the repository environment, no palagonite formation will occur when 
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the canister is intact, and subsequent palagonitisation will occur in an en
vironment where solute transport occurs predominantly by diffusion. The 
effect of reducing, alkaline conditions on the rate of palagonite formation 
is unknown because this issue has not been addressed in natural analogue 
studies. Furthermore, the composition of the Surtsey basalts is significantly 
different to the borosilicate glass form. These factors make it highly prob
lematic to draw conclusions regarding repository safety from the natural 
analogue examples. 

Release of radionuclides from dissolving borosilicate glass to groundwaters 
may be retarded by sorption of radionuclides onto the palagonite. Short-
term laboratory hydration and leaching experiments performed on radioac
tive waste glasses have suggested that alteration products (palagonite) act 
to retain a range of elements, including iron, REEs and actinides (see, for 
example, Petit et al., 1989). However, this is caused by direct incorporation 
of the elements into the structure of the alteration phase, and is not due to 
sorption of released radionuclides onto already formed phases. 

Despite the large number of natural analogue studies performed on basaltic 
glass to determine dissolution processes, few have investigated the retarda
tion capacity of the alteration products. One such study has been performed 
on Icelandic basalts to investigate the behaviour of REEs during basaltic 
glass dissolution (Daux et al., 1991), REEs being possible chemical ana
logues of the trivalent transuranic elements americium and curium (Section 
3.1). Mass balance calculations based on major and trace element analyses 
of the glass and palagonite showed that dissolution of the glass resulted in 
a net release of REEs, and that retention by the palagonite was minimal. 
It would appear that, for such elements, retardation by alteration phases 
via sorption processes may be insignificant compared to the retention of 
radionuclides directly incorporated into alteration phases as they form. 

3. Archceological glasses. 
In addition to the information available from natural glasses, archceological 
glasses are also of potential interest. Glass was first manufactured about 
1500 B.C. in Egypt and Iraq (Kaplan, 1980a). The ability to produce glass 
soon spread to other civilisations and it has been used extensively ever 
since. A wide range of glass compositions has been produced, but they are 
generally chemically dissimilar to borosilicate glasses. 

Different production techniques could potentially influence the chemical 
and thermal stability of the glasses and hence their longevity. Early glasses 
were soda-lime based until about 1000 A.D. when potassiUln-lime glasses 
were first made. Other sorts of glass, such as lead-glass, have been produced 
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but less abundantly (Kaplan, 1980a). It has previously been remarked upon 
(Kaplan, 1980b) that some archceological glass has survived for 3500 years 
with only minor degradation. This is despite the high alkali content of these 
glasses and the aggressive environments they have endured, all of which 
could be expected to decrease their life spans. In contrast, the repository 
environment may be considered much less hostile. Kaplan (1980b) have 
identified five decomposition processes in archceological glasses: 

(a) Crizzling; the formation of a network of small cracks over the artefact's 
surface (Figure 4.4). 

(b) Weeping; the 'sweating' of water droplets when excavated glasses ini
tially come in contact with the air. 

(c) Pitting; formation of pits and scars on the surface filled with weather
ing products, which result from abrasion or chemical dissolution. 

(d) Layering; development of a filmy iridescent surface formed from mul
tiple layers of mica-like minerals. 

(e) Crusting; development of amorphous residues by leaching of the glass. 

Some of these decomposition processes such as 'crusting,' are similar to 
those that occur in natural basaltic glasses. However, some of the other 
decOlnposition processes seen in archceological glasses have not been identi
fied in natural glasses, e.g. crizzling. This may be significant as it may be 
that the processes by which archceological glasses degrade (and, therefore, 
the rate at which they degrade) are more representative of the behaviour 
of borosilicate glasses in the repository than those exhibited by basaltic 
glasses. Some research (Brill, 1975; Ryan et aI., 1993) suggests that criz
zling occurs when glass is exposed to a humid atmosphere. An ion-exchange 
reaction takes place between alkali ions in the glass and H+ or H30+ ions 
from atmospheric water. This replacement results in the surface of the glass 
being placed under tensile stress and in the formation of a network of mi
crocracks in the surface layers. Crizzling is exacerbated if a glass artefact 
is brought from a humid environment to a dry one, which suggests that it 
may be a problem in the proposed Yucca Mountain repository in the USA, 
where the unsaturated host rock may cause high atmospheric humidity to 
build up due to drip waters in the disposal cavities. Crizzling would increase 
the surface area of glass available for leaching. In the saturated repository 
concepts considered in this review, crizzling is unlikely to be a problem. 
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Figure 4.4: Top: An example of extensive crizzling on a Venetian goblet from the col
lection at the Victoria and Albert Museum in London. Bottom: SEM photomicrograph 
of the surface of the same goblet, a small section of the outer layer is spalling away 
(x350) . (Photographs courtesy of Dr. David McPhail, University College London) 
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4.1.2 Conclusions 

The important conclusions from natural analogue studies of glasses are: 

• Differences in the chemistry of natural glasses and borosilicate glasses may 
reduce the significance of any data collected on natural glasses. It is strongly 
recommended that this be considered further before more natural analogue 
studies are carried out. 

• An important process is the direct incorporation of radionuclides into the 
glass alteration phases, as these phases then limit radionuclide solubility. 
Few natural analogue studies have really examined the alteration products 
of glass formed under repository-relevant chemical conditions. 

• The initial alteration products from glass decomposition (amorphous palag
onite) may have some potential for retarding radionuclide release. In the 
later stages of dissolution a more crystalline cement is formed that may 
include zeolites. The potential retardation capacity of this cement is likely 
to be much higher than for the initial amorphous alteration products. How
ever, compared to the retention of radionuclides directly incorporated into 
the alteration phases, sorption onto their surfaces may be less important. 

• Natural glasses suggest that the rate of devitrification is too slow for this 
process to be significant in the repository environment. The effect of radi
ation on devitrification has not, however, been assessed in these studies. 

• Examination of archceological glasses suggests that they may decOlnpose by 
processes that are different to those which occur in natural glasses. This 
is potentially an issue of concern in unsaturated repository concepts (e.g. 
Yucca Mountain), but not in the saturated concepts with which this review 
is concerned. 
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4.2 Spent fuel 

Spent fuel (Figure 4.5) from light water reactors is typically> 95 % U02 , although 
spent fuel is notoriously non-stoichiometric. This oxide is specifically chosen 
for the fuel owing to its stability at high temperatures. An excellent natural 
analogue for spent fuel is the naturally occurring uranium mineral uraninite and, 
to a lesser extent, pitchblende. These natural minerals are nominally U0 2 ores 
but in reality are probably a mixture of UO(2.00-2.07) and UO(2.23-2.25) (Johnson 
& Shoesmith, 1988). Pitchblende refers to the fine grained, poorly crystalline 
variety. Crystallographically, spent fuel and uraninite are identical; both are 
cu bic, having the same structure as fluorite. 

Whilst there are obvious chemical and structural reasons for using uraninite as a 
natural analogue for spent fuel, it must be borne in mind that there are also im
portant differences between the two phases. Most importantly, spent fuel consists 
of U02 with 'impurities' of fission products, actinides and actinide daughters. The 
concentration of such elements will be much higher in spent fuel than in urani
nite. Uraninite is likely to contain a higher proportion of other, non-radiogenic, 
impurities. In addition, the thermal history of spent fuel is unlike that of natural 
minerals. This thermal history, particularly the high thermal gradient present 
across the fuel in the reactor, may cause the spent fuel to exhibit lattice and 
crystallisation structures not evident in uraninite, although the high tempera
tures may rapidly anneal any such defects. Other lattice defects may form in 
spent fuel as a result of more extensive radiation damage. In turn, these lattice 
defects may influence the reactivity of the phase by, for instance, increasing re
active surface areas due to thermal expansion cracks. Such phenomena will be 
specific to each fuel and controlled by its history in the reactor. It is important, 
therefore, for the fuel to be well-characterised and for these characteristics to be 
borne in mind when interpreting uraninite natural analogue information. 

4.2.1 Natural analogue studies on spent fuel 

At the time Chapman et al. (1984) completed their review, comparatively few 
natural analogue studies had considered spent fuel, and most were concerned 
with Oklo. Chapman et al. (1984) reached the following conclusion: 

• Oklo appears to be the ideal natural analogue to study the process of 
spent fuel dissolution. More useful information could be obtained from a 
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Figure 4.5: Top: Nuclear reactor fuel pellets. One pellet produces the same 
energy as 800 litres of oil; about five pellets are needed to supply the average 
house for one year. Bottom: The pellets are encased in fuel rods which are 
bundled together to form fuel assemblies. The photograph shows the fabrication 
of one fuel assembly. Once the fuel has been spent, the entire assembly is placed 
in canisters for disposal in the spent fuel repository. 
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microscopic examination of the inter-crystalline phases which had con
tained actinides and fission products. This could help with building models 
to explain leaching. 

Since 1984, a number of other natural analogue studies have considered spent 
fuel. The following discussion examines how these natural analogue studies have 
addressed the important issues: 

1. Dissolution and radionuclide release frOlll U0 2 • 

It is clear that the stability of spent fuel is critical if it is to retain radionu
clides in the repository environment. In an attempt to quantify the stability 
of uranium dioxide and its dissolution rate, many laboratory experiments 
have exposed spent fuel or non-irradiated U02 to a wide range of solutions 
with different pH, Eh, temperature and electrolyte concentration, only a 
few of which may be considered similar to natural groundwaters (Figure 
4.6). All these experiments reveal one fact; that U02 dissolution is slow 
under any conditions similar to those expected in a repository. The results 
from these experiments are of limited value since they are often performed 
on powdered U02 or sintered pellets in an attempt to accelerate the dis
solution process to a measurable rate. These laboratory experiments have, 
however, produced one basic, clear piece of qualitative information: U02 

dissolution is faster under oxidising than reducing conditions (Johnson & 
Shoesmith, 1988). Dissolution of uranium oxide does not become signifi
cant until it is oxidised beyond the U3 0 7 state (Johnson & Shoesmith, op. 
cit.); higher oxidation states are more readily dissolved by groundwaters. 
This has relevance since, although a spent fuel repository will be sited where 
groundwaters are reducing, radiolytic oxidant production may cause locally 
oxidising near-field conditions, enhancing the dissolution rate of the spent 
fuel. Radiolysis is discussed in more detail in Section 5.4. 

Grandstaff (1976) studied the dissolution of uraninites under oxidising con
ditions and found that the dissolution rate was diminished by the presence 
of thorium, lead and REE impurities in the uraninite. This observation is 
supported by later work by Finch & Ewing (1992). It is important because 
spent fuel has a lower content of these impurities than uraninite (less than 5 
wt. % compared to up to 20 wt. %) and, on the basis of this study, might be 
considered to dissolve more rapidly. Also, Grandstaff (op. cit.) discovered 
no relationship between the age of uraninite and its dissolution rate. This 
is encouraging, because it indicates that the cubic structure is resistant to 
radiation-induced damage to the crystalline lattice, which otherwise may 
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be expected to promote dissolution. Again, care must be taken in extrapo
lating this result to spent fuel due to the dissimilarity in the fission product 
content. 

In a qualitative manner, the existence of natural uraninite hundreds of 
millions of years old attests to the possibility of slow dissolution kinetics 
in the geological environment. Some early natural analogue-related studies 
of spent fuel stability using uranium decay series techniques were carried 
out by Smellie & Rosholt (1984) on uranium mineralised fractures (mostly 
uraninite) from northern Sweden. 

1.2 ·-N 
~ -~ ----.8 ~ ---
8 --

No- autunite --
> 

.4 
w 
:r: 
(fj 

en ° ---- U02 > ---.J::. --w -.4 ---- U30 7 ------.8 

-1.2 
4 8 

pH 

Figure 4.6: Stability (Eh-pH) diagram for uranium species as defined in lab
oratory experiments using synthetic groundwater at I50 aC. The solid solution 
boundaries are drawn at [U] = 10-9 mol/kg. (From Finch f3 Ewing, 1990) 
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The overall conclusion reached was that, even though rock-water interac
tion processes characterised the majority of the fracture samples collected 
from depths ranging from 55 to 130 m, the physico-chemical environment 
was, and probably still is, non-oxidative; this is evidenced by the uraninite 
which has remained texturally stable for most, if not all, of its 1750 mil
lion years of existence, including the last 500 000 years when it has been 
closest to the Earth's surface. Two additional important natural analogue 
studies on uranium deposits are at Cigar Lake, Canada and Oklo, Gabon. 
These studies are contrasting because the former deposit is located in a sat
urated, reducing environment, whilst parts of the latter (e.g. reactor zones 
1 and 2) are currently in an oxidising environment and only some of the 
more recently evaluated zones outside the main Oklo deposit are presently 
in a saturated environment. Nonetheless, the evidence from both Cigar 
Lake and Oklo indicates that dissolution and radionuclide leaching rates of 
uraninite are extremely low. 

At Cigar Lake (described in Appendix A.3), there is no clear manifestation 
of the uranium in the shallow groundwaters, surface waters or sediments 
in the region, indicating that the uranium has not migrated significantly 
from the ore body. This is even though higher uranium concentrations 
(10-8 mol/0 have been measured in groundwaters at the centre of the ore 
deposit which has a U02 content of 55 % (Cramer & Sargent, 1986). The 
uraninite at Cigar Lake has evidently suffered dissolution, lead loss and 
partial alteration to form coffinite; all these processes are believed to have 
occurred under reducing conditions, as witnessed by the presence of sul
phides. The U-Pb isotopic ages indicate that several isotopic fractionation 
events have occurred. Despite this long history of ore-groundwater inter
action, secondary uranium mineralisation has been limited, and restricted 
to migration along fractures. However, these processes are likely to have 
occurred under hydrothermal conditions and, as such, are not relevant to 
the repository environment. 

The Cigar Lake uranium deposit (described in Appendix A.3), where the 
massive ore body appears to be stable under present lithological and hy
drogeochemical conditions, has provided a good opportunity to study the 
critical factors affecting the long-term stability of the ore as an analogue to 
spent fuel under repository conditions. Furthermore, the present paradigrTIs 
used in current models for spent fuel dissolution have been tested (Bruno 
& Casas, 1992). 

Comparison of the observed and calculated uranium concentrations sug
gests that the main uranium solubility limiting phase in the ore is U3 0 7 . 



95 

This is supported by studies of the uranium ore mineralogy which indicate 
stoichiometries in the range U40 9 to U30 7 (Janeczek & Ewing, 1992). 

It is well established that the redox state of the groundwater largely deter
mines the stability of uranium ores. Bruno & Casas (op. cit.) have found 
good agreement between measured and calculated (based on pyrite/siderite 
stabilities) redox potentials for the Cigar Lake deposit. Their study con
cludes that oxidative dissolution of uraninite does not occur, even where 
relatively high redox potentials (100-200 m V) have been measured. Inte
grating mineralogical and geochemical information indicates that the ox
idative dissolution threshold of uraninite in the ore zone occurs at redox 
potentials exceeding 200 mY. Comparison with similar data from Po<.;os de 
Caldas (described in Appendix A.2) indicates potentials greater than 300 
mY. 

Currently, the laboratory evidence for spent fuel stability indicates that the 
dissolution of the waste matrix (U02 ) is controlled by the low solubility of 
U02 under reducing conditions. Based on laboratory studies, a threshold 
value of around Eh = 120 m V has been set for the switch between reduc
tive and oxidative dissolution of U02 (Shoesmith & Sunder, 1991). This 
is a conservative value when compared with Eh ~ 200 m V derived from 
pyrite/siderite stability calculations at Cigar Lake. However, the fact that 
the localised oxidative effects appear to be small, as shown from mineralog
ical and geochemical evidence, indicates that this 200 m V redox threshold 
value has not been exceeded at Cigar Lake. This would suggest either that 
radiolysis is not occurring, or is proceeding only at a very slow rate. Theo
retical radiolysis models predict that the Cigar Lake ore should have been 
totally oxidised after 18 to 170 million years. As it has not, and if it is 
assumed that radiolysis is occurring (Christensen et al., 1992b), then the 
modelled predictions suggest that the chosen redox threshold value is unre
alistically low. Thus, the analogue evidence suggests that a higher oxidative 
dissolution threshold would allow more realistic treatment of the radiolytic 
effects on the stability of spent fuel. 

The Oklo natural analogue study (described in Appendix A.l) is potentially 
important due to the uranium deposit's unique geological evolution, during 
which it went critical as a result of exceptionally high concentrations of 
235U. The uranium ore is principally uraninite with some pitchblende and 
coffinite. It should be emphasised that the Oklo uranium deposit is not 
a complete natural analogue for either a high-level waste or a spent fuel 
repository. For example, some sections of the ore are currently exposed at 
the surface and are, therefore, experiencing oxidising conditions. However, 
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recent investigations have focussed on reactor zones 10, 13 and 16 which 
are currently reducing. 

At Oklo, the exact conditions during criticality are debatable but tempera
tures may have reached up to 600°C with pressures between 800 to 1000 bar, 
corresponding to a depth of a few kilometres (for discussion, see Brookins, 
1990). These high temperatures caused aqueous fluids to be convectively 
circulated through the reactor zones, and the situation was exacerbated 
by the high permeability of the sandstone. These conditions are clearly 
unrepresentative of a repository near-field. However, other aspects of the 
Oklo uranium deposit are analogous to sub-systems in a repository. The 
reactors contain very high grade ore (up to 70 % uranium oxides) and these 
are surrounded by concentric zones of argillaceous rock which may be par
tially analogous to the clay buffer around spent fuel. Unlike Cigar Lake 
and the other uranium deposits, Oklo uraninite contains significant quan
tities of fission products (or their stable daughters), directly equivalent to 
those present in spent fuel. Of particular note was the inferred presence of 
radiogenic plutonium at Oklo (recognised from daughter products); this el
ement is present barely above detection limits in all other natural systems. 
Nonetheless, the analogy between spent fuel and Oklo uraninite is limited 
because: 

( a) Oklo uraninite contains lower concentrations of fission products than 
those in spent fuel. 

(b) Maximum temperatures at Oklo (400 to 600°C) were somewhat lower 
than those in a reactor, the power density was considerably lower, and 
the duration of criticality was very much longer. Consequently, the 
fission products in the Oklo uraninite will not have been fractionated 
to the same extent as in spent fuel, giving rise in the latter to the 
important 'gap' and 'grain-boundary' inventories. 

Much has been written on the fate of radionuclides in the Oklo uranium 
deposit (for example: Gancarz et at., 1980; Curtis et at., 1983; Curtis, 1985; 
Jakubick & Church, 1986; Curtis et at., 1989; Loss et at., 1989; Brookins, 
1990). When the reactor zones were cooling after periods of criticality, some 
dissolution of the uraninite and elemental remobilisation occurred. How
ever, the limited extent of this remobilisation is indicated by the uranium 
'fuel', more than 90 % of which has remained in the same spatial con
figuration since criticality. In other words, uranium has been almost fully 
retained within the uraninite minerals. The transuranics neptunium, pluto
nium and americium were all formed in situ within the uraninite, and their 
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stable daughters have been retained due to their compatibility with the 
crystal chemical structure of their host. Other radiogenic elements, which 
are less compatible, have been partially or totally lost by diffusion from the 
uraninite. The elements rhenium, ruthenium, tellurium, niobium, zirco
nium and antimony were, however, totally retained within the clay matrix 
enclosing the reactors and, as a result, migrated only short distances. Data 
for other elements indicate clear deficiencies in the noble gases, halides and 
lead (possibly due to volatilisation) and suggest that some (usually minor) 
loss from the system has occurred for yet other elements. However, due to 
the weathered nature of the rocks of reactor zones 1 and 2, this is difficult 
to quantify. Further studies of reactor zones 10 and 13 may clarify these 
processes. 

It is important to note that, in cormnon with the Cigar Lake orebody, 
most of the uraninite alteration occurred under hydrothermal conditions. 
Little uraninite-groundwater interaction has been observed at present-day 
ambient temperatures. It is evident that the geological system at Oklo has 
retained and retarded radionuclides to a considerable extent, but that this 
retention was not total. This is clear, if qualified, support for the proposed 
safety of a repository; the evidence becomes even more impressive when 
the much larger timescales and the aggressive environmental conditions are 
considered. Even so, the loss of some radionuclides, particularly the large 
loss of lead, must be noted, even though lead itself is of no radiological 
significance. Brookins (1990) suggests that the lead loss was the result 
of volume diffusion subsequent to the reactor criticality and is a process 
common in all uranium ores. 

In summary, both laboratory and natural analogue investigations indicate 
that the kinetics of U02 dissolution, either as spent fuel or uraninite, is 
exceptionally slow. While dissolution rates have not been adequately quan
tified so far, the abundance of naturally occurring uraninite some 109 years 
old indicates its stability in the geological environment. Extrapolation of 
this apparent longevity to spent fuel in the repository environment should, 
however, be done cautiously, due to the unknown long-term effects of the 
high levels of radioactivity and unusual thermal history of spent fuel. 

2. Products of U0 2 dissolution. 
There is a large body of literature on laboratory investigations of the sur
face structure of spent fuel during dissolution (for review, see Johnson & 
Shoesmith, 1988). During these laboratory experiments it has been no
ticed that U0 2 dissolution is accompanied by the formation of secondary 
phases on the fuel surface and that these corrosion products can passivate 
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further dissolution. However, little attention has been given to the nature 
of these surface phases, partly due to the problems of performing detailed 
analyses on highly radioactive material, but due more to the amorphous 
nature of products formed under relevant temperature conditions in labo
ratory timescale experiments. Natural analogue studies provide an obvious 
alternative to these types of experiment. There is a large number of sites 
where uraninite accumulations occur and where long timescale U02 disso
lution products and processes can be studied. However, natural analogue 
studies need to contend with the problems associated with the differences 
in chemistry and structure between spent fuel and uraninite noted earlier. 

A comprehensive investigation of the corrosion products of uraninite was 
undertaken by Finch & Ewing (1989) who studied material from the Shinkol
obwe orebody in Zaire. The Shinkolobwe deposit weathers under oxidising 
conditions in a monsoonal-type environment where rainfall is above 1000 
mIn a year. As cautioned in the previous chapter, the limitations of ob
serving processes active in this type of hydrochemical environment must 
constantly be borne in mind. At Shinkolobwe, the uraninite is coarsely 
crystalline and lacks many of the impurities (e.g. thorium and REEs) 
found in other uranium deposits (Figure 4.7). This lack of impurities led 
Finch & Ewing (op. cit.) to suggest that the thermodynamic stability of 
the Shinkolobwe uraninite may closely approximate spent fuel. Over 50 
secondary uranyl phases were identified from the alteration of uraninite 
at this site. However, the conditions at Shinkolobwe are very different to 
the reducing environment expected in a repository near-field. As such, 
the Shinkolobwe natural analogue is only relevant in the unlikely event of 
oxidising conditions persisting in the near-field. In an expansion of the 
Shinkolobwe study, Finch & Ewing (1991) have listed the most important 
uranium deposits around the world and also provided a comprehensive cat
alogue of the uranyl minerals that have been identified at each locality. 
The extent to which this information can be of direct use in performance 
assessment is yet to be established. 

3. Mixed oxide fuel. 
During reprocessing of standard U0 2 reactor fuel, significant amounts of 
plutonium are removed and are stored for future use. Mixed oxide fuel 
(MOX) can be formed by combining PU02 and U02 in which, typically, 
some 5 % of the MOX fuel is PU02' In 1989, MOX fuel was being used in six 
fast reactors and thirteen thermal reactors in OEeD countries (NEA, 1989), 
and its use has increased since. Once used, it is possible that MOX fuel will 
not be reprocessed but will be surface-stored prior to geological disposal as 
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Figure 4.7: SEM photomicrographs of uranyl minerals formed by the alter
ation of uraninite from the Shinkolobwe site. A: Euhedra.l becquerelite a.n d fine
grained rutherfordine (marked by arrows). B: Becquerelite being rpplacecl by 
uranophane (U). C: Fourmarierite (F) replaced by lea.d- uranyl oxide hydrates 
(V). D: Rutherfordine (R), uranophane (U) and becqnerelite (B). (Prom Finch 

8 Ewing, 1989) 
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spent MOX fuel. Little information is available regarding disposal concepts 
for spent MOX fuel, but it is likely that it will be treated in a very similar 
manner to other spent fuel. 

Due to the different chemistries of plutonium and uranium, the behaviour 
of the PU02 component of MOX fuel may be expected to differ from the 
U02 component in the repository environment. Plutonium exists naturally 
in only very low concentrations of two main isotopes; as the last remaining 
traces of the long-lived, primordial 244pU and as shorter-lived 239pU from 
neutron capture by naturally occurring 238U. Small quantities of both iso
topes of plutonium can be found in uranium minerals as a result of these 
two processes (Katz et al., 1986). It seems extremely improbable that a 
suitable natural analogue of MOX fuel can be found with minerals with 
sufficiently high concentrations of plutonium: Oklo uraninite would be the 
most likely suitable candidate. No known natural analogue studies have 
specifically addressed the issue of MOX fuel. 

4.2.2 Conclusions 

The important conclusions from natural analogue studies of spent fuel are: 

• The rate of dissolution of uraninite under repository-relevant geological 
conditions is extremely slow, i.e. when temperatures and groundwater 
fluxes are low, and when oxidation does not progress beyond U30 7 . It 
seems probable that spent fuel will exhibit similar longevity, although there 
are unquantified uncertainties regarding the long-term effects of the higher 
levels of radioactivity and unusual thermal history . 

• Dissolution of spent fuel in laboratory experiments indicates that a passi
vating layer of uranyl phases may form on the spent fuel surface. Under
standing corrosion behaviour and the nature and reactivity of the corrosion 
products is important for modelling purposes and natural analogue studies 
have contributed to the testing of different types of model for spent fuel cor
rosion (e.g. leaching versus oxidative corrosion). Dissolution experiments 
on spent fuel are not easily performed in the laboratory due to the time 
scales and problems of working with radioactive materials. Natural ana
logue studies of uraninite corrosion when subjected to conditions similar to 
those expected in a repository would be a useful aid to such experiments. 
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• Spent mixed oxide fuel (MOX) may be disposed of in the same manner 
as ordinary spent fuel. The dissolution behaviour of MOX is not well 
established and no natural analogue studies have been performed which 
specifically address this issue. 
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4.3 Metals 

The corrosion of metals is a complex process which may involve several coupled 
reactions. As corrosion progresses, a metallic compound may be formed on the 
metal surface, although copper may corrode under some conditions without the 
formation of any compound at the surface. This layer of corrosion product may 
limit the flow of metal ions to solution, thus slowing the corrosion rate. This 
property is called passivity, and is exhibited by most proposed container metals 
(van Orden, 1989). The formation of this passive film may slow down further 
corrosion. When the passive layer is disrupted, or suffers chemical breakdown, 
then localised codosion may occur. This process is known as pitting and is 
particularly important for disposal canisters because any small perforation may 
allow significant radionuclide release, even if the canister maintains its mechan
ical integrity. In most early performance assessments (e.g. KBS-3 and Project 
Gewahr), the canister is attributed no isolation capacity once perforation has 
occurred, although this is clearly a conservative assumption and more realistic 
treatment has been adopted in some recent studies (such as SKB-91). Localised 
corrosion may also occur as a result of stress cracking, particularly at welds. 

Another form of corrosion that might be important for the performance of the 
canisters is microbiologically induced corrosion. Microorganisms may be involved 
in corrosion in a number of ways. They can produce a corrosive acid as a byprod
uct of their metabolic cycle, they may enhance the electron transfers involved 
in the electrochemical reactions (Iverson, 1987), or they may be able to ionize 
the metal surface itself (Miller, 1981). There are microorganisms that can attack 
most metals and, in the case of steel, microorganisms have been found particu
larly to attack weldments (Dexter, 1986). 

Due to the obvious requirement for the the metal canister to resist corrosion, nu
merous laboratory studies have investigated the corrosion rates and mechanisms 
of many metals and alloys (e.g. Simpson 1983, 1984, 1989; Simpson & Vallotton, 
1986; Beavers & Durr, 1991). Whilst these experiments may provide useful indi
cations of the relative durability of the metals, few are conducted in conditions 
that adequately simulate those expected in a repository. However, this is less 
of a problem than the known time-dependence of corrosion reactions. Gener
ally reaction rates decrease with time but, in some cases, acceleration is possible 
after a long initiation time. It follows that there is a need to perform natural 
analogue studies on metals from environments similar to that in a repository, in 
order to obtain data that may be used to calculate directly the expected canister 
life-times. 
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Copper is one of the few metals found in its native state in the geological envi
ronment. Native copper deposits are widespread, with the largest known deposit 
being on the Keweenaw Peninsula, Michigan, which has been studied as a natu
ral analogue of copper longevity (Crissman & Jacobs, 1982). Nuggets of native 
copper with only thin oxide layers have frequently been found in glacial outwash 
plains in Canada. Native copper is very pure, often in excess of 99.9 wt.% Cu. 
lt has been used to make tools and weapons since 6000 B.C. and technology for 
smelting and casting was developed around 3000 B.C. 

Steel is a relatively recent technological alloy and, apart from historical analogues, 
natural analogue information is limited to studies of geological or archceological 
occurrences of iron. Natural occurrences of iron are, in fact, rare and usually are 
alloyed with small amounts of nickel. Native iron can form on the Earth by only 
two processes; firstly from cooling of an iron-rich magma (probably sediment 
contaminated) and, secondly, from serpentinisation (hydrothermal alteration) of 
ultrabasic rocks (for discussion, see Hellmuth, 1991a). The first process only oc
curs very rarely because the necessary conditions for formation are both complex 
and unusual; they are roughly similar to those that take place during technical 
iron smelting. Only two large occurrences of iron formed by this process are 
known; at Disko Island, Greenland (Ulff-Moller, 1990) and at Biihl, Germany 
(Hellmuth, 1991 b). Native iron formed by serpentinisation is more common but, 
as it is usually very finely grained and disseminated in the rock mass, is often 
overlooked. However, iron accumulations do occasionally occur by this process 
and most of the famous ore bodies are of this type, e.g. the Muskox intrusion, 
Canada. 

A number of corrosion studies of copper, steel and iron archceological artefacts 
have been performed. This type of investigation is dangerously prone to bias if 
samples fronl museums are examined, because museums will (naturally) tend to 
house the best preserved artefacts. Corrosion rates based solely on archceological 
material could, thus, be dangerously non-conservative. This sample bias problem 
is likely to be less important if artefacts are collected in situ, rather than from 
a museum, for then it would be possible to see artefacts in all possible corrosion 
states for that environment. Corrosion studies based on archceological artefacts 
must be considered carefully to determine if this type of bias may occur or not. 
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4.3.1 Natural analogue studies on copper 

Most of the natural and archceological analogue studies on copper performed up 
until 1984 were concerned with determining the metal's longevity. After reviewing 
these studies, the conclusions reached by Chapman et al. (1984) were: 

• Native copper masses indicate considerable longevity and suggest that a 10 
cm thick canister would remain intact for more than one million years, even 
under near-surface oxidising conditions. 

• Information from archceological artefacts from a wide range of environments 
indicates a shorter canister lifetime (80 000 to 400 000 years) than that 
indicated by native copper. However, the pitting factor of 25 used in the 
KBS-3 performance assessment appears conservative. A factor of 3 (i. e. 
much lower) is suggested from the archceological artefacts. 

• Further examination of archceological artefacts is merited by the good agree
ment between measured corrosion rates from archceological artefacts. New 
studies should concentrate on artefacts exposed to reducing groundwaters 
that are more representative of the repository environment. 

The discussion below examines how natural analogue studies on copper materials 
have addressed the issues that are most important for repository safety. 

1. The durability and longevity of copper. 
It is often said that the existence of native copper attests to its noble chem
ical behaviour and stability. This, however, is only partially true since, as 
Apted (1992) points out, copper does not form massive occurrences as a 
primary phase, but instead occurs as a trace element distributed in silicate 
and sulphide phases. The major copper occurrences form as a consequence 
of the large-scale release and migration of huge volumes of copper from 
host basalts during hydrothermal alteration. In other words, copper de
posits such as that at the Keweenaw Peninsula indicate that copper can be 
extremely reactive and mobile in the geosphere under hydrothermal condi
tions (Jacobs, 1984). Apted (op. cit.) argues that the real natural analogue 
importance of copper deposits, such as at the Keweenaw Peninsula, is that 
they confirm that the reactivity and mobility of copper in natural systems 
(and, by analogy, repository systems) can be predicted using standard geo
chemical principles and thermodynamic data. 
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One investigation of copper in a more repository relevant environment is 
that of Marcos (1989) in which many copper deposits were examined from a 
range of different geological associations, as natural analogues to the copper 
enveloped, cold-process canisters planned to be used in the Finnish spent 
fuel repository concept (TVO, 1985). Marcos (op. cit.) shows that copper 
is stable, and has remained stable, under a broad range of hydrogeochemical 
environments, but none of these were totally representative of the repository 
environment. 

A number of attempts have been made to determine more quantitatively 
the corrosion rate of copper. One early investigation of copper durability 
was performed by Tylecote (1977) who studied many archceological arte
facts made of copper, together with some made of lead, tin and tin-bronzes. 
This report is, in the main, qualitative with the discussion centering on the 
different sources of ore and methods of smelting and how these differences 
affected the durability of the artefacts and contributed to their survival. 
Nonetheless, the report directly considered the suitability of the different 
metals for encapsulating radioactive wastes, albeit for disposal at sea. Tyle
cote (op. cit.) concluded that copper or copper alloys were by far the most 
suitable material, having shown the greatest resistance to corrosion of all 
the materials examined. 

In another early but comprehensive investigation, Johnson & Francis (1980) 
examined 34 archceological artefacts composed of copper or alloys of copper. 
This study is more quantitative than that of Tylecote (op. cit.) for an 
attempt was made to calculate the corrosion rate directly from the age of 
the artefact. This approach is useful because the artefact can often be 
dated very accurately. However, the relevance of this type of archceological 
analogue is limited due to often dissimilar copper compositions when alloyed 
and environmental conditions (commonly oxidising and acidic) unlike those 
in a repository, further compounded by uncertainty regarding the constancy 
of those conditions during the artefact's burial. The problem of sample 
bias towards better preserved samples may have occurred in the Johnson & 
Francis (op. cit) study. Nonetheless, this study revealed a range of copper 
corrosion rates of 0.025 to l.27 pm/year (Figure 4.8) which, due to the 
harsh environmental conditions, may be considered an upper limit to that 
expected in a repository. 

The problem of biased sampling due to rapid corrosion of artefacts located 
in aggressive conditions has been investigated by Tylecote (1979). The 
object of this study was to relate the corrosion of copper and tin-bronzes 
to the chemical condition of the soils in which they were buried. 
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CORROSION RATE {J.I.m / 1000 YR) 

Figure 4.8: Corrosion rate data for 33 archceological artefacts composed of 
copper or copper alloys. The range of corrosion rates is from 0.025 to 1.27 
pm/year, with an average of around 0.3 pm/year. (After Johnson CJ Francis, 
1980) 
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Artefacts from a total of 53 sites were examined, and for each location the 
soil pH together with the content of organic matter, CO2 , P 2 0 5 and S03 was 
given. Each artefact was examined in detail and its composition and state 
of corrosion assessed. It was concluded that the most corrosion-resistant 
metals were the tin-bronzes, but in no case was corrosion excessive. In a 
'typical', mildly alkaline soil, corrosion was not found to exceed 0.45 mm 
in the roughly 2000 years since burial. This translates to an average corro
sion rate of 0.225 pm/year, which is similar to that calculated by Johnson 
& Francis (op. cit.). Whilst this agreement is very encouraging, it must 
be borne in mind that the composition of the archceological artefacts is 
dissimilar to modern copper, and the environments in which the artefacts 
were found were generally oxidising whilst a repository is reducing. Fur
thermore, the artefacts would have been manufactured by cold-wrought 
processes whereas a copper canister would be fabricated using some form 
of heat treatment; this may affect the corrosion rates. It seems likely that 
archceologists have acquired much more data on corrosion rates and pro
cesses that could be very useful in further bounding the expected lifetimes of 
copper canisters, particularly for samples from reducing environments. This 
information would have been acquired without any thought for radioactive 
waste disposal. For example, there are numerous papers published on cop
per corrosion, but written from the point of view of preserving artefacts; 
e.g. a paper about 4th and 6th Century bronze statues of Artemis and 
A polIo (Varoufakis & Stathis, 1971). It is thought that a thorough li tera
ture search, specifically for artefacts discovered in reducing environments, 
may be extremely informative. 

Pitting factors in copper were determined by Bresle et al. (1983) for use in 
the KBS-3 performance assessment. The copper and copper alloy material 
used in this study included archceological artefacts (Figure 4.9); Roman 
coins and vases, objects from the Swedish Bronze Age, 17th Century coins 
and one lump of native copper. The objects were all of different age, came 
from a wide range of environments and had differing compositions, but all 
(excluding the native metal) indicated pitting factors (the ratio between 
pit depths and mean corrosion rate) of less than 3; the native metal had a 
pitting factor of 2 to 6. This clearly suggests that the pitting factor of 25 
used in KBS-3 is conservative. The report by Bresle et al. (op. cit.) also 
includes a short bibliography detailing some papers and reports concerned 
with the mechanisms of metal corrosion; however, this bibliography is now 
quite dated. 
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A widely quoted study of copper corrosion is that of the cannon recovered 
from the wreck of the Swedish man-of-war 'Kronan' (described in Appendix 
A.13). The cannon had remained partly buried in a vertical position, muzzle 
down, in clay sediments since the ship sank (Neretnieks, 1986b; Hallberg 
et al., 1987). This is analogous to the copper canisters used in the KBS- 3 
spent fuel repository design in that the cannon had a high copper content 
and the clay, composed partly of montmorillonite, was tightly packed and 
water- saturated. Initially, this analogy may not seem ideal as seawater 
has a different composition to deep non-saline ground waters or to near
fiel~. porewaters. However, recent studies at the Hard Rock Laboratory 
at Aspo demonstrate that granite groundwaters may, in fact, be highly 
saline. In addition, the temperature of the cannon system will be lower 
than temperatures in a spent fuel or high-level waste repository near-field. 

Figure 4.9: Corrosion pits seen in an SEM photomicrograph of a copper alloy 
razor from the Bronze Age. Magnification x 300. (From Bresle et al., 1983) 
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The sediment pore waters around the Kronan cannon had neutral pH with 
variable Eh; pore waters nearest the top of the sediments were more strongly 
oxidising due to ingress of seawater. The change in redox potential with 
depth was evident from a change in sediment colour from brown in the top 
10 cm to grey at depth. Identified corrosion products (Figure 4.10) include 
CU20 and Fe304, which confirm a generally oxidising environment. A corro
sion rate of 0.15 {lm/year was calculated, and was constant over the bronze 
surface. However, inclusions of CuO slag in the bronze have weathered more 
rapidly. Hallberg (op. cit.) concluded that oxygen may be disregarded as 
the principal oxidising agent because the corrosion products were the same 
all over the cannon surface. In other words, there is no change in oxidation 
product with change in redox potential due to limited seawater penetra
tion at depth. That the cannon has suffered only minor corrosion increases 
confidence in the suitability of copper as a canister material. Indeed, the 
corrosion of a copper disposal canister should be slower than that of the 
cannon due to the less harsh repository environment (reducing rather than 
oxidising) and higher quality copper production (no inclusions). 

2. Nature and reactivity of corrosion products. 
When a copper canister corrodes in a repository, the canister will become 
coated with reaction products. The nature and chemical reactivity of these 
corrosion products should be known so that their influence, if any, on the 
release and transport of radionuclides can be assessed. None of the natural 
analogues discussed so far is relevant to this issue because the geochemical 
environments are so dissimilar; even in the case of the Kronan cannon, the 
environment was generally oxidising. If copper artefacts could be found in 
the vicinity of reducing, neutral to slightly alkaline groundwaters, then some 
meaningful investigations might be performed. Unfortunately, no such sites 
are known as yet. It seems probable that investigation of this issue is most 
efficiently performed in the laboratory. 

4.3.2 Conclusions 

The important conclusions from natural analogue studies of copper are: 

• Although the occurrence of large masses of native copper points to its re
activity and mobility under certain (hydrothermal) geological conditions, 
study of these native copper deposits indicates that copper is stable under 
the conditions expected in a repository. 
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Figure 4.10: The main processes involved in the corrosion of the copper cannon 
from the man-of-war 'Kronan'. The corrosion products indicate a generally 

oxidising environment; the copper was oxidised predominantly to Cu2 0 while 
the CuO slag altered to a hydrated copper carbonate. (After Hallberg et ai., 

1987) 
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• The uniform corrosion rates of between about 0.03 and linn/year obtained 
from both native copper samples and arch<Bological artefacts suggest that 
the 10 cm thick copper canisters proposed in the KBS-3 repository should 
have lifetimes in the order of several hundreds of thousands to millions of 
years. This is in general agreement with the recent corrosion analysis of 
Werme et al. (1992) who attributed a service life of ~several million years' 
to the KBS-3 copper container, although highlighting the possible need 
for further studies on stress corrosion cracking and pitting under mildly 
oxidising conditions. The KBS-3 safety assessment assumed a lifetime of 
at least 100 000 years, and the SKB-9l assessment one of more than a 
million years; the SKB-9l assessment also assumes a limited number of 
earlier failures of containers. The natural analogue evidence appears to 
provide reasonable support for the assumptions made in both concepts. 

• Localised corrosion (pitting) has been identified in arch<Bological artefacts, 
with pitting factors of below 3. Similar studies of native metal indicate a 
pitting factor of 2 to 6. This implies that the pitting factors used in the 
KBS-3 study (5-25) are conservative (assuming no bias in the selection or 
survival of the artefacts studied), while the factor of 2 subsequently used 
in the SKB-9l assessment appears to be at the low end of likely values. 

• It is important to determine the nature and reactivity of copper corrosion 
products. However, laboratory investigations are, perhaps, the best way 
to approach this issue due to the lack of native copper or arch<Bological 
artefacts found in repository-relevant environments to date. 
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4.3.3 Natural analogue studies on iron and steel 

Most of the natural analogue studies on iron performed up to 1984 were concerned 
with the corrosion of a number of archceological artefacts (e.g. Johnson & Francis, 
1980) and some industrial artefacts (e.g. Dresselaers et al., 1983). Some interest 
was also shown in examining iron meteorites (Johnson & Francis, op. cit.). After 
reviewing these natural analogue studies on iron, Chapman et ai. (1984) reached 
the following conclusions: 

• Natural analogues of iron corrosion are rare. Meteorites appear to provide 
poor and ambiguous evidence for the corrosion behaviour of Ni-Fe alloys 
and are probably not worth studying further. Native iron deposits could 
provide useful corrosion data but have not been studied with this in mind. 

• Archceological analogues of iron corrosion provide consistent rate data from 
a wide range of environments. The most appropriate data indicate a total 
corrosion time for Nagra's container of at least 250 000 years, with possible 
mechanical failure after 50 000 years. 

The following discussion examines how natural analogue studies of iron and steel 
have addressed the issues most important for repository safety. 

1. The durability and longevity of iron and steel. 
The most comprehensive study is that of Johnson & Francis (1980) who 
examined a couple of iron meteorites and over forty archceological artefacts 
composed of iron or alloys of iron. The study of meteorite corrosion proved 
inconclusive due to problems associated with the varied and extreme condi
tions they had endured. Had this study resulted in a measurable corrosion 
rate, its meaning for repository safety would, in any case, be in doubt due 
to the grossly dissimilar composition of iron meteorites and the cast steel 
proposed for canister construction. Of more use is the uniform corrosion 
rate of between 0.1 and 10 /lm/year determined from the archceological 
artefacts (Figure 4.11). This uniformity is surprising, considering the var
ious environmental conditions from which the artefacts originated. Only 
two artefacts showed higher corrosion rates; these were cannon balls which 
had lain in highly corrosive, oxidising seawater. It must be noted, however, 
that these represent average corrosion rates and, as such, do not indicate 
the faster rate of localised corrosion (pitting). 

The corrosion rate gives a useful indication of the duration to total canis
ter corrosion (in the case of Nagra's high-level waste canister, at least 10000 
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Figure 4.11: Corrosion rate data for archceological artefacts composed of iron 

or iron alloys and iron meteorites. The corrosiOll rates for the archceological 

artefacts range from 0.1 to 10 /lm/year. The N agra base case corrosion rate 
for steel canisters from Project Gewahr is also shown for comparison. (After 
Johnson €:J Fr'ancis, 1980) 
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years) but it does not help to quantify the time to failure due to localised 
corrOSIon. 

It is clear that corrosion of iron and steel is greatly accelerated in oxidising 
conditions and, consequently, it is interesting to understand why the large 
native iron occurrences at Disko Island and Biihl have not suffered exten
sive oxidation. This issue has been addressed by Hellmuth (1991 b) who 
examined samples from both localities. 

The Biihl iron is enclosed in a basalt matrix which has been exposed to ox
idising groundwater for more than 1 million years. Groundwater advection 
cannot occur through the basalt as it is impermeable and, as a result, the 
corrosion of the iron has been limited to diffusive mass transport. Further
more, dissolved oxygen in the groundwater has been scavenged by the FeO 
in the basalt matrix, actively buffering the redox conditions. The high FeO 
content of the basalt has restricted the migration rate of the redox front 
into the rock to only a few centimetres every million years. Results from 
this investigation also suggest that the groundwater conditions (high pH 
and low Eh) ensure passivity of the iron. 

Interpretation of the geochemical results for samples from Disko Island is 
more ambiguous. The iron here is in the form of interconnected inclusions, 
which extend to the weathered surface. Generally, oxidation of the iron has 
occurred to a depth of a few millimetres only, despite surface exposure for 
103 to 104 years. The role of the permafrost in this region is difficult to 
assess but it may have helped to limit corrosion by restricting surface water 
access to the iron. 

The study of the Biihl and Disko Island irons has implications for predicting 
the performance of iron canisters under repository conditions. Hellmuth 
(op. cit.), based on the results of this study, proposes that olivine-bearing 
rock (rich in FeO) should be used as a redox-active backfill. Certainly, 
the availability of FeO in the basalt matrix of the Biihl iron has led to 
a corrosion rate far slower than that determined from the archceological 
artefacts. Many granites that may be considered to host a repository (e.g. 
Swiss granites) contain significant amounts of FeO which could provide a 
massive redox buffering capacity. 

An archceological analogue that exhibits a very similar low iron corrosion 
rate is that of a hoard of iron nails discovered at the most northerly Roman 
legionary fortress in the Roman Empire, at Inchtuthil, Scotland (Angus et 
al., 1962; Pitts & St. Joseph, 1985). At Inchtuthil (described in Appendix 
A.14), over a million nails were buried in a 5 m deep pit then covered with 
compacted earth in a successful attempt to hide the nails from Pictish tribes 
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when the fortress was abandoned in A.D. 87 (Figure 4.12). The fortress was 
excavated, and the nails unearthed, in the 1950s. The nails vary in length, 
from 6 to 40 cm, with smaller ones being most common. Although all 
the nails were composed of iron, they were heterogeneous in composition, 
with regions of high and low carbon content. The surfaces of all the nails 
exhibited some corrosion but the degree of corrosion was greatly controlled 
by the location in the hoard. The nails on the inside of the hoard show 
minimal corrosion (Figure 4.13), limited to the formation of a thin corroded 
layer whilst those on the outside of the hoard, and in particular those at the 
top, were corroded to such an extent that they formed a solid crust. This 
crust would presumably have had a low hydraulic permeability and this, 
combined with the oxygen consumption of the outer nails, ensured that 
anaerobic conditions were maintained at the centre of the hoard, regardless 
of its position in the flood plain of the river Tay. It was noticed that, on 
a few limited areas on some larger nails, appreciable localised corrosion 
(pitting) occurred. 

There is no information given as to the location in the hoard of the nails 
exhibiting pitting and no quantification of the pitting factor. It may be 
that the pitting corrosion is influenced by the iron composition. It has been 
noted that the larger nails have higher carbon contents (Angus et at., 1962), 
but without further investigation this must remain speculation. In conclu
sion, it is clear that the corrosion rate of the outer nails was fast in these 
oxidising conditions but that the excess of iron probably ensured a negli
gible corrosion rate at the centre of the hoard for almost 2000 years. This 
situation can be considered as an analogue for the iron canisters planned 
to be used in a number of disposal concepts, e.g. the Nagra high-level 
waste repository. The analogue is not complete because the conditions at 
Inchtuthil, being strongly oxidising with a high water flux, are much more 
aggressive in comparison to the reducing conditions (with a very low water 
flux) expected in a repository. Nonetheless, qualitatively it may be con
cluded from this analogue that, where large volumes of steel are present in 
a repository, much of the steel will be unaffected by corrosion for a duration 
in excess of that at Inchtuthil. More quantitative information would have 
been useful (e.g. the Eh, pH and chemistry of the ground (pore) water), but 
it should be remembered that the excavation was not performed as a natu
ral analogue study. However, it is illuminating to note that finds of Roman 
nails are quite common, so common in fact that archceologists rarely discuss 
them (Angus et al., 1962). It would be worthwhile for archceologists to be 
made aware of the potential importance of such finds and, if further large 
hoards are discovered, for them to be fully and quantitatively characterised 
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Figure 4.12: Artist's impression of the scene when nearly one million nails were 
buried at the Roman legionary fortress at Inchtuthil, Scotland. These nails were 
buried in A.D. 87 but when they were unearthed in the 1950s only those near 
the top and edges of the hoard were substantially corroded, the remainder had 
only a thin coating of rust on their surfaces. 
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Figure 4.13: Photograph of a nail from the central part of the hoard at Inch
tuthil. This photograph shows the excellent state of preservation, despite being 
buried in the soil for over 1 900 years. The nail is approximately 35 cm long. 
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as natural analogues. 

Iron will be present in the near-field of high-level waste repositories, where 
the pH will be alkaline (pH 8 or above) and in the near-field of low and 
intermediate-level waste repositories, where the pH will be hyperalkaline 
(initially 12 or more). The effect of hyperalkaline environments on iron 
corrosion and the solid corrosion products has been investigated in labo
ratory studies (for a review, see Grauer, 1988). It would appear that, in 
this environment, corrosion rates are negligible since the corrosion product, 
magnetite, is stable in alkaline solutions and passivates further corrosion. 
Few natural analogue studies have directly attempted to examine the cor
rosion products of iron in any environments; most of the emphasis is placed 
on determining the corrosion rate itself. 

2. Nature and reactivity of corrosion products. 
When a steel canister corrodes in a repository, the canister may become 
coated with solid reaction products and large volumes of hydrogen may be 
evolved. As an example, it was estimated in Project Gewahr (Nagra, 1985) 
that in the N agra low and intermediate-level waste repository, corrosion of 
steel canisters and reinforcing rods will cause the evolution of 8.2 x 107 

m3 (at STP) of hydrogen in the first 10 000 years. If such large volumes 
of gas are contained within the near-field by a buffer with low porosity 
and permeability, then structural damage to the engineered barriers and 
the rock itself may result. This issue of gas generation and migration is 
discussed in Section 5.8. 

The solid corrosion products of iron are also important for repository safety. 
These solid corrosion products may sorb radionuclides and act as redox 
buffers, with their exact nature and behaviour determined by the near
field environment. Regardless of repository type, initial iron corrosion will 
be aerobic as trapped oxygen in the near-field is consumed and iron oxy
hydroxides are formed. Aerobic corrosion will occur for a short time only; 
for the Nirex repository concept it has been estimated that this process 
will operate only for between 50 and 100 years (Atkinson et al., 1988b). 
Once all the free oxygen has been consumed, anaerobic corrosion will begin 
and magnetite may become the dominant solid phase corrosion product. 
Anaerobic corrosion is likely to proceed at a significantly slower rate than 
aerobic corrosion, even when catalysed by microbiological activity. 

There should be many locations where iron corrodes in reducing, mildly 
alkaline environments and the corrosion products could be examined. This 
situation would be analogous to the corrosion of iron in the high-level waste 
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repository, although care must be taken because it is unlikely that the com
position of the iron would be the same as the steel used in the repository. 
However, hyper alkaline environments containing corroding iron are less easy 
to find. One possible natural analogue could be the corrosion of reinforcing 
rods in old cement. If the cement was buried in muds (e.g. pier founda
tions) then conditions may be reducing and hyperalkaline. A more relevant 
natural analogue study could be carried out at the Maqarin site in Jordan 
(described in Appendix A.8), where iron nails and rails have been in contact 
with hyperalkaline waters for some tens of years (Alexander et al., 1992a). 
To date, no such work has been done on the samples due to lack of interest 
by the project funding bodies. 

An additional source of information on the reactivity of corrosion prod
ucts comes from uranium ore deposits which have been subject to oxidative 
weathering. Secondary iron oxyhydroxide alteration products of iron sul
phides and other ferrous iron minerals present in the host rocks have been 
demonstrated to strongly sorb a wide spectrum of trace elements mobilised 
in solution. In the ore body at Po~os de Calcias, trace elements have been 
deposited at the redox fronts by sorption onto amorphous iron oxyhydrox
ide phases, which, it is suggested, progressively release these elelnents as 
the mineral phases mature and become more crystalline. Similar behaviour 
is seen on a smaller scale in redox halos in sedimentary rocks (Hofmann, 
1990a; 1990b). However, this information is most pertinent to high-level 
waste repositories where oxidation of the near-field could take place by 
radiolysis, and this issue is discussed in more detail in Section 5.4 

4.3.4 Conclusions 

The important conclusions from natural analogue studies of iron and steel are: 

• Natural occurrences of iron are rare, which testifies to its generally reactive 
nature in the geological environment. The few large occurrences of native 
iron that do exist show remarkably low corrosion rates due to buffering 
of the redox conditions by FeO in the host material (ultrabasic igneous 
rock) and restricted water access by either low-permeability host material 
or extended permafrost conditions. 

• Examination of archceological artefacts indicates consistent corrosion rates 
that, when applied to the Nagra high-level waste canisters, indicate a life
time of 10 000 years or more. Little quantitative natural analogue informa-
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tion is available on localised corrosion (pitting) of iron or steel and, due to 
the importance of this issue, this situation should be rectified. A rare, but 
unquantified, reference to pitting of iron artefacts comes from the excava
tion of the Inchtuthil nails . 

• The reactivity of iron and steel corrosion products is a potentially very 
important factor in the performance of the near-field of some repositories. 
Most of the information on the sorptive properties of secondary iron min
erals comes from studies of redox fronts and concerns ferric oxyhydroxides. 
This is discussed in Section 5.5. More information on the development and 
reactivity of ferrous iron corrosion products formed under anaerobic condi
tions would be valuable. Investigation of the reinforcing rods in old concrete 
may provide a situation where steel corrosion products can be examined in 
a reducing, alkaline environment. 
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4.4 Bentonite 

Bentonite is the name given to naturally occurring deposits of ' clay' that comprise 
mixtures of the clay minerals montmorillonite and beidellite, both of which are 
members of the smectite group of clays. The smectites are 'swelling' clays; that is 
they show the abi lity to take up water or organic liquids between their structural 
layers, causing an increase in volume (Figure 4.14). This ability is most pro
nounced in the sodium- rich smectites. The smectites also have significant cation 
exchange properties and may act as a pH buffer. 

Figure 4 .14: Demonstration ofthe very high swelling capacity of compacted bentonite. 

Right: Perforated tube containing pellets of dry, compacted bentoni teo Left: The same 
tube and bentonite after immersion in water for 24 hours. This particular tube and 
bentonite construction is used for sealing boreholes, larger cut blocks of compacted 
bentonite will be used in the near- fields of high- level waste and spent fuel repositories. 

(From I<BS, 1983) 
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The first of these attributes has led to their incorporation into most high-level 
waste and spent fuel repository designs as a buffer to surround disposal canisters, 
and into some intermediate-level waste repository designs as a backfill around 
disposal silos. Once the repository has been sealed, groundwater will flow into 
the near-field and will be absorbed by the bentonite, causing it to expand. This 
expansion will be restricted by the enclosing rock mass and, as a consequence, 
the swelling pressure will reach some tens of MPa. Laboratory tests have shown 
that the hydraulic conductivity of confined saturated bentonite will be lower than 
that of the surrounding crystalline rock (Pusch et al., 1987). Dissolved radionu
clides are, thus, transported predominantly by diffusion rather than by advection, 
therefore limiting radio nuclide mobility. Colloid migration is also negligible in the 
microporous structure of compacted bentonite. Other physical properties of ben
tonite that are important are a high level of plasticity which allows the bentonite 
to migrate into and block any voids, a reasonable load-bearing capacity so that 
the waste canister does not sink through the bentonite and a relatively high ther
mal conductivity so that radiogenic heat generated within the canister can be 
dissipated. 

The bentonite that is likely to be used in the repositories considered here is MX-
80, or another commercially available product with very similar physico-chemical 
characteristics. The mineralogical composition of MX-80 is: montmorillonite, 75 
wt.%; quartz, 15 wt.%, feldspar 5 to 8 wt.% and the remainder comprised of 
mica, carbonate, kaolinite, pyrite and organic carbon (Miiller-Vonmoos & Kahr, 
1983). The MX-80 bentonite has been extensively investigated in laboratory 
experiments and can be considered the benchmark against which all clays inves
tigated in natural analogue studies must be compared. It is unfortunate that 
some natural analogue studies neglect to give the compositions of the clays they 
are investigating. This makes assessing the relevance of the analogue very diffi
cult. 

Smectite clays may transform progressively into illites at elevated temperatures, 
when the sodium in the clay can be exchanged for potassium in groundwater. 
This happens naturally in four geological processes: (a) diagenesis; (b) contact 
metasomatism; (c) regional metasomatism, and (d) hydrothermal alteration. Il
lites have lower swelling capacities and higher permeabilities than smectites and 
it follows that the illitisation of bentonite may be of concern for high-level waste 
or spent fuel repositories (Pusch et al., op. cit.). However, as the illitisation 
reaction is very temperature-dependent and the repository thermal period will 
be relatively short, significant illitisation is not expected. In contrast, smectite 
alteration may be a greater problem in low and intermediate-level waste repos-
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itories where potassium is abundant in the cement leachate. However, the high 
pH of the system is likely to give rise to alteration products other than illite. The 
interaction of bentonite with container corrosion products may also locally affect 
its properties as a barrier material where it is in immediate contact with iron, 
steel or copper. 

Regional metamorphic processes are not normally suited to natural analogue 
study due to the fact that both maximum temperatures and duration of heating 
are much more extreme than would be encountered in a repository environment. 
Hydrothermal alteration is also of little value for natural analogue study because 
the boundary conditions (temperatures, fluid-rock ratios etc.) are usually highly 
variable and not easily determined. However, diagenesis and contact metamor
phism have been studied as natural analogues of illitisation. These processes 
have the advantage that the maximum temperature, duration of heating and 
fluid-rock ratio can normally be determined, allowing the system to be fairly 
well characterised. Previous studies of these two processes are discussed below. 

In addition to promoting illitisation, high temperatures may ,cause compacted 
bentonite to become cemented when only partially resaturated, if a steam phase 
forms (Couture, 1985). 

4.4.1 Natural analogue studies on bentonite 

Many of the natural analogue studies performed up until 1984 were principally 
concerned with determining the illitisation rate. After reviewing these studies 
the conclusions reached by Chapman et ai. (1984) were: 

• Complete alteration of bentonite to illite should take in excess of 107 years 
in the repository environment. This is true even if a temperature of 100Ge is 
maintained for the whole duration and a short thermal peak of about 150 G C 
occurs at an early stage. Little further work on this aspect is required. 

• There is scope to define better the range and scale of changes in the physico
chemical properties of clays (particularly swelling properties, resistance to 
particulate transport, hydraulic conductivity, etc.) when subjected to heat
ing. This can be done by studying bentonite clays intruded by igneous bod
ies. This is of most relevance to Nagra's high-level waste disposal concept. 

• Direct hydrothermal interaction between canister metals and backfill might 
be amenable to natural analogue study, to determine the metallic silicates 
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produced. Ore bodies adjacent to clay formations could be examined. 

• Natural analogue study is not an appropriate way to assess the bonding 
properties of clays and other sealants. 

Since 1984 a number of natural analogue studies have been performed on ben
tonites and other clays. The discussion below examines how these studies address 
the issues that are considered most important, whilst also taking into account 
the wider scope of this report compared to Chapman et al. (1984). These are: 

1. The longevity of bentonite and the rate of alteration. 
A number of natural analogue studies have examined diagenetic illitisa
tion in the Gulf zone of the USA (e.g. Eberl.& Hower, 1976; Roberson & 
Lahann, 1981), and elsewhere (Pusch & Karnland, 1988). These studies 
do not really represent the repository environment because the duration of 
heating is several orders of magnitude longer than would be the case in a 
high-level waste or spent fuel repository. The temperature is an impor
tant factor controlling the illitisation rate (Figure 4.15). Nonetheless, some 
useful information was obtained, in that these studies suggested that the 
illitisation rate in the natural environment is considerably slower than that 
predicted by kinetic models (Anderson, 1983) but this is due to the fact 
that the process depends on the rate of supply of potassium, which may be 
limited. 

A number of natural analogue studies have also examined contact meta
morphic illitisation (e.g. Benvegnu et al., 1988; Pusch & Karnland, 1988; 
Yusa et al., 1991). These studies poorly represent the repository environ
ment because contact temperatures may reach up to 900 oe, which is much 
higher than temperatures expected in a repository. To avoid this problem, 
it is best to examine thick bentonite sequences because samples may be 
collected some distance from the contact. In the study performed by Yusa 
et al. (op. cit.), the process was well-constrained, consisting of a rhyolitic 
rock in contact with an homogeneous bentonite sequence. Maximum tem
peratures and cooling rates of 60 to 70°C per million years were determined 
from radiometric mineral ages. The analogy with a repository is not ideal 
since this cooling rate is some three times slower than that expected for 
the Nagra high-level waste repository, for example. However, these values, 
together with the illite-smectite ratios at different locations, allowed an 
activation energy for the illitisation process of 27 kcal mol-1 to be calcu
lated. This calculated activation energy is close to the 30 kcal mol-l value 
obtained by Roberson & Lahann (1981) from laboratory experiments. 

\ 
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Figure 4.15: Graph demonstrating that the illitisation rate of bentonite is 
strongly temperature dependent. The data here are based on laboratory exper
iments on a closed system containing a large proportion of potassium-bearing 
minerals. This graph indicates that at a temperature of 60°C no significant il
litisation would occur in 100 000 years. In a repository environment, where the 
supply of potassium may be restricted, the illitisation rate would be slower still. 

(After Pusch, 1985) 
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The Pusch & Karnland (1988) report is particularly important, and sheds 
new light on the conditions required for bentonite alteration. Bentonite 
from Sardinia gave definite proof that significant heat-induced dissolution 
of smectite occurred at 150 to 200°C and precipitation of siliceous material 
subsequently occurred during cooling. This siliceous cementation was found 
to have measurably affected the rheological properties of the bentonite, in 
a manner that might adversely affect the containment of radionuclides if it 
occurred in a repository environment. The duration of heating above 100°C 
was estimated to be only three months. The authors concluded that there 
is a critical temperature (about 150°C) at which montmorillonite converts 
to beidellite. Further alteration to mixed-layer illite/smectite clays and 
separate illite depends entirely on the access of potassium to the system. 
The critical temperature for the montmorillonite to beidellite conversion is 
not far in excess of temperatures expected in, for example, the Nagra high
level waste repository. As such, it may be necessary for repository concepts 
to be formulated to take this conversion temperature into account. 

Bentonite alteration in a low and intermediate-level waste repository is 
more problematic than for high-level waste or spent fuel concepts. High 
potassium concentrations are likely to occur when the groundwater leaches 
the large volumes of cement present. However, increased bentonite alter
ation due to this potassium may be offset by the lower temperatures ex
pected around a low and intermediate-level waste repository which would 
act to inhibit the process. The hyperalkaline environment in the near-field 
of a low and intermediate-level waste repository would cause alteration 
products other than illite to form in this situation, although at high pH 
the potassium concentration is less relevant to the alteration process. This 
process is not easy to investigate by natural analogue studies and, although 
a few natural systems are known where there is a relevant combination 
of bentonite and hyperalkaline , high potassium content groundwaters, no 
studies have yet been reported. 

2. Change in physico-chemical properties due to heating. 
The most detailed investigation of the changing isolation properties of clays 
was performed by Pusch et al. (1987) who studied seven clays with smec
tite contents ranging from 0 to 25 %. These clays were considered to be 
analogous to possible alteration products of bentonite in a repository envi
ronment. The physical properties that were measured included hydraulic 
conductivity, swelling properties and rheology. Each of the clays examined 
was several tens or hundreds of million years old and all had physical prop
erties that would make them suitable as potential buffer materials: that 
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is, they were all less permeable than a large granitic mass. This suggests 
that even under extreme chemical attack, under repository conditions, the 
barrier function of bentonite would not be eliminated. The important con
clusions reached by Pusch et al. (op. cit.) are summarised here. 

Two smectite-rich and one illite clay were cemented. It was considered 
that this may be a common property of ancient smectites and could occur 
in the repository environment. Note that cementation was also recognised 
in the Sardinian bentonite examined by Pusch & Karnland (1988). Pusch 
et al. (op. cit.) recommended that cementation processes be urgently 
investigated. If mechanical damage of a cemented bentonite occurred in 
a repository, then transport could be advective along fractures and, thus, 
its barrier and colloid filter functions would be diminished. Furthermore, 
if the bentonite were cemented, its ability to sorb radionuclides might be 
lessened because the available bentonite surface area would be reduced, 
although this may be a minor effect. However, Pusch et al. (op. cit.) 
did suggest that cementation may not be too significant a problem because 
hydration and self-healing may take place after mechanical breakage of 
the cementation in smectite-rich clays. In smectite-poor clays, very slight 
thermo-mechanical or tectonically induced displacements will increase the 
hydraulic conductivity very significantly. The minimum smectite content 
that is necessary to preserve a reasonable (but not quantified) self-healing 
ability is about 15 to 25 %. 

It was recommended that further work be performed to better define the 
cementation processes that may occur in the repository, and how such pro
cesses may affect the ability of the clay to self-heal subsequent to mechanical 
disturbance. 

3. Canister sinking. 
If a waste canister were to sink through the surrounding bentonite and come 
to rest on the floor of the tunnel or disposal hole, then the buffering ca
pacity of the bentonite would be effectively short-circuited, allowing more 
rapid transport of radio nuclides from the canister to the host rock to oc
cur. The colloid transport barrier function of the buffer would also be lost. 
The possibility of this process occurring is appreciated when it is realised 
that saturated bentonite only has a density of approximately 2 tonnes m-3 

(SKB, 1983) whilst a' laden SKB copper canister has an overall density of 
approximately 9 tonnes m-3 and will weigh some 20 tonnes. 

There is some disagreement over possible mechanisms of sinking. One sug
gestion is that consolidation of the bentonite would occur beneath the can
ister causing it to settle, but only to a limited depth. Another suggestion 
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is that viscous fluid flow would occur, with the saturated bentonite being 
squeezed out from beneath the canister. In this case, the canister might 
conceivably sink right through the bentonite until it comes into contact with 
the rock. Canister sinking has been investigated in laboratory experiments 
(Pusch, 1986) and on a larger scale at the Stripa mine (Borgesson & Pusch, 
1989). In both experiments measurable movement of the canister was ob
served, although not on a scale sufficient to cause concern (Figure 4.16). 
It must be noted, however, that neither investigation was performed on 
full-size canisters and, of course, the experiments were of limited duration, 
three to four years at most. 
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Figure 4.16: Canisters sinking through the bentonite in the near-field has been 
studied in laboratory and field experiments. In this laboratory experiment a 
model canister sinks into the bentonite at a rate of about 1 flm/day when the 
temperature is 70°C after the initial consolidation phase. (Fronl Pu.sch, J.98G) 
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Canister sinking is clearly a process that requires investigation although, to 
the best of the authors' knowledge, no natural analogue study has yet ad
dressed this issue. There are some natural processes which may give rise to 
heavy objects resting on bentonite, for example meteorites or glacial errat
ics, and study of these might provide some qualitative information. How
ever, in such cases the bentonite or clay is unlikely to be saturated and, also, 
in many cases (such as the meteorite situation) the manner of emplacement 
will be very unlike that of a canister in a repository. In addition, the likeli
hood of an iron erratic surviving intact seems poor, it probably having been 
exploited owing to the ease of iron recovery. Archceological environments 
may provide the best chance for finding a good analogue. Burial chambers 
lined with clay have been discovered in China: if one of these, or similar 
chambers elsewhere, contained heavy metal items and the clay was fully 
saturated then these may provide semi-quantitative information. It would 
be possible to establish the duration of sinking of any object whilst, at the 
same time, being certain that no other disturbances had occurred, if the 
chamber had remained sealed. Unfortunately, no suitable burial chambers 
containing heavy items are known to the authors. It may prove impossible 
to find an ideal natural analogue for the process of a canister sinking in 
bentonite. Almost certainly, there will be differences in the size, shape and 
density of any chosen object compared to a disposal canister. 

4. Interaction with other repository materials. 
The elevated temperatures in the near-field of a high-level waste or spent 
fuel repository may cause chemical interaction between the bentonite and 
the canister metal, once the bentonite has become water-saturated. This 
could, potentially, have deleterious consequences because leached copper or 
iron from the canister might exchange with cations in the bentonite clay 
with a corresponding loss of isolating properties. This phenomenon has been 
recognised in experiments where copper, in contact with bentonite for 3 to 6 
months, was leached and the copper ions replaced sodium in the bentonite 
(Pusch, 1982b). In his conclusion, Pusch (op. cit.) thought it possible 
that, over the lifetime of the KBS-3 copper canister, ion exchange and clay 
particle rearrangement may occur in the entire buffer in the disposal holes. 
As a consequence, permeability could be increased by around a factor of 
2 or 5 but this may still not be significant due to the very low initial 
permeability. 

The experiment performed by Pusch (op. cit.) was not conducted un
der repository-relevant conditions and, consequently, the observed rate of 
ion exchange may not be realistic as the rate will be dependent on ionic 
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strength and pH. Despite the potentially important consequences, no nat
ural analogue studies are known which specifically address this issue. One 
natural analogue study that does have a bearing on this matter is that 
of the copper cannon from 'Kronan' (described in Appendix A.13). This 
is somewhat similar to the copper canisters used in the KBS-3 spent fuel 
repository design in that the cannon had a high copper content and the clay 
was tightly packed and water-saturated. However, the analogy is not ideal 
as the sediment has a different mineralogy, a different degree of compaction 
and different porewater chemistry to bentonite. Chemical analysis showed 
that copper from the cannon had diffused 4 cm into the clay causing a 
reduction in the copper content at the surface of the cannon from 96.3 to 
95.2 % (Figure 4.17). The sediments are oxidising and have neutral pH. 
Whilst this study was more concerned with the rate of copper corrosion, 
it is interesting to note the significant distance the copper penetrated the 
clay in only 300 years. Unfortunately, there is little information regarding 
the actual products of the copper interaction with the clay. If possible, 
this clay should be reexamined with a view to identifying any mineralogical 
changes resulting from interaction with the copper, whilst bearing in mind 
the limitations of the analogy. 

In the case of iron canisters, a few practical studies have been performed 
(Simpson, 1983; 1984) which indicate that some reaction takes place. Grauer 
(1990) indicates that insufficient thermodynamic data are available to fully 
assess the reactions between magnetite and bentonite. However, he does 
suggest that the formation of iron phases such as chamosite, greenalite or 
nontronite is likely and, given the mass ratios, some 20 % of the bentonite 
lnay become involved. These minerals will be microcrystalline and will 
not, therefore, impair the sorption behaviour of the buffer but they have 
no swelling capacity. No natural analogue studies are known which have 
investigated this issue. 

Other locations where metal-clay interaction may be studied include the 
contacts between ore bodies and host sediments, and other buried metallic 
archceological artefacts. If such contacts could be found at depth, where 
groundwaters are reducing and neutral to alkaline, a useful natural analogue 
study could be undertaken. 

Laboratory experiments have investigated the reaction between bentonite 
and portland cement (e.g. Pusch, 1982a; Milodowski et al., 1990). These 
investigations reveal that clay in contact with cement alters initially with 
the exchange of sodium and magnesium in the clay for calcium from the 
cement-derived fluids. If alteration continues, the clay can be completely 
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Figure 4.17: During burial in marine sediments of a copper cannon from the 
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degraded and form zeolites. This process leads to an increase in volume 
and, therefore, a pressure increase in a confined system, combined with a 
loss of plasticity. In the repository environment, the extent and rate of this 
reaction would be controlled by mass ratios and by the aqueous diffusion 
of cement pore waters into the bentonite. In locations where old cement 
or concrete foundations have been laid in bentonite, it may be possible to 
investigate this process. Alternatively, it may be possible to find instances 
where bentonite is in contact with hyperalkaline groundwaters (e.g. at a 
site similar to Maqarin in northern Jordan where hyperalkaline waters (up 
to pH 12.9) react with clay-rich limestones). 

5. Hydraulic barrier function. 
In a repository, solute transport through the bentonite buffer occurs pre
dominantly by diffusion. The waste canister is isolated from the advecting 
groundwater in the far-field and the bentonite also acts to retard radionu
clide releases from the container by sorption and filtration processes. The 
bentonite may swell into fissures surrounding the container disposal holes 
and further isolate the waste packages from water flow. This general isola
tion role further slows the rates of potential release processes from their al
ready sluggish rates in the host rock. This section discusses only this broad 
isolation capacity, the retardation capacity of bentonite being discussed in 
Section 5.2. There are several impressive examples of organic materials be
ing preserved in clay environments, e.g. the 1.5 million year old fossil forest 
at Dunarobba, Italy (Ambrosetti et al., 1992; Benvegnu et ai., 1988) and a 
2100 year old cadaver, together with burial objects, in China (Lee, 1986). 
These examples of preservation indicate significant isolation capacity for 
clays and, furthermore, are easily understood. They have potential for en
hancing understanding of repository behaviour, a matter which is discussed 
later in this report. 

The fossil trees at Dunarobba (Ambrosetti et at., op. cit.; Benvegnu et al., 
op. cit.) are particularly interesting because they are still in their original 
vertical positions and, unlike most other examples of buried forests, these 
trees are still composed of wood (Figure 4.18). In normal circumstances, 
wood alters to lignite and is subsequently lithified when buried. The trees at 
Dunarobba are enveloped in a lacustrine clay, above which are sand deposits 
with freely circulating, oxidising water. The wood has been protected from 
active degradation processes solely by the clay envelope. Unfortunately, 
there is currently no geochemical or mineralogical information on the clay 
and, consequently, the natural analogue is poorly constrained, although a 
comprehensive research programme was just starting at the time of writing. 
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Figure 4.18: Photograph of the fossil forest at Dunarobba, Italy. These trees 
are 1.5 million years old, yet they are still composed of wood and have not 
decomposed or lithified. This preservation is due to the lacustrine clay that 
enveloped the trees during a period of subsidence and limited the ingress of the 
oxidising waters that migrated through the more sandy horizons above and below 
the clay layer. (From Benvegnu et al., 1988) 
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Nevertheless, it is a clear illustration of the potential isolating capacity clay
type material can possess. This site has particular relevance for the low and 
intermediate-level waste repository concepts, because wood is analogous to 
the organic/cellulosic materials which may be placed in some repositories 
(Section 4.7). 

The 2100 year old cadaver (Lee, 1986) also provides a good example of the 
isolation capacity of clays. Here, the body was placed in a wood coffin 
together with various burial artefacts, including silk, wood, meat and veg
etables. After exhumation, the cadaver was found to be well-preserved; the 
skin was complete and retained some of its elasticity whilst the abdominal 
organs were intact and some of the joints were partially movable. The burial 
objects were in an equally good state of preservation, the meat and vegeta
bles showing only partial decomposition. This high degree of preservation is 
attributed to the clay lining (a few metres thick) placed deliberately in the 
burial chamber and totally enclosing the coffin (Figure 4.19). In addition 
to the clay, a layer of charcoal surrounded the coffin; this may also have 
helped to preserve the cadaver by absorbing any moisture present. The 
clay liner effectively provided an air-tight seal and putrification proceeded 
only until the oxygen trapped in the burial chamber had been exhausted. 
Again, the geochemical and mineralogical composition of the clay is not 
well known; however, the principal clay mineral is believed to be kaolinite 
which is abundant in the region. It may be possible for further work to be 
performed on samples of this clay. 

6. Colloid filtration. 
A critical safety role of the compacted bentonite is to act as a colloidal 
and macromolecule filter. Laboratory studies indicate that the porespaces 
within the compacted bentonite are too small to allow transport of col
loids, or that mobility is extremely slow (Torstenfelt et al., 1982b; Eriksen 
& Jacobsson, 1982). The Cigar Lake natural analogue study (described in 
Appendix A.3) also suggests that clay may act as an efficient colloid filter 
(Vilks et al., 1991). The uranium ore body at Cigar Lake is largely sur
rounded by a 10 to 50 m thick illite/kaolinite clay halo, locally isolating 
it from the overlying sandstone host rocks. Studies of uranium and tho
rium distributions in colloids taken from the ore zone, the clay and the 
sandstones show higher concentrations in those from the ore and the claY1 
suggesting that the latter zone has effectively filtered colloids and prevented 
them from migrating into the groundwaters in the surrounding sandstones. 

7. Bentonite pore water chemistry. 
Bentonite will help to buffer the redox potential of groundwater in the near-
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field of a high-level waste repository to mildly alkaline conditions and, due 
to the ferrous iron minerals present, may also buffer redox to ensure reduc
ing conditions. Apart from modifications resulting from interaction of the 
clay with the engineered barriers discussed earlier, this buffering capacity 
might be affected by changes to the clay mineralogy resulting from interac
tion with the groundwater. This may be amenable to analogue study; the 
interaction of low ionic strength groundwaters of various compositions from 
rocks overlying bentonite deposits with the clay porewaters being the most 
obvious possibility. Such information could be used to test thermodynamic 
model predictions, or to compare with laboratory experiments. 

"Tesselated Soil" Backfill 

~ Kaolin or "White Clayll 

Charcoal 

o 3m , , 

Figure 4.19: Cross-section of the 2 100 year old Chinese tomb in which a 
well preserved cadaver was found which was not mummified before burial. In 
addi tion to the body, wooden artefacts and animal and vegetable foodstuffs were 
also found within the tomb in a good state of preservation. The preservation of 
the body and the artefacts was due to the thick layers of clay and charcoal that 
were surrounding the coffin which restricted ingress of oxygenated water which 
would have allowed aerobic decomposition to take pla.ce. (Aft.er Lee, 1986) 



136 

A number of laboratory experiments have examined the composition of wa
ter in contact with bentonite (e.g. Snellman et al., 1987; Takahashi, 1987; 
Bateman et al., 1991). In these experiments it was found that water with an 
initially neutral pH progressively became more alkaline. In the experiments 
of Takahashi et al. (op. cit.), pH values of over 10 were recorded in concen
trated suspensions. In his reviews of the chemical behaviour of bentonite, 
Grauer (1986; 1990) determines that the equilibrium pH of bentonite pore 
waters would lie in the range 8 to 10. The actual pH-determining reac
tions are uncertain but are controlled by partial dissolution of bentonite, 
exchange of calcium for sodium, calcite dissolution and oxidation of pyrite 
(amongst other processes). 

8. Bonding properties of bentonite. 
It was recognised by Chapman et al. (1984) that the bonding of ben
tonite shaft, tunnel and borehole seals was an area of concern that was not 
amenable to natural analogue study. To the best of the authors' knowledge, 
no natural analogue studies have been attempted that address this issue. 

4.4.2 Conclusions 

The important conclusions from natural analogue studies of bentonite are: 

• The alteration of bentonite to form illite, in diagenetic and contact meta
morphic environments, has proved amenable to natural analogue study. It 
is clear from such studies, that the rate of illitisation is slow for high-level 
waste and spent fuel repository environments: complete illitisation may 
take some 107 years. There is a critical temperature (about 1S0°C) at 
which montmorillonite converts to beidellite. Further alteration to mixed
layer illite/smectite clays and separate illite depends entirely on the access 
of potassium to the system. No further natural analogue studies of this 
process seem to be needed as long as repository designs ensure that tem
peratures remain below 1S0°C . 

• Cementation of bentonites may restrict their ability to self-heal following 
mechanical displacement, thus causing a significant rise in hydraulic con
ductivity. In extreme cases this mechanism may possibly cause fissuring, 
allowing direct radionuclide transport through the buffer by advection. The 
cementation processes that may occur in the repository environment should 
be further examined by analogue studies. 
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• There remains a possibility that canisters might sink through the buffer, 
if saturated bentonite flows in a viscous manner. While this issue requires 
further investigation, it is likely that no appropriate natural analogue will 
be found. Long-term laboratory and field experiments probably represent 
the best approach. 

• Leached cations from the canister (copper or iron) may exchange with 
sodium or calcium in the bentonite, with a subsequent loss in permeability. 
This phenomenon has been recognised in laboratory studies where it was 
concluded not to present a serious problem, but has not been addressed in 
natural analogue studies. A number of natural analogue studies have inves
tigated metal cation migration in clays (e.g. the Kronan cannon); it may 
be worthwhile extending these investigations to examine any ion exchange 
reactions that occur. 

• Further natural analogue studies could usefully address the issues of ben
tonite interaction with other repository materials (e.g. cement and waste 
form) and host rocks. Particular emphasis should be placed on examining 
any mineralogical changes (e.g. zeolite formation) and subsequent lowering 
of isolation capacity. There are a number of both natural and archCBological 
analogues that may be examined in which bentonite is in contact with a 
dissimilar material. However, it may prove difficult to find such a system 
in a relevant environment. 

• Good isolating capacities for clays are qualitatively indicated by the preser
vation of buried organic material, including trees, cadavers, foodstuffs etc. 
Unfortunately, little quantitative information has been gained from these 
studies because they have been performed for archCBological reasons, not as 
natural analogue studies. Consequently, important information is missing, 
such as physical, chemical and mineralogical data on the clays themselves, 
the exact nature of alteration products on the buried objects, etc. 

• The evolution of bentonite pore water chemistry requires further study. In 
particular, the pH and Eh buffering capacity of bentonite and how this 
changes with bentonite interaction with other repository materials needs 
quantifying. The interaction of low ionic strength groundwaters from rocks 
adjacent to bentonites is an important issue in the long-term evolution of 
porewater chemistry, and is definitely amenable to analogue study. 

• Natural analogue studies do not appear to offer a sensible approach to the 
investigation of bentonite-rock bonding mechanisms in repository seals. 
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4.5 Concretes and cements 

Concretes and cements are likely to be present in all repository designs, although 
by far the largest volumes will be found in low and intermediate-level waste 
repositories. There are two main roles which concretes and cements play in such 
repositories, namely: 

• Physical support and containment. 
Reinforced concrete may be used as a liner in access tunnels and disposal 
caverns and silos in some repository concepts. In some repositories exca
vated in crystalline rock (e.g. the Nirex repository), the walls and floors of 
the disposal caverns will be lined with shotcrete (a cement based mixture 
which is sprayed onto surfaces with high-pressure hoses). Furthermore, 
some low-level waste and, possibly, some intermediate-level wastes will 
be contained in concrete moulds (e.g. the Swedish low and intermediate
level waste repository at Forsmark (SFR), Section 2.2.2) and most low-level 
waste disposal caverns will be backfilled with a cement based mixture. Once 
disposal caverns are filled they may be sealed with a concrete plug. Frac
tures intersecting shafts and tunnels may be similarly sealed with a cement 
grout injected into the rock. The actual quantities of cement to be used in 
low and intermediate-level waste repositories is huge; in the Nirex reposi
tory concept about 107 tonnes of cement will be needed . 

• Chemical containment. 
The very large volumes of concrete and cement backfill that will be used 
in a low and intermediate-level waste repository will control the near-field 
chemistry. pore waters within the cement will initially contain high con
centrations of K+, Na+, OH- and possibly SO~- from the dissolution of 
the solid phases. With time, the concentration of sulphate will decrease as 
it is incorporated into hydrated aluminate phases and, as a consequence, 
the pore water composition will tend towards NaOH/KOH solutions, sat
urated with Ca(OHh. These solutions are highly alkaline, with pH up 
to 13. In the repository environment, first the NaOH/KOH and then the 
Ca(OHh will be leached and transported away by groundwater so that, 
with time, the pH will decrease. Nevertheless, it has been predicted that 
the pH may remain above 12 for up to 105 years (Figure 4.20), decreasing 
to 8 to 10 in 106 years (Atkinson, 1985; Berner, 1986; 1990). Maintaining a 
hyperalkaline near-field is important because many radionuclides are poorly 
soluble in such an environment. In addition to the chemical conditioning 
of the near-field, the cement offers a large surface area for sorption of radio-
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Figure 4.20: Predicted evolution of the pH within the near-field of the reference 
case U.K. Nirex Ltd. cementitious low and intermediate-level waste repository 
with an average cement content of 185 kg/m3 and a water flux density of 10-10 

m/s. After 1 000 years a pH of 13 will be attained which will gradually decline 
with time but remain above pH 10 for, at least, the first one million years. (After 

Atkinson, 1985) 
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nuclides and the small pore spaces may act as a colloid and macromolecule 
filter. 

In addition to the concrete and cement emplaced in the near-field as part of the 
engineered barriers, it is likely that concrete will also comprise part of the waste 
itself, particularly waste from reactor decommissioning operations. 

There are two approaches to analogue studies on concretes and cements. The 
first is to study archceological building cements (hundreds to thousands of years 
old) and industrial building cements (tens to hundreds of years old). The sec
ond approach is to study natural occurrences of minerals which are analogous to 
compounds found during hydration of portland cement. Neither approach pro
vides a complete analogue for the repository environment for reasons that will 
be discussed below, but it is generally accepted that valuable information can 
be gained from such studies if care is taken when interpreting and extrapolating 
data (Rassineux et al., 1989; McKinley & Alexander, 1992a). 

Modern concretes of the type that would be used in a repository are based on 
portland cement, of which calcium silicate hydrate (CSH) compounds are the 
main hydration products. These CSH compounds form an amorphous 'gel' which 
provides the bonding strength between aggregate particles. The CSH gels are 
thermodynamically unstable and transform spontaneously into stable crystalline 
forms (Steadman, 1986). The rate of this process is too slow to be measured 
experimentally and cannot be calculated theoretically. It is likely that any con
version product would still bond together the aggregate, but there is no possible 
way of predicting the resultant bond strength. It follows that the only way to 
study the stability of CSH-bearing cements and concretes is to examine the na
ture and behaviour of the CSH compounds themselves. 

4.5.1 Natural analogue studies on concrete and cement 

The important factors and processes which natural analogue studies need to 
address are: 

• the longevity of the CSH compounds, 

• cement-rock-groundwater interactions, 

• radionuclide sorption, 
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• colloid production and filtration, 

• gas and water permeability, 

• bonding properties. 

These are discussed in detail in the following sections. 

1. The longevity of the CSH compounds. 
The oldest known concretes date from 5600 B.C. and come from the banks 
of the River Danube in what used to be Yugoslavia. These, and the later 
cements and concretes used by the Ancient Egyptians and Greeks, are lime 
based mixtures of aggregate and calcium hydroxide. This type of concrete 
had a major problem in that the calcium hydroxide was easily washed 
away if subjected to high water flows. The problem was solved by the 
Romans who developed the use of pozzuolanic lime concrete. Pozzuolans 
are fine siliceous and aluminous materials (usually powdered volcanic tuff) 
that cause the cement to set and harden without drying: this characteristic 
led to their application in underwater construction. 

The history of the development of concretes and cements is set out in books 
by Stanley (1979) and Francis (1977). Modern concretes, including those 
that would be used in a repository, are composed of portland cement which 
largely comprises calcium silicates with little free lime. The physical and 
chemical properties of modern portland cements are somewhat different to 
those of the older lime cements so, to a large extent, the archceological 
cements and concretes therefore appear to be rather poor analogues for 
repository materials. 

Thomassin & Rassineux (1992) have recently reviewed some of the litera
ture on Gallo-Roman analogues of cement-based materials. The 1700 year 
old Roman mortars used in Hadrian's Wall (Rayment & Pettifer, 1987; Jull 
& Lees, 1990) still contain substantial amounts of CSH compounds and 
were studied specifically with the behaviour of the UK intermediate-level 
waste repository in mind (Figure 4.21: see also Figure 1.4). The origin of 
the CSH compounds is thought to be from calcining of siliceous limestones 
to produce lime or by the inclusion in the mortars of larnite from meta
morphosed cherts found locally in limestones. Several other studies have 
been performed to determine the chemistry and mineralogy, and to test the 
physical properties of archceologicallime based concretes and cements with 
and without pozzuolans (Mallinson & Davies, 1987; Rassineux et al., 1989; 
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Figure 4.21: Example of early concrete from Hadrian's Wall, Northern England. 
Top: Section of the wall showing the use of cement to bind together the blocks. 
Bottom: Section of borehole from the centre of the wall clearly showing the 
aggregate used to form the concrete. The scale is in millimetres. (From lull 8 
Lees, 1990) 
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Jull & Lees, 1990). As with the Hadrian's Wall mortars, surprisingly, SOlne 
of the other archreological concretes contained CSH compounds with com
positions and structures similar to those found in modern cements. Those 
concretes that contained the CSH compounds all contained crushed vitreous 
fireclay as a pozzuolan, as opposed to the usual volcanic material. The CSH 
compounds are thought to have formed by reaction between the vitreous 
pozzuolana and free lime: the vitreous fireclay is more reactive than nor
mal pozzuolans. The formation of the CSH compounds reduced the porosity 
and permeability of the cement which helped to ensure its preservation for 
up to 2000 years. The durability of ancient cements was also enhanced 
by careful selection of materials and good workmanship. The writings of 
Vitruvius (27 B.C.) make clear that effective quality control was exercised. 
Thomassin & Rassineux (1992) conclude that a compositionally wide vari
ety of ancient (greater than 1500 year old) cements show similar results for 
their durability under quite varied conditions. As mentioned earlier, mod
ern portland cements have a much greater mechanical strength, and are 
more resistant to chemical corrosion than lime-based cements. It follows 
that CSH compound-bearing concretes may exhibit durabilities equivalent 
to, or greater than, that of the archreological examples. 

Portland cement was first manufactured in 1824, so the oldest concretes 
to include CSH compounds are only 150 years old. Several studies have 
examined the durability of portland cement based concretes (Idorn and 
Thaulow, 1983; Steadman, 1986; Mallinson & Davies, 1987; Yusa et al., 
1991). Steadman (1986) discusses a 60 year old concrete from a sea-wall 
and a concrete formed from a cement paste consignment found in a ship 
wreck from 1848. In the latter case, the paste hardened in its barrels and 
was later retrieved and the barrel shaped concrete blocks used to form 
a sea defence. When examined, the CSH compounds were found to be 
indistinguishable from those found in modern portland cements, despite 
several decades of exposure to harsh oxidising, aqueous conditions. The 
study of Mallinson & Davies (1987) examined samples of concrete from 
Britain's first multi-storey reinforced concrete framed building, Weaver's 
Mill, Swansea (1897-8) and its first reinforced concrete marine structure, 
Woolston Quay, Southampton (1899). The CSH compounds in concrete 
from these two structures were found not to exhibit any form of degradation, 
although hydration of the cement was incomplete. It might be expected 
that further curing and strength gain could occur if hydration proceeds to 
completion. 
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Milodowski et al. (1989) obtained samples of naturally occurring CSH com
pounds from metamorphosed flints, close to the contact with a dolerite plug, 
from a locality in County Antrim, Northern Ireland (Figure 4.22). It was 
evident that the CSH compounds had formed during retrograde hydrother
mal alteration subsequent to intrusion of the dolerite. This implies that the 
CSH compounds have been stable for 58 million years, the radiometric age 
of the dolerite intrusion. 

White porous quartz crust 
on weathered surface 

Dark grey 
larnite/melilite-rich 
calc-silicate matrix 
with abundant 
magnetite and 
tobermoreite-like 

White wollastonite 
reaction rim around 
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Coarsely crystalline 
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core of quartz + gyrolite 
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Figure 4.22: Drawing of a photomicrograph showing naturally ocurring CSH 
compounds. The shaded areas are brecciated flint which are surrounded by 
wollastonite reaction rims in a metasomatic matrix of CSH minerals and opaque 
minerals (magnetite, perovskite and sulphides). (From Nlilodowski et al., 1989) 
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In summary, the examination of industrial concretes composed of portland 
cement indicates that the CSH compounds are sufficiently stable to survive 
in a variety of environments for up to 150 years. Archceological materials 
indicate these compounds may survive for thousands of years. Geological 
materials considerably extend the known longevity of CSH compounds to 
tens of millions of years. Whilst this information is clearly very encouraging, 
it is must be understood that all of the analogue studies outlined above have 
been performed on material from environments that are quite dissimilar to 
the conditions expected in a repository. 

2. Celuent-rock-groundwater interactions. 
The emplacement of a large mass (c. 106 to 107 tonnes) of concrete and 
cement into the deep geological environment will clearly cause a massive 
perturbation of in situ geochemical conditions. Concrete in a repository 
will come into contact with a wide range of other materials, both man
made and natural, and it is important to be able to predict any chemical 
interactions that may occur. Evaluation of the interactions of naturally 
occurring CSH compounds with surrounding rocks and waters is one means 
of shedding light on this issue. 

N aturaJ CSH compounds have been identified in a number of formations 
(e.g. McConnell, 1954; 1955). There are about 40 naturally occurring min
erals which can be considered as counterparts to phases found in portland 
cement; these are listed by Milodowski et al. (op. cit.) together with their 
chemical cOlnposition. Most of these minerals are extremely rare, forming 
only in restricted environments such as: 

• High-temperature, low-pressure metamorphism of organic rich marls 
and limestones, or of coal bearing strata as a result of natural in situ 
combustion, followed by subsequent retrograde alteration. 

• High-temperature, low-pressure contact metamorphism and metaso
matism of siliceous limestones and calcareous rocks. 

• Zeolitic alteration of basaltic lavas. 

The evolution of the groundwater chemistry within a cementitous near
field will be controlled by reactions between groundwater and solid phases, 
the transport of groundwater and solutes, and the distribution of the solid 
phases, in addition to the rates of various reactions (Atkinson, 1985; Berner, 
1986). One study suggests that the degradation of the concrete and, there
fore, the evolution of the porewater, is controlled more by leaching by 
groundwater than by the various aggressive dissolved species (Hoglund, 
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1987). In a further study, a thermodynamic description of the evolution 
of porewater chemistry was developed (Berner, 1990) which indicates that 
the lifetime of the cement and the evolution of the porewater is controlled 
primarily by the leachant and less significantly by the composition of the 
cement. It is clear that the evolution of cement porewaters is complex and 
that it is not possible adequately to recreate the complete evolution of ce
ment pore waters in the laboratory due to the long time periods involved. 
Natural analogue investigations of old cement structures are not particularly 
useful owing to the relatively recent history of portland cement. Although 
studies of old cement structures do indicate alkaline conditions, they cannot 
be used to validate the slow and progressive decrease in pH predicted in the 
models described earlier. One possible way to circumvent this problem is to 
examine the evolution of groundwaters that are naturally highly alkaline. 
Such groundwaters have been specifically investigated as part of natural 
analogue projects in Oman (Bath et al., 1987a; 1987b; McKinley et al., 
1988) and Jordan (Khoury et al., 1985; 1992; Alexander, 1992; Alexander 
et al., 1992a; Tweed & Milodowski, 1993). 

The Oman study (described in Appendix A.7), was performed at the Semail 
Ophiolite Nappe in northern Oman. The water here is hyperalkaline due 
to serpentinisation reactions of the ultrabasic ophiolite rocks. The ground
water may be considered a good analogue to aged cement pore water due 
to high pH (often greater than 11), reducing conditions (hydrogen gas is 
evolved; c.f. Sano et al., 1993) and the occasional presence of portlandite 
precipitate. However, the emphasis of these studies has been to determine 
the solubility and speciation of radionuclides, the extent of microbiological 
activity and to test geochemical thermodynamic codes and databases un
der these extreme conditions, rather than to model the evolution of cement 
pore waters. In addition, the source mineralogy, although maintaining a 
high pH, bore no similarity to the cement system. 

A more appropriate site to examine such questions is at Maqarin in northern 
Jordan (described in Appendix A.8) where the groundwater pH is buffered 
by naturally occurring cement minerals and gels (Khoury et al., 1985; 1992). 
A first phase of work has just been completed at this site (for details see 
Alexander, 1992) and although the main area of interest was also geochemi
cal thermodynamic database testing, investigation of the overall hyperalka
line groundwater evolution suggests that it may be possible to address the 
question of the evolution of the cement leachates. The hydrogeology of the 
site is rather complex and it appears that at least two geochemically dis
tinct flow systems have been identified. In the eastern part of the area, the 
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groundwater pH is 12.5 and is buffered by abundant portlandite (Ca(OHh) 
in the source rock (Alexander et al., 1992a). In the western part of the site, 
the groundwater contains much higher levels of sodium and potassium and 
appears to be a younger system. Allied to this is the fact that new in situ 
measurements indicate pH levels up to 12.9 which are nearer to KOH / 
NaOH controlled values (Milodowski, pers. comm.). Further work is cur
rently in progress in an attempt to understand better the site hydrogeology 
but, at first glance, the data appear to support at least the early phases of 
the proposed cement leachate evolution path. 

An area of further concern is the potential effects of the hyperalkaline ce
ment leachate on the repository host rock. Current safety assessments as
sume no interaction between the repository near-field and the far-field and 
calculate radionuclide retardation in the host rock on the basis that the rock 
is undisturbed by the presence of the repository. In general, this approach 
seems reasonable for most high-level waste repository designs but several 
modelling studies of low and intermediate-level waste repository designs 
suggest that the high pH leachates emerging from the repository may have 
a significant impact on the adjacent rock (e.g. Haworth et al., 1987; Fritz et 
al., 1988). In addition, short-term laboratory experiments (e.g. Savage et 
al., 1992; Chermak, 1993a; 1993b) indicate significant changes ranging from 
much faster dissolution of aluminosilicates than at lower pH to wholesale 
dissolution of some phases and precipitation of others. 

There are, however, major constraints on both the modelling and laboratory 
work; the former is based on often unproven assumptions regarding the be
haviour of a complex natural system and the latter work is only shorF-term 
and is often carried out at unrealistically high temperatures. Appropriate 
natural analogues of the system under study are necessary to fill these gaps. 

One such study examined profiles through a seventy year old concrete
clay interface at the base of the Washington Ship Canal (Andersson & 
Fontain, 1981). Here, ion exchange clearly occurs but there is no evidence 
of mineralogical or physical alteration of the clay. A more recent study has 
been carried out as part of the Maqarin project and here a complex sequence 
of alteration products (Figure 4.23) has been identified (Milodowski et al., 
1992); this has already had a significant impact on the various models 
attempting to treat this system. Further work is underway at the Maqarin 
site. 

Finally, another recent study has examined cement/rock interactions which 
may occur during the operational phase of a repository constructed with 
concrete tunnel liners. Here, groundwater will drain into the tunnels through 
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Figure 4.23: The hyperalkaline cement leachates produced in a cementitious 
low and intermediate-level waste repository may interact with sedimentary rocks 
in the far-field with potentially serious consequences. As part of the Maqarin 
natural analogue study the reaction between the hyperalkaline waters and the 
marl was investigated and five stages of alteration observed as shown in the 
diagram. The end-point of the alteration is the precipitation of CSH compounds. 
(After' Milodowski et al., 1992) 
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the liner and oxygen and carbon dioxide will diffuse out into the liner and 
adjacent rock. Although the tunnel liner itself is not assigned a contain
ment role in repository safety assessment (i. e. the liners are only there for 
tunnel engineering reasons, not repository safety), a study of the effects of 
the above two mechanisms is useful for two reasons. First, examination 
of the groundwater interaction with the cement phases in the liner will 
provide information on alteration likely to occur at the upstream side of 
a low and intermediate-level waste repository, i.e. that part affected by 
fresh groundwaters entering the repository and reacting with the cement. 
Second, as has been shown elsewhere (Granger and Warren, 1969; Rainey 
and Rosenbaum, 1989), oxygen entering the rock can oxidise pyrite, thus 
producing highly acidic groundwaters which then attack both the rock and 
the tunnel liners. This can produce a damaged zone of much higher per
meability around the repository, inducing greater groundwater flow in the 
vicinity of the repository after closure. 

An attempt was made by Mazurek (1990) to study these effects where sam
ples were taken through the concrete liner of a 15 year old ventilation tunnel 
and into the host (Valanginian marl) formation. It was found that reactions 
at the liner/rock contact were confined wholly to the concrete. In the zone 
immediately adj acent to the marl, the cement was completely recrystallised 
to form a mass of fine-grained calcite, and portlandite was altered to an 
optically isotropic phase, thought to be a gel. The combined alteration 
resulted in a significant increase in porosity, up to 20 to 40 % in places. 
Deeper into the cement, newly formed calcite occurs in lesser abundance 
and is associated with microfractures. It seems likely that the groundwa
ter carbon dioxide content is high enough to produce the large amount of 
calcite in the cement (c.f. Baeyens & Bradbury, 1991), thus leading to a 
much more porous zone behind the liner, although the permeability is not 
known. Interestingly, there was no oxidation of the 1 to 2 wt.% pyrite in 
the rock (Mazurek, op. cit.), but this may be a site-specific feature due 
to the armouring of the pyrite by clays or organics, or both (Bradbury et 
al., 1990). In addition, the possibly dominant chemical transport effect of 
radial flow of water towards the tunnel is likely to have affected the scale 
and nature of reactions in this interface zone. Thus, although this small 
project has shown the potential of such work, a much more detailed study 
is necessary before any conclusions can be reached. 

No similar natural analogue studies have been reported for cement leachate 
interactions with crystalline rock, although a number of laboratory studies 
have been performed (Fritz et ai., 1984; 1985; 1988). 
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3. Radionuclide sorption. 
A number of laboratory experiments have been performed to investigate 
radionuclide sorption on concretes and cements (e.g. Figure 4.24): some of 
this research has been summarised by Allard et ai. (1985c). The laboratory 
experiments indicate tl~at generally the highly hydrolyzed actinides, as well 
as cobalt, iodine, technetium and nickel, are more strongly sorbed onto 
concrete than onto common minerals, whilst alkali metals and alkali-earth 
metals, especially caesium and strontium, are very poorly sorbed. 
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Figure 4.24: One of the functions of the large volumes of cement placed in 
low and intermediate-level waste repositories is to sorb migrating radionuclides. 
Laboratory studies indicate that some elements (e.g. U, Th, Pu and Am) strongly 
sorb to cement while other elements do not (e.g. Cs and Sr). The dashed lines 
indicate the maximum range; the solid line indicates the probable range for a 
cementitious near-field. (From Allard et al., 1985c) 
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Carbon, as carbonate, is removed by precipitation as CaC03 . Whilst this 
laboratory-derived information is interesting, it may not represent true val
ues because experimental work is generally carried out with 'young' cements 
and it is known that the mineralogy of such materials changes considerably 
with ageing. Reducing and carbon dioxide free conditions are also difficult 
to maintain in the laboratory. 

No corresponding natural analogue studies which back up the laboratory 
studies are known to have been performed, despite the obvious importance 
of this issue. It may be possible to study sorption on archceological cements 
in places such as Roman baths which have held waters with high concen
trations of natural-series radionuclides. Alternatively, it may be possible 
to study sorption on naturally-occurring CSH minerals, for example at lo
cations where hydraulically-active fractures cut through rock formations 
containing these minerals. Ongoing work in the Maqarin project has shown 
that uranium appears to have been preferentially taken up by secondary jen
nite, presumably by solid-solution, from fracture waters (Milodowski, pers. 
comm.). Other 'industrial' analogue investigations could be usefully per
formed, for example at shallow low-level radioactive or toxic waste disposal 
sites from which uncontrolled leakage has occurred. One such example is 
the Oak Ridge site in Tennessee in the United States, where cement grouts 
have been injected into the ground in an attempt physically to contain toxic 
wastes by blocking groundwater flow. It may be possible to retrieve samples 
of grouts which have been in contact with the contaminated groundwaters 
for some years. Such studies must, however, carefully distinguish between 
sorption and precipitation processes if they are to be useful (McKinley & 
Alexander, 1992a; 1992b; 1993a; 1993b). 

4. Colloid production and filtration. 
The fine-grained nature of cement may result in it forming colloids and 
suspended particles, particularly when the cement degrades, with the pos
sibility of enhancing radionuclide transport. As pH slowly decreases with 
time, the solubility of silica will also drop, increasing the possibility of 
the formation of colloidal silica species. In addition, the presence of steep 
chemical gradients at the interface of cementitious regions and the host-rock 
provides a suitable environment for colloid formation. If significant colloid 
formation were to occur, it may negate the benefit of low radio nuclide sol
ubility brought about by the hyperalkaline environment. Alternatively, the 
pore spaces in the cement may be sufficiently small that the body of ce
ment will act as a colloid filter. It seems likely, therefore, that only colloids 
forming on the outermost edge of the cement mass may travel any distance 
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from the repository. However, the potential of cement to form and filter 
colliods appears not to have been thoroughly investigated. 

Colloid populations in the hyperalkaline groundwaters of Maqarin are low 
for sedimentary systems, with a maximum observed concentration of 1 ppm 
(Alexander, 1992). This is despite the fact that colloids might be expected 
to be quite stable at such high pH levels (Stumm & Morgan, 1981) and that 
the probability of colloid filtration in the relatively open fracture system at 
Maqarin appears to be low. This suggests that, at least for the natu
ral cementitious minerals and gels present at this particular site, colloid 
production due to groundwater leaching is minimal. Further, the colloids 
present contain less than 0.2% of the total dissolved uranium, indicating 
that colloidal transport of uranium is insignificant in this particular system. 
This seems worthy of further, more detailed study at Maqarin, especially in 
relation to other elements of interest to a low and intermediate-level waste 
repository safety assessment. 

5. Gas and water permeability. 
The gas permeability of cement is an important issue for repository en
gineering, especially for designs with large volumes of steel or organic 
material, which degrade to produce large volumes of hydrogen, methane 
and other gases. It follows that this issue is most important for low and 
intermediate-level waste repositories. There is some concern that a build 
up of gas may cause structural damage to the near-field and, consequently, 
from this point of view a high gas permeability is desirable. This is contrary 
to the requirement to maintain a low hydraulic conductivity. A compromise 
is necessary to resolve this dichotomy and this will be specific to individual 
repository designs. If a high permeability concrete is desirable, then this can 
be achieved by using a porous or uniform sized aggregate. Some qualitative 
information may be obtained from studying old concrete constructions, in 
particular, reinforced concrete for signs of damage resulting from gas pro
duction due to corrosion of reinforcing rods. It is expected, however, that 
any such investigations may be frustrated by gas leakage from microcracks 
rather than from diffusive migration in the cement. In addition there will be 
the usual problem of finding an analogue in repository-relevant conditions. 
One possible location may be the foundations of piers which are embedded 
in sediments, where conditions within the concrete may be mildly reducing 
and hyperalkaline. 

6. Bonding properties of cement and concrete. 
The bonding ability of cements is due to CSH compounds. These not only 
bond the aggregate particles together but, in the case of a repository, will be 
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required to bond to the host rock walls when used as a buffer or seal. All of 
the archceological cements and concretes indicate that the bonding capacity 
of the CSH compounds is maintained for as long as they are protected from 
degradation. It is noted, however, that the bonding behaviour was not 
explicitly evaluated in the archceological cements described earlier. It is 
possible that these materials could be reexamined with this point in mind. 

4.5.2 Conclusions 

The important conclusions from natural analogue studies of cement and concrete 
are: 

• The physical stability of cements and concretes depends on the binding 
properties of CSH compounds. Such compounds, in portland and poz
zuolanic cements, have been shown to be stable for up to 2000 years. Nat
m'ally formed CSH compounds have been identified in hydrothermally al
tered igneous rocks some tens of millions of years old; they appear to have 
remained stable over this time period but this may be because they have 
been physically isolated. 

• Cement-rock-groundwater interactions require further investigation. Stud
ies indicate that cement may be adversely affected by interactions with pore
waters from clay formations and hyperalkaline groundwaters in the far-field 
may affect the porosity and sorptive capacity of the rock. 

• Radionuclide sorption on cement has been poorly addressed in natural ana
logue studies. A number of possible locations could provide information 
on sorption on archceological cements and naturally-occurring CSH com
pounds. 

• The permeability of cements and concretes to gas produced from steel cor
rosion is an issue which may potentially affect repository performance. The 
relative importance of this issue has not been resolved by modellers or by 
laboratory investigation. It is possible that natural analogue studies of 
old reinforced concrete structures may indicate if concern over this issue is 
justified. 

• The bonding properties of cements have not been explicitly examined in 
natural analogue studies of ancient cements and concretes. It is recom
mended that some early concretes be examined to determine if the bonding 
ability changes significantly wit"h time. 



154 

• One study to date on colloids in a relevant hyperalkaline system (Maqarin) 
suggests that colloid production during cement leaching may not be a prob
lem. Further, the colloids present show only minimal uptake of dissolved 
uranium. This does, however, require further detailed study. 
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4.6 Bitumen 

Bitumen is proposed as an immobilising matrix for a small percentage of low and 
intermediate-level wastes in the Nagra and SKB repositories. There is some con
fusion in the scientific literature over the use of the terms 'bitumen' and 'asphalt.' 
Due to limited knowledge of the chemical structures of many complex hydrocar
bons, classification is normally based on physical parameters (Figure 4.25). A 
widely accepted classification scheme is that of Abraham (1960). According to 
this scheme, a bitumen is a carbon based substance that can be extracted with 
an organic solvent. Thus, crude oils are bitumens, whilst kerogen and coal are 
not. Bitumen is further classified into liquids and solids; the solids may be fusible 
or not. Solid, fusible bitumens according to Abraham (1960) are 'asphalts'. In 
the radioactive waste disposal literature, some wastes are said to be immobilised 
in 'bitumen', although it seems most likely that these are, technically, solid as
phalts. In this report, when discussing previous work, the original nomenclature 
is used whenever the nature of the material intended is ambiguous. 

The bitumens which are to be used in a repository will be technological asphalts 
( i. e. man-made), distilled from crude oil at several hundred Celsius for a few 
hours. The bitumen composition is controlled both by the composition of the 
crude oil and the precise distillation process. Consequently, the technical bitu
rnens have a range of compositions, all of which are well characterised. Natural 
bitumens (and asphalts) are also distilled from crude oils, but by geological pro
cesses over much longer time periods and over widely variable temperatures. In 
general then, natural bitumens are the product of a complex, usually unknown 
history which produces an end-product of a highly variable nature. Consequently, 
there is usually little similarity between technical and natural bitumens, but this 
has not prevented the use of natural bitumens as supposed natural analogues of 
technical bitumens. 

Natural bitumens, including asphalts, are found in a number of geological environ
ments. The most impressive must be the asphalt lakes of Trinidad and Guanoco, 
Venezuela; other forms are impregnated sandstones and limestones (Athabasca, 
Canada; Utah, USA; Val de Travers, Switzerland and Hannover, Germany) and 
those in hydrothermal veins (Derbyshire, UK). Large asphalt blocks (up to sev
eral hundred cubic metres) have frequently been found floating in the Dead Sea. 
This asphalt has leaked from hydrocarbon reservoirs, which are abundant in the 
region, to the sea floor where it rises to the surface. Qualitatively, the geological 
occurrences of natural bitumens point to their stability under a wide range of 
physico-chemical conditions. Natural bitumens are found in all climatic zones 
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Figure 4.25: The classification of natural organic materials based on their physical 
state at STP and their reaction with an organic solvent. The natural materials that 
are closest to the technological bitumens that may be used as an immobilisation matrix 

are the asphalts. (After Hellmuth, 1989a) 
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from tropical to permafrost, in arid to water-logged conditions. Although the 
geology of these bitumen occurrences is often well documented, there is little dis
cussion in the literature concerning the actual composition of the bitumen (major 
or trace elements) or migration, ageing and weathering processes (and alteration 
products) that have been operating or for how long. Without this information, 
little can be concluded, quantitatively, from these natural bitumen occurrences, 
regarding the potential behaviour of technological asphalt in a repository envi
ronment. 

4.6.1 Natural analogue studies on bitumen 

For the most part, the behaviour of bitumen has been addressed by laboratory 
studies, which appears to be the best approach. However, a few natural analogue 
studies of bitumen have been performed, most of which have lumped all the 
various bitumen decomposition processes together as simple 'degradation' and 
tried to quantify the longevity of the materials. The factors and processes which 
natural analogue studies on bitumen need to address are: 

• organic leachates of bitumen, 

• radiation induced degradation, 

• microbiological degradation, 

• groundwater leaching, 

• interaction with saline waters, 

• interaction with hyper alkaline cement leachates, 

• stability and containment capacity. 

These issues are discussed in detail in the following sections. 

1. Organic leachates of bitumen. 
The nature of the breakdown products of bitumen are important because 
they might possibly enhance the solubility and subsequent transport of 
radionuclides. The effects of organic leachates of bitumen on radionuclide 
complexation have been examined (e.g. van Loon & Kopajtic, 1990) under 
the controlled conditions of the laboratory and it is difficult to see how 
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such work could be repeated as a natural analogue study. For example, it 
would be very difficult to identify precisely which organics in groundwaters 
were a product of bitumen leaching and which were 'background'. It may be 
possible to establish the source of, for example, naturally occurring uranium 
found in association with any organic complexant, but it is likely that the 
results would be ambiguous. 

A recent study (Hellmuth, 1989b) claims to have identified humic and fulvic 
acids among the bitumen decomposition products. This considers alteration 
of bitumen in an oxidising environment and, as such, has little relevance to 
the decomposition of bitumen in the (reducing) repository environment. 

2. Radiation induced degradation. 
One area where a natural analogue study could be of use is in the examina
tion of radiation induced degradation of bitumen. The standard laboratory 
technique is to subject bitumen samples to a massive, externally applied ra
diation dose. This effectively gives the bitumen sample its predicted lifetime 
(i.e. several hundred years) dose in two or three months (for details, see 
Burnay, 1987; Kopajtic et al., 1989). This is clearly unrealistic and a natural 
analogue study of bitumen with associated radionuclides obviously recom
mends itself as a useful example. Indeed, several studies have attempted 
to investigate such an association in some detail. However, such work is 
fundamentally flawed in that the nature of, for example, the association of 
natural bitumen and uraninite in the Oklo reactors is totally unlike that of 
technical bitumens. In the former, uraninite exists as discrete crystals or 
aggregates of crystals in the bitumen, leading to highly localised radiation 
effects, whereas in the latter, the trace element-rich mixed waste is homo
geneously dispersed throughout the bitumenised waste package leading to 
low, non-localised doses. It is, therefore, very difficult to apply the results 
of such a natural analogue to the repository design. 

3. Microbiological degradation. 
It has been recognised that hydrocarbons may decompose not only by 
weathering processes but also by microbiological attack (for discussion, see 
the review of Hellmuth, 1989a). The oil industry has highlighted a number 
of cases of microbiologically induced degradation of crude oil. Superficially, 
the genetic connection between crude oil and bitumen suggests that sim
ilar degradation may affect both hydrocarbons. One convincing example 
of microbiological degradation of crude oil is that at the Saskatchewan oil 
fields (Bailey et al., 1973). In this case samples ranging progressively from 
non-degraded to highly-degraded could be clearly related to the influx of 
microorganism-bearing surface waters. Little work has been performed on 
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the microbiological degradation of natural bitumens 1 although some work 
has been performed on technical asphalts and this has been reviewed by 
Zobell & Molecke (1978). Zobell & Molecke (op. cit.) conclude that the 
chemical durability of asphalts in a repository environment could be po
tentially compromised by microbiological degradation. However, technical 
bitumens are normally located in environments dissimilar to that of a repos
itory and extrapolating the results of studies on technical bitumens to the 
repository is, therefore, not as simple as suggested by Zobell & Molecke 
(op. cit.). 

Potentially, at least, a natural analogue study of microbiological degrada
tion would be possible. Indeed it may be argued that the work on bitumens 
at Oklo represents just such a study where no appreciable microbiological 
alteration of the bitumen has occurred, even though the material has been 
at shallow depths and, therefore, easily accessible to microorganisms for 
a significant period. Once again, relating the data to a repository design 
is difficult: for example, much of the bitumen in Oklo is highly evolved 
graphitic bitumen, quite unlike the technical bitumens used as an immobil
isation matrix. 

4. Groundwater leaching. 
In theory, leaching of bitumen by groundwater should be easy to study in 
a natural system but it is likely that great difficulty will be found in estab
lishing a source term. Any observed 'alteration' may have been on-going 
for so long that no original bitumen remains. Alternatively, any apparent 
alteration (e.g. loss of volatiles) may be a reflection of high-temperature 
maturation, not low-temperature groundwater leaching. One notable at
tempt has been made to characterise the bitumen-rock-groundwater sys
tem in sufficient detail to describe fully the the processes involved and 
rates of alteration. Hellmuth (1989b) investigated a bitumen impregnated 
limestone in Germany. This limestone is exposed at the surface but dips 
beneath permeable sedimentary cover. Variations in the chemical struc
ture, composition and physical properties of the bitumen were measured in 
samples taken from a range of locations and depths. It was discovered that 
degradation (oxidation) results in a bleaching of the bitumen as volatile 
substances are lost but that degradation was confined to only a very shal
low surficial zone. The limited extent of degradation is a consequence of 
the breakdown process: degradation of the bitumen by oxygen and water 
is fastest where it is exposed to visible and ultraviolet light, i. e. at the 
surface only. Deeper penetration is prevented as long as the weathered lay
ers are not mechanically destroyed and removed. It follows that the rate of 
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bitumen decomposition coincides with the rate of weathering and erosion of 
the host rock and is, therefore, not significant in terms of repository safety. 
However, the findings can be treated as no more than qualitative as the 
environment studied has little in common with that of a repository. 

5. Interaction with saline waters. 
One aspect of groundwater leaching of bitumen where even qualitative data 
would be useful is that of the interaction of saline waters with bitumen. The 
Swedish low and intermediate-level waste repository at Forsmark (Section 
2.2.2) has been constructed beneath the Baltic Sea-bed and will eventually 
be resaturated by saline waters. The proposed Nirex repository at Sellafield 
may also be subject to incursion of saline waters. To date, no information 
exists on the potential effects of such waters on technical bitumens. One 
possible study would be a comparative examination of tars and bitumens 
used to waterproof wooden-hulled ships. Where such ships have sunk into 
undisturbed anoxic muds, it would be possible to examine the bitumen for 
degradation (c.f. the Swedish study of the Kronan cannon; Hallberg et at., 
1987). In addition, information could be collected on the microbiological 
attack of the bitumen. Nevertheless, it must be implicitly recognised that 
such a study can supply no more than qualitative data but, in this case, it 
represents a useful beginning. 

The large asphalt blocks floating in the Dead Sea represent an obvious sit
uation where bitumen is in contact with saline waters. However, this is a 
poor natural analogue as the composition of the Dead Sea water is signifi
cantly different from the groundwaters at Forsmark. Notably, the Forsmark 
groundwaters are reducing whilst the Dead Sea is oxidising. Furthermore, 
the Dead Sea contains only primitive blue-green algae, in contrast to the 
Forsmark groundwaters which are certain to be bacteria-rich. As a conse
quence, it is unlikely that any meaningful information could be obtained 
frOlTI a study of the Dead Sea asphalt. 

6. Interaction with hyperalkaline cement leachates. 
A recent review (McKinley & Alexander, 1992a) makes it clear that almost 
no information exists on the leaching of bitumens by hyperalkaline wa
ters. The review of Hellmuth (1989a), for example, cites over one hundred 
publications but not one deals with the long-term behaviour of bitumen 
under the hyperalkaline conditions expected in the near-field of a low and 
intermediate-level waste repository. 

This is clearly an area worth further study but known sites are rare. To date, 
only the Maqarin region of northern Jordan (described in Appendix A.8) 
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has been identified as containing both natural bitumens and hyper alkaline 
(portlandite-buffered) groundwaters in close association. Unfortunately, 
the bitumen has undergone post-depositional combustion and is, thus, a 
poor analogue of any technical bitumens of interest (Alexander, 1992). 

7. Bitumen stability and containment. 
Natural bitumens have been used for a variety of purposes for more than 
5000 years (Hellmuth, 1989a). In Babylonia (1300 B.C.), asphalt was used 
to provide an impermeable coating in floor constructions and also as a build
ing material in river banks and piers (Forbes, 1934, 1938) where it was also 
used as a cement. Bitumen was also used to preserve organic materials by 
impregnating wooden cases and baskets made of palm leaves. Since then, 
tars and bitumens have been abundantly used to water-proof ships hulls 
and the roofs of houses. In almost all cases where archceological artefacts 
have been found coated in bitumen, they have been well preserved when 
mechanical disruption of the bitumen has not occurred. Further evidence 
for the ability of asphalt to preserve organic material comes from the dis
covery of fossil bone and wood remains in asphalt pits at Rancho la Brea, 
California and Talara, Peru (Behrensmeyer, 1980). The Rancho la Brea as
phalt pit is the site of the largest find of Pleistocene fossils (Rolfe & Brett, 
1969). The processes that led. to the preservation of all these organic ma
terials, including the fossil remains, are complex but basically they act to 
limit microbiological decomposition by isolating the organic material from 
air and water (see Hellmuth, 1989a for review). However, none of these ex
amples is an ideal natural analogue of the repository environment because 
the conditions are often extremely dissimilar, particularly with regard to 
redox potentials. 

An interesting natural analogue study has been performed (Nagy et al., 
1991) on bitumen present in some of the natural fission reactor zones (num
bers 7, 8 and 9) at Oklo (Appendix A.l). This bitumen is derived from syn
genetic kerogen through hydrothermal processes during criticality. Initially 
the bitumen was liquid, and its presence caused the reduction of uranium in 
aqueous solution to form uraninite. These newly formed uraninite crystals 
were enveloped in the bitumen which subsequently hardened into a solid 
graphitic bitumen. Comparison of the retention of fission products between 
uraninite crystals enclosed in this bitumen and those enclosed in clay miner
als clearly demonstrates that containment was greater in the bitumen. This 
containment has been long-lasting due to the bitumen's apparent resistance 
to groundwater leaching. However, these findings should be treated as lit
tle more than qualitative due to the previously noted differences between 
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technical bitumen and the graphitic bitumen examined in this study, and 
the differences in environmental conditions at Oklo compared with those of 
a repository. 

4.6.2 Conclusions 

The important conclusions from natural analogue studies of bitumen are: 

• The excellent isolation capacity of bitumen is clearly demonstrated by the 
preservation of fossil bone and wood in tar pits in California and Peru. 
This suggests that when the bitumen is not disturbed, its isolation prop
erties may last a significant length of time. It may well be, however, that 
microbiological activity must also be at a minimum. 

• No perfect natural analogue of technical bitumen has yet been shown to 
exist. This is partly because few, if any, studies attempt to characterise the 
natural bitumen in sufficient detail to assess the true applicability of the 
claimed analogy. 

• Few studies to date have produced anything more than qualitative data and 
most studies provide no data of use to a repository performance assessment. 

• Areas of potential future application of more quantitative natural analogue 
data include the study of saline water-bitumen interaction and hyperalka
line water-bitumen interaction. In the former, potential examples exist at 
the bottom of the sea while, in the latter case, good examples are likely to 
be extremely rare but may exist at Maqarin. 

• Further areas for examination include radiation effects on bitumen degrada
tion, assuming that samples with well dispersed, non-crystalline, radionu
clide bearing phases are found. 
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4.7 Cellulose 

A significant proportion of the low-level wastes produced by nuclear installa
tions, research facilities and hospitals consists of cellulose, principally in the form 
of paper. In some cases, this cellulose will be incinerated (e.g. in Switzerland), 
but direct disposal may also be considered (e.g. in the U.K.). In the repository 
environment, cellulose may decompose to form large volumes of gas, principally 
methane and carbon dioxide, via the following reaction chain: (a) hydrolysis of 
bulk cellulose to form soluble polysaccharides; (b) physical and microbiologically
mediated hydrolysis of the polysaccharides to form glucose; (c) microbiologically 
mediated anaerobic and aerobic decomposition of the glucose by a number of 
reactions to form organic compounds plus CO2, H2 and CH4 . The first reac
tion proceeds more rapidly under alkaline conditions; a phenomenon used to 
advantage in the paper-making industry. This may present a problem in the 
hyperalkaline conditions in the near-field of a low and intermediate-level waste 
repository as the low molecular weight hydrolysis products are labile and easily 
used as microbiological substrates. The second and third reactions are clearly 
dependent on the populations of microorganisms in the low and intermediate
level waste repository and the ambient redox conditions. The conditions in a low 
and intermediate-level waste repository are not thought to be sufficiently hostile 
to inhibit microbiological activity (Grogan & McKinley, 1990) and, in fact, such 
activity was reported in the Oman and Jordan hyperalkaline groundwaters (Bath 
et al., 1987; Alexander, 1992). In these repositories, the cellulose degradation re
actions may be coupled to metal corrosion reactions because some of the aerobic 
reactions will compete for the limited available oxidant, whilst hydrogen produc
tion from metal corrosion may inhibit some cellulose degradation reactions. The 
actual balance between metal corrosion and cellulose degradation reactions will 
depend on the relative volumes of material and the physico-chemical conditions 
and will be, therefore, site and repository-specific. However, this coupling may 
not be important because the aerobic phase is relatively short. The complexity of 
this coupled system has meant that most studies consider cellulose degradation 
separately from metal corrosion. 

In addition to gas production, the organic degradation products of cellulose may 
act as efficient complexing agents (e.g. Allard et al., 1985b), causing a change 
in the solubility and speciation of some radionuclides, with a possible increase in 
mobility. 
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4.7.1 Natural analogues of cellulose decomposition 

A number of laboratory investigations have addressed the problem of cellulose de
composition, but few informative natural analogue studies have been performed 
to date. The processes which are considered important, and which natural ana
logue studies on cellulose need to address, are: 

l. The mechanisms and rate of cellulose decomposition. 
In an oxidising environment containing microbes, it is evident that cellu
lose decomposes rapidly but this has little significance for the repository 
environment when reducing conditions prevail. One particularly interest
ing natural analogue study which has examined cellulosic material from a 
reducing environment was an investigation of the long-term breakdown of 
cellulosic materials in the fossil trees at Dunarobba (Ambrosetti et al., 1992; 
Benvegnu et al., 1988). These trees are unusual due to the fact that, after 
one and a half million years of burial in clay, they are still composed of wood 
and have not decomposed (Figure 4.26). This preservation is ascribed to the 
isolation of the wood from oxidising groundwaters by the impermeable clay 
envelope. In this natural analogue study, organic leachates from samples of 
the Dunarobba wood have been compared with leachates obtained from Ro
man oak, fresh oak and 150 million year old lignites (Chapman, 1990). The 
total organic carbon (TOC) content produced from the Dunarobba wood is 
comparable to the steady state values from cellulose breakdown in the fresh 
oak sample and contains significant polymeric material. In other words, the 
isolation of the wood from oxidising conditions and advective water flow has 
significantly reduced the rate at which the cellulose degraded. 

As part of the Dunarobba experiment the effect of the TOC content on the 
solubility of plutonium was investigated. It was found that the solubility 
increased from 10-11 M in NaOH to about 10-8 M in the leachate from the 
Dunarobba wood. If the cellulose degradation process was inhibited in the 
repository environment to the same extent observed in the Dunarobba trees, 
then neither gas production nor increased radionuclide solubility would be 
such significant problems. However, Dunarobba does not replicate the low 
and intermediate-level waste repository in one important respect, namely 
the hyperalkaline environment. It was mentioned earlier that the hydrolysis 
of bulk cellulose proceeds much more rapidly under alkaline conditions. It 
follows that the slow rate of decomposition of the trees at Dunarobba may 
not be representative of the behaviour of cellulose in the repository. If this 
is true, then the Dunarobba natural analogue study has limited significance 
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Figure 4.26: Fossil wood from the 1.5 million year old trees from Dunarobba, 
Italy, embedded within clay (see also Figure 4.18). The woody nature is clearly 
seen in the fragments . This preservation is due to the lack of cellulose decom
position resulting from the protection given by the envelope of clay that formed 
w hen the trees were buried. (From Benvegnu et ai., 1988) 
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for a repository safety assessment. 

Concern regarding the implications of cellulose degradation for repository 
safety has increased in a number of countries to the point that operational 
licenses may not be issued for repositories under construction. This issue is, 
therefore, one that requires urgent investigation. Further natural analogue 
studies of cellulose breakdown have the potential to increase understanding 
of the process and to provide quantitative information that may help define 
the actual magnitude of the problem and suggest measures to alleviate it. 

4.7.2 Conclusions 

The important conclusion from natural analogue studies of cellulose is: 

• Natural analogue examination of the fossil trees at Dunarobba suggests 
that in such environments the rate of cellulose degradation is slow. How
ever, Dunarobba is a poor analogue of a low and intermediate-level waste 
repository. Relevant examples of cellulose degradation in hyperalkaline en
vironments are necessary before firm conclusions can be drawn. Wooden pit 
props exposed to hyperalkaline groundwaters at the Maqarin site are cur
rently under consideration, but other examples should be sought actively. 
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4.8 Polymers and resins 

Polymers are used as immobilisation matrices for some low and intermediate-level 
wastes. The only similar natural polymers are hydrocarbons and cellulosic resins 
normally obtained from trees (e.g. amber and rubber). The hydrocarbons most 
useful as an immobilisation matrix are the bitumens which have been discussed 
in Section 4.6. Natural resins are unlike any of the technological materials likely 
to be used in the repository environment and, consequently, are not very close 
natural analogues. The only known discussion on natural analogues of polymers 
and resins is in Hellmuth (1989a) and is limited to a brief discussion of resinous 
plant products. Natural resins are known which range in age from a few hundreds 
of years to 140 million years old. The most common resinous plant product found 
in the geological environment is amber. 

The preservation of these natural resins occurs under aerobic and anaerobic sed
imentary conditions, as long as the sedimentation rate is not too slow. These 
resins may also survive under the temperatures associated with the initial stages 
of coal formation; i.e. up to 200°C for up to a few million years, or up to 100°C 
for up to 20 million years. The occurrence of resins in sedimentary rocks at
tests to their preservation during erosion and transport in water. However, resins 
found in less permeable formations (e.g. clays) demonstrate a better degree of 
preservation than those found in permeable formations (e.g. sandstones) which 
suggests that interaction with mobile groundwaters can enhance their deterio
ration. Whilst these observations give some qualitative support for the general 
stability of resins in the geological environment they are not sufficiently detailed 
to enable more useful conclusions to be reached. 

A large number of archceological artefacts made of amber have been investigated 
by Beck et al. (1978). This study was performed with no radioactive waste 
objectives in mind and, although it discusses both the extent and processes of 
weathering of the amber, the information is of limited use as synthetic resins 
are compositionally dissimilar to natural resins. Nonetheless, without a better 
natural analogue it might still be productive to compare natural resins found 
in different sedimentary formations with different groundwater chemistries and 
those from archceological excavations to characterise those conditions under which 
preservation is enhanced. The real need is to gain information on the behaviour 
of polymers and resins under reducing hyperalkaline conditions. 
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4.8.1 Conclusions 

The important conclusion from natural analogue studies of resins and polymers 
IS: 

• Very little information on the behaviour of resins and polymers under repos
itory conditions has been obtained from natural systems because few, if any, 
focussed natural analogue studies have been attempted. More significantly, 
no close natural analogues with relevant chemical composition are known 
to exist. 



Chapter 5 

Radionuclide release and 
transport 

169 

This chapter discusses a number of physico-chemical processes which have been 
identified as being potentially important for the mobilisation of radionuclides 
in the near-field and their transport and retardation in the near and far-field 
environments. The specific issues discussed are: 

l. Solubility and speciation. 

2. Retardation. 

3. Matrix diffusion. 

4. Radiolysis. 

5. Redox fronts. 

6. Colloids. 

7. Microbiological populations. 

8. Gas generation and migration. 

Not all of these issues are important for all repository designs. For example, gas 
generation is principally a problem associated with low and intermediate-level 
waste repositories, although some gas will be produced in all repositories. 



170 

Whilst all of these features and processes may potentially affect the release and 
transport of radionuclides, the actual importance and significance of some of them 
has not yet been fully demonstrated and natural analogues are believed to have 
a potential role in resolving these issues. 
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5.1 Radionuclide solubility and speciation 

Geochemical models incorporating geochemical thermodynamic codes are widely 
used in performance assessment studies for radioactive waste repositories. In the 
near-field, such models and codes are used to evaluate the degradation of engi
neered barriers and to define the evolution of the resultant pore water. Given 
the near-field chemistry, the solubility of key elements can be predicted. The 
aqueous speciation of radionuclides can also be derived from such codes allowing 
their transport properties to be estimated. In addition, this information may 
be used to support the extrapolation of laboratory measurements to near-field 
conditions. In the far-field, where comprehensive and representative water sam
pling may be very difficult, codes may be needed to define the water chemistry in 
'equilibrium' with the minerals present. As in the near-field, the solubility and 
speciation of radionuclides in undisturbed groundwater may be predicted. 

A chemically disturbed zone may exist around the repository (e.g. due to high 
pH leachates from low or intermediate-level wastes or radiolytic oxidants from 
high-level wastes) and may penetrate some way into the geosphere. A further 
use of geochemical models is to predict the movement of such fronts and their 
consequences for repository performance. Finally, geochemical codes form one 
component of 'coupled codes'. Although this field is rather poorly developed 
at present, such codes can link the geochemistry of rock-water interactions to 
models of groundwater flow, and, possibly, to thermomechanical models of rock 
behaviour, thus allowing the transport of solutes in a dynamic system to be 
predicted. 

There are two different approaches to modelling geochemical systems. The first, 
and most commonly used approach, assumes that chemical equilibrium is rapidly 
reached and, hence, that the distribution of aqueous species and saturation in
dices for solids can be calculated from free energies of formation (or equilibrium 
constants) by solving a set of equilibrium distribution and mass balance equa
tions. Another approach is to take explicit account of the kinetics of reaction 
and, hence, to calculate the distribution of aqueous species and solid phase dis
solution/precipitation as a function of time from known rate constants. The 
equilibrium approach has been applied to a wide range of problems but is known 
to break down, to some extent at least, in low-temperature groundwater sys
tems. In particular, redox pairs which involve multiple electron transfers (e.g. 
sulphate/sulphide, nitrate/ammonia, carbonate/methane) are usually far from 
equilibrium (Lindberg & Runnels, 1984). Even here, it may be possible to use 
the standard equilibrium codes by 'switching off' reactions known to be so slow 
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that they may be neglected, or by amalgamating equilibrium and kinetic ap
proaches. 

The alternative kinetic modelling approach can provide a useful representation 
of low-temperature systems but suffers greatly from the paucity of appropriate 
data. Rate constants are very difficult to measure and, being less fundamental 
than thermodynamic parameters, must be extrapolated from measured conditions 
with great care. Kinetic models have been successfully used in a few cases but 
require very great simplification of the natural system. 

It is important to distinguish between application of codes to major elements and 
to the rather exotic trace elements of interest to performance assessors. In the 
former case, there are extensive databases which are well supported by many field 
and laboratory studies in a wide range of geochemical environments. Although, 
even here, care is required with the solid phases or redox couples assumed to be 
at equilibrium, enough information exists for most potential problems to be iden
tified. The use of thermodynamic codes to interpret groundwater major element 
chemistry is well illustrated in both the Po<;os de Caldas project (Nordstrom et 
al., 1990b) and the Cigar Lake project (Cramer and Nesbitt, 1992) but, as these 
studies involve fairly standard geochemical analysis, this application will not be 
considered further here. 

The situation is more problematic for trace elements. In this case, practical 
problems arise from the poor quality or absence of important thermodynamic 
or kinetic data. For many important reactions, equilibrium constants contain 
uncertainties of many orders of magnitude and, in some cases, alternative values 
differing by over 30 orders of magnitude have been used by different groups. Miss
ing data are of particular concern, as they can potentially alter results by many 
orders of magnitiude. In general, when evaluating solubility, it is considered that 
missing data on solid phases will tend to give a conservative result by overpre
dieting solubility. However, missing solution data could be non-conservative if 
the species involved has a significant concentration under the conditions consid
ered. Given that sorption is very dependent on solution phase speciation and may 
have a strongly non-linear effect on repository performance, errors in predicting 
speciation could be of importance even if solubility is not significantly influenced. 

Solubility and speciation predictions can be tested, to some extent, by comparison 
with results from laboratory experiments. An important constraint is the diffi
culty of simulating relevant systems in the laboratory and, more fundamentally, 
the slow rates of some reactions which require impractically long measurement 
times. A more rigorous test of geochemical codes, and their associated databases, 
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can be provided by natural analogues. 

5.1.1 Natural analogues of solubility and speciation 

It is possible to compare geochemical model predictions with field observations 
in a natural system which is geochemically similar to the environment of interest 
to performance assessment. For example, an ore body in a reducing groundwater 
system could provide a source of several trace elements which are likely to reach 
saturation. From the groundwater major element chemistry, the solubility and 
speciation can be predicted 'blind' and these predictions compared to field mea
surements (Figure 5.1). It should be emphasised that, although a model or code 
can be disproved if prediction and observation disagree widely, it cannot be vali
dated in a rigorous sense. It is not possible to completely determine trace element 
speciation in solution or prove equilibrium with particular solid phases. Never
theless, reasonable agreement in a number of tests greatly increases confidence in 
the applicability of the model or code. 

It should be noted that there is a great difference between 'blind' testing and use 
of codes to simulate field observations. The first case is a rigorous test of the 
procedures used in performance assessment, while the second is only a very weak 
test of the capabilities of the code and is more an aid to interpretation of the 
geochemical system under study. 

The very simplest analogue studies in this area involve measuring the concen
tration of the element of interest in a geochemical system in which it is greatly 
enriched (e.g. in an orebody). Assuming the ores are actually in contact with the 
groundwater analysed, and that their contact time is sufficiently long for equi
librium to have been reached, measured aqueous concentrations should approach 
the solubility limit in the system studied. An early example of such an approach 
is the work carried out on groundwaters from Morro do Ferro (Eisenbud et al., 
1982; Miekeley et al., 1982) which, despite the thorium-rich orebody, have rather 
low concentrations of dissolved thorium. This observation is consistent with code 
predictions of low thorium solubility in most natural waters. However, in some 
studies such observations can be over-interpreted by extrapolating observations 
from one element to another; in the case of Morro do Ferro, from thorium to 
plutonium. Such extrapolations are very dubious (c.f. Section 3.1). Similar ex
amples of low elemental concentrations in slowly flowing groundwater sampled 
from orebodies have been given in the Cigar Lake (described in Appendix A.3) 
and Alligator Rivers (described in Appendix A.5) studies. 
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Modellers predictions of 
trace element hydro
chemical behaviour: 

Solubilities, speciation, 
and solid phases 
controlling these 

Figure 5.1: Procedure adopted for the blind modelling tests in the Po~os de Caldas 
study. The modellers are provided with reference water chemistry and the mineralogy. 
Predictions of the trace element solubilities, limiting solid phases and speciation are, 
thus, made blind. The modelled predictions are then compared to reality. (From 
Chapman et ai., 1992) 
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Very extensive databases of concentrations of trace elements in groundwaters 
exist (e.g. Coughtrey & Thorne, 1982) but little of this information is of use 
in code testing as the rock/water systems are insufficiently well characterised. 
Consequently, it is difficult to assess if the elements of interest are saturated in 
solution. Also, for many of the cases, the water chemistry is of little relevance, 
particularly due to the high concentration of organics in near-surface waters. 

5.1.1.1 Simulation Studies 

Simulation studies using performance assessment geochemical models have been 
carried out in several analogue studies. 

1. Broubster 
At the Broubster site (described in Appendix A.10), it was possible to inter
pret the complex, near-surface transport behaviour of uranium and thorium 
in an environment where organic and inorganic complexants competed with 
colloidal materials. The modelling results, using the PHREEQE geochem
ical code with the CHEMVAL Stage 2 thermodynamic database, simulate 
well the observed behaviour of uranium and thorium (Read, 1988). Equi
librimll speciation modelling has provided a consistent description of the 
dominant processes controlling actinide mobilisation and fixation. 

2. Needle's Eye 
At the Needle's Eye site (described in Appendix A.11), an attempt was 
made to determine uranium speciation in shallow groundwaters directly 
using inorganic high-performance liquid chromatography (HPLC). It was 
concluded that, although this technique appears to have potential for the 
investigation of uranium aqueous phase speciation, a number of analytical 
problems have yet to be overcome. 

Geochemical codes can replicate the uranium distribution at the site, sim
ulating the uranium accumulation in the sediments by precipitation of U4+ 
phases rather than by sorption onto the organic material (Hooker, 1991). 
This is an interesting example of the potential for apparently 'validating' a 
code which subsequently turns out to be inappropriate for the system. Had 
the site not been very well investigated, false conclusions could have been 
reached, which emphasises the need for exhaustive characterisation of any 
system to be used for code testing. Further modelling using the CHEM
TARD coupled chemical transport code will be performed at Needle's Eye 
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once new data on the interactions between uranium and the organic mate
rial become available. 

3. South Terras 
Uranium and thorium speciation in shallow groundwaters were studied at 
the disused uranium mine of South Terras (described in Appendix A.12). 
Solubility and speciation in the sediments were modelled as a function of Eh, 
pH, phosphate, carbonate and organic concentrations using the PHREEQE 
geochemical code and the CHEMVAL Stage 2 thermodynamic database. 
The groundwater major ion concentrations do not vary greatly in the region 
of the uranium plume and, as a consequence, cannot control the observed 
variations in solubility and speciation. Initial modelling indicated that the 
principal aqueous uranium complex in the groundwater was a U6+ phos
phate ([U02(HP04h]2-) with minor concentrations of uranyl carbonates. 
The modelling indicated that the groundwaters were strongly undersatu
rated with respect to both primary pitchblende and secondary autunite, 
saleeite and zippeite. From this, it was considered that direct precipitation 
of uranium in the sediments was unlikely and, therefore, that some form of 
sorption was responsible for the sediments behaving as a sink. 

More recent work suggested that the U6+ phosphate [U02(HP04 hJ 2
- is 

unstable in near-surface environments (Grenthe, 1989) and, therefore, the 
incorporation of this species in the database used for this modelling exer
cise was inappropriate. When the modelling exercise was repeated with this 
species removed from the database, the uranyl carbonates were predicted 
to be the more prominent aqueous complexes and the degree of undersat
uration of the secondary uranium mineral phases in the groundwaters was 
substantially reduced. 

Until 1992, a very satisfactory picture was presented in which observed 
concentrations of uranium were consistent with the model developed. Un
fortunately, recent reexamination of the site has shown that the 'secondary' 
enrichment of uranium was, in fact, a previously unknown spoil tip and was 
not due to the transport and immobilisation processes invoked in the model 
(Hooker, 1993). 

This case further exemplifies the need for detailed site characterisation to be 
undertaken so that the assumptions made as part of the geochemical mod
elling exercise are based on a good understanding of the system and over
interpretation of the code simulations of complex sites is avoided. While 
disagreement between model and reality clearly shows problems with the 
model or code, agreement does not, in itself, prove that the model or code 
is correct. 
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4. Alligator Rivers 
As part of the Alligator Rivers study (described in Appendix A.5), ther
modynamic codes were used to simulate observed geochemical conditions 
at the site during the site characterisation exercise. This work involved 
attempts to reproduce the observed nature of the uranium mineralisation. 

The background to the modelling is that, since the secondary uranyl phos
phate mineralisation is currently being leached, present-day groundwater 
conditions must be somewhat different to those when the mineralisation was 
formed. The aim of the modelling (Sverjensky, 1991) was to assess the spe
ciation and saturation of the present-day groundwaters and to determine 
what the groundwater conditions were like at the time the minerals formed, 
using present-day conditions as a starting point. In effect, the speciation 
codes were calibrated on the current groundwaters and then used to re
construct the pal<:eo-geochemical conditions. The application of the EQ3/6 
code to Koongarra correctly simulated the undersaturation of saleeite in the 
uranyl phosphate mineral zone in a manner consistent with the spreading 
fan. Using the code to reconstruct the pal<:eo-conditions, it was concluded 
that rapid releases of magnesium and phosphorus relative to the primary 
ore were necessary during its weathering to allow precipitation of uranyl 
phosphate minerals rather than uraninite, and this required buffering by 
atmospheric CO2 • The overall conclusion was that formation of the uranyl 
phosphate minerals occurred in the unsaturated zone, and that the base of 
this zone represents a pal<:eo-water table. 

As with all thermodynamic codes, the interpretation of the data from Koon
garra is restricted owing to limitations in the database. Read & Hooker 
(1991), when assessing recent databases, found that the CHEMVAL Stage 
2 database contains data for only two of the secondary uranium minerals 
present at Koongarra (saleeite and tobernite), whilst alternative databases 
contain no relevant solubility data. In view of this, the above interpreta
tion of past groundwater conditions must be viewed particularly cautiously, 
despite simulation of the present-day situation which is consistent with ob
servations. 

5. Po<;os de Caldas 
The attempts to use coupled codes to simulate redox-front development at 
Po<;os de Caldas (Cross et al., 1990) also involved consideration of uranium 
mineralisation at such fronts (c.f. Section 5.5). Both thermodynamic equi
librium and kinetic codes successfully simulated the localised precipitation 
of uranium on the reducing side of the front, although all predicted uraninite 
formation rather than pitchblende as observed. Precipitation of a range of 
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other trace elements around the redox front was not simulated by the codes, 
probably due to the lack of an appropriate treatment of co-precipitation 
(see below). 

5.1.1.2 Prediction Exercises 

Many other model simulations of solubility and speciation can be found in the 
geochemical literature but, as they do not have the aim of testing performance 
assessment codes and databases, they fall outwith the remit of this report. The 
more vigorous blind modelling approach has been reported in only four natural 
analogue studies (Oman, Maqarin, Po~os de Caldas and Cigar Lake) which are 
discussed below. 

The natural analogue studies at Oman (described in Appendix A.7) and Maqarin 
(described in Appendix A.8) focus on hyperalkaline environments directly appli
cable to cementitious low and intermediate-level waste repositories, where spe
cific problems arise when applying speciation models. Most available databases 
do not adequately represent the solution species or range of minerals found in 
such environments. 

1. Oman 
In the Oman study two phases of modelling were carried out. In the first, 
literature data on major element concentrations in hyperalkaline springs 
were used for first predictions of trace element concentrations which were 
published prior to field sampEng (McKinley et al., 1987) and used to help 
plan the analytical programme. In the second phase (Bath et at., 1987a, 
1987b; McKinley et al., 1988) groundwaters from five springs were anal
ysed and two thermodynamic speciation codes were run 'bEnd': MINEQL 
for uranium and thorium with two different databases, and PHREEQE 
for nickel, palladium, selenium, tin and zinc. It should be noted that the 
concentrations of all these elements were low, i.e. at or below the de
tection limits in many cases. Generally the modelling of the metals with 
PHREEQE proved reasonably conservative, although palladium predictions 
were far below measured concentrations (Table 8.1). 

For thorium, both the databases gave consistent answers,. and Th(OH)4 was 
predicted to be the major species in solution, with Th02 as the solubility 
limiting solid. This consistency probably reflects the fact that few ther
modynamic data are available for this element and possibly both datasets 
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used the same sources of data. In the case of uranium, the predicted con
centrations were not as consistent, and were above the measured values. 
This may be either because the system is not in equilibrium, or the codes 
and databases are over-conservative. However, the uranium concentration 
in the most oxidising waters was surprisingly low, suggesting that uranium 
may be held in U(VI) minerals under these hyperalkaline conditions, al
though this has not been confirmed. Some possible minerals have been 
proposed, including Ca(OHh . U02 (OHh or U0 2(OHh . H20. If these 
minerals did exist in hyperalkaline conditions, the solubility of uranium 
could be ten orders of magnitude lower than predicted by the thermody
namic codes used. Unfortunately, the low uranium concentration in the 
groundwater means that it is difficult to draw firm conclusions. 

2. Maqarin 
The Maqarin, study is discussed in Khoury et al. (1992), Alexander et al. 
(1992a), Alexander (1992) and Tweed and Milodowski (1992). This site 
represents an excellent natural analogue of a cementitious repository, as 
it contains natural cement phases such as portlandite, ettringite and to
bermorite. These, and associated minerals, act as the source of both the 
hyperalkaline solutions and the relatively high levels of uranium, selenium, 
tin and nickel and other trace elements of interest in the groundwaters. 
Detailed mineralogical analyses have also identified numerous sink phases 
which are controlling solubilities in this system. The geochemical code used 
to model the system was PHREEQE, coupled with a number of different 
thermodynamic databases used in different national radioactive waste man
agement programmes. The elements considered were uranium, thorium, 
radium, lead, selenium, nickel, tin and chromium. 

The principal conclusion was that, with the exception of uranium, the ob
served elemental solution concentrations were two or three orders of mag
nitude less than the code predictions when it was assumed that solubil
ity was controlled by the simple stoichiometric oxide or hydroxide phases 
listed in the databases. This means that, although the databases do not 
contain mineral phases directly relevant to this hyperalkaline environment, 
the code still manages to provide results which are conservative from a per
formance assessment perspective. Clearly more accurate, less conservative 
results may be obtained if the databases contained more relevant phases. 
A second limitation is that those minerals which are in the database are 
represented by pure end-members which do not commonly occur in nature. 
For example, the code underestimated the concentration of uranium owing 
to the choice of CaU04 as a solubility-limiting phase, even though this 
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pure end-member was not observed in the study area. However, a similar 
amorphous phase does exist and may control the solubility of the uranium. 
Alternatively, uranium oxides of varying stoichiometry and degree of crys
tallinity are potential candidates for solubility limiting solids (c.f. Lemire, 
1988), which would alter the predicted extent of oversaturation. 

An attempt was also made to assess the speciation of uranium in the ground
water in situ, using ion exchange columns. Unfortunately, the columns 
failed to 'function in these hyperalkaline conditions, but further work on the 
in situ speciation of the trace elements of interest is currently underway. 

3. Poc;os de Caldas 
The Po~os de Caldas natural analogue study is reviewed by Chapman et al. 
(1990) and the results of this modelling exercise are presented and discussed 
in Bruno et al. (1990). For the major part of the study, well characterised 
groundwater compositions from three boreholes from the Osamu Utsumi 
mine and Morro do Ferro were used (Nordstrom et al., 1990a). Participat
ing organisations calculated, in blind tests, the solubility, speciation and 
solubility-limiting phases for a number of trace elements of relevance to 
radioactive waste disposal (uranium, thorium, lead, strontium and nickel) 
and some others which reflected the geochemistry of the sites (manganese, 
vanadium, aluminium and zinc). In a pilot study several additional ele
ments were also evaluated (tin, selenium and radium). 

The specific results of the modelling exercise for each element are sum
marised in Table 5.1, shown graphically in Figure 5.2 and discussed in detail 
by Bruno et al. (op. cit.). In general, the results from each participating 
organisation were comparable and fairly consistent with the measured geo
chemical data. Only the predictions for two elements (nickel and zinc) were 
highly non-conservative from one of the groups. This was explained by a 
ferrite mineral being taken as the solubility-limiting solid. These miner
als do not form at low temperatures and are not relevant in this environ
ment. As a consequence, it was concluded that ferrite minerals should be 
excluded from low-temperature repository assessment solubility limit cal
culations. For a few elements the predicted speciation was compatible with 
field measurements but this was not the case for uranium and thorimll. 

It was clear that, even when different modelling groups predicted simi
lar solubility limits, they often differed considerably in their predictions 
of aqueous speciation, not even agreeing on the charge of the dominant 
species. This is clearly an area where more work could be carried out using 
improved methods for determining speciation in situ. 
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Finally, it should be noted that the natural analogue test cases described 
above can be usefully 'recycled' for testing of new codes and thermody
namic databases (e.g. Pate et al., 1992). It has been noted that, for this 
application, there is a need for further test cases, particularly for ore bod
ies containing a wide range of relevant elements (e.g. selenium, palladium, 
nickel, tin) which are in .contact with slowly moving, reducing groundwaters. 

Table 5.l. Summary of Po~os de Caldas solubility 

modelling results (log. M) 

Predicted by Group No.: 

Element Water Observed 1 2 3 4 5 

U F1 -7.7 -4.3 -4.8 - -4.4 -S.2 

FS -7.S -5.0 -6.0 -4.7 -S.2 -S.4 

MF12 -8.0 -5.9 -S.2 -4.4 -4.S -S.O 

Th F1 -10.0 -9.3 -8.9 - -7.0 -6.7 

FS -9.8 -8.1 -9.4 -10.2 -8.7 -8.7 

MF12 -9.6 -9.4 -9.3 -9.6 ( -6.0)§ -9.2 

Pb F1 -8.3 -3.9 -S.3 - -4.0 -

FS -S.3 -3.6 -S.4 -4.7 -S.2 -

MF12 -S.4 -3.6 -S.4 -S.S -S.l -

Ni F1 -7.2 -8.3 -0.2 - -3.4 -

FS -6.3 -12.0 -1.3 -3.2 -1.6 -

MF12 -8.3 -13.S -1.3 -3.1 -1.6 -

Sr F1 -7.2 -1.8 -2.6 - -3.0 -3.7 

FS -7.2 -1.8 -3.0 - -3.0 -3.3 

MF12 -S.4 -1.2 -2.4 - -3.0 -3.7 

4. Cigar Lake 
A blind predictive modelling exercise has recently been carried out at Cigar 
Lake (Casas & Bruno, 1992). Using the ZZ-Hatches v. 3.0 thermodynamic 
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Figure 5.2: Calculated (columns) versus measured (horizontal lines) solubilities 
for uranium, on the left, and nickel, on the right, for selected groundwaters from 
the Osamu Utsumi mine (Fl and F5) and from Morro do Ferro (MF12). See text 
for details. 
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database and the PHREEQE thermodynamic code, predicted solubilities 
for the reference groundwater samples (Cramer & Nesbitt, 1992) were com
pared with the measured groundwater trace element concentrations. In 
general reasonable agreement was found, particularly for those elements 
where suitable thermodynamic databases exist (e.g. barium, copper, tho
rium and, to a lesser extent, zinc). This indicated that the equilibrium ap
proach is useful to describe the behaviour of these elements at Cigar Lake. 
In addition, the similarity of the groundwater, clay and ore system to the 
near-field of a spent fuel repository implies that the equilibrium approach 
will also be suitable for performance assessment in this type of chemical en
vironment. Unfortunately, for nickel and lead, groundwater concentrations 
were below detection in most cases. 

Inadequate thermodynamic data for critical mineral phases were a problem 
for predicting concentrations of strontium, molybdenum and arsenic. The 
chromium prediction was largely non-conservative, believed to result from 
the uncertainty of the Cr6+ jCr3+ redox potential, which is necessary for 
defining its solubility in groundwater. 

Inadequately detailed mineralogical data meant that some of the predicted 
phases could not be confirmed, e.g. the solubility-limiting phase of thorian
ite for thorium, compared to monazite and brannerite identified, and native 
copper for copper (although some native copper was found associated with 
the ore, the dominant phase is chalcopyrite). In contrast, the predictions 
for nickel and lead were confirmed with the identification of bravoite and 
galena. 

5.1.2 Conclusions 

• Testing of the geochemical codes used to predict radionuclide solubility and 
speciation has been one of the successes of natural analogue studies to date. 
Such tests have varied in rigour but have ranged from qualitative support of 
the predicted behaviour of particular elements to clear identification of er
rors or missing information in the codes used or their associated databases . 

• Further work is recommended, particularly aimed at more rigorous 'blind 
modelling' tests in systems where saturation of a range of relevant trace 
elements may be expected in groundwater of appropriate chemistry (i. e. 
chemically reducing, low organic content etc). Further development and 
application of in situ speciation techniques is also strongly recommended 
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as this is a particular area where considerable discrepancy between codes 
and databases was identified . 

• In carrying out further studies, it is important that the difference between 
true 'blind predictions' and the more common approach of simulating the 
geochemical behaviour of the system is appreciated by the groups con
cerned. The former approach is a good approximation of the amount of 
information which will be available, and the manner in which predictions 
will be made in a performance assessment exercise. The latter approach is 
essentially a model development and code and database calibration exercise 
which is valuable for building experience in the application of geochemical 
codes, but does not comprise a rigorous test of performance assessment 
methodology . 

• A major limitation of the codes is their inability to treat solid solution or 
co-precipitation processes. The absence of such processes may be shown 
to be conservative but could involve overestimates of solubility by many 
orders of magnitude. Any attempts to improve realism of codes would have 
to improve this situation; indeed, work is currently underway to handle 
both problems in a number of organisations. 
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5.2 Retardation processes 

The movement of radionuclides in solution through the near-field materials and 
along migration pathways in the far-field rock is controlled by the processes of 
advection and diffusion in porewaters and groundwaters. A very small number 
of radionuclides interact so weakly with the materials through which they are 
passing that they can be considered effectively to move at the same rate as the 
individual molecules of groundwater and are not retarded, migrating conserva
tively with respect to the water. The majority of radionuclides do interact with 
the repository materials and rock surfaces over which water passes, or are subject 
to changes in solution behaviour owing to modifications in rock-water interactions 
en route. These processes retard their movement relative to that of the water, 
not only slowing their progress through the system, but progressively reducing 
their concentration in solution to a point where equilibrium may be attained. 

Retardation processes can be essentially chemical or physico-chemical, and a 
number of mechanisms (Figure 5.3) exist: 

1. Chemical retardation mechanisms 

• a.dsorption 

• ion-exchange 

• precipitation 

• mineralisation 

2. Physico-chemical retardation mechanisms 

• diffusion into secondary, matrix porosity of rocks (see Section 5.3) 

• molecular filtration 

• ion exclusion 

Adsorption and ion-exchange are often termed sorption, a term used generically 
to encompa.ss chemical interactions with solids that retard transport. Sorption is 
generally modelled as a reversible process whereby sorbed radionuclides may be 
released to solution if solution concentrations or composition change. Desorption 
kinetics are generally slower than sorption kinetics and there may be instances 
where sorption is irreversible. 
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Figure 5.3: The retardation mechanisms that may affect radionuclide transport in 
groundwaters: (a) and (b) only occur in dynamic syst~ms and retard solute transport, 
( c) and (d) are sorption processes that may occur in dynamic or static systems. (After 
Mc](inley f3 Hadermann, 1984) 
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Precipitation is not a sorption process but it can be difficult to discriminate 
between the two mechanisms in both field and laboratory studies. Generally, 
sorption would be expected to be the dominant process at low solution concen
trations of radionuclides. As concentrations of radionuclides increase, precipita
tion of phases in which the radionuclide of interest is a stoichiometric component 
may occur. In circumstances where the total amount of dissolved solids in the 
groundwaters is high, a very complex chemical environment may develop in which 
radionuclides may co-precipitate as solid-solutions in a variety of mineral phases, 
or be scavenged by amorphous precipitates, such as iron oxyhydroxides, and also 
effectively co-precipitated. The stability of precipitated minerals and amorphous 
phases depends on the maintenance of high solution concentrations. As concen
trations fall, perhaps after a pulse of contaminated groundwater has passed, or 
as the near-field is 'flushed', these minerals will begin to dissolve and release any 
radionuclides they contain. 

The kinetics of such processes are clearly important to long-term predictions 
of radionuclide behaviour. Irreversible sorption and precipitation processes are 
obviously beneficial in safety assessment terms, as they immobilise radionuclides 
very effectively. They are, however, difficult to demonstrate, and the most robust 
performance assessment models make the highly conservative assumption that 
all chemical retardation processes are instantaneously reversible. A challenge for 
natural analogues would be to :Qrovide convincing evidence of irreversible sorption 
processes. 

The kinetics of sorption processes are generally fast enough to allow their exclu
sion from performance assessment models. In an essentially very sluggish ground
water flux environment such as the near-field of some repository concepts, the 
system is often modelled as a chemical mixing tank, where the presence of sorbing 
surfaces (for example, cements and corrosion products) is a key part of the model 
generating steady-state solution concentrations of radionuclides for the far-field 
source term. In this environment, the kinetics of sorption processes may become 
important if any mechanisms are identified which can lead to gross chemical in
homogeneities in the sytem or rapid groundwater transit pathways through the 
system. In the far-field, sorption kinetics are not considered in safety assessment 
studies, although precipitation/mineralisation kinetics would clearly be relevant 
if these processes were to be included in an assessment. Where groundwater 
fluxes are relatively rapid (as may occur, for example, in a major fracture zone), 
then retardation mechanisms become of diminishing significance in affecting the 
rates of release of radionuclides, and, in some assessments, are given no credit. 
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5.2.1 Natural analogues of retardation processes 

Retardation during transport was one of the first mechanisms to be investigated 
by natural analogue studies. Much of the early work was performed at Oklo, 
which could be considered as containing point sources or 'zones' of fission products 
and actinides from which transport could be measured (e.g. Brookins, 1984). 
Similar investigations were performed at other locations where sources of natural 
series radionuclides could be found, such as at Morro do Ferro (Eisenbud et al., 
1982; 1984) or at the contact between igneous intrusions and host rocks (Brookins, 
1984; Laul & Papike, 1982; Laul et al., 1984; Wollenberg et al., 1984). Yet more 
investigations examined geological environments where there was no single point 
source of radionuclides, for example rock weathering profiles (e.g. Michel, 1984), 
aquifers with well defined flow rates (Pearson et al., 1983; Andrews & Pearson, 
1984) and aquifers with poorly defined flow rates (Krishnaswami et al., 1982). 
When reviewing these early natural analogue studies, Chapman et al. (1984) 
reached the following conclusions: 

• The requirements for a natural analogue study of retardation processes are: 

l. A well defined source input function. 

2. A well defined past hydrogeological environment. 

3. A resultant measurable concentration profile. 

• Studies of high temperature systems such as igneous intrusions are irrele
vant to both the SKB and Nagra high-level waste disposal concepts. The 
data from Oklo have proved only vague and qualitative. 

• Sediment profiles with distinct and datable geochemical anomalies have 
great potential for quantifying retardation of solute diffusion through clays. 

• Future natural analogue work should be located in relevant geochemical 
conditions; ideal situations would be: 

l. Where a vein with high concentrations of natural series radionuclides 
is cut by a water bearing fracture. 

2. Where anthropogenic waste has been disposed of in a relevant rock 
formation. 

3. Where well defined sedimentary structures exist which can act as ana
logues to the bentonite buffer. 
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4. Where flow occurs in large-scale lineaments which can act as analogues 
to large-scale fractures in the far-field. 

Since the review of Chapman et al. (1984), many different natural analogue stud
ies have investigated transport and retardation. It would not be possible to review 
all the work that has been performed on this issue and, consequently, only the 
most important studies which have yielded information relevant to performance 
assessments will be described. A recent review (Petit, 1991a) of natural analogue 
studies of radionuclide migration in the geosphere discusses the philosophy of 
such studies and their application to performance assessments and validation. 

The important issues to be addressed by natural analogue studies of radio nuclide 
transport and retardation are: 

• Transport and retardation within fractured crystalline rock. 

• Transport and retardation within argillaceous rocks. 

• Transport and retardation within evaporites. 

• Transport and retardation at the geosphere-biosphere interface. 

• Measurement of in situ distribution coefficients. 

Other important issues dealt with elsewhere are transport and retardation in 
cements and concrete in Section 4.5, matrix diffusion in Section 5.3 and redox 
fronts in Section 5.5. 

1. Transport and retardation within fractured crystalline rock. 
The principal mechanism for radionuclide transport in fractured crystalline 
rock is advection along hydraulically active channels within fracture net
works (Figure 5.4). Hydraulically active fractures are usually coated by 
secondary mineralisation resulting from the hydrous or hydrothermal alter
ation of the rock. The fracture coating minerals that form depend upon 
the physico-chemical environment and, as such, are site-specific. A typical 
suite of fracture minerals might include chlorite, calcite, siderite, quartz, 
epidote, muscovite/illite, hematite, pyrite, goethite, kaolinite, mixed-layer 
clays, gibbsite, plagioclase and potassium feldspar, which have all been 
recorded at the Klipperas study site (Landstrom & Tullborg, 1990). The 
fracture coating minerals dominate retardation and sorption in the fissures. 
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Figure 5.4: Transport and retardation processes in fractured rocks. In charac

terising such systems, care must be taken to distinguish between low-temperature 
processes relevant to migration away from a waste repository and earlier higher
temperature events, the effects of which may dominate the present-day distribu

tion of elements in the bulk rock and fracture minerals. 
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In highly altered fractures, such minerals may also comprise much of the 
higher porosity zone into which matrix diffusion can occur (see, for example, 
Bossart and Mazurek, 1991; Mazurek et al., 1992b; Nagra, 1993) 

In many cases, however, not enough data are made available in any par
ticular study to extract quantitative information for safety assessment pur
poses. Two such examples of recent qualitative studies are those at Klip
peras (Landstrom & Tullborg, 1990) and Palmottu (Blomqvist et al., 1991 
and Suksi et al., 1991). In the former, elemental analyses (including those 
for REEs, uranium and thorium) were performed on samples of fracture 
filling minerals, the host rock and the associated groundwater. 

Redistribution of certain elements is believed to have occurred in response 
to alteration (clay formation) of the host rock by groundwater. Uranium, 
for example, appears to have been very mobile and is associated with most 
fracture materials, preferentially with iron-rich phases. Similarly, thorium 
has also been mobile and is strongly associated with iron-rich phases. REE 
behaviour varied; the light REEs are also preferentially associated with 
iron-rich phases, while heavy REEs show some selectivity for carbonate 
material. 

In general then, this study has confirmed the association of remobilised ele
ments with iron-rich phases (principally secondary iron oxyhydroxides) pre
viously demonstrated elsewhere (e.g. Smellie et al., 1986b; 1986c; Guthrie, 
1989; Hofmann, 1989). However, importnat information on retention mech
ani SIllS has been missed: thorium, f?r example, is generally immobile under 
low temperature conditions (c.f. Langmuir & Herman, 1980), but may 
migrate in association with colloids (Miekeley et al., 1990b; 1992). Does 
then the apparent thorium mobilisation identified here represent colloidal 
transport, followed by retardation, or is it simply a reflection of a previous 
high-temperature event? Failure to clarify this point further weakens the 
information on the REEs: the association of the heavy REEs with calcite 
could also be a product of a hydrothermal (or hotter) overprint (see Tay
lor & Fryer, 1982, for discussion). Without such information, the data on 
thorium and the REEs can be taken as no more than qualitative and, to 
be conservative, would probably not be used in a safety assessment. 

At the Palmottu site (described in Appendix A.6), the distribution of ura
nium and thorium in fractures is described with distance away from the ore
body. In general, uranium appears to be associated with calcite, probably 
by a contemporaneous co-precipitation process from waters much different 
from the present-day groundwaters. Unfortunately, little other work has 
been carried out to determine the precise nature of the palceogroundwater 
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and, as such, the retardation mechanism could not be extended to a reposi
tory environment with any confidence. Once again, to remain conservative, 
no more than passing interest could be taken in the results of this study to 
date. 

In summary, several natural analogue studies have demonstrated the effects 
of sorption and precipitation processes on fracture surfaces, but none has 
been able to distinguish clearly between these processes, or provide quan
titative data on retardation with respect to transport of trace elements in 
natural waters. Essentially, these studies provide useful observations of the 
net effects of solute/rock surface interactions, and highlight which phases 
are most active, but do not provide the type of sorption data that are 
required in performance assessment. 

2. Transport and retardation within argillaceous rocks. 
A number of studies have examined radionuclide transport within uncon
solidated sediments and two of the most significant are described below. 
Although unconsolidated sediments cannot be considered as a complete 
analogue to either argillaceous repository host rocks or clay buffers, the 
analogy is generally valid for argillaceous environments where transport is 
dominated by diffusion. The clay content and associated mineralogy of the 
sediments is also very similar to relevant argillaceous rocks, and the sedi
ments have maintained reducing conditions similar to those in a repository 
for long time periods, although the pH conditions may be dissimilar. 

One important example is the study which was performed on marine tur
bidites ofthe Maderia Abyssal Plain (Colley et at., 1984; Colley & Thomson, 
1985; 1991). This study investigated the phenomenon of the formation of 
uranium-rich layers by redox front migration (Wilson et at., 1985; 1986; 
Thomson et al., 1987). This uranium enrichment mechanism occurs when 
an organic-rich sediment with high uranium content is emplaced by a tur
bidite into a deep-sea environment. Oxygen-rich seawater penetrates this 
turbidite deposit and oxidises and dissolves the uranium, which is then free 
to diffuse through the sediments. Uranium migrating downwards reaches 
more reducing conditions where it precipitates, enhancing the uranium con
centration at that level (Figure 5.5). A strong redox front is, thus, estab
lished and as more oxygenated seawater penetrates the turbidite this redox 
front migrates further downwards, driving 'the progressively more enriched 
uranium with it. This redox front remains active until another turbidite 
is emplaced above the first, cutting off the supply of oxygenated water. 
Colley & Thomson (1991) examined the enriched uranium layers at the 
inactive redox fronts and measured the longer lived parent-daughter pairs 
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Figure 5.5: Formation of uranium-rich profiles in turbidite sequences. At 
To a new turbidite is .emplaced with uranium phases homogeneously dispersed 
throughout. At T 1 oxygenated seawater infiltrates the turbidite creating a redox 
front which oxidises and mobilises the uranium. The redox front moves down
wards and entrains the uranium in the sediment as it progresses. At the same 
time a small quantity of pelagic sediment (the black bar) accumulates above the 
turbidite. At T2 the processes progress, more seawater infiltrates the sediment 
and the redox front continues downwards and its uranium concentration progres
sively increases. Further pelagic sediment accumulates. At T3 the next turbidite 
is emplaced (the dotted bar) which cuts off the supply of seawater to the redox 
front causing it to stop. The uranium accumulation at the redox front marks its 
location. A new redox front begins to form at the top of the newly emplaced 
turbidite and the sequence is repeated. (From Colley €3 Thomson, 1991) 
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of the 238U decay series (238U_234U; 234U_230Th; 230Th_226Ra; 226Ra_210po). 

It was discovered that the only element to exhibit migration, since the 
front became inactive, was 226Ra, whose symmetrical concentration peak 
around its parent 230Th implies transport occurred only by diffusion and not 
advection (Figure 5.6). If the advection had occurred in water flowing in any 
particular direction, the resulting 226Ra distribution would be asymmetrical. 
The concentration profile for 226Ra was used to calculate effective diffusion 
coefficients of between 6 X 10-13 to 1 X 10-13 m2 S-l. 

Perhaps the best known natural analogue study of radionuclide transport 
within sediments is that performed at Loch Lomond (described in Appendix 
A.9) in the southern Highlands of Scotland (MacKenzie et al., 1983; 1984; 
1989b; 1990a; Hooker et al., 1985; Falck & Hooker, 1990). The sediments 
in this currently freshwater loch (lake) contain a band of marine sediment, 
which was laid down during the Flandrian marine transgression. This band 
of marine sediment is overlain and underlain by freshwater sediments and, 
consequently, forms a geochemical discontinuity from which migration of 
various elements took place. These sediments are particularly clay-rich 
with up to 80 % clay in some horizons. A range of concentration profiles 
was constructed for various elements, from analysis of Loch Lomond sedi
ment core samples, and these were used to determine processes of mobility 
and retardation. The sedimentation of the marine band was found to have 
occurred between 6900 and 5400 years ago, using 14e analysis, palaeomag
netic and palynological studies. Fixation of iodine, bromine, uranium and 
226Ra was clearly identifiable within the marine layer, a feature which cor
related with the presence of organic carbon. Unlike the study by Colley 
& Thomson (1991) in marine turbidites, no mobile redox front was es
tablished in the Loch Lomond sediments. The pore water concentrations 
of bromine and, to a lesser extent, iodine decrease with distance from the 
marine sediments (Figure 5.7). The bromine concentration profile was mod
elled according to simple diffusion with reversible sorption, which neglects 
advective transport. When an initial bromine concentration of 60 ppm was 
assumed, the model produced an apparent diffusivity of 8 x 10-11 m2s-1. 
Batch sorption experiments were performed on the core material for iodine 
and bromine and it was discovered that, in both cases, the calculated ap
parent diffusivities were an order of magnitude less than those determined, 
possibly due to sample perturbation in the laboratory. This suggests that, 
although the laboratory studies are conservative, the calculated diffusivi
ties are probably more realistic. In addition, the laboratory experiments 
indicated that some sorption processes were apparently irreversible for sev
eral radionuclides. It follows that the assumption made in many models of 
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Figure 5.6: Profiles of 23°Th (open triangles) and 226Ra (open bow-ties) through 
two turbidites. The 230Th data points are joined together to illustrate the pro
files. The fossil redox fronts are marked by the peak isotopic concentrations. The 
230Th has been immobile since the redox front stopped moving but its daughter 
isotope e26 Ra) has migrated away from the redox front as shown by the lower 
concentrations of 226Ra at the redox fronts and higher concentrations between 
fronts than its parent isotope. (From Colley 8 Thomson, 1991) 
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Figure 5.7: Measured and modelled (assuming an initial bromine concentration 
of 10 ppm) bromine profiles through the marine layer in Loch Lomond. The 
marine layer was laid down between 6 900 and 5 400 years ago. Since this time, 

bromine has migrated upwards and downwards into the freshwater sediments 
above and below the marine layer. The modelling results suggest an apparent 
diffusivity of 8 X 10-11 m 2Js. (From Hooker et ai., 1985) 
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migration, that sorption is instantaneous and reversible, is inaccurate and 
the underlying kinetics of the process may need to be investigated further. 

These two studies are most useful when applied to diffusion-dominated 
argillaceous repository environments. Clearly, this would include transport 
within a bentonite buffer material, but the information would also be ap
propriate to matrix diffusion in a fractured clay host rock where advective 
flow occurs. 

A number of other studies on clay-rich environments may provide semi
quantitative information. The fossil forest at Dunarobba in Italy (see also 
Section 4.7) has some potential, but has not been studied effectively to 
date. The preservation of the cellulosic material in the trees, together with 
their degradation products, would allow the study of complexation of trace 
elements from the clays with organics from the wood, and their migration in 
an essentially undisturbed environment over a well quantified time period 
of around one million years. 

Clay haloes around uranium orebodies provide a superficially highly attrac
tive means of studying transport in clay buffers around waste containers, 
but there are inherent problems in the interpretation of such data. At Oklo, 
for example, many of the radionuclides leached from the uraninite were sub
sequently retained in the clay envelope around the reactor zones, including 
niobium, rhodium, ruthenium, tellurium and tin. Unfortunately, none of 
these elements is particularly relevant in repository safety assessment. In 
addition, because the clay envelope formed as a result of the high tempera
tures prevalent whilst the reactor zone was active, evolution of fission prod
ucts, their mobilisation, and the formation of the clay may be overlapping 
processes, which makes interpretation difficult. In addition, present-day 
oxidising conditions around some of the studied reactor zones may explain 
the apparent loss of some other elements from the clay in these cases. At 
Cigar Lake (Appendix A.3), the clay halo around the ore represents the 
alteration products formed by hydrothermal dissolution and breakdown of 
the host sandstones, somewhat similar to Oklo. These residual clays, char
acterised mainly by illite and accumulations of accessory minerals, form an 
efficient hydraulic barrier to groundwater movement in and around the ore 
body. Radionuclide movement in the clay halo, when observed, is mainly 
diffusive and local (up to a few tens of centimetres) in extent (Smellie et 
al., 1992). Other possible analogues might include the transport of trace 
elements from igneous intrusions emplaced in or adjacent to bentonite bod
ies, but in this situation high temperature processes, including the effects 
of enhanced illitisation, dominate the behaviour of the system and make 
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them of very tenuous relevance to the repository environment (see 3.2.4). 

3. Transport and retardation within evaporites. 
Anhydrite and other evaporite formations are generally considered to be 
effectively dry, containing only isolated pockets of brines. There is some 
debate as to whether certain evaporite formations may contain a mobile 
intergranular film of fluid which may allow radionuclide migration in solu
tion. Otherwise, the only transport mechanism available for radionuclides 
would be solid-state diffusion, which is so slow that it poses no safety risk 
for a repository. This is demonstrated by Wollenberg et ai. (1984), who dis
cuss natural analogue investigations of locations where salt formations have 
been intruded by crystalline rock. In all the cases examined, the migration 
of uranium and thorium from the igneous rock to the salt is minimal after 
tens to hundreds of millions of years. 

If brine accumulations containing dissolved radionuclides were able to mi
grate out of a repository host formation, or radionuclides were able to diffuse 
in an intercrystalline liquid phase into brines in surrounding formations, 
then it would be important to know how such brines would interact with 
other rock types, and the consequent fate of radionuclides within them. A 
novel natural analogue-type investigation to understand the possible trans
port, precipitation and retardation behaviour of radionuclides in salt for
mations was outlined by van Luik (1987). The idea is quantitatively to 
study the fate of radionuclides, such as uranium and thorium, during evap
orite crystal formation at the brine surface, and diagenesis at the bottoms, 
of saturated hypersaline lakes. Such lake environments occur throughout 
the world and have different geochemistries and input and evaporation rates 
etc .. There is already a large volume of literature (e.g. Bell, 1956; Thurber, 
1965; Simpson et ai., 1984) that discusses the fate of radionuclides in hy
persaline lakes. Although this type of study may provide useful information 
for scenarios involving mobile brine pockets in evaporites, or the dissolution 
and transport of contaminated zones of a salt repository host rock, it is not 
totally clear how such data could be used, and the concept requires further 
development. 

4. Transport and retardation at the geosphere-biosphere interface. 
Although it is possible to apply natural analogue methodology to radionu
clide transport in the biosphere, this is such a vast area of research that 
it cannot be adequately covered in this report. Nonetheless, it is worth 
considering the interface between the geosphere and the biosphere because 
this is an area which is not clearly the realm of either the far-field mod
eller or the biosphere modeller. As such, there is a danger that it may be 
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given insufficient attention. For the purposes of this report, the geosphere
biosphere interface is defined as the zone including the upper, weathered 
rock horizon and soil cover to the point at which radionuclides are taken 
up by the root system of plants or are incorporated into surface waters. 

Within this zone, there are concentrations of naturally occurring radionu
elides which may be considered as chemical analogues and used as tracers 
for the possible movement of radionuclides from a repository. However, 
other useful information may be gained from investigating the behaviour 
of anthropogenic radionuclides dispersed into the environment either de
liberately (e.g. from aerial, surface or subsurface atomic bomb tests or 
discharges from nuclear establishments) or accidentally (e.g. from the Cher
nobyl reactor fire or the Windscale fire). 

An example of the use of naturally occurring radionuclides to show the 
transport of radio nuclides in glacial tills and their uptake by organic ma
terials and peat is that of Landstrom & Sundbland (1986). In this study, 
thorium, uranium, radium and 137 Cs concentrations were determined. It 
was discovered that thorium and uranium were enriched in the organic ma-

. terial in peat bogs and peat horizons in soils, whilst the daughter radium 
was preferentially taken up into the roots of plants. In the strict sense, this 
is not a natural analogue study because no information has been gained on 
the mechanisms of transport or retardation of radionuclides in peat bogs 
but this study could easily be extended to investigate these matters. An 
extended study would be extremely useful for modelling radionuclide mi
gration in organic material-rich soil horizons for performance assessments. 
Similar types of result have been obtained from both Broubster and Nee
dle's Eye, discussed earlier in this chapter. 

Several studies have examined the fate of radionuclides released from the 
Chernobyl explosion in April 1986. Gustafsson et al. (1987) monitored the 
concentrations of several radionuclides at the Gidea and Finnsjon study 
sites, and established their transport behaviour over the twelve months 
following the accident. Radionuclide transport was indicated in soil profiles, 
groundwater, rock fissures and in surface waters. Radionuclides had been 
taken up by many different species of vegetation. Five months after the 
radionuclides were deposited some had migrated to depths below 20 cm, 
indicating that transport was not diffusion controlled. Measurements in 
drill cores at this time showed that radionuclides had penetrated 2 to 3 
cm into vertical fractures. At nine months after deposition, 106Ru was 
detected in artesian wells around 100 m deep. Monitoring continued for five 
years after deposition, and radionuclide concentrations were recorded from 
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packed-off sections of a deep artesian well. Transport through the rock took 
place through fractures and the total distance travelled was approximately 
300 m. 

The extent to which this type of information (about essentially the reverse 
situation to releases from depth) can be used to aid description of processes 
in the dynamic, high energy zone of the geosphere-biosphere interface is 
not clear. However, current studies as part of the BIOMOVS programme 
are aimed at evaluating the potential uses of such analogues in modelling 
the biosphere. 

5. Measurernent of in situ distribution coefficients. 
Performance assessments and process models require quantitative expres
sions of the sorptive capacities of rock. This is usually expressed in terms 
of the distribution of an element between solid (sorbed) and liquid (ground
water) phases as a distribution coefficient (Kd). There are now hundreds of 
thousands of laboratory Kd determinations on a wide range of water-rock 
pairs (see Sibley & Myttenaere, 1986, for example). Unfortunately, most 
may be criticised for their inadequate representation of the repository en
vironment. For example, many used crushed fresh whole rock even though 
it has been demonstrated that it is mainly the fracture coating or surface 
alteration minerals which control sorption in a fractured rock. Other prob
lems include those of ensuring that in situ conditions are maintained, or 
that the water used in experiments is in equilibrium with the rock and 
representative of real groundwaters in the environment sampled, and the 
scale of the experiment. To circumvent these types of problem, some recent 
studies have attempted to measure Kd values in the field (i. e. measure in 
situ Kd values). There are three basic methods for measuring in situ Kd 
values that are claimed to be applicable to different situations: 

(a) From radionuclide concentrations in rock-water pairs. 
This method basically applies laboratory batch style studies to the 
field situation: radionuclide concentrations are measured in a rock 
(care must be taken to measure only the sorbed concentration) and a 
groundwater from an appropriate location. Data obtained from such 
experiments can only be meaningful if the water-rock pair are taken 
from the same location, the solid phase measurements are taken from 
material which was available for exchange with the water, precipitated 
phases are identified and discounted and that the entire system was in 
equilibrium. 
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It is extremely difficult to prove that the system being measured meets 
all these requirements and, due to this, all in situ Kd values must be 
considered suspect (see McKinley and Alexander, 1 992b, for full dis
cussion). The principal problem with this method for determining 
in situ Kd values is that the measured solid phase radionuclide con
centration does not distinguish between sorption on surfaces available 
for exchange and precipitation. In most cases the measured concentra
tions do not even distingusih between surface deposits of radionuclides 
and those present in, and coeval with, the bulk rock mineralogy. In 
an attempt to solve this problem, a number of studies (Lowson et at., 
1986; Ivanovich et al., 1988; Nightingale, 1988; Yanase & Isobe, 1990; 
1991) have tried using selective leachants to distinguish radionuclide 
species held by sorption from those held in the crystalline lattice of 
minerals. Phase selective extractions are widely used in geochemical 
exploration for analysing elemental distributions in ore samples. The 
issue of selective leaching is discussed in Chao (1984) and Martin et aI. 
(1987). There is abundant evidence that leachants are non-specific; 
i. e. the relationship between the extraction solutions and the targeted 
mineral phases is not precisely identified (for discussion see Alexan
der & McKinley, 1992). Some effort has been put into testing the 
specificity of the leachants, particularly within the Alligators Rivers 
Analogue Project (ARAP). Yanase & Isobe (1990; 1991), for example, 
have used optical and XRD identification of the mineral phases at each 
stage to ensure that specificity is maintained. 
Whilst this is clearly a more rigorous approach to measuring in situ Kd 
values, two questions remain unresolved. First, the abundant evidence 
(see, for example, Sholkovitz, 1989) of readsorption during leaching 
and redistribution of the very elements of interest onto different min
erals during the extraction process, thus distorting the apparent ra
dionuclide distributions, has yet to be adequately addressed. Second, 
this method does not take into account the possibility of radionuclides 
existing in the colloidal state. If they do, then the basic assumption of 
a distribution between only the solid and solution states is unfounded 
and the resulting Kd value is invalid. 

(b) FrOIll radionuclide concentration profiles. 
This method is based on the principle that the redistribution of a well
defined and datable geochemical anomaly can be interpreted in terms 
of retardation, if the water transport velocity is known. The simplest 
case would be where no advective transport occurs and radio nuclide 
migration occurs by diffusion only. For example, the redistribution 



202 

of various elements from the marine band in Loch Lomond (discussed 
earlier) has been analysed to derive 'best fit' retardation factors (e.g. 
Hooker et al., 1985; Falck & Hooker, 1990). In the very simplest case, 
such studies can directly yield a retardation factor from the ratio of 
peak transit times of a sorbing and a 'non-sorbing' tracer. However, 
this only holds true under the assumption of fast, concentration in
dependent, reversible sorption (i.e. Kd type) so, if sorption is more 
complex, the whole concept of deriving a Kd in such systems is inap
propriate. 

(c) FrOlll isotope ratios. 
This method for determining in situ Kd values from isotope ratios is 
based on the work of Krishnaswami et al. (1982) on closed aquifers 
in Connecticut in which the Kd values are calculated from the iso
topic ratios of radionuclides in the groundwater and rock. There are 
a number of reasons why this approach cannot be applied directly to 
in situ Kd determinations within an environment analogous to that of 
a repository. Principally, this method allows for radionuclide input to 
solution by dissolution and recoil, but removal only by decay and sorp
tion. Such assumptions are not generally applicable to a groundwater 
system because, in low flow situations or in a state of disequilibrium, 
addition by mineral dissolution and removal by precipitation or co
precipitation are also likely to occur. In addition, the Krishnaswami 
et al. approach contains numerous other unproven assumptions, many 
of which are criticised as being unrealistic by McKinley & Alexander 
(1993a, b). 

Alternative isotopic methods of in situ Kd measurement exist, one of 
the simplest being the measurement of the solution phase concentra
tions of members of the natural decay series chains (e.g. Laul et al., 
1985, 1986; Laul & Smith, 1988). Here, a radionucIide retardation fac
tor is defined as the reciprocal of the activity ratio of that radionucIide 
relative to 226Ra, which is assumed to be non-sorbing in the particular 
brine system studied. Given the complex geochemistry of the natu
ral decay series, along with signs of solubility limits for uranium and 
thorium in this system, this approach is obviously over-simplistic (see 
McKinley & Alexander, 1992b, for details). 
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5.2.2 Conclusions 

The important conclusions from natural analogue studies of transport and retar
dation are: 

• The uptake of radionuclides and other trace elements on fracture surfaces 
is a phenomenon frequently observed in the field. The principal phases tak
ing up elements from solution are iron oxyhydroxides, organic coatings and 
clay Ininerals, although many other fracture surface and bulk rock minerals 
have sorptive capacity. It is often very difficult to distinguish quantitatively 
between sorption and precipitation processes. Many studies resort to labo
ratory experiments to determine distribution coefficients for the purposes of 
modelling transport in the analogue system. Studies of natural decay series 
disequilibria can give useful information on the timescales of uranium mo
bilisation and deposition in some systems. The direct transfer of the type 
of detailed Kd data used in performance assessments from analogue studies 
is not a practical proposition (although see the final conclusion). Analogues 
thus provide largely qualitative illustrations of the overall effects of trans
port and retardation processes and assist in identifying the processes which 
are most active in any given environment. 

• Elemental retardation during diffusive transport has been clearly identified 
in studies on unconsolidated sediments, and some quantitative diffusivity 
data have been obtained. Such studies are reasonable natural analogues of 
radionuclide behaviour in argillaceous rocks and clay backfills, although the 
analogy is not complete. 

• The issue of irreversible sorption of radionuclides over long time periods, a 
potentially enormously beneficial process in safety assessment terms which 
currently cannot be given any credit, can probably only be resolved by 
natural analogue studies. 

• Very few natural analogue studies have addressed the issue of radionuclide 
transport in anhydrite and other evaporite formations. The information 
that is available indicates that transport will probably be diffusive and so 
may be very slow. It is possible that natural analogues could help provide 
information on the behaviour of radionuclides in mobile brines, particularly 
in mixing zones with other formation waters, but this has not been pursued. 

• Radionuclide behaviour at the geosphere-biosphere interface can be investi
gated by natural analogue studies on the migration of radionuclides released 
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from underground bomb tests and accidents such as Chernobyl. Quantita
tive data have been obtained from this type of investigation, but further 
work is necessary to define how such data can be applied in modelling this 
complex zone . 

• In situ Kd determinations are potentially extremely valuable in quantifying 
the sorptive capacity of different mineral assemblages. However, the process 
of obtaining these measurements is fraught with technical difficulties and 
interpretative ambiguities, further confused by an apparent lack of under
standing of the Kd concept. Despite these problems, every effort should be 
made to try to improve the techniques before such investigations form part 
of future natural analogue studies. All such data acquired to date must 
be treated as suspect due to various inherent problems with the different 
techniques but, if these problems can be rectified, the technique may yet 
have value for testing. 
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5.3 Matrix diffusion 

The term matrix diffusion is applied to the process by which solute, flowing in 
distinct fractures, penetrates the surrounding rock. Diffusion into the rock occurs 
in a connected system of pores or microfractures, and diffusion through the solid 
phase is presumed to be insignificant by comparison (see the review of Valkiainen, 
1992). The importance of matrix diffusion in the context of a radioactive waste 
repository is that it greatly enlarges the area of rock surface in contact with 
advecting radionuclides from just the fracture surfaces to a portion of the bulk 
rock (Neretnieks, 1980; Grisak & Pickens, 1980; Rasmuson & Neretnieks, 1981; 
Hadermann & Roesel, 1985). 

The matrix diffusion theory proposes that dissolved radionuclides will diffuse 
from a water-filled fracture, through any fracture coating layer and into the 
rock matrix. if these radionuclides are reactive, they will sorb onto the inner 
surfaces of these pores or else remain dissolved within the immobile pore water 
(Figure 5.8). This process can be envisaged as an extreme case of a dual poros
ity medium, in which advectiveflow occurs entirely within the fracture system, 
or primary porosity, whilst all solute transport in the bulk rock, the secondary 
porosity, takes place by diffusion (for example, Barenblatt et al., 1960; Grisak 
& Pickens, 1980). The porosity of the matrix can be very small (about 0.1 to 1 
%) in many hard rocks, and diffusion into the matrix is likely to be slow. The 
impact of matrix diffusion will, as a consequence, not be significant along rapid 
flow paths but, for the slower paths likely in a repository host rock, it may result 
in a significant delay in release and reduction in the maximum concentration of 
radionuclides in the groundwater entering the biosphere. This process is partic
ularly important if the resulting transport time to the biosphere is greater than 
the half-life of the radionuclide, since the total release can be reduced by several 
orders of magnitude (KBS, 1983). In addition, pulsed releases can be spread 
over longer time periods, thereby decreasing release concentrations by a process 
of temporal dilution (N agra, 1985). For non-sorbed radionuclides, this process 
represents an important retardation mechanism, since these radionuclides would 
otherwise be transported at the advection rate of the groundwater. Thus the 
importance of matrix diffusion lies in the fact that it provides a mechanism for 
enlarging the rock surface in contact with the advecting solute, from that of the 
fracture surfaces and their infills to a much larger portion of the bulk rock. 

The theoretical basis for matrix diffusion is fairly well established. There are, 
however, different views regarding the volume of rock that would be available 
for matrix diffusion, i.e. the extent of connected microporosity. In the KBS-
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3 performance assessment (KBS, 1983) it was assumed that the entire volume 
of rock was available for matrix diffusion. In contrast Glueckauf (1980) assumed 
that matrix diffusion is limited only to dead-end pores, whilst the Project Gewahr 
performance assessment (Nagra, 1985) assumed that matrix diffusion was limited 
to a 1 mm thick, microfractured damage zone. 

Figure 5.8: Representation of matrix diffusion theory in fractured crystalline rock. 
Advective transport of radionuclides occurs in the larger fissures where groundwater 
flows. Some radionuclides will enter the rock matrix via the microfissures that run 
between and through the grains and where transport occurs by diffusion only. The 

depth of rock which is available to the diffusing radionuclides will vary from rock 
to rock but is often between 10 and 40 mm for most granites. (From Birgersson 8 
Neretnieks, 1983) 
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Laboratory-scale studies appear to support the matrix diffusion theory with ev
idence from experiments on limestone (Garrels et al., 1949), sandstone (Klinken
berg, 1951) and crystalline rocks (Skagius & Neretnieks, 1982; 1983; 1985a; 1985b; 
1986; Torstenfelt et al., 1982a; Bradbury & Stephen, 1986). One significant prob
lem here, however, is that laboratory experiments are conducted, out of neces
sity, on core samples which have probably been disturbed by the drilling and 
sub-coring processes. Disruption may occur only on a microscopic scale but, as 
this is the scale of interest to matrix diffusion, this indicates that the laboratory 
results must be treated with caution. In general, all of the changes induced in the 
samples (see McKinley, 1989, for further details) tend to cause overestimation of 
the rock diffusivity, leading to an overestimation of matrix diffusion which is, in 
turn, non-conservative in the safety assessment sense, as it leads to an apparently 
greater degree of radionuclide immobilisation in the far-field. 

In addition, the petrological description of bulk matrix porosity does not mean 
that such a system is interconnected or actually exists in situ; destressing due to 
sampling, etc, will always open new pores and fractures. A very good attempt 
has been made to identify preexisting (or original) fractures and pores and those 
induced by sampling (Chernis, 1981; 1983; 1984), but the major problem remains 
that it is no trivial matter unambiguously to identify the generation to which 
the pores and fractures belong. This is probably the nub of the matter: is 
the requirement of unlimited matrix diffusion essential enough to the repository 
design to support the massive experimental programme which will probably be 
necessary to state, unambiguously, that it exists? If not, the evidence supplied by 
geochemical perturbations to the rock will have to be enough, even if this shows 
only large, but not unlimited, matrix availability. 

Attempts have also been made to verify matrix diffusion by more complex exper
iments which, by confining the (larger) rock samples under high pressures (e.g. 
Brace et aI., 1968; Bischoff et al., 1987; Drew & Vandergraaf, 1989) hoped to 
recreate the in situ conditions more precisely. There are still many problems 
with such experiments: the low hydraulic conductivity means that unrealistically 
high pressure gradients have to be applied to the infiltrating fluids in order to 
produce breakthrough of radionuclides within reasonable time scales, plus there 
is no way to guarantee that the reestablished confining pressures will recreate 
anything like the original pore geometry. In fact, in one study (Skagius, 1986) 
which attempted to quantify the degree of disturbance, it was estimated that lab
oratory produced data probably overestimated in situ diffusion coefficients by a 
factor of two to five. These should be treated as minimum values, however, as the 
study was conceptually simplistic, assuming that restressing core samples with 
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simulated overburden pressures would represent undisturbed in situ conditions. 

An alternative method to assess the extent of matrix diffusion is to conduct the 
type of in situ tracer tests carried out in the Stripa and Grimsel test sites. Gen
erally, these are of too short a duration to allow matrix diffusion effects to be 
observed (SKI, 1991), and the 'proof' depends on a model interpretation of tracer 
breakthrough curves, not on direct measurement of tracer penetration into the 
rock matrix. Unfortunately, other processes such as dispersion and sorption could 
equally produce similar 'model fits' to the breakthrough data and, as such, the 
results cannot be uniquely attributed to matrix diffusion. Indeed, similar criti
cisms may be applied to the vast majority of laboratory experiments. In only a 
few cases has an attempt been made to measure directly the actual penetration 
profiles (for example, Ittner et al., 1988) and it is usually shown that the calcu
lated diffusion coefficients are several orders of magnitude greater than in situ 
values. 

To date, only one field experiment might reasonably be claimed to have indicated 
matrix diffusion on the field scale: the recent, long-term strontium migration test 
at the Grimsel Test Site has been so well constrained by removal of all unknown 
parameters apart from matrix diffusion (see Alexander et al., 1992b; Frick et al., 
1992) that little doubt can exist as to the veracity of the results. It is, however, 
worth noting that this particular experiment is the culmination of eight years of 
field, laboratory and modelling effort and is also, obviously, site-specific. 

5.3.1 Natural analogues of matrix diffusion 

An alternative, unambiguous method for the assessment of matrix diffusion is to 
carry out studies on 'natural tracers' in rock, although care must be taken to ex
clude sampling-induced artefacts (Mazurek et al., 1992b). Here, perturbations to 
the 'average' chemical composition of the bulk rock are used to indicate the pres
ence of previous rock-water interaction. The distribution of a range of indicator 
elements is examined along a profile, usually away from a known (or suspected) 
water-conducting fracture in the bulk rock. Usually (c.f. Schwarcz et al., 1982; 
Srnellie et al., 1986a; 1986b; 1986c), the natural decay series, REEs and a suite of 
(other) redox-sensitive elements are studied with the intention of covering a range 
of geochemical behaviour, thus increasing the chances of obtaining evidence of 
rock-water interaction. In the case of the natural decay series, for example, ura
nium is more soluble than thorium and 234U is more mobile than 238U. Uranium 
is also redox-sensitive, while radium is more likely to be involved in exchange 
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reactions or in solid-solution with a variety of carbonate phases. This range of 
geochemical behaviour is supplemented by the large range in the half-lives of the 
various member:s of the series (e.g. half life for 234U is 2.5 X 105 years; for 226Ra 
1.6 x 103 years), the combination of both features allowing a variety of types of 
rock-water interaction to be identified, along with some idea of the duration of 
any given event. Chapman et al. (1984) reviewed the natural analogue studies 
aimed at investigating matrix diffusion that had been performed up to that date. 
Those studies were all carried out in one or other of two geological environments. 
The first, which was considered to be the most suitable from the viewpoint of 
a repository performance assessment, is one where a water-conducting fracture 
zone transports measurable concentrations of radionuclides, or leaches them from 
the surrounding rock. If matrix diffusion occurs, then a diffusion profile should 
exist in the adjacent rock mass. The second is in the marginal zones around hy
drothermal vein deposits where radionuclides migrate from the vein minerals into 
the surrounding host rock. The conclusions reached by Chapman et al. (1984) 
were: 

• No laboratory, field or natural analogue studies have provided conclusive 
evidence of the magnitude of the matrix diffusion process, or resolved all of 
the mechanisms involved. 

• The usefulness of information gained so far from studies of hydrothermal 
veins has been restricted by (a) unsuitable "high temperatures, which make 
it difficult to distinguish between high-temperature mineralogical fixation 
and low diffusion rates, (b) inapplicable rock type or water geochemistry. 

• The major difficulties to be surmounted are the time scale factor (in exper
imental studies) and the suitability of the sample (for both laboratory and 
natural analogue studies). This is because radionuclides may diffuse only a 
few millimetres into intact rock. It is, thus, critical that near-surface me
chanical and chemical effects, which result in enhanced" permeabilities and 
porosities, be assessed fully before any definitive interpretation of matrix 
diffusion is attempted. 

• A possible natural analogue study would be analysis of rock in contact with 
saline solutions, which can act as a tracer. 

Since 1984, numerous other natural analogue studies have been performed with 
the principal aim of investigating matrix diffusion. The discussion below ex
amines how these studies address the important issues related to this process, 
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including those raised by Chapman et at. (1984). It is of note that most of the 
studies discussed below deal with fractured crystalline rock, with little mention 
of sediments. This is partly a reflection of the rock types of interest to various 
national waste disposal programmes, but it should not be forgotten that much 
of the initial development work on the matrix diffusion theory was based on in
formation from porous sediments (see, for example, Foster, 1975; Sudicky and 
Frind, 1981). In addition, studies of matrix diffusion in fractured sediments are 
currently underway in at least one country. 

1. Depth and volume of interconnected porosity. 
One study that follows the recommendation to examine rock in contact 
with saline water was performed by Jefferies (1987). In this investigation, 
granite blocks that had been submerged in seawater for 30 years, as part of 
a pier construction, were studied. Solute diffusion profiles of Cl-, Br-, F
and SO~- were determined in the granite and apparent diffusion coefficients 
and solute-accessible porosities calculated for CI- and Br-. These anions 
were chosen because they are weakly or non-sorbing and are, therefore, 
highly mobile. Laboratory investigations of the diffusion coefficient from 
these samples suggest that this parameter is enhanced by up to 200 times 
close to a fracture surface, due to mechanical disruption. This is, however, 
not a good example because the rock was drained before emplacement in 
the water and, therefore, capillary suction rather than matrix diffusion may 
explain these results. Certainly, in a study of uranium migration in intact 
granite, Baertschi et at. (1991) unambiguously identified capillary suction 
as the migration mechanism, rather than matrix diffusion. 

More recently, Olin and Valkiainen (1990) measured the diffusion of saline 
waters out of granite into a water-conducting fracture. Owing to post
glacial uplift, the study site (Hastholmen Island) has risen out of the Baltic 
Sea, creating a layered groundwater regime with recent freshwater above 
the original, marine-derived saline water. The work was conducted on core 
samples of fresh, unfractured granite (with saline porewaters) from between 
(fresh) water-conducting fractures. In principle, it would be expected that 
the concentration gradient between the saline porewater and the freshwater 
in fractures would induce matrix diffusion towards the fractures, resulting in 
observable concentration profiles. Here, as in the work of Jefferies (1987), 
the cores were immersed in distilled water and the rate of change of the 
concentration of chloride and sulphate in this water was observed. 

Calculations provided an apparent diffusion coefficient of 2 x 10-9m2s- 1 , 

about an order of magnitude higher than measured in laboratory through-
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diffusion experiments. This discrepancy is not explained, but may be due to 
the presence of microfractures or, more probably, the use of an inappropriate 
model to calculate the apparent diffusion coefficients (Valkiainen, 1992). 

In a study of matrix diffusion in the vicinity of a mineralised vein, Pinto 
Coelho (1987) measured the depth to which percolating groundwaters had 
redistributed (leached) elements in the rock adjacent to the vein. The ele
ments that were studied were uranium, thorium, lanthanum, neodymium, 
bromine, strontium and barium, considered to be chemical analogues of 
plutonium, neptunium, cerium, americium, iodine and radium. It was gen
erally found that the depth to which redistribution of the elements occurred 
was between 32 and 65 mm; this was taken to be a measure of the depth 
of matrix diffusion. Greater elemental redistribution occurred closer to the 
vein, and the depth of redistribution varied for each element; barium was 
affected to a depth of 32 mm, while uranium and zirconium were affected to 
65 mm into the rock. All the major elements, measured as oxides, (except 
Fe203) were disturbed to a depth of 50 mm. 

It is recommended that the depths given by Pinto Coelho (1987) be treated 
with caution because important boundary conditions to the system are 
unknown. Particularly, there is no information on the maximum fluid tem
peratures or the duration of fluid flow in the fracture. Fluid temperatures 
must have been significantly higher than would ever be reached in a repos
itory to enable precipitation of quartz in the vein. It is likely that the 
higher fluid temperatures would have enhanced the diffusion penetration 
depth, and so the depths given by Pinto Coelho (1987) might be considered 
as maximum estimates but, without knowing the duration of the event, this 
must be speculative. As such, the results of this study should be considered 
as non-conservative. 

Some of the most detailed natural analogue studies of matrix diffusion were 
performed on rock adjacent to well characterised, water-conducting frac
tures (e.g. Smellie et al., 1986a, 1986b, 1986c, 1992; Alexander et al., 1988, 
1990a, 1990b). In these studies, core samples from boreholes drilled perpen
dicular to fracture surfaces were analysed for a suite of elements (Figures 
5.9 and 5.10). All of the core samples were crystalline rock; two from 
the Swiss underground test site at Grimsel, one from a Swiss borehole at 
Bottstein and the other from a Swedish borehole at Krakemala. Alexander 
et al. (1990a) concluded that interconnected porosity may extend 500 mm 
into the matrix of heavily altered granites, but would be more restricted in 
granites that had experienced less physical alteration or hydrothermal ac
tivity. With reference to the Swiss Project Gewahr performance assessment, 
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Figure 5.9: Natural decay series profiles measured in a core section perpen
dicular to a water conducting fracture from the Grimsel Test Site, Switzerland. 
Assuming immobility of thorium, the lowest profile indicates preferential mobil
ity of 226Ra in a region 3 to 4 cm deep either side of the fracture. This profile 
also suggests diffusion of 226Ra towards the fracture over the last 1 600 to 8 000 
years. (From Alexander et al., 1990a) 
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Figure 5.10: Chondrite-normalised rare earth element concentration profiles 
measured in core sections perpendicular to water conducting fractures from 
Bottstein, Switzerland; note there is a pegmatite adjacent to the fracture. These 
profiles clearly show that the fracture influences the concentration of many el
ements in the rock and, although the exact processes are not easily deduced 
from these data, such changes in elemental concentrations must be due to migra
tion within the microfracture network associated with the main fracture. (From 
Alexander et al., 1990a) 
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which assumed a limited connected pore depth, Alexander et at. (1990b) 
concluded that a depth of 50 mm would be more realistic, and 10 mm would 
be sufficiently conservative. In the Grimsel granites, Alexander et at. (op. 
cit.) see no evidence that the connected porosity extends throughout the 
entire rock mass, as assumed in KBS-3 (KBS, 1983). However, the data 
for the Krakem<Ua (Smellie et at., 1986b) and the Bottstein (Alexander 
et at., 1988) cores indicate that physical and hydrothermal alteration are 
capable of opening the rock matrix to a significant depth, perhaps even 
enhancing advective transport well outside the obvious fracture zone (see 
also Alexander et at., 1990a; Bossart and Mazurek, 1991). Mazurek et al. 
(1992b) report matrix diffusion depths of up to 40 mm in samples from 
the north Switzerland crystalline basement. Although the full interpreta
tion of these data is still ongoing, it is worth noting that a total of five 
cores from aplitic/pegmatitic fracture zones all display natural decay series 
disequilibria, indicating rock-water interactions at depth in the bulk rock 
matrix (c.f. also Alexander et al., 1988). It must be noted that the above 
studies measured the depths penetrated using data on disequilibrium in the 
uranium-series radionuclides and, as a consequence, the penetration depths 
must be considered to be minimum estimates, as the apparent penetration 
depth is inherently limited by the radionuclide half-lives. Alexander et 
ai. (op. cit.) do not consider these penetration depths to be significantly 
influenced by physical disruption during sampling because they obtained 
consistency between elemental and radionuclide profiles and observed mi
croporosity in thin sections. 

Matrix diffusion was also investigated as part of the Palmottu natural ana
logue study (described in Appendix A.6). Radionuclide concentration pro
files, from a fracture into the rock matrix, were examined from two dif
ferent drill cores. An indication of the radionuclide distribution was first 
obtained from a-autoradiography and then more detailed investigations 
proceeded with phase selective extractions. The a-autoradiography clearly 
showed the distribution of radionuclides decreasing from the fracture sur
face into the rock in an almost exponential fashion (Figure 5.11). Diffuse 
a could be identified some 80 mm into the rock matrix in one sample. 
The a-autoradiography also indicated the phases with which the radionu
clides were associated, namely clay minerals associated with iron oxyhy
droxides, formed from feldspar alteration, and biotite grains. Selective 
leaching experiments showed that most of the radionuclides that had dif
fused into the rock matrix were only loosely bound to the iron-rich phases. 
In one sample, activity correlated to microfractures indicating that fluid 
flow was channelled even at the microscopic level, whilst in the other sample 
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Qu Kfs 
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Figure 5.11: Top: Photomicrograph of a section of pegmatite adjacent to a 
water conducting fracture at Palmottu. The fracture is to the left of the picture. 
Qu = quartz, Kfs = potassium-feldspar , Bt = biotite, PI = altered plagioclase. 
Bottom: Autoradiograph (a- particles) of the same rock section. The white areas 
indicate high a - particle activity which is clearly greatest near the fracture and 

controlled by the foliation in the rock. This has been caused by diffusion into thp 
rock of uranium- rich groundwaters . Sample width is 30 mm. (From Blomquist 
et al., 1991) 
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diffusion was predominantly along grain boundaries. This strongly supports 
the conclusions noted above that physical disruption or chemical alteration 
of the rock around a fracture may control the mechanism of transport into 
the rock matrix. 

Another comprehensive investigation into the processes involved in matrix 
diffusion in crystalline rock is currently underway (Heath et al., 1992; Mon
toto et al., 1991a; 1991 b). This investigation compared granite samples 
from a number of locations: the EI Berrocal natural analogue study site, 
Spain; the Stripa test mine, Sweden; the Underground Research Labora
tory (URL), Canada and the Grimsel Test Site, Switzerland. Each sample 
was taken from close to a hydraulically active fracture and then cut to 
provide a series of slices parallel to the fracture. All the slices were exten
sively characterised for mineralogy, chemistry and physical properties by 
a number of different techniques, including U-series disequilibrium mea
surements. Concentrations of U, Th and selected trace metals, the extent 
of iron oxidation, 234U j238U and 230Th/234U activity ratios were compared 
with porosity, water content, void index, longitudinal wave velocity and dry 
density for each slice. It has been found that, for all samples, the region 
of enhanced uranium mobility correlates with the zone of microstructural 
alteration in the rock adjacent to the fractures. This zone of microstruc
tural alteration often penetrates deeper into the rock than does the region 
of enhanced uranium mobility but, in any case, is itself confined to a zone 
extending only a few centimetres from the fracture. The actual depth of 
enhanced uranium mobility varies from site to site and are: 35 mm in the 
shallow El Berrocal granite; 80 mm in the deep EI Berrocal granite; 25 
mm in the Stripa granite; 50 mm in the altered URL granite; 50 mm in the 
unaltered URL granite. Although not yet published, the data from Grimsel 
appear to show evidence of matrix diffusion throughout the 200 mm length 
of the core (see comments in Montoto et al., 1992), comparable with the 
results of Alexander et al. (1990a) for another Grimsel core. 

Smellie et al. (1993) present natural radionuclide decay series, Mossbauer 
and stable isotope analyses of a section of rock extending from a single, 
water-conducting fracture in an oxidising groundwater environment into a 
granite from the Kamlunge test site in northern Sweden. Hydrothermal 
alteration has affected the rock in a zone some 20 to 30 mm adjacent to the 
fracture. Long-term loss of uranium due to rock-water interactions on a 
timescale in the order of 105 years, with preferential loss of 234U (probably 
under reducing conditions), has affected the complete 7 em section of rock, 
implying matrix diffusion on this scale. More recent (within the last 105 
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years or less), rapid removal of uranium from the rock marginal to the 
fracture by oxidising groundwater is restricted to a narrow zone of 30 to 40 
mm into the rock from the fracture. Porosity and diffusivity measurements 
from altered and 'fresh' rock portions showed no significant differences. 
Uranium retardation via scavenging by secondary minerals on the fracture 
surface has been observed in other granitic rocks but does not appear to be 
effective at Kamlunge. Similar studies are continuing using samples selected 
from the same fracture at successive depths through and beyond the redox 
front. 

In general, it appears that the more altered granites have the greatest po
tential for matrix diffusion. It follows that these results confirm the theories 
of Glueckauf (1980) and Hadermann & Roesel (1985) and the experimen
tal interpretation of Alexander et al. (1990a) in that matrix diffusion in 
crystalline rock is generally limited to only a small volume of rock close to 
fractures and does not extend throughout the entire rock volume. However, 
it should be noted that even a small volume can make a significant differ
ence to contaminant retardation. Alexander et al. (1990b) noted that, in 
the case of the RANCHMD transport code (Hadermann and Jakob, 1987), 
varying the effective diffusion coefficient (of a non-sorbing radionuclide in 
the rock matrix) by three orders of magnitude produced no significant en
hancement of calculated radionuclide retardation. Changing the assumed 
maximum depth of matrix diffusion by over an order of magnitude (from 1 
mm in the code to 30 mm suggested by Alexander et al. (op. cit.)), how
ever, increased the time of breakthrough of a long-lived radionuclide pulse 
by an order of magnitude and decreased the peak activity by an order 
of magnitude. Further, for radionuclides where the transit time (through 
the fracture) is comparable to the radionuclide half-life, the effect of in
creased retardation becomes strongly non-linear, as the additional effects 
of radioactive decay also decrease releases. 

A geological phenomenon that may provide further useful information on el
emental migration through the bulk rock matrix is that of reduction spots 
(Figure 5.12). These are discussed with regard to redox fronts (Section 
5.5). Although they have not been investigated with the specific intention 
of quantifying matrix diffusion, they may be used for this purpose due to 
the fact that they represent locations where net elemental migration has 
occurred, solely by diffusion, in the rock matrix. Reduction spots do not 
form by matrix diffusion in the sense in which this term is used by most 
models, because the elemental migration does not occur from a fracture into 
the bulk rock. This is, in fact, very useful because reduction spots represent 
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Figure 5.12: Top: Large reduction spot in a Permian red- bed clearly showing 
the morphology with a central core, core margin, pale and hematite zones and 
the sharp redox front . This spot is approxima,tely 40 mm in diameter. (Hom 

Hofmann et al., 1981). Bottom: Reduction spots in cl ay- rich sa.ndstones. The 
scale bar is 1 em. (Prom Hofmann, 1990a) 
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diffusion in the rock where it has not noticeably been affected by chemical 
and physical alteration. Although reduction spots occur most commonly in 
slates and shales, they can occur in granites. In one investigation, reduction 
spots from a number of granites have been examined and their mode and 
time of formation calculated (Hofmann, 1990a). It was concluded that 
reductions spots with a total diameter of 50 mm, but with a core of about 
10 mm diameter, took some 106 years to form. What is important here is 
not the calculation of apparent or effective diffusion coefficients, rather it is 
the clear indication that connected porosity and, therefore, the possibility 
of radionuclide retardation exists, even at depth in the rock matrix (i. e. at 
some distance from a fracture). 

2. Bulk rock chemical buffering capacity. 
The solubility of many key radionuclides is substantially lower under re
ducing conditions than under oxidising conditions. It is clearly impor
tant, therefore, that the near-field geochemical environment of a repository 
should be capable of buffering the redox potential to maintain reducing 
conditions in the event of radiolytic oxidant production. 

For the Swedish spent fuel repository it is the ferrous iron in the host rock 
which must act as the largest buffer to any increases in redox potential 
(Neretnieks, 1986a; 1986c). Some ferrous iron will be present in fracture 
coating minerals or where the adjacent rock is hydrothermally altered, and 
will be directly accessible to groundwater by advection. However, in the 
case of fractured crystalline rock, a much larger amount of ferrous iron 
is held in minerals, such as biotite and the amphiboles, within the rock 
matrix. In order for the redox buffering capacity of this ferrous iron to 
be realised, these minerals must be accessible to groundwater by matrix 
diffusion. It follows that, in general, the greater the depth of connected 
microporosity, the higher the redox buffering capacity of the rock. However, 
the form of the porosity is also important, for if only a few large pores 
are present then the iron may be much less accessible than when a dense 
network of micropores or microfractures are present. Despite the obviously 
important link between matrix diffusion and redox buffering, this aspect of 
matrix diffusion has received scant attention to date. The work of Smellie 
et al. (1992), however, suggests that oxidising groundwaters are effectively 
buffered in the host rock within 30 to 40 mm from the conducting fracture. 
It was noted by Alexander et al. (1990a) that, not only is the buffering 
capacity of the rock (and thus matrix diffusion) important for reducing the 
solubility and mobility of radionuclides, but also that the 'redox front' thus 
created, if confined within the microporous, diffusion controlled rock mass 
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makes the formation of colloids less problematic than if they had formed in 
an open fracture where advective transport occurs. 

The redox buffering capacity of the host rock deserves more attention than it 
currently receives. This is especially true for the SKB spent fuel repository. 
In future studies of matrix diffusion, it would be informative to calculate the 
mass of ferrous iron that is accessible to groundwater through the connected 
microporosity, by matrix diffusion (c.f. the ongoing Swedish 'Large Scale 
Redox Experiment'). This is, of course, a site-specific quantity, but no 
more so than the matrix diffusion capacity of the rock itself, which receives 
so much attention. 

3. Estimation of diffusion coefficients. 
The most common approach to estimating matrix diffusion coefficients us
ing data from natural systems is to back-calculate from an elemental profile 
assumed to be produced by diffusion into or out of the bulk rock. In addition 
to the concentration gradient, information is also required on the duration 
of the process. Ideally, only well-constrained systems are analysed, for 
example the exfiltration of saline groundwater into freshwater filled frac
tures as a result of a change in sea-level (Olin & Valkiainen, 1990), or 
systems which can be dated directly using an appropriate isotopic system 
(e.g. Latham & Schwarcz, 1989). The problem in many of the former ex
amples is that the 'constraints' on the systems are often model dependent 
(e.g. rate of postglacial land uplift), so uncertainty increases. In the latter 
examples, the radiostopes do not behave as ideal, non-interacting tracers, 
thus causing underestimation of actual diffusion rates. 

The major advantage of examples from natural systems is that they once 
again avoid the significant perturbations associated with laboratory exper
iments and it is, therefore, worthwhile comparing a small selection of the 
available data (Table 5.2) with the larger volume of data available elsewhere 
on laboratory based values (e.g. Neretnieks, 1990; Brandberg & Skagius, 
1991). Perhaps the most striking feature of the Table is the large range in 
calculated apparent diffusivity (Da) values from 10-21 m2s- 1 to10-9 m 2s-1 . 

The former value can be rejected, as it is in the range of solid state diffu
sion coefficients, as can the latter, as it is greater than the related value for 
molecular diffusivity in pure water (see comments in Valkiainen, 1992, on 
the use of an inappropriate model for these particular calculations). 

In the Swiss performance assessment, Project Gewiihr, a pore diffusivity 
coefficient (Dp) of 1.5 x 10-10 m 2s-1 was taken as the base case, and this 
translates to a Da of 1.5 x 10-15 m2s-1 • Of the data presented in Table 5.2, 
the radium based Da of Alexander et al. (1990b) and the high end of the 
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uranium based Da values of Shea (1984) are in this general area. However, it 
is of note that the uranium data (from the Bottstein and Grimsel samples) 
for Swiss crystalline rocks are significantly higher, at 10-10 m2s-1 , than 
the Gewahr base case. Similarly, the data of Mazurek (1993) for aplitic 
and pegmatitic fracture zones produce Da values in the 10-10 m 2s-1 range. 
While this represents only a limited data set, it does suggest that the Project 
Gewahr 1985 base case Da value of 10-15 m2s-1 (De = 10-10 m 2s-1 ) is 
over-conservative. Further comparison with laboratory derived data is also 
advisable. 

Table 5.2: Estimated diffusion coefficients in crystalline rock 

Da (m2s-1 ) Method Source 

10-21 to 10-18 Fitting U data from chlorite Shea, 1984 

grains in hydrothermal veins 

10-19 to 10-16 U concentration gradient in the bulk Shea, 1984 

rock around hydrothermal veins 

0.3 x 10-14 to Ra concentration gradient in bulk Alexander 

1.8 x 10-14 rock around a fracture at Grimsel et al., 1990b 

1.1 x 10-10 to Calculated from U distribution in Smellie 

5.8 x 10-10 bulk rock around pegmatitic vein et al., 1986* 

(Bottstein core) 

1.0 x 10-10 to Calculated from U distribution in Alexander 

5.1 x 10-10 bulk rock around fracture at Grimsel et al., 1990a * 

2 x 10-9 Back diffusion of Cl from a core Lehikoinen 

sample into distilled water et ai., 1992 

*see Alexander et ai. 1990b for method of calculation. 

5.3.2 Conclusions 

The important conclusions from natural analogue studies of matrix diffusion are: 

• Matrix diffusion in fractured crystalline rocks has been extensively investi
gated and further, generic work seems unnecessary. Site-specific studies are 
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probably required and, indeed, several are currently underway. In contrast, 
little work has been carried out on matrix diffusion in sediments, at least 
not under the title of natural analogues. It should not be forgotten that 
a substantial body of literature on diffusion in porous sediments was the 
basis of the matrix diffusion theory. In addition, study of matrix diffusion 
in fractured sediments is currently underway in at least one country. 

• In general, matrix diffusion of relevance to radioactive waste disposal may 
be assumed to operate to depths of 100 to 200 mm. Evidence for greater 
depths of matrix diffusion has been provided in some natural analogue (and 
site characterisation) studies. However, even if a conservative value of 10 
mm depth is assumed in a performance assessment, this will provide a sig
nificant degree of retardation to radionuclides migrating through fractured 
rock. 

• Comprehensive geochemical and petrophysical charcaterisation reveals that 
the region of enhanced trace element mobility in the vicinity of a fracture 
often corresponds to zones of physical or hydrothermal alteration 

• The extent of rock available for matrix diffusion also controls its ability to 
buffer the redox conditions by restricting access of groundwater to ferrous 
iron-rich minerals. Little attention has been paid to this aspect of the 
matrix diffusion issue and more work along the lines of the Swedish 'Large 
Scale redox experiment' would be worthwhile. 

• Any colloids formed within the rock matrix as a result of redox reactions will 
be physically trapped and, as a consequence, can have no part in advective 
transport of radionuclides. This area has not been studied to date and may 
be worth further investigation. 



223 

5.4 Radiolysis 

Significant radiation fields are only likely to occur in the near-fields of repositories 
for spent fuel, high-level waste and certain intermediate-level wastes. Radiolysis 
of a number of materials may occur (e.g. bitumen), but it is radiolysis of ground
water which is most significant. During radiolysis of water, equal amounts of 
oxidants and reductants are produced. The radiolytic yields of radicals such as 
e~q' H", OH", H02 and the molecular products H20 2, H2 and O2 are strongly de
pendent on the linear energy transfer (LET) of the radiation involved (Eriksen & 
Ndalamba, 1988). The most powerful reducing species are e~q, H' and H2 , whilst 
the most powerful oxidising species are OH', H02 and H20 2 (Vovk, 1987). These 
primary products react with each other and with other species dissolved in the 
groundwater to yield secondary products, the nature of which is very dependent 
on the groundwater chemistry. 

Most theoretical analyses assume that a net oxidant build up would occur in 
the near-field because the principal molecular reductant, H2 , is relatively inert 
chemically and would rapidly migrate out of the system due to its high diffusivity. 
The oxidants would, however, be more reactive and have a lower diffusivity. The 
result could be to create a slowly moving redox front (oxidising) that migrates 
outwards from the canister into the host rock (Neretnieks, 1982; Neretnieks & 
Aslund, 1983a; 1983b) or is buffered by the canister (McKinley, 1985). 

There is a considerable volume of laboratory and theoretical work whose aim 
has been to replicate and understand the processes involved in the production 
of radiolytic oxidants and their effect on canister corrosion, waste form dissolu
tion, and subsequent radionuclide solubility and speciation (e.g. Christensen & 
Bjergbakke, 1982; Grenthe et at., 1983; Johnson et ai., 1983; Christensen, 1984; 
Christensen & Bjergbakke, 1984a; 1984b; Forsyth et at., 1985; Vovk, 1987; Sunder 
et al., 1989; Werme et al., 1990; Neretnieks & Faghihi, 1991). In the repository 
environment, the groundwater experiences a radiation dose that changes with 
time and with distance from the waste form. Initially, once the buffer material 
surrounding the intact waste canisters has become saturated, the groundwater 
will be exposed to low LET, high intensity, I and neutron fluxes. The greatest 
radiolytic effects will clearly occur at the canister wall. The proposed net increase 
in oxidant is problematic: in the Nagra high-level waste repository, the oxidants 
will enhance the corrosion of the steel canisters but, in the process, will be con
sumed, thus maintaining reducing conditions, at least until all the steel has been 
oxidised. In comparison, in the SKB spent fuel repository the corrosion of the 
copper canisters is less affected by oxidant production. In this case the canister 
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maintains its integrity but the near-field becomes progressively more oxidising. 
In both cases, however, the net radiolysis of groundwater is negligible due to 
shielding by the canister. 

Eventually all canisters will become perforated, exposing the waste form to direct 
contact with groundwater. At this stage, in addition to the I and neutron fluxes, 
the groundwater is exposed to high LET, a and (3 radiation from which it was 
previously shielded by the canister. The effect of a radiation is much more impor
tant than that of the (3, I or neutron radiation (Neretnieks & Faghihi, 1991). The 
a and (3 radiation doses to the groundwater will depend on many factors which 
include, inter alia, the exposed waste form surface area and the duration of canis
ter containment. Once the canisters have been perforated, any steel present (such 
as in the Nagra high-level waste repository) might still be consuming oxidants, 
helping to maintain a reducing near-field. Otherwise, an increasingly oxidising 
near-field may cause more rapid dissolution of the waste form, or enhance sol
ubilities of some important radionuclides. In the SKB spent fuel repository, the 
near-field may already be oxidising when the canister is perforated, causing an 
initially enhanced spent fuel dissolution rate. It must be remembered, however, 
that the significantly longer life span of the copper canister will ensure that, by 
the time oxidants come into contact with the spent fuel, its radionuclide content 
will have decayed to low levels. 

When oxidants come into contact with the waste form, the strongest reductants in 
the system (zirconium, lead and copper in the case of spent fuel) will be oxidised 
first (Grenthe et al., 1983). This leaves the actinides in the oxidation state they 
exhibited initially in the waste form. After some time a protective layer of metal 
oxides will form on the strongest reduct ants , decreasing their redox buffering 
capacity. This will result in an increase in the rate of oxidation of the actinides. 
As the near-field becomes progressively more oxidising, the solubilities of many 
key radio nuclides will increase. In addition to the solubility, the speciation of 
many of the radionuclides is also redox-sensitive; more oxidised species may be 
more mobile (less sorbed). If the redox buffering capacity of the canisters can 
been overcome (unlikely in the N agra high-level waste repository due to the 
large volume of iron), a redox front will migrate out towards the host rock. In 
the oxidising environment behind the redox front, the now soluble radionuclides 
can migrate, by diffusion, through the backfill into the far-field. 

The above discussion assumes that the backfill and host rock have no redox 
buffering capacity. The effect of the redox front migrating out into the rock, and 
the consequences this has for radionuclide transport, are discussed in detail in 
Section 5.5. 
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In a recent study, Neretnieks & Faghihi (1991) proposed two mechanisms which 
would accompany radiolysis at a perforated canister and which would act to limit 
the production of oxidants by several orders of magnitude (Figure 5.13). Once a 
canister has been perforated, groundwater will flow through the hole and fill the 
gap between the canister and the spent fuel. In the early theoretical descriptions 
of radiolysis in the very near-field, it was assumed that once a canister was per
forated it had no further role to play. This is a very conservative assumption. 
Neretnieks & Faghihi (op. cit.) suggest that once decomposition of the spent 
fuel commences, the corrosion products will rapidly accumulate in this gap. The 
corrosion products have a higher density than the water and will adsorb the a 

radiation faster. This, together with the reduction in the volume of water adja
cent to the spent fuel, causes less water to be radiolysed. A second, unrelated 
mechanism may also operate to limit radiolysis. The radiolytic hydrogen pro
duced from the first stages of radiolysis may form a discrete gas phase in the 
gap between the spent fuel and the canister. Some of this gas may dissolve and 
diffuse out of the system but, because of the high capillarity of the bentonite, a 
gas overpressure may build up. This overpressure will prevent more water from 
flowing into the gap to replenish that lost by radiolysis. The effect from both of 
these processes is dependent on the size of the perforation in the canister and is 
not easily quantified. However, it is likely that initial perforations will be small, 
and the reduction in radiolysis greatest, at the time when radiolytic effects would 
be most critical (i.e. when the activity is high). 

Only one comprehensive natural analogue study of radiolysis had been performed 
when Chapman et al. (1984) reviewed the subject. In this study, Curtis & 
Gancarz, (1983) investigated the radiolytic effects in and around the Oklo natural 
fission reactors and concluded that the observed near-field redox conditions are in 
disagreement with model predictions. Chapman et al. (1984) drew the following 
conclusions from the Oklo study: 

• The apparent disagreement between the theoretical model and the observed 
field measurements and conclusions raises the following two questions that 
are probably best answered by laboratory study. 

1. Did the localised transport of radiogenic elements from the uraninite 
take place in a reducing fluid, with the distance of transport being 
controlled by the kinetics of their reequilibration to those reducing 
conditions, rather than by the position or even the existence of a redox 
front? 

2. Were the reducing conditions set by hydrogen gas catalysed by surface 



226 

A 

B 

Spent fuel 

Canister 

Water 

Perforation 

Corrosion products 
Gas--------------~l 

c 

Figure 5.13: A: when the canister is perforated, water fills the gap between 
the spent fuel and the canister wall and is radiolysed. However, Neretenieks 

& Faghihi (1991) propose two independent processes that may limit radi
olysis of the water. B: a layer of corrosion products form which reduces 
the volume of water in the canister and adsorbs the a-radiation. C: radi
olytic hydrogen accumulates in the canister and an overpressure builds-up 
preventing further water from entering the canister. 
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effects on mineral grains, and by the high core temperatures (about 
600°C)? If only the latter, would hydrogen be as effective a reducing 
agent at repository temperatures? 

• After a better understanding of the basic processes occurring in ground
water radiolysis in relevant conditions has been derived from laboratory 
studies, a further more detailed examination of the Oklo reactor sites may 
be warranted. 

5.4.1 Natural analogues of radiolysis 

There are still few natural analogue studies which have addressed the issue of 
radiolysis. This may be because the apparent requirement to investigate this 
issue has lessened since recent modelling suggests that radiolytic effects may be 
less significant than was originally believed (see, for example, Neretnieks and 
Faghihi, 1991). The following discussion relates to the important issues which 
natural analogue studies of radiolysis need to address. 

1. The processes involved in radiolysis of groundwater. 
The only complete natural analogue investigation of radiolysis is that per
formed by Curtis & Gancarz (1983) at the Oklo natural fission reactors. 
This investigation indicated that radiolysis did occur within the reactor 
zones and that a redox front migrated out into the host rocks. An inven
tory of radiogenic elements in the reactor zones showed that some 80 % of 
molybdenum, 35 % technetium and 25 % ruthenium were missing. Curtis 
& Gancarz (op. cit.) suggested that these elements had been converted to 
soluble oxyanions by radiolytic oxidants which had subsequently migrated 
out of the reactor zones with the redox front. These elements were reduced 
and precipitated, in depositional haloes, which mark the limit of the redox 
front migration. A number of important conclusions were reached in this 
study. Firstly, radiolytic hydrogen did not behave in an inert manner and 
did not escape from the system. This is contradictory to the theoretical 
model proposed by various workers and outlined earlier. Instead the hydro
gen diffused into the surrounding clay and reduced the iron present there. 
Secondly, the redox conditions were much more complicated than the mod
els suggest. Although the Fe2+ /Fe3+ ratios in the reactor zones indicate 
reducing conditions, the actual redox conditions are unknown. The oxi
dising conditions required to mobilise some of the radionuclides must have 
been very localised. For example whilst oxidising conditions were main-
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tained in the vicinity of uraninite grains, elsewhere the radiolytic hydrogen 
was concurrently reducing the iron in the clays. 

The maximum temperatures at Oklo (about 600°C) were much higher than 
those that will be reached in a repository and these temperatures could 
have had a significant effect on both the rate of hydrogen production and 
the behaviour of the hydrogen once it had been evolved. The migration of 
hydrogen away from the reactor zones at Oklo may have been impeded by 
the surrounding thick clay envelope. To some extent the bentonite buffer in 
both high-level waste and spent fuel repositories may be expected to have 
the same effect; however, the bentonite layer will not be as thick as the clay 
at Oklo. 

The large amounts of concentrated high-grade uranium ore at Cigar Lake 
presented the possibility of studying the influence of radiolysis (mostly al
pha radiation) on uranium ore (U02) dissolution and radionuclide transport 
from the ore into the surrounding clay halo. The results have been sum
marised by Karlsson et ai. (1993) and are presented below. 

Radiolysis of water in contact with the ore will generate oxidants (for ex
ample, OH-radicals, H20 2 and O2) and hydrogen. As hydrogen is not very 
reactive at ambient temperatures, it is expected to escape from the ore 
zone by diffusion through the water-filled matrices of the ore and the sur
rounding clay halo. The net chemical effect of radiolysis will be oxidation 
of components in the groundwater, rock and ore minerals. 

In principle, the following reductants present at Cigar Lake can react with 
the oxidants produced by radiolytically generated reactions: 

(a) in the groundwater: Fe2+, HS-, dissolved organic carbon 

(b) in the minerals: Fe(II) (e.g. siderite), sulphide (e.g. FeS2, PbS), solid 
organic carbon, U(IV) (uraninite). 

Mineralogical and geochemical observations note that Fe(III), present as 
amorphous ferrihydrites and hematite, has been precipitated in the clay 
near the ore/massive clay contact (Percival & Kodama, 1989). Further
more, the uranium ore shows signs of surface alteration to mixed oxides 
with stoichiometries in the range of U4 0 9 to U3 0 7 (Sunder et ai., 1988). 
Hydrogen has also been detected in the groundwaters sampled from the 
ore/clay zone (Cramer, pers. comm., 1992). At face value, therefore, these 
observations would support radiolysis occurring at Cigar Lake. 

Model calculations (Christensen, 1990) confirm that the radiolysis products 
of water oxidise Fe(II) to Fe(III), which may then precipitate due to low 
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solubility. These findings support the field evidence, although it is uncertain 
as to whether all the hematite can be accounted for by this process. 

Laboratory experiments indicate that no radiolytic oxidation occurs at the 
U02 surface beyond a certain corrosion potential (Shoesmith & Sunder, 
1991). This may explain the lack of significant quantities of higher valency 
uranium oxides at the uraninite mineral surfaces. The radiolytic model 
originally proposed for the oxidation of U02 by alpha radiolysis was con
sequently modified (Christensen et al., 1992a), showing that the oxidation 
of U02 had been overestimated by an order of magnitude in the earlier 
calculations. 

The surface oxidation of uranium ore (U02 ) to higher mixed oxides is of 
interest from a performance assessment viewpoint. If oxidation proceeds be
yond U3 0 7 to U3 0 S it will alter the crystal lattice structure. Spent nuclear 
fuel consists of U02 with radionuclides contained in the crystal matrix. If 
the matrix is changed by oxidation, these radionuclides may become avail
able for dissolution. A further mechanism for release would be oxidation 
of U(IV) to U(VI) and, thereby, the dissolution of uranium as uranyl ions. 
However, evidence from Cigar Lake shows that only minor quantities of 
higher mixed oxides(U40 g to U30 7) are present on the ore surfaces (Sunder 
et al., 1988). Furthermore, there is no indication of extensive uranium loss 
by oxidation to uranyl ions. 

In summary, at Cigar Lake radiolysis can account for: 

• the oxidation of the uranium ore (U02) to higher mixed oxides. This 
process appears to be very limited as the threshold value of the corro
sion potential has not been exceeded, and 

• the presence of dissolved hydrogen in groundwaters from the ore zone. 

Whether small amounts of dissolved uranium have also accompanied the 
outward 'redox front' movement of Fe3+ into the clay layer, forming co
precipitates with hematite, is not, however, established. 

With regard to the performance assessment of spent fuel disposal, observa
tions at Cigar Lake support the following conclusions: 

(a) Only very thin surface layers of higher uranium oxides are observed on 
the uraninite. This indicates that no change in the U02 crystal lattice 
will occur until U3 0 7 is exceeded (e.g. to U3 0 S or U03 ). 

(b) It is important to bear in mind that if the observed oxidation of iron in 
the near-field at the Cigar Lake ore body is a result of radiolysis, then 
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the total amount of Fe(III) oxides generated is still minor compared 
to predictions of the net oxidation using current models employed to 
assess the amount of spent fuel oxidation by radiolysis (in SKB 91). 

( c) Oxidation of U (IV) is not the only oxidant-consuming reaction occur
ring in the ore zone. Oxidants, including those possibly produced by 
radiolysis, can also react with components of the groundwater (e.g. 
Fe2+, HS-, dissolved organic carbon, etc) or diffuse out into the sur
rounding rock to react with mineral reductants such as siderite, urani
nite and the various sulphide phases. 

Taken collectively, results from the Cigar Lake study suggest that radi
olytic oxidation in the near vicinity of exposed spent fuel (inside a failed 
container) in a repository cannot be ruled out. However, the net changes 
are considerably overestimated by models currently used for performance 
assessment. The presence of some oxidation in and around the ore body in
dicates that U02 in spent fuel will not necessarily consume all the oxidants 
generated. 

2. How common is radiolysis in nature? 
In a review of uranium minerals at various ore deposits as possible natural 
analogues for the alteration of spent fuel, Finch & Ewing (1991) discussed 
radiolysis but also concluded that no known studies address the signifi
cance of this process. These authors, however, do note that the natural 
occurrence of some uranium peroxides, specifically studtite (U04 ·4H2 0) 
and metastudtite (U04 ·2H20), may indicate the existence of highly oxi
dising conditions resulting from radiolysis in the geological environment. 
In the same report Finch & Ewing (op. cit.) report that these minerals 
occur at the Shinkolobwe mine in Zaire, although this line of inquiry has 
not been taken any further. This site might be worth further examination 
to determine if radiolysis has occurred there or not, although the oxidising 
nature of the environment will presumably militate against such studies. 
A detailed description of the Shinkolobwe mine is given in Finch & Ewing 
(1989). 
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5.4.2 Conclusions 

The important conclusions from natural analogue studies of radiolysis are: 

• Models of radiolysis assume that hydrogen will escape rapidly from the 
near-field and the resultant redox front will migrate outwards in all direc
tions from the canister in a simple manner. This model does not explain 
the observed redox environment at the Oklo natural reactors where, al
though radiolysis did occur, hydrogen did not escape the system but stayed 
and maintained 'pockets' of reducing conditions. This has 'important im
plications for performance assessments because if hydrogen behaved in the 
same way in a repository, then the models would be overly conservative. 
However, it is not clear if the redox conditions at Oklo result from spe
cific physico-chemical conditions (e.g. extreme temperatures) which are 
not representative of the repository environment. If this is true then the 
theoretical models may still accurately describe the radiolytic development 
of the near-field. 

• Experimental studies on material from the Cigar Lake site confirm that 
radiolytic oxidation of UOz can occur, and demonstrate that ferric iron can 
be produced in groundwaters in contact with the ore. 

• Due to the uncertain application of the Oklo data to the repository environ
ment, further natural analogue studies should be encouraged. Oklo should 
be reexamined but other geochemically relevant locations should not be 
ignored. 
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5.5 Redox fronts 

The development of redox fronts in the near and far-fields of repositories of all de
signs is normally unavoidable. The normal condition of rocks and groundwaters 
at depth is reducing and, as a consequence, the introduction of air and oxidis
ing waters into a repository during its excavation and construction will cause 
oxidation of the exposed rock surfaces and a redox front will be established. If 
the excavated repository is left open for any length of time, i. e. during the op
erational phase, the continuous supply of oxidants will cause the redox front to 
migrate into the rock. A good example of this process was observed after the 
excavation of the Grimsel Test Site (Baertschi et al., 1991), where uranium and 
iron rich exudations coated the tunnel walls after aerated porewaters migrated 
into the rock, remobilising the uranium. Other redox fronts may occur in the 
far-field where the deep reducing environment gives way to the shallow oxidising 
environment. However, the most significant cause of redox fronts in high-level 
waste repositories will be the waste-induced radiolysis discussed in Section 5.4 
and shown in Figure 5.14. 

The engineered barriers of most repository designs will include large volumes of 
steel that will act as redox buffers, scavenging the oxidising species to maintain 
reducing conditions until all the iron has been oxidised. In high-level waste 
and spent fuel repositories, the bentonite has a potentially large redox buffering 
capacity; for example, in the N agra high-level waste repository there will be some 
50 m3 of bentonite per canister. According to the analysis of Miiller-Vonmoos 
& Kahr (1983), the iron content of the bentonite MX-80 is (taking pyrite in the 
bentonite into account) 2.4 mg g-l of Fe2+ and 25 mg g-l of Fe3+. However, 
experimental work by Eriksen & Ndalamba (1988) shows that little of the Fe3+ is 
available for reaction with radiolytically produced reductants (mainly hydrogen) 
and only a fraction of the Fe2+ is accessible for reaction with radiolytic oxidants 
(mainly hydrogen peroxide). 

In the case of the SKB spent fuel repository design, there is no steel or alternative 
redox buffer, other than the bentonite and the rock whose redox buffering capacity 
is likely to be limited by the inaccessibility of the iron in the rock matrix. It follows 
that the near-field of the SKB spent fuel repository may become oxidising. The 
distance the redox front migrates into the far-field is controlled by the oxidant 
production rate and the content and accessibility of ferrous iron in the rock 
available for redox reactions. It has been calculated that in a rock with 0.2 wt. % 
Fe2+, the redox front may move 50 ill in 106 years (Neretnieks & Aslund, 1983a; 
1983b). 
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Figure 5.14: Representation of the evolution of Eh and pH profiles through the 
near-field of the Nagra high-level waste repository as a consequence of radiolysis and 
the consumption of oxidants by the steel. (a) During the operational phase, (b) 10 
years after closure, (c) 1 000 years after closure, (d) 10 000 years after closure. (After 
McKinley, 1988) 
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As the solubility and speciation of many radionuclides is strongly influenced by 
the redox environment, their potential for transport changes drastically over a 
redox front. Simplistically, if the near-field of a repository is mildly oxidising due 
to oxidation during construction or post-closure radiolysis, radionuclides migrat
ing outwards would precipitate and accumulate once they reached more reducing 
conditions at the redox front. This would, possibly, be favourable for radionuclide 
retention but could be problematic if such precipitation was as mobile colloids. 
In the very unlikely event of the redox front 'breaking through' into oxidising 
waters in a deep fracture zone, a high concentration pulse of radionuclide release 
might occur. 

5.5.1 Natural analogues of redox fronts in a repository 

Redox fronts, and elemental accumulations at them, occur naturally in rock for
mations where a groundwater passes from reducing to oxidising conditions, or 
vice versa. Some economic ore deposits (and uneconomic trace element accumula
tions) form when mineral-rich fluids precipitate dissolved species on encountering 
a change in the physico-chemical environment, i.e. at a geochemical discontinu
ity where either temperature, pressure, pH or Eh changes significantly. As some 
of these ore deposits are formed at redox fronts they may, at first sight, be con
sidered analogous to the process of radionuclide accumulation at redox fronts in 
the repository. However, in many cases ore deposits form from precipitation from 
hydrothermal or pneumatolitic fluids, whose temperatures (up to 500 or 600°C) 
are significantly above the temperatures expected in the repository environment 
and, as such, they are not relevant as natural analogues. Further, high levels of 
organic material (c.f. Oklo) are also often involved in immobilising uranium from 
the fluids. 

One type of ore proposed as a natural analogue (Chapman et al., 1984) was 
sandstone-hosted secondary uranium ore or 'roll-front' deposits, as some of these 
may have formed at temperatures similar to those expected in a repository. Their 
action as redox traps and their uraniferous nature means that they could be 
potentially useful as natural analogues of a repository redox front. It would need 
to be remembered that lnicrobiological activity and organic material have been 
implicated in their formation. Microorganisms and organic material would be 
expected to be present in a deep repository in lower concentrations than occur 
at such roll-front deposits. 

Chapman et al. (1984), when reviewing the information on natural analogues at 
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that time concluded that: 

• There is no doubt that redox conditions in a repository can influence ra
dionuclide migration. However, further data are required on the mecha
nisms involved, particularly the kinetics of the reactions and the availability 
of ferric iron in relevant rocks. 

• Some information is available from natural geological systems, in particu
lar the Oklo natural fission reactors where accumulations of several fission 
product elements occurred by precipitation at what are presumed to be 
palceo-redox fronts. Roll-front uranium deposits can provide some informa
tion but are limited due to dissimilar modes and environments of formation 
compared to a repository. 

Since 1984, several natural analogue studies have examined how redox fronts may 
affect radionuclide transport. The important issues for natural analogue studies 
to address are: 

• redox front formation and behaviour in crystalline rocks, 

• redox front formation and behaviour in argillaceous rocks, 

• modelling radionuclide migration at a redox front. 

1. Redox front formation and behaviour in crystalline rocks. 
One of the most detailed investigations of redox fronts performed so far , is 
that at the Osamu Utsumi uranium mine, as part of the Po<.;os de Caldas 
natural analogue project. Here, the rocks are predominantly phonolites: 
the overlying rocks are weathered and oxidised and are a brownish-red due 
to the presence of iron oxyhydroxides, while the underlying rock is fresh and 
reduced and is blue-grey in colour, containing disseminated pyrite (Figure 
5.15). The redox front is generally very sharp, but irregular in profile due 
to variations in rock physical properties and the influence of hydraulically 
active fractures and faults along which oxidising surface waters have pen
etrated deeper into the rock mass (Figure 5.16). Secondary uranium min
eralisation occurs at the redox front itself, and the mine has, consequently, 
been excavated down to this level. 

The redox fronts in the Osamu Utsumi mine were the focus of a project 
involving the development and testing of various modelling approaches to 
describe the reactions occuring at such fronts (Romero et ai., 1992; Read, 
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1992) and parallel mineralogical (Waber, 1990; Waber et al., 1990), hydro
chemical (Nordstrom et al., 1990b) and detailed chemical and isotopic (both 
stable and radiometric) investigations (MacKenzie et al., 1990b). These 
included uranium- series disequilibrium studies, which allowed the rate of 
front movement to be approximated. The investigations revealed that, over 
a period of some 106 years, advective groundwater flow has occurred along 
the fractures and parallel to the redox front. Diffusive transport of dissolved 
species occurred perpendicular to the fractures. 

Figure 5.15: Photograph of a redox front in a recently exposed face at the 
Osamu Utsumi mine. The oxidised rock is to the right and the reduced rock to 
the left. The sharp redox front boundary is well defined. 
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Figure 5.16: Cross-section through the Osamu Utsumi mine marking the po
sition of the redox fronts. It is clear that the positions of the redox fronts are 
controlled by the fractures as 'fingers' of oxidation extend downwards into the 
deeper rock along them. (From Cross et al., 1990) 
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There is unambiguous evidence for uranium precipitation and enrichment 
on the reducing side of redox fronts within the last 3 x 105 years. This ura
nium exists as a thin precipitate coating on other minerals and as nodules . 
A lesser degree of uranium enrichment has also occurred on the oxidising 
side of the redox front over the past 7 x 105 years, by incorporation in 
iron oxides. The redox fronts migrate at rates of S 1 to 20 min 106 years, 
which is about the same as the rate of erosion. As the redox front migrates, 
uraniferous nodules which formed on the reducing side become overtaken 
by oxidising conditions and slowly dissolve (Figure 5.17) . 

Figure 5.17: Hand specimen from the Osamu Utsumi mine clearly showing 
the sharp redox front separating oxidised rock (reddish- brown) from reduced 
rock (blueish- grey) . This specimen is highly mineralised with black pitchblende 
nodules on the reduced side while the circular white areas in the oxidised rock 
represent relicts of dissolved pitchblende nodules . (From Waber et ai., 1990) 
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Some of this uranium is held by the iron oxides on the oxidising side and 
sufficient uranium may be held by this process to cause a net uranium 
enrichment of the oxidised rock. However, the majority diffuses through the 
redox front, back to the reducing side. As the redox front migrates further, 
the uranium in the rock through which it passes becomes entrained in the 
process and it follows that the concentration of uranium at the reducing 
side of the redox front gradually increases. 

In general, all those elements subject to oxidative redistribution, e.g. molyb
denum and cerium, migrate and accumulate with uranium. Another very 
important observation was that many redox insensitive trace elements were 
also concentrated, to greater or lesser degrees, at the redox front due to 
co-precipitation with, or solid solution in, or sorption on, iron oxyhydrox
ides that formed on the oxidised side of the redox front. In addition, some 
redox insensitive trace elements were concentrated at the reducing side of 
the front, possibly as a result of incorporation in minerals such as secondary 
U02 or FeS2. 

Redox fronts may be studied on a much smaller scale in reduction spots 
which comprise a total redox front environment in a feature only a few 
centimetres across (Figure 5.12). Reduction spots may form in a variety 
of rock types, both sedimentary and crystalline, that have been oxidised 
to form so called 'red-beds'; examples include altered igneous rocks: e.g. 
Permian volcanics in the Saar-Nahe trough, Germany; lamprophyre, gneiss 
and granite in Northern Switzerland (Hofmann, 1990b); felsic volcanics and 
granite, Black forest, Germany (Hofmann, 1990b). 

The actual mechanism of formation of reduction spots is still unclear but 
centres on a strong initial oxidation reaction that may be microbiologically 
controlled. Regardless of the mode of formation, a redox zone migrates 
outwards from the centre and immobilises a number of elements in the rock 
that were clearly mobile under the previous oxidising environment. A num
ber of the elements involved have relevance for radioactive waste disposal 
and include uranium, palladium and REEs. Very high concentration gra
dients of uranium and other elements persisted close to the redox front in 
the reduction spots for up to 108 years, attesting to the immobility of the 
elements under reducing conditions. It is possible to model the growth of 
the reduction spots and hence the rate of redox front migration, although 
this may bear no relation to the rate of redox front migration in a repository 
because it must be controlled, at least partially, by the supply of reductants. 

2. Redox front formation and behaviour in argillaceous rocks. 
Redox fronts form part of a number of systems which have been inves-
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tigated as natural analogues of radionuclide transport and retardation in 
sediments and sedimentary rocks. Perhaps the best example of redox fronts 
in sediments are those investigated at the Madeira Abyssal Plain (Colley & 
Thompson, 1991; see also Section 5.2 and Figures 5.5 and 5.6). Here, redox 
fronts migrated downwards as oxygenated seawater penetrated marine sed
iments. The downward migration of the redox front stopped when a new 
layer of sediment was laid down (a turbidite sequence) which effectively 
cut off the supply of oxygenated seawater to the front making it immobile. 
The aim of this study was to investigate the transport of radionuclides 
away from the inactive redox fronts, i. e. after a new turbidite sequence was 
deposited. Unfortunately it follows that little information was produced re
garding the behaviour of the active redox fronts. Such redox fronts are still 
active in the upper layers of marine sediments today, and these may prove 
amenable to natural analogue investigation. In particular, as there is often 
a distinct spatial separation between the various types of front found (e.g. 
N0 2 /N03 , Fe, Mn, S04 etc.), it may be possible to examine the specific 
associations of trace metals of interest (e.gr Se, Ce etc.) with the various 
chemical fronts. Alternatively, similar redox fronts also form in lakes but 
these may be more difficult to study due to the generally faster sedimenta
tion rate in enclosed lakes as opposed to deep sea areas. The sedimentation 
rate will need to be accounted for when measuring redox front penetration 
depths. 

Reduction spots may be used to examine redox front behaviour in argilla
ceous rocks in the same manner previously discussed for crystalline rock. 
Hofmann (1990a) examined many reduction spots from hematitic rocks 
from northern Switzerland, including argillaceous samples. The mecha
nism of reduction spot formation is independent of rock type although the 
kinetics of the process may be not be. 

3. Modelling radionuclide migration at a redox front. 
Performance assessments need to be able to predict the behaviour of ra
dionuclides at redox fronts if these occur in the repository environment. 
As the physico-chemical environment at a redox front is complicated, with 
such large concentration gradients involved, the ability of standard ther
modynamic solubility and speciation codes to cope adequately with such 
a perturbed system may be questioned. As part of the Po<.;os de Caldas 
project, the ability of a number of codes to represent and predict the redox 
front environment was tested (Cross et al., 1990). The main conclusions of 
these tests were that, although the codes could simulate the main pyrite oxi
dation to iron oxyhydroxide and pitchblende redox reactions, they could not 
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simulate the behaviour of trace elements or demonstrate any true predictive 
capabilities at the redox front. Mass balance calculations overpredict the 
rate of redox front movement; coupled thermodynamic/transport codes pre
dict major mineralogical changes but poorly simulate the important pH/Eh 
buffering reactions; kinetic models can provide a detailed representation of 
the redox front but only after much 'fitting' to the system and hence have 
a poor 'blind' predictive capability. If follows that much more code and 
thermodynamic database development is required before such codes could 
be used with confidence in performance assessments. As part of code de
velopment it would be necessary to test them on other well-characterised 
redox fronts in a number of locations and, as a consequence, more focussed, 
natural analogue studies on redox front environments are encouraged. 

5.5.2 Conclusions 

The important conclusions from natural analogue studies of redox fronts are: 

• Understanding of redox front formation and behaviour in fractured crys
talline rock has progressed as a result of the Po<;os de Caldas natural ana
logue study. It is clear from this investigation that redox front locations 
are controlled by a system of hydraulically-active fractures but that ele
mental transfer over the redox front is predominantly diffusive. This will 
also be the case for radiolytically induced redox fronts migrating out of the 
near-fields of high-level waste and spent fuel repositories. The redox front 
controls strongly the mobility of redox sensitive elements with progressively 
higher concentrations forming at the leading edge of the redox front. Some 
redox insensitive trace elements are also concentrated at the redox front 
due to co-precipitation or solid solution in, or sorption on, secondary iron 
minerals formed around the front. 

• In the short-term, redox fronts may inhibit radionuclide migration by acting 
as a 'barrier' beyond which mobile radionuclides can not migrate. In the 
long-term, if a redox front continued to progress into the far-field, driven by 
radiolytic oxidants, then it might move far to transport radionuclides into a 
zone where they could be more readily mobilised by oxidising groundwaters, 
potentially giving a pulse release. Although this scale of movement of a front 
seems highly unlikely, given the very slow rates of movement found even at 
sites with a very high rate of supply of oxidants (e.g. Po<;os de Caldas), the 
concept would bear evaluation before it is completely discarded. 
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• Redox front systems in argillaceous rocks have been poorly studied. Some 
investigations have been performed in marine sediments, where the principal 
objective has been to examine the migration of radionuclides away from the 
redox front after it has become inactive. This is of direct relevance to the 
type of modelling which a performance assessment would need to include, 
and very slow rates of movement have been determined. It is possible 
that examination of the active redox fronts in sediments, at the top of the 
sediment pile, may provide some useful information in the absence of other 
useful natural analogues in sedimentary rocks. 

• The Po<;os de Caldas natural analogue study has provided the only test of 
the ability of thermodynamic solubility and speciation codes to replicate a 
natural redox front system. In general, it was found that none of the codes 
tested was able accurately to model the mineralogy observed at the redox 
front and the rate of front movement. More code and database development 
is necessary before these codes could be used with confidence in performance 
assessments. 



243 

5.6 Colloids 

Standard radionuclide transport models are based on the solution chemistry of 
radionuclides leached from the waste form and components of the natural rock
groundwater system. An implicit assumption in these models is that radionuclides 
are transported only as dissolved species. These models may be overly simplis
tic (and possibly non-conservative) due to the fact that they neglect the possible 
effect of advective transport of radionuclides bound to colloids (McCarthy & Zac
chara, 1989; McCarthy & Degueldre, 1991; Moulin & Ouzounian, 1992). Colloids, 
in the sense used here, comprise suspended material in the size range 1 flm to 1 
nm which are dispersed in groundwater (Stumm & Morgan, 1981). In reality, it 
is difficult to measure the sizes of fine material in solution and, often, more prag
matic size limits are defined on the basis of filter cut-off sizes (Figure 5.18). It is 
possible to define two types of colloids on the basis of their mode of radionuclide 
uptake (Avogadro & de Marsily, 1984; Kim et al., 1984). The first group are col
loids produced by the processes of nucleation and growth of radionuclide species 
from solution; the other group comprises preexisting groundwater colloids (such 
as silica colloids and clay materials) containing adsorbed radionuclides. Unfortu
nately, these two groups have acquired inappropriate and linguistically incorrect 
names which are sometimes seen in the radioactive waste literature; the former 
sometimes being called 'true' colloids and the latter 'pseudo-colloids'. The sec
ond group includes colloids formed from the breakdown of the waste form or 
the engineered barriers. They may also include organic macromolecules, such 
as humic and fulvic acids, which may complex strongly with radionuclide ions. 
For the remainder of this discussion, all stable suspended material in the colloid 
size range, but regardless of mode of radionuclide uptake, will simply be termed 
colloids. 

The very small size of colloids means that a given mass will possess an extremely 
high specific surface area; up to 103 m 2g-1 for the smallest. This means that 
the physico-chemical behaviour of colloids is strongly controlled by surface re
actions and interactions, for example they have a substantial capacity to adsorb 
molecular or ionic species in solution. It follows that a large colloidal popula
tion in groundwaters may have two important consequences for the behaviour of 
radionuclides: 

l. Their presence would mean that the traditional two component (rock
water) system would be invalid for modelling solute transport if radionu
clides were taken up by the colloids. This would have particular importance 
for the determination of in situ Kds because the radionuclide concentration 



244 

o 

E OJ 

:J.. 0 

E 
c 

10 
V 

E 
C to 

0 
0 
0 

§ (:, 
o 

E 
c a 
~E 

c 

cu 
~ 
til 
E 
<D 

~ 
::J 
U 

t 
ro 

a... 

Figure 5.18: Diagram showing the relative sizes of operationally defined true 
solution, colloids and suspended particles together with viruses and bacteria. 
Examples of compounds that lie in these size ranges are given. 
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measured from solution would then include a significant component of ra
dionuclides present as colloids. In fact, numerous laboratory studies have 
demonstrated that radionuclide uptake by colloids does occur, at least under 
these controlled conditions. Field studies have also identified radionuclides 
in association with colloids. 

2. Radionuclides sorbed onto, or precipitated as, colloids would be advec
tively transported, initially at the groundwater flow rate. Such transport 
has been shown to occur in studies performed on shallow groundwater sys
tems (McCarthy & Zacchara, 1989; Ryan and Gschwend, 1990; Gschwend 
et ai., 1990). Before leading to significant radionuclide transport from a 
repository to the biosphere, however, a number of hurdles must be over
come. The circumstances under which colloids would become significant in 
a performance assessment are illustrated in Figure 5.19. 

The combination of laboratory studies, which show radionuclide uptake on col
loids, and field experiments, which show colloid transport in shallow systems, 
have highlighted the need to try and assess colloidal transport of radionuclides 
in deep groundwaters, i. e. under repository-relevant conditions. Several field 
studies have measured sizeable colloidal populations in deep groundwaters, but 
this information alone is not sufficient. What is required is an unambiguous 
demonstration of colloid transport with sorbed radionuclides (or otherwise) in an 
appropriate geological formation, and this can only be obtained by natural ana
logue studies, not in the laboratory. The ideal location for such a demonstration 
would be a deep ore body (a point source) from which any mobile colloids could 
be followed downstream. This is basically the approach adopted in the Cigar 
Lake and Po<;os de Caldas natural analogue studies (discussed later). 

Within the repository environment, colloidal transport is considered potentially 
most significant in the far-field. In the near-field of a high-level or spent fuel 
repository, a critical safety role of the compacted bentonite is to act as a colloidal 
and macromolecule filter. It is generally assumed that the pore spaces within 
the compacted bentonite are too small to allow advection of colloids to occur. 
Laboratory studies indicate that this is either true, or that mobility is extremely 
slow (Torstenfelt et al., 1982b; Eriksen & Jacobsson, 1982). The cement in the 
near-field of a low and intermediate-level repository should also act as a colloidal 
filter, but degradation of concrete may produce colloids. 
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Figure 5.19: Diagram showing when colloid behaviour becomes significant for repos

itory safety. Generally, if colloids are either absent, or immobile, unstable and do not 

sorb radionuclides they are not significant. 
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5.6.1 Natural analogue studies on colloids 

Colloids were not considered in the review by Chapman et al. (1984) because 
their potential for affecting both radionuclide transport, and solubility and spe
ciation had not then been realised. The growing appreciation of the potential 
importance of colloids has meant that a number of natural analogue studies have 
attempted to characterise colloids in deep groundwaters and quantify the effects 
they might have for repository performance. It is worth noting at this stage 
that few of these natural analogue studies have realised their objectives. This 
is partly due to the operational difficulties inherent in measuring and charac
terising such particles. Indeed, the very act of sampling the groundwaters may 
influence the colloid population; for example, it may cause flocculation of finer 
particles to increase the apparent mean sizes. Cation uptake on the filter may 
also alter apparent solid (colloid):solution ratios (Degueldre et al., 1990). Sub
sequent to sampling, two analytical methods are commonly used to characterise 
the particle size distribution in groundwater samples, namely ultracentrifugation 
and ultrafiltration. Both of these techniques have serious disadvantages; for ex
ample, ultracentrifugation requires equipment too large to be used in the field 
and samples have to be returned to the laboratory. The resulting delay may 
mean that the nature of the colloids changes prior to measurement. Further
more, this technique cannot deal with low concentrations of colloids for, as the 
centrifuge stops spinning, substantial proportions of colloids may rediffuse back 
into the groundwater. The alternative technique, ultrafiltration, may be used in 
the field with care but suffers from one major drawback: the physical action of 
filtration through fine membranes can break down colloids, causing a change in 
their nature and size distribution. A detailed description of colloid sampling and 
measurement techniques is given in McCarthy & Degueldre (1993). Despite the 
analytical problems, the potential importance of colloids for repository safety re
quires that they be studied. However, it is important that a distinction is drawn 
between colloid studies that are effectively a site characterisation component and 
those that are true natural analogue studies. 

Whilst some of the colloid studies performed to date are interesting in their own 
right, they do not say much about the likely effects colloid populations might have 
on radionuclide behaviour at possible repository locations, i.e. the information 
obtained is not transferable. This is principally due to the fact that there is little 
to be gained (for performance assessments) from studying colloids as an isolated 
phenomenon. Instead, colloids need to be studied within the context of the 
groundwater flow and radionuclide transport system. There have been a number 
of natural analogue studies that have attempted to investigate colloids and their 
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effect on radionuclide transport but only two have been notable successes. The 
others were less successful for a number of reasons, not least being the fact that 
in some cases the colloid populations were extremely low, for example, at the 
Grimsel Test Site (Degueldre et at., 1990). This fact should not be ignored or 
misinterpreted; it suggests that high populations of colloids in locations analogous 
to that of a radioactive waste repository are probably unusual, which must be 
encouraging for repository safety. 

1. Cigar Lake. 
The Cigar Lake natural analogue study site is described in Appendix A.3. It 
is a deep uranium ore body surrounded by a thick clay halo. As an integral 
part of the overall natural analogue study, colloids have been examined in 
order to evaluate their impact on radionuclide transport within, and away 
from, the ore deposit (Vilks et al., 1991). The physico-chemical conditions 
at Cigar Lake are sufficiently similar to a repository environment to make it 
a useful site for the purpose of predicting the likely consequences of colloids 
within a repository. 

Analysis of the deep groundwaters at Cigar Lake indicates that the colloid 
population is around 8 mg I-I, and it has been calculated that less than 
0.01 % of radionuclides, in a given volume of rock, would be likely to sorb 
onto these colloids at anyone time (Vilks et al., 1991). Whilst this is ap
parently a low figure, if it were to apply to the repository environment, then 
over the lifetime of the repository it may still be significant for radionuclide 
transport. The average uranium concentration of the colloids in the ore 
zone is 0.06 wt. % uranium, compared to an average uranium concentra
tion of the ore of 12 wt. % uranium. These low concentrations suggest that 
the majority of the colloids have been formed from the clay formation and 
not from the ore. However, colloids from the sandstone (separated from 
the ore by the clay) have even lower uranium concentrations. The isotopic 
evidence indicates that the majority of the sorbed uranium and radium is 
derived from the groundwater and, furthermore, that some of the colloids 
have retained uranium for up to 8000 years. 

The colloid population is too low to affect radionuclide migration if sorption 
is reversible. However, the fact that some uranium may have been sorbed for 
thousands of years indicates that some sorption, at least, is irreversible and 
that the colloids are stable. In view of this, it cannot be concluded that the 
low colloid population is insignificant with respect to radionuclide transport 
over geological timescales. The low uranium concentration of colloids from 
the sandstone suggests that the clay formation acts as an efficient barrier 
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to radionuclide migration. This is consistent with other information which 
suggests that the clay is plastic and forms effective hydraulic seals between 
the ore and nearby water-bearing fractures. 

In summary, the information from Cigar Lake indicates that very low col
loid populations exist at depth but that the colloids are stable and uranium 
is irreversibly bound to or incorporated in them. This combination, over 
geological timescales, would be sufficient to allow significant radionuclide 
migration away from the ore body by advective transport of colloids. Fur
ther migration is prevented, however, by an effective clay envelope around 
the ore body. The implications for repository safety are clear: the actual 
colloid concentration is secondary in importance to the stability of the col
loids and the reversibility of sorption. The bentonite buffer around spent 
fuel, high-level and some intermediate-level wastes will be critical in lim
iting radionuclide transport away from the repository by colloids. 

2. Po~os de Caldas. 
The Poc;os de Caldas natural analogue study site is described in Appendix 
A.2. One of the principal aims of the Poc;os de Caldas study was to quan
tify the importance of colloids with regard to elemental transport. The 
two studied sites presented different rock-groundwater systems in which to 
investigate colloid behaviour and each will be discussed separately. Full 
details of the sampling methodology and experimental results are given by 
Miekeley et al. (1990b; 1992). 

At the Osamu Utsumi uranium mine, abrupt changes in groundwater chem
istry were measured. There was a clear distinction between the nature of 
colloids identified from shallow and deep waters. In the shallow zone there 
was a colloid population of 0.8 mg 1-\ which consisted predominantly of 
clay particles. In the deeper zone, the colloid population was less, 0.05 
to 0.5 mg 1-\ consisting of mostly amorphous iron oxyhydroxides. The 
234U / 238U ratios of the colloids were similar to those of the groundwater 
indicating equilibrium between particles and groundwater. However, the 
230Thj234U ratios for the particles are much higher than for the groundwa
ter, indicating that either thorium is preferentially taken up by, or uranium 
is preferentially lost from, the colloids. This is confirmed by comparative 
analysis of the true solution and the colloid fractions which showed that 
uranium exists mostly in true solution while more than 70 % of thorium is 
partitioned on the colloids (Figure 5.20). 

At the Morro do Ferro thorium orebody, there was an opportunity to sam
ple groundwaters and associated colloids along a whole flow system, from 
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Figure 5.20: Distribution of organic carbon, iron and trace elements on colloids 
separated into various size ranges. Top: from shallow ground waters from the 
Osamu Utsumi mine. Bottom: from deep groundwaters from the Osamu Utsumi 
mine. It is clear that in both groundwaters the predominant elemental load is in 
true solution, rather than sorbed onto colloids. (From A1iekeley et al., 1990) 
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the recharge zone along the flow lines to the discharge zone. The system was 
well defined, with the recharge zone located at the ore body thus providing 
an identifiable point-source of thorium and REEs from which particulate 
transport could be traced. The characteristics of the colloids identified 
at Morro do Ferro are similar to those from Osamu Utsumi, being clay 
particles in the shallow zones and iron oxyhydroxides at depth. In contrast 
to Osamu Utsumi, however, the colloidal populations at Morro do Ferro 
were generally higher, from 0.1 to 3.1 mg 1-1. The uranium and thorium 
distributions were also similar for the two sites, with high fractions of the 
thorium and REEs partitioned on the colloids. Comparative analyses of 
colloidal fractions along the flow paths, from the ore body to the discharge 
zone, did not indicate that any significant colloid transport took place. The 
same conclusion was reached for the larger suspended particles. However, 
this may be due to the fact that the source of the thorium and REEs 
actually lies in the unsaturated zone. It may well be that any colloids and 
particles washed out of this zone are efficiently filtered out before reaching 
the saturated zone. As a consequence, the results of the Morro do Ferro 
study should not be over-emphasised. 

In summary, the Po<;os de Caldas study indicates that low colloidal popu
lations occur at depth (up to an order of magnitude lower than at Cigar 
Lake) and that these are generally amorphous iron oxyhydroxides. These 
colloids are associated with high concentrations of thorium and REEs but 
low concentrations of uranium which is preferentially held in solution. The 
apparant lack of colloidal transport at Morro do Ferro is assumed to be 
due to effective filtration in the unsaturated zone, in rocks which are gener
ally highly weathered and compact. However, the evidence for, or against, 
colloid migration at both sites is inconclusive. 

3. Alligator Rivers 
A number of groundwater sampling campaigns have been performed at the 
Alligator Rivers natural analogue study site in order to determine the ex
tent to which colloids influence radionuclide transport (Edghill & Davey, 
1988; Seo, 1991; and see Appendix A.5). However, early attempts were 
hampered by low colloidal populations, but high large-particle populations 
which clogged filters and caused general operational difficulties. Neverthe
less, some general conclusions can be drawn from the results obtained from 
these studies. First, the actual numbers of colloids in the groundwaters are 
very low, usually in the range 106 colloids per litre, or less (c.f. Grimsel 
Test Site, with around 1011 colloids per litre). To put this into perspec
tive, 106 colloids each 1 11m in diameter and with a density of 2.65 g/ cm3 
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would weigh 1.4 f1g. Whilst the number of colloids appears large, their 
mass approaches insignificance when compared to the mass of some of the 
radionuclides dissolved in the groundwater (Edghill & Davey, op. cit.). 
However, it is important to bear in mind that even a small mass of colloids 
has a very large surface area available for sorption. Second, measurable 
radionuclide concentrations associated with colloids are only recorded from 
groundwater samples from the centre of the orebody, where radionuclide 
concentrations are at their highest. Analysis of this groundwater makes it 
evident that almost all the uranium is present in dissolved form, i. e. it 
passes through the ultrafiltration equipment. In contrast, almost all the 
thorium in these ground waters is associated with particles larger than 1 
f1m (larger than colloid)s. 

The dissolved uranium concentrations in the groundwater are far below 
saturation for any V 6+ species, even though the pH/Eh data suggest that 
the groundwater is oxidising with respect to V 4+. It follows that V-colloids 
could only form by precipitation in pockets of supersaturation, which may 
only occur where groundwater is in contact with uranium-rich rock for 
extended periods. Colloids formed by such a process would be short-lived 
since they would become unstable as soon as the water pocket moved away 
from the rock and mixed with the generally more oxidising groundwaters. 
However, radionuclide sorption may also occur onto preexisting colloids. 

In summary, transport of radionuclides by colloids at the Alligator Rivers 
study site appears to be negligible. It is, however, difficult to extrapolate 
data from such a near-surface, oxidising environment to any of the reposi
tories of interest. 

4. Palmottu 
At Palmottu (Appendix A.6), very clear layering occurs in the waters in 
open boreholes with reducing conditions at depth and oxidising conditions 
nearer the surface: the redox front is at about 125 m depth. The solubil
ity controlled association of uranium with suspended particles in the deep 
reducing waters compared to in the upper oxidising waters was discussed 
earlier in this chapter. Whilst the P almottu study has not yet examined 
colloidal transport, the data suggest that the colloids are not very mobile 
or stable beyond the reducing, deep waters. It would be interesting to ob
serve the behaviour of colloids in the mixing zone between the two waters, 
as such a chemical front may either remove or produce colloids. Removal 
would mean no transport through the shallow groundwater to the biosphere, 
whereas production could increase (colloidally associated) transport of ra
dionuclides. 
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5. Nuclear bomb tests and uncontrolled leakages 
Radionuclide migration associated with underground nuclear tests at the 
Nevada test site has been extensively studied in field investigations (Thomp
son, 1984). Studies began in the 1950s, although these early projects were 
not perceived as 'analogue' studies. 

One more recent natural analogue study (Buddemeier & Hunt, 1988) fo
cussed on the 'Cheshire' explosion which took place on 14th February 1976 
in a cavity at a depth of 1167 m on Pahute Mesa, Silent Canyon Caldera. 
The host rocks were rhyolitic lavas. Water samples were analysed in 1983, 
1984 and 1985 from within the explosion cavity and some 300 m outside. 
In both sample locations cobalt, cerium and europium were associated with 
colloids, with colloid populations being an order of magnitude higher in the 
cavity than outside. It was concluded that radionuclide transport from the 
cavity took place by advection of colloids. However, this environment is 
unrepresentative of the repository near-field; it can be imagined that the 
explosion caused massive damage to the surrounding rock. 

Waste water from the Los Alamos National Laboratory has routinely been 
disposed of in the tuffs of Mortandad Canyon since 1963 (Raloff, 1990). 
Original transport calculations indicated that movement would be restricted 
to only a few metres before being retained by the soils. However, Penrose 
et al. (1990) have detected americium and plutonium in wells some 3390 
m away from the disposal point. Over that distance plutonium concen
trations decrease exponentially, whereas americium concentrations showed 
no systematic variation. The radionuclide mobility was ascribed to colloid 
formation. Colloids responsible for americium mobility were smaller than 
those responsible for plutonium migration, a finding which corresponds to 
the apparent greater mobility of americium. There is no indication given 
of the nature of the colloids involved in the transport. 

Whilst these types of study are useful and indicate that colloid transport 
is potentially significant, the analogues are not particularly close as the 
rock types are significantly different to the repository concepts considered 
in this report (although the US DoE Yucca Mountain repository project is 
located in similar tuffs). In addition, the groundwaters at the Nevada test 
site and at Los Alamos are likely to be more oxidising than the waters in a 
repository. Thus, in the Los Alamos case, the Am and Pu speciation may 
be a major control on the degree of colloid association. 

6. Maqarin 
Colloids have been examined in the Maqarin project but, as this is discussed 
in Section 4.5, it will not be repeated here. 
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5.6.2 Conclusions 

The important conclusions from natural analogue studies of colloids are: 

• Natural analogue studies which have successfully investigated colloid pop
ulations and their effect on radionuclide transport in repository-relevant 
conditions are conspicuously few. This is because colloid populations in 
deep groundwaters are often too low to be measured effectively, meaning 
that studies are often inconclusive. The evidence suggests that it is un
usual for colloid populations large enough to affect radionuclide transport 
to occur at depth, under repository-relevant conditions. 

• It is apparent that, where colloid populations are low but measurable, they 
may still have the potential to affect radionuclide transport if they are sta
ble and if sorption onto them is irreversible. If this is the case, then low 
colloid populations could account for large fluxes of transported radionu
clides over geological time periods if the colloids are mobile. Although the 
Cigar Lake and Po<;os de Caldas environments are dissimilar, similar con
clusions were reached at both. The Cigar lake study illustrates that, under 
repository-relevant conditions, this combination of stable colloids and irre
versible sorption can occur. Nonetheless, it would appear that colloids are 
not very mobile in deep groundwaters. At Cigar Lake, colloid immobility 
was assumed to be due to effective filtration in a clay formation with no 
open fractures and small void spaces. At Po<;os de Caldas, colloids were 
also immobile, again presumably due to effective filtration. 

• Further colloid studies should be encouraged; indeed, colloid characteri
sation presently constitutes an important component in the Oklo natural 
analogue project. Although Cigar Lake and Po<;os de Caldas are both very 
comprehensive natural analogue studies, it would be unwise to conclude 
from only two detailed studies that colloids are not a significant problem 
for repository safety. In addition, the reason why higher populations of 
colloids were found at these two sites than at other analogue study sites 
should be investigated, particularly in view of the close approximation of 
some features of Cigar Lake to the repository environment. 

• Any new study needs to be properly representative of a repository far
field. For example, in the Swiss crystalline basement different groundwa
ters exist, ranging from deep, reducing NaCI waters to shallower oxidising 
CaHC03 waters. The UK Sellafield site also displays gross inhomogene
ity in groundwater compositions in different formations and contrasting 
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saline/non-saline groundwater compositions are commonplace in the Pre
cambrian Fennoscandian Shield. It may not be possible for colloids to 
migrate across the boundaries of these very different waters without be
coming unstable (Figure 5.19). An ideal natural analogue study of colloid 
transport would be large scale and would encompass the probable suite of 
groundwaters that would occur in a repository far-field and examine col
loid stability at all the groundwater interfaces. Of particular importance to 
crystalline rock environments would be the study of colloid behaviour in a 
saturated fractured rock mass. This has not been adequately addressed to 
date. 

• Further study is also required on the behaviour of colloids under hyperal
kaline conditions, the Maqarin project being the only such study to date. 
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5.7 Microbiological activity 

Microorganisms exist naturally in deep groundwaters and will be introduced dur
ing repository operations. Some low-level wastes, in particular, will contain 
substantial quantities of microorganisms. Microbiological activity will influence 
many chemical reactions in the near-field, especially waste degradation, metal 
corrosion and those involving redox equilibria (Figure 5.21). The extent to which 
microbiological populations will colonise various types of repository environment, 
survive and enhance reaction rates, can be important in predictive safety assess
ments (see, for example, McKinley et al., 1985; Grogan & McKinley, 1990). 
In general, it has been found that microbiological activity in high-level waste 
repositories is unlikely to affect performance significantly. In low-level waste 
repositories, microbiological activity is accepted as one of the principal driving 
forces for waste degradation (see, for example, Kidby & Billington, 1992, for a 
detailed experimental study of microbiologically mediated processes in the UK 
Nirex repository), but it has generally not been felt necessary to be able to model 
the processes in detail for the purposes of an assessment. For intermediate-level 
waste repositories, it may be important to be able to evaluate microbiological 
effects quantitatively. In all cases, it is, however, important to be able to de
scribe the overall impacts of microbiological activity in presenting a safety case. 
Observations from natural systems on the existence of microorganisms in specific 
harsh environments analogous to repositories, on controls on their activity and 
on the net results of microbiological mediation in hydrochemical reactions can 
provide useful support to performance assessment, and can act as test-beds for 
existing models of microbiological impact on repository behaviour. 

5.7.1 Natural analogues of microbiological processes 

Populations of microorganisms and consequent microbiological processes were 
not generally recognised to be potentially significant until the mid-1980s. As 
a result, this issue was not discussed by Chapman et al. (1984). Since then, 
microbiological work has been performed in a limited number of analogue studies, 
both to reconcile the obvious presence of microorganisms in the systems with 
the geochemical reactions being observed, and to assess the potential role of 
microorganisms in the repository environment. Some useful points have emerged: 

1. Tolerance to hyperalkaline conditions. 
The tolerance of microorganisms to a hyperalkaline environment has been 



(J') 
I
() 
W 
u.. 
u.. 
W 

....J 
::; 
OJ 
o 
cc 
() 

~ 

0 
....J 
w 
u:: 
CC 
< 
W 
Z 

II> 
:gc: 
-0 0_ 
::s-
c:.~ 
00 

'011> 
\'is 0. 
.... CI) 

~ 
.~ 
~ 
..c ~ 
-0 -II> \'is .... E 

11> ...... 
II> II> c: _ 
.- CI) 
o \'is g ~ 
I I 

>-
~ 
II> 
c: 
II> 

0 
....J 
w 
u:: 
CC 
< u.. 

1 

Qi 
i5 1ii 
o ~ 
.... -0 - c: ::s 
CI) 0 0 0 .t: 

I I 

c: 
.E 
o 
::s 
-0 

E 
0. 

CI) 
\'is 
o 

257 

Figure 5.21: Diagram indicating the effects of microbiological activity in the 
near-field of a low and intermediate-level waste repository. This shows that 
microorganisms may affect virtually all processes that occur in the near and far
fields, although the effect may not be significant. (From Grogan f3 McKinley, 

1990) 
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studied in Oman (Bath et at., 1987a) and Maqarin (Alexander, 1992) at 
groundwater springs which are naturally hyperalkaline (pH 11.2 to 12.9) 
(see Appendices A.7 and A.8). The absolute populations of microorganisms 
in these waters were low, although a wide range of microorganisms had, 
apparently, adapted to the conditions (Figure 5.22) . 

Figure 5.22: Photomicrographs of microorganisms isolated from the hyperal
kaline springwaters in Oman. Top: Rhodomicrobium (?), a polysynthetic bac
terium. Bottom: Alkalophilic Bacillus sp. This plate shows the presence of spores 
in this Gram positive faculative anaerobic bacillus. (From Bath et ai., 1987a) 
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In the Oman system, some bacteria require aerobic conditions to survive 
and, as a consequence, would not be viable in the repository environment. 
Among the other microorganisms, sulphate reducing bacteria were identi
fied which are important due to their involvement in steel corrosion and 
concrete degradation. They are known to tolerate extreme pressures, tem
peratures and radiation doses. Cultures of these sulphate reducing bacteria 
were successfully grown at pH 10.2 in the laboratory but this does not nec
essarily imply that they would prove viable in the cement pore waters of 
a repository. It was concluded in this study that, although the hyperalka
line conditions in the natural springs contributed to the low microorganism 
populations, the controlling factor was lack of nutrients in the system. 

In the Maqarin study only sulphate reducing bacteria have been found 
to date. It proved impossible to cultivate sulphate reducing bacteria in 
laboratory media, however, possibly because of the high concentration of 
dissolved selenium in the hyperalkaline groundwater. It seems possible that 
the sulphate reducing bacteria utilise selenium in preference to sulphur in 
this system and effectively intoxicate themselves, leading to cell death or 
at least metabolic shutdown. The effect on selenium redox chemistry is, as 
yet, unknown but is potentially significant. 

2. Nutrient and energy availability. 
Microorganisms are only significant in the near-field of a repository if the 
supply of nutrients and energy to them is sufficient to support their activity. 

The principal nutrients required to support any microbiological activity are 
C, N, P and S. As the material placed in a repository will be carefully char
acterised, the availability of these nutrients can be quantified and the maxi
mum microbiological populations which these nutrients are able to support 
calculated. The total availability of nutrients is clearly repository-specific. 
The principal source of energy in the repository environment would come 
from the oxidation of the steel present. This nutrient and energy supply 
approach has been used to assess the consequences of microbiological activ
ity within different repository concepts (West & McKinley, 1984; McKinley 
et al., 1985). It was concluded in these studies that the nutrient and en
ergy supplies would be limited. It is worth noting that lack of nutrients 
was responsible for the low microbiological populations in the naturally 
hyperalkaline groundwaters at Oman. 

From the work on nutrient and energy supply, a modelling methodology has 
been established which aims to predict maximum microbiological activity 
levels in a repository system (Grogan & McKinley, 1990). Some aspects of 
this modelling approach were tested as part of the Po<.;os de Caldas natural 
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analogue study (West et al., 1990). In particular, a comparison was made 
between model predictions of microbiological activity and field observations. 
In addition, an evaluation was made of the assumption that microorganisms 
utilise chemical energy produced at a redox front and the consequences 
of microbiological activity on the geochemistry at the redox front were 
determined. It was discovered that the maximum populations predicted 
by the modelling approach were in general agreement with the measured 
populations, that microorganisms may catalyse specific redox reactions and 
that they may be important in defining the chenlistry and mineralogy at 
a redox front, in particular by catalysing pyrite oxidation and influencing 
aqueous sulphur speciation. Further modelling work is currently underway 
in the Maqarin analogue study. 

5.7.2 Conclusions 

The important conclusions from the limited natural analogue studies of microbi
ological populations are: 

• Investigations of the microbiological populations in hyperalkaline springs 
indicate that a high pH environment does limit activity but that the prin
cipal control is the lack of available nutrients . 

• In the repository environment, the nutrient supply will be severely restricted 
and models have predicted that microbiological activity will be minimal. 
Tests of the models at Po<.;os de Caldas produced results which were com
patible with field measurements. Further tests of the models are underway 
in the Maqarin hyperalkaline system. 
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5.8 Gas generation and migration 

Gas will be produced in a repository by two main processes: (a) the corrosion 
of steel and other metals which produces hydrogen (Figure 5.23), and (b) the 
decomposition of organic materials, particularly cellulose, which produces pre
dominantly methane and carbon dioxide (see Section 4.7). The greatest gas 
production will occur in low and intermediate-level waste repositories due to the 
volumes of steel in the engineered barriers and cellulose in the waste. For the 
Nirex low and intermediate-level waste repository, it has been calculated that 50 
times more hydrogen will be produced than all the other gases combined (Rees 
& Rodwell, 1988). 
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Figure 5.23: Diagram showing the comparative gas (mostly hydrogen) evolution rate 
due to the corrosion of steel objects in the N agra low and intermediate-level waste 
repository. (N) implies normal cubic metres at standard temperature. a.nd pressure. 
(After Wiborgh et al., 1986) 
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In the near-field, gas production is a potential problem. This is due firstly to the 
possibility of structural damage occurring in the engineered barriers, particularly 
the canisters, or possibly to reinforced concrete components and, secondly, as a 
possible mechanism for expelling contaminated porewater into the far-field. If gas 
production was very rapid, there is also a possibility that structural damage to the 
host rock may result, if gas could not easily escape to the far-field. Initially, all gas 
evolved would dissolve in the groundwater. However, as gas production continues, 
free gas may form in the near-field and it is conceivable that bubbles of gas may 
be forced out of the near-field by the increasing gas pressure. This would have the 
effect of flushing the repository of groundwater containing dissolved radionuclides. 
Further, the escape of the gas bubbles may create channels through the buffer. It 
is not yet clear whether these will close; if not, advective radionuclide transport 
could take place along them. The volumes and rates of gas production in the 
near-field can be estimated and, with this information, the problems associated 
with gas in the near-field may be addressed by design modifications, such as 
using gas-permeable cements and backfills. 

Gas evolved in the repository will eventually escape to the far-field and may even 
reach the surface. If large volumes were able to escape along a particular fracture 
pathway and be accumulated near the surface and subsequently remobilised, they 
may conceivably pose an explosive or flammable hazard (Figure 5.24). In addi
tion, repository-derived gas at the surface would also pose a radiological hazard 
as the radioactive isotopes 3H or 14C may have substituted for the non-radioactive 
equivalents in hydrogen, methane or other hydrocarbons. It is very unlikely that 
any 222Rn (the gaseous daughter of 238U) generated in the repository would also 
reach the surface, as its half-life is very short. The production of large amounts 
of methane in a repository by microbiological degradation of organics could also 
lead to the methylation of various metallic radionuclides. Some methylated met
als are volatile, and are rapidly assimilated by biota (Ridley et at., 1977). The 
possibility of their production and transport in a gas flux may require evaluation. 

5.8.1 Natural analogues of gas migration 

Gas production was not generally recognised to be a potential problem until the 
mid-1980s. To date, no natural analogue studies are known which specifically 
address the issue of gas transport or interactions in the geosphere. Much of the 
following discussion is thus based on a review of the sources of hydrogen and 
methane in crustal rocks, and their possible reactions with the geosphere and 
biosphere (Stenhouse & Grogan, 1991). The important issues which need to be 
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Figure 5.24: Gas formation and the consequences of gas in the near-field of a hy
pothetical low and intermediate-level repository. If a suitable fracture system was 
available to the gas, then gas arriving at the surface may create an explosion hazard. 
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addressed in any future analogue studies are: 

1. Gas production rates. 
The rates of gas production in the near-field are very uncertain, especially 
for steel corrosion under hyper alkaline conditions, but also for microbiolog
ical degradation of organic materials. Natural analogue studies may have 
potential for providing quantitative information on gas production due to 
metal corrosion, by determining the corrosion rate of reinforcing bars in old 
concrete structures such as dams etc., where the environment may be water
saturated and reducing. For high-level waste disposal, a similar approach 
for steel objects buried in bentonites or other clays may be appropriate. The 
composition of the steel and porewaters and the degree of corrosion could 
be measured and, possibly, gas production calculated. This information 
may then be extrapolated to the repository environment. 

Much natural decomposition of organic materials by microbiological degra
dation occurs under neutral to slightly acid pH and oxidising conditions in 
the soil zone. In addition, there is a considerable body of literature on bac
terial decomposition of organic detritus in wetlands and reducing lake and 
marine sediments. Methanogenesis in freshwater sediments occurs largely 
as a result of the breakdown of acetate. Much of the methane produced 
may be oxidised in the upper parts of the sediment pile before it can be re
leased. In marine sediments, methanogenesis occurs largely by reduction of 
CO2 • Much information exists on the rate of release of methane from reduc
ing sediments, particularly in wetland environments. The various processes 
proposed for methane production in the geosphere have been reviewed by 
Schoell (1988) and, Schlesinger (1991). As a result of the large amount of 
work carried out in this area, the mechanisms of gas production are well un
derstood. It may not, however, be a trivial task to transfer information on 
production rates to the repository environment, although a mass-balance 
approach may be feasible. Information on gas production rates from known 
amounts of organic carbon in a particular sediment environment might be 
combined with information on amounts of carbon present in an environ
ment analogous to a low and intermediate-level waste repository near-field 
(e.g. the Maqarin hyperalkaline springs). If evidence of similar modes of 
bacterial activity were present in both situations, then it may be possible 
to extrapolate gas production rates to the analogue environment. Given 
the amount of information already available, this area may warrant a much 
more detailed analysis than is possible within the scope of this book. 
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2. Gas migration and reaction with the geosphere. 
Much information on gas migration in the geosphere has been obtained 
by the oil and gas industries but is not always readily available. Other 
than in hydrocarbon reservoirs, gas production occurs at natural sources, 
mostly in hydrothermal areas, which are not particularly relevant to possible 
repository sites. Nonetheless, their study may provide useful information on 
the behaviour of gas in the geosphere. Large volumes of hydrogen are found 
in groundwaters from ophiolites, such as at the Semail Ophiolite in Oman 
(Neal & Stanger, 1983), and are associated with the hyperalkaline springs 
which have been studied as natural analogues of cementitious repositories. 
Hydrogen can exist in concentrations of a few percent in equilibrium with 
CO 2 and CH4 in the crust even at depths of a couple of kilometres (Takach 
et al., 1987). This has been demonstrated by occurrences of methane and 
hydrogen at depth in the Canadian Shield (Sherwood et al., 1988). 

Migration of gas in the geosphere will occur either in solution at depth or 
as a separate gas phase nearer the surface. Gas migration is controlled by 
the fracture network in most hard rocks and by the geometry of low perme
ability formations. Hence, a gas seepage at the surface does not necessarily 
indicate the presence of a gas source vertically below; lateral gas migration 
over tens to hundreds of kilometres has been documented (Jenden et al., 
1988). Nonetheless, surface gas anomalies have been widely exploited for 
the discovery of hydrocarbon reserves and considerable experience has been 
acquired in the petroleum industry in interpreting these in terms of the local 
geology and structure (e.g. Philp & Crisp, 1982). Surface gas anomalies are 
also associated with trace element enhancements and ore prospecting has 
taken advantage of these anomalous enrichments. In addition, much effort 
has gone into understanding the mechanisms involved in the migration of 
gas through the geosphere (e.g. Leythaeuser et aI., 1982; Goth, 1985; Bell 
1989). 

As gas migrates through the rock it may react with the minerals present. 
Many laboratory experiments have been performed to investigate such re
actions, but not with a radioactive waste perspective and at temperatures 
and pressures very dissimilar to those expected in a repository. It does, 
however, seem likely that some gas will be consumed in redox reactions 
with species such as sulphate, nitrate, Mn(IV) and Fe(III) from the rock. 
These reactions are thermodynamically possible but may be inhibited by 
slow kinetics. This will be the case particularly where gas is migrating 
rapidly in a separate gas phase. If gas transport occurs in solution, such 
reactions may be more likely. There is a need to acquire more kinetic data 
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for these reactions, to determine how efficient they can be in consuming the 
volumes of gas evolved in a repository. 

3. Gas migration effects on solute transport. 
Gas migration through the geosphere may perturb groundwater flow and, 
hence, affect solute transport by a number of processes; 1) bubble forma
tion may change the apparent viscosity of the groundwater and induce or 
accelerate movement, 2) bubbles may push groundwaters in front of them 
along preferred pathways, i.e. fingering, 3) immobile bubbles may change 
the direction of groundwater flow by effectively sealing certain pathways, 
4) bubbles may scavenge radionuclides and colloids from the groundwater 
which then attach to the gas/water interface and move with the bubble, i.e. 
gas flotation, and 5) gas bubbles coming out of solution due to a drop in 
confining pressures as groundwater rises may change the water chemistry, 
notably altering the pH as gaseous carbon dioxide is evolved. 

Whilst some of these processes would appear potentially significant, no eval
uation of their likely impact on repository performance has been carried out. 
As with gas production rates, a substantial amount of information exists 
on some of these mechanisms. Data and experience reside in the hydrocar
bon industry, in marine sciences, and in process engineering practices. It is 
recommended that: 

(a) scoping calculations are first attempted to evaluate the circumstances 
under which any of these mechanisms might be of significance in a 
repository 

(b) a thorough review of the industrial and engineering literature is per
formed to ensure that the mechanisms addressed are comprehensive 

If any mechanisms are identified as important, then it may be appropriatE 
to seek analogue evidence of their behaviour in the geosphere. However. 
the applicability of natural analogues to this issue seems tenuous. 

5.8.2 Conclusions 

The important conclusions from these observations are: 

• Rates of gas production from corrosion of metal and microbiological degra
dation of organic material in environments similar to a repository near-field 
are poorly quantified. It is possible that examination of reinforcing bars in 
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old cement structures or clays may help quantify gas production rates due 
to metal corrosion. In addition, a thorough evaluation of the extensive pool 
of biogeochemical data on gas production and consumption rates in sedi
ments may lead to the identification of suitable analogue studies. However, 
gas production due to microbiological activity is probably best studied in 
the laboratory, although, even here, substantial problems exist (Grauer, 
1988). 

• The physical processes involved in gas migration through the crust have 
been well-studied by the petroleum industry. However, geochemical infor
mation on the interaction of gas with the rock during migration has not 
usually been addressed. It is possible that the gases will be consumed 
during migration through the geosphere by redox reactions with minerals 
but, although these reactions are thermodynamically feasible, they may be 
kinetically inhibited. 

• A number of gas sources occur naturally other than in hydrocarbon reser
voirs, but most are in geological environments grossly dissimilar to possible 
repository locations. Nonetheless, natural analogue study of these natu
ral gas sources could prove useful in examining gas-rock interactions. No 
natural analogue studies have specifically addressed this issue. 

• Gas migration may affect solute transport by a number of mechanisms. 
Whilst these processes may be potentially significant, their likely impacts 
have not been evaluated to the level where the value of analogue study 
can be demonstrated. Indeed, more useful information may come from the 
hydrocarbon, groundwater and process engineering industries. 
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Having examined the wealth of information that has been generated from natural 
analogue studies, it is instructive to examine the extent to which any of this 
material has been used. The reality, sadly, is that little acknowledged use has 
been made in published or ongoing performance assessment exercises, with one or 
two notable exceptions. This situation was discussed at the 1992 meeting of the 
CEe Natural Analogue Working Group (see Eisenberg et al., 1993). It is further 
explored in some detail below, followed by some detailed discussion of why this 
has turned out to be the case, and how it could, perhaps, be remedied. 

6.1 Natural analogues in published performance 
assessments 

At the present time, about a dozen comprehensive performance assessments for 
deep geological disposal of radioactive wastes have been published, although sev
eral more are in the process of being completed and a number of others are being 
actively planned. The majority apply to generic or reference case repositories and 
are designed to demonstrate the safety of the general concept of deep geological 
disposal, and not the safety of any particular design at a specific site. 

It is useful to review both the manner and extent to which published performance 
assessments have used natural analogues and natural analogue derived data, bear-



270 

ing in mind the discussion in the previous section. Owing to the variable extent 
to which recent assessments have been documented in English, only those directly 
associated with the disposal concepts covered in this review are examined in any 
detail. In reading this section, it is necessary to remember that two of the as
sessments discussed, KBS-3 (SKB) and Project Gewahr (Nagra), were published 
in 1983 and 1985, respectively. Accordingly, there was little opportunity, within 
these assessments, to consider process-oriented natural analogue studies as dis
cussed by Chapman et al. (1984) and the first Natural Analogue Working Group 
meeting (Come & Chapman, 1986a). 

There are no comprehensive, published safety assessments in English of either the 
Swedish or the British low and intermediate-level waste repositories, nor is there 
an up to date Swiss assessment to supercede Project Gewahr in the manner that 
Kristallin-I builds on its high-level waste component. Consequently, it remains 
to be seen how natural analogues may be incorporated into presentations of these, 
more imminent, waste disposal solutions. 

The assessments presented here are also predominantly concerned with the dis
posal of high-level radioactive wastes. 

6.1.1 KBS-3 (1983) 

The KBS-3 performance assessment was based on the KBS-3 repository design 
described in Section 2.2.1. As outlined in that description, the copper canisters 
are required to remain intact for long periods of time to minimise radiolytic oxi
dant production and, thus, spent fuel dissolution. The longevity of the canisters 
was, therefore, a matter of critical importance and natural analogues were used 
to assess copper durability. In the performance assessment, the canister is not 
credited with any barrier function once the first penetration has occurred and, 
consequently, the important factor to determine was not the time required for 
total canister corrosion but, rather, the time until first perforation, based on re
alistic estimates of the pitting factor (that is the ratio between pit depth and 
mean corrosion rate). The highest pitting factor (of 25) was obtained from ex
amination of copper artefacts buried in soil, but other natural analogues were 
examined; these included copper artefacts from a variety of environments, native 
copper deposits and the buried earth plates of lightning conductors. On the basis 
of these studies a probable maximum pitting factor of 5 was determined. 

Subsequent to canister perforation, radiolytic oxidant production will accelerate 
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dissolution of the waste form. Calculations in the performance assessment show 
that the rate of dissolution will be slow. These calculated results were supported 
with evidence from the Oklo natural fission reactors, in which only a small frac
tion of uranium dioxide has dissolved over the 1800 million years since formation. 
Evidence from the Oklo natural fission reactors was also used to support the 
performance assessment conclusion that radionuclide migration away from the 
repository would be limited by the hydrochemical environment, due to (a) sim
ilarities between the pH and Eh at Oklo and those predicted in the repository, 
and (b) the short distance travelled by the redox front at Oklo, combined with 
the precipitation of radionuclides at the redox front. 

A further factor that controls the performance of the spent fuel repository is the 
durability of the bentonite buffer. In the performance assessment, many labo
ratory tests indicated the chemical and thermal stability of bentonite. These 
laboratory results were supported by geological observations which showed ben
tonite to be stable for millions of years, provided that temperatures remained 
below lOOGC. 

In summary, the quantitative use of natural analogues in the KBS-3 performance 
assessment was limited to using geological observations to support laboratory and 
calculation-based determination of various factors for input to mathematical pro
cess models. The most quantitative 'data acqusition' role was the determination, 
from natural analogue studies, of the pitting factor for copper in a repository en
vironment. Natural analogue data were also used for support, such as for uranium 
dioxide dissolution, in a more qualitative sense (e.g. ' .. " only a small fraction 
of the uranium dioxide has been dissolved. . . in the Oklo reactors. ') KBS-3 
did not use natural analogues as test-beds to help validate codes or databases, 
as this third aspect of natural analogue application had not been considered at 
that time. 

6.1.2 Project Gewahr (1985) 

The Project Gewahr performance assessment considered both the high-level 
waste repository concept and also low and intermediate-level waste repository. 
As with KBS-3, Project Gewahr did not use natural analogue derived data for 
process models, nor did it use natural analogues for model validation. It did, 
however, discuss at some length, natural analogues which indicate that the labo
ratory and calculation derived data used in the process models have some realistic 
foundation, particularly for those processes that relate to the engineered barriers. 
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The following points are discussed in Project Gewahr: 

• The glass matrix. The stability of the borosilicate glass waste form is 
of obvious importance in the high-level waste repository. Volcanic glasses, 
particularly basaltic, are described to support the following performance as
sessment conclusions: a) that recrystallisation will not affect the behaviour 
of the waste glass within its design lifetime; b) that natural corrosion rates 
agree with laboratory observations and limiting the amount of water in 
contact with the glass greatly slows down the kinetics of corrosion; c) that 
a hydration layer forms on the glass surface and acts to protect the glass 
from further reaction; d) that the hydration crust contains minerals (some 
zeolites) which strongly sorb uranium and the REEs. 

• The canister. Studies of some archreological analogues, including Roman 
iron artefacts found in an oxidising spring, indicate that the corrosion rate is 
notably consistent for many environments, at between 0.1 and 10 /-lm/year. 
Iron meteorites were also studied but only indicated that they can survive 
for up to 20 000 years. The performance assessment assumes the steel canis
ter to corrode at a rate of 30 /-lm/year. This value is obviously conservative, 
even more so when the anticipated reducing conditions around a repository 
are considered. 

• The bentonite buffer. The chemical stability of bentonite has been exam
ined in natural analogue studies of sediment layers in the Gulf Zone, USA. 
It was discovered that the illitisation process proceeds more slowly than 
would be expected from kinetic considerations, even with a ready supply 
of K+ ions. Less than one percent of the predicted illitisation was found to 
have occurred. In the repository environment the supply of groundwater 
(and K+ ions) is restricted and elevated temperatures short-lived; there
fore, it is concluded that the chemical stability of the bentonite exceeds 
that necessary for safe repository performance. 

• Concrete. Both industrial and archreological concretes, cements and mor
tars were examined and it was found that many have remained stable for 
at least hundreds of years in some cases. Others were found to have suf
fered rapid degradation due to chemical or microbiological attack. As a 
consequence, no quantitative conclusions were drawn from these natural 
analogue investigations. 

• Bitumen. Geological deposits of tar and pitch were examined as natural 
analogues. It was found that most showed good stability in a variety of 
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environments, except in the presence of microbiological activity. It was 
concluded that bitumen is a robust material for an immobilisation matrix, 
provided the microbiological environment can be controlled. 

• Radionuclide release and migration. The Oklo natural fission reactors and 
Morro do Ferro were examined as large-scale natural analogues to illustrate 
the general approach to modelling radionuclide transport: they were then 
used as process-oriented natural analogues for: a) solubility and specia
tion; b) retardation; c) redox conditions. No quantitative information was 
obtained from these studies, although some of the qualitative information 
was recognised as having importance for guidance. It must be stressed that 
at the time Project Gewahr was compiled, only reconnaissance studies had 
been performed at Oklo and Morro do Ferro. In the performance assess
ment several uncertainties were identified that, it was hoped, might become 
clearer with extended natural analogue studies. 

Thus, Project Gewahr used natural analogues for the purpose of concept building 
and in the less quantitative sense of providing evidence of the overall correctness 
of laboratory and calculation determined data. Again, Project Gewahr preceeded 
the concept of analogue model testing, but did begin to suggest that natural ana
logue studies do have potential for providing some of the necessary quantitative 
data, and also for validating models. 

6.1.3 SKB-91 (1991) 

Natural analogue studies have been directly applied in three specific areas of the 
recent SKB-91 performance assessment study of spent fuel disposal: 

• to support the mineralogical stability of the bentonite clay backfill, 

• to prove the relative unimportance of colloids in the transport of radionu
clides, 

• to derllonstrate the conservatism in estimating radiolytic oxidation. 

Indirectly, comparisons of natural analogue studies are said to have been used 
in model development in support of certain assumptions made, although this 
is not always clear from the published SKB-91 safety analysis. An example is 
the use of low pH groundwaters from the Po<;;os de Caldas analogue study to 
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support the 'redox model' or evidence of matrix diffusion in granites to support 
the inclusion of matrix diffusion per se and to act as a check on the laboratory 
based radionuclide diffusion rate data (Neretnieks, pers. comm.). 

Bentonite backfill 
Bentonite stability under laboratory conditions, within the temperature range of 
100 to 130 GC, is not well-established. Natural occurrences of bentonite, located 
at 525 m depth and dated at around 450 million years old have been studied to 
try to resolve this issue. The site is located on the island of Gotland, S.W. Sweden 
(Pusch and Karnland, 1988). During a period of at least 10 million years, the 
bentonite was subjected to temperatures of 110 to 120G C with no evidence of any 
adverse effects on its properties as a buffer material. This analogue observation 
thus played an important role when stating that the thermal pulse predicted in 
the container deposition hole would not result in any deterioration of the clay 
barrier. 

Natural colloids 
Three factors were necessary to estimate the potential influence of colloids on 
radionuclide migration: 1) the concentration of natural colloids, 2) the sorption 
properties of radionuclides, and 3) the reversible or irreversible nature of sorption 
onto the colloids. The first two factors enable a conservative estimate to be made 
of radionuclide transport by colloidal material; the third factor is important be
cause, if sorption is reversible, then eventually the colloid will lose the sorbed 
radionuclide to the adjacent rock fracture surfaces. Data on concentrations were 
obtained from site-specific groundwater analyses and the sorption properties of 
the colloids were measured in the laboratory. Colloid transport properties, how
ever, have not so far been directly characterised without the assistance of natural 
analogue data. 

Colloid studies carried out at Po<;os de Caldas (Miekeley et ai., 1990b; 1992) 
were used to show that although radionuclides are indeed taken up by colloidal 
particles, there was significant filtration of the particles in transport. Moreover, 
reversible uptake of radionuclides on the particles was indicated. The results from 
this study were, therefore, used to suggest a reduced importance of radionuclide 
transport by colloidal material. 

Radiolysis 
Radiolytic oxidation is considered the driving mechanism for the leaching of spent 
fuel in the event of canister failure. Quantifying such leaching processes in the 
laboratory is difficult because: a) the production rate for oxidants is very low, 
even for relatively fresh spent fuel, b) gamma and beta radiation influence the 
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radiolysis caused by fresh-fuel, whilst alpha radiation is more important in old 
spent fuel, c) it is difficult to maintain the relevant reducing conditions during 
the experiments, and d) even well-controlled experiments of radiolysis of ground
water are difficult to interpret at the low dose rates employed. These difficulties 
indicate that pessimistic assumptions are therefore necessary in order to develop 
a conservative model for spent fuel leaching. 

To confirm the conservative nature of the spent fuel leaching model used in SKB-
91, a comparison was made with the uranium ore deposit at Cigar Lake, northern 
Saskatchewan, Canada. The age of the ore has been established at around 1300 
million years but, according to the available model for radiolytic oxidation, the 
ore should have been totally oxidised after 18 to 170 million years. Moreover, 
no significant sign of uranium oxidation is evident, although some oxidation of 
Fe-bearing minerals in the near-vicinity of the ore has been observed. The prin
cipal oxidants or oxidised products which may have been generated might have 
subsequently escaped from the system leaving little trace or, as has also been 
suggested, the radiation dose rate of the ore may be below the threshold for ura
nium oxidation. In conclusion, however, it appeared unlikely in view of these 
analogue results that the fuel leaching model employed would be anything other 
than conservative. 

Thus, in SKB-91 the principal natural analogue uses are again the unstated con
cept development role and the largely qualitative role of supporting data acquired 
from non-analogue sources. 

6.1.4 Kristallin-I (in preparation, 1993) 

Kristallin-I extends the Project Gewahr (Nagra, 1985) analysis of a deep repos
itory for long-lived wastes in the crystalline basement of northern Switzerland 
using information available following completion of the regional site characterisa
tion programme. The disposal concept is effectively identical to that in Project 
Gewahr, although models and databases have been extended and updated. Sig
nificant differences between the two assessments are: 

1. Kristallin-I is intended as a more realistic analysis than Project Gewahr. 
As such, more credit is assigned to the performance of specific barriers, 
especially in the near-field 

2. Kristallin-I involves much more discussion of verification, validation and 
uncertainties in models and databases. 
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In both of these areas, analogue studies play an important role. 

The Kristallin-I analysis is currently in progress and, hence, the total input of 
analogues cannot yet be fully described. Nevertheless, the way in which ana
logue studies can be used in performance assessment has been illustrated by the 
application of information from Po<;os de Caldas sub-projects. Three of these 
sub-projects are of direct relevance for Kristallin-I; testing models of radionu
clide solubility and speciation, testing models of redox front development and 
examination of colloid enhanced transport of trace elements (McKinley et al., 
1992a). The first of these allows a convenient verification and partial validation 
of the codes and databases used by the performance assessment groups (Bruno 
et at., 1990). Since the Po<;os de Caldas study, the thermodynamic database for 
assessment has been altered somewhat (Pearson & Berner, 1991) but the Po<;os 
de Caldas test cases provide a useful method for identifying gross inconsistencies 
between the new database and those used previously. In addition to the Po<;os 
de Caldas test cases, the database will be evaluated using a range of analogue 
studies, including Oman and Jordan (e.g. Pate et at., 1992). 

The Po<;os de Caldas redox front test case showed the limitations of the current 
generation of coupled chemistry-solute transport models; although able to simu
late some of the major mineralogical changes at the redox front, they could not 
simulate the behaviour of trace elements or demonstrate any true predictive ca
pabilities (Cross et at., 1990). This finding supported the decision not to include 
quantitative modelling of redox front propagation in the Kristallin-I base case. 
Instead, bounding calculations were carried out to demonstrate that such a re
dox front would not have a deleterious effect on barrier performance (McKinley 
et al., 1992b). Qualitatively, however, the redox front is seen to have a poten
tially very positive role in scavenging many trace elements which, in the Swiss 
case, would contain them within the canister corrosion products (McKinley et 
at., 1992a). This argument is currently used to make a case for the 'robustness' 
(c.f. McCombie et at., 1990) of the near-field analysis. This is identified as an 
area for further development due to the potential barrier effect of redox traps, 
as indicated by both Po<;os de Caldas and other analogue studies, e.g. reduc
tion spots (Hofmann, 1990a); iron meteorite weathering and by a wide range of 
experimental data. 

Colloid-facilitated transport of radionuclides was considered to be an important 
open question in Project Gewahr and, hence, has been a focus of effort in the 
last few years. The Po<;os de Caldas project strongly indicated that colloid mo
bility was very limited in this area, even though colloid concentrations were high 
and these colloids concentrated a range of relevant elements, e.g. thorium and 



277 

REEs (Miekeley et al., 1990b). This is consistent with observations from both 
Cigar Lake and Alligator Rivers studies. However, the Menzenschwand study 
(McCarthy and Degueldre, 1993) indicated that, in some cases, colloid transport 
may occur over kilometre scales in fractured crystalline rock. It was therefore as
sumed that colloid transport must occur and a simple model has been developed 
to quantify the effects of this process on radionuclide migration. The analogue 
observations are used qualitatively to support this model. 

Matrix diffusion is also discussed in some detail in Kristallin-1, with input from 
both natural analogues and laboratory studies (Frick, 1993). Two main points 
are addressed from the viewpoint of analogues: the evidence for matrix diffusion 
in fractured crystalline rock and, more importantly, the depth to which it can be 
assumed to operate. In Project Gewahr, it was assumed that matrix diffusion 
operated to a depth of only 1 mm (from the fracture) into the bulk rock. Although 
this figure was recognised as probably being conservative, it was selected owing to 
lack of quantitative data at that time. Much work has now been done in this field 
(see Section 5.3) and the results suggest that Project Gewahr was, indeed, over
conservative and that a more realistsic (but still conservative) matrix diffusion 
depth would be 10mm for the rocks of concern to Kristallin-l. 

Kristallin-l involves a hierarchy of reports, and natural analogue input is expected 
at all levels. The main overview report will discuss the robustness of the models 
and databases and natural analogues will play a significant role. At the next 
summary level, two reports will have major natural analogue contributions; one 
on 'verification and validation' and one on 'results in perspective.' The former 
focusses on more quantitative applications and the latter on the qualitative use 
of natural analogues as signposts that models and results are going in the right 
direction. Finally, at the technical level, natural analogues will be discussed in 
many process orientated reports (e.g. on canister corrosion, matrix diffusion etc.) 
and this current natural analogue review is considered as a supporting technical 
document for Kristallin-I. 

6.2 The reality of analogue application 

The four assessments discussed are similar in structure and content to a number 
of other generic evaluations which are currently to hand; in fact, they tend to be 
more comprehensive than most. Yet the uses of natural analogue data, even in 
these four studies have been rather limited. It is clear that: 
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• the role of natural analogues in providing a conceptual basis IS apparent 
but largely unacknowledged, 

• there are probably only two clear examples of a parameter value being 
provided by natural analogues for direct input to an assessment model 
(copper pitting ratios and matrix diffusion depths), 

• a 'soft quantitative' use of natural analogues has been in providing some
what diffuse limits to the ranges of parameter values used or results calcu
lated, in the sense of checking their likelihood of being correct, 

• natural analogues are only just starting to be used in a 'hard quantita
tive' role as test-beds against which to validate models, and only in the 
limited field of static geochemical modelling. These developments are so 
recent that they have not yet been fully absorbed in a published assess
ment, although the current Swiss safety assessments intend to make wide 
use of such experience, particularly in testing thermodynamic databases 
and vetting models. 

The explanation for the rather scant application of analogue information seems 
to lie in the approach taken by modellers involved in performance assessment. 
Many have backgrounds in the pure sciences or engineering. Consequently there 
is a general tendency to construct simplistic models based on a theoretical un
derstanding of a limited number of disconnected processes which are thought 
to be significant, thereby reducing the world to something that can easily be 
encapsulated in code. The models tend to be neat, computationally efficient, 
and thus highly attractive to assessors. Their data requirements can usually 
be met from handbooks of physical constants and laboratory data. Where it 
is clearly impractical or impossible to obtain certain data, such as kinetic data 
or time-dependent parameters, the models make simplifying assumptions which 
either avoid the necessity of using certain information, or apply large uncertainty 
bounds to estimated parameter values. Mischievously, it could be said that some 
models exist in a world of their own, isolated from the reality of natural systems 
behaviour. As a result, validating the application of these models to complex, 
coupled, time-dependent, non-linear processes in the natural environment fre
quently causes considerable problems. Perhaps, then, it is not surprising that 
there is some resistance from modellers to the prospect of pitting their models 
against a real natural system rather than a laboratory or field experiment, let 
alone to attempting rigorous validation tests (see also the discussion in Alexander 
& McKinley, 1992). The apparent lack of real success in using analogue data in 
validation intercomparison exercises such as INTRAVAL (see NEA, 1993) testifies 
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not only to the difficulty of developing tractable validation exercises from com
plex systems, but, more specifically, to the inability of current transport models 
to address real systems with any demonstrable degree of reality. The modellers 
simply cannot devise a real validation test for far-field transport models. 

All of these problems are surmountable by better communication between mod
ellers and data producers. However, before this can be really fruitful, modellers 
have to accept that the majority of their models must be tested and validated to 
an appropriate degree against natural systems. Until it is understood that test
ing against natural systems is an unavoidable prerequisite of confidence building, 
then the cosy interplay of model and laboratory data will continue to produce 
predictions that are seen as abstract and, consequently, challenge belief. 

Having castigated the modellers for opportunities missed, it must also be said 
that there is a real desire (indeed, in many countries, a regulatory stipulation) to 
use the support of natural analogues in making a safety case. The real problem 
is that of translating this desire into something real and useful. So far, the ma
jority of analogue usage has been at a very qualitative level, frequently aimed at 
producing illustrative examples for presentational purposes. Additionally, under
lying the whole concept of geological disposal is a largely unsung use of analogue 
information, as mentioned previously. 

Looking back two or three decades it can be seen that deep burial of spent fuel 
seemed fundamentally sound as it could be regarded as simply putting the mate
rial, albeit considerably modified, back in the environment from which it had been 
extracted. The concept of the radioactivity in a spent-fuel repository decaying af
ter a period of time to the level of the original uranium ore was used frequently in 
presenting disposal options. It is now recognised that such a simplistic approach 
is largely meaningless in safety assessment terms, but it does, nevertheless, in
dicate that natural analogues were being used almost unconsciously to propose 
a solution to the waste problem. With increased sophistication, it is now, of 
course, appreciated that safety must be demonstrated on the basis of predicting 
what will actually happen in a repository, although the scientific community is 
perhaps less sanguine about its ability to do this than it was a few years ago. 
However, the whole conceptual basis of geological disposal continues to be based 
on the natural evidence for the long-term stability and sluggish evolution of deep 
geological environments. 

None of this, of course, is by any means an adequate use of the data and ap
proaches described in previous chapters. The next two sections thus describe 
how, if more attention is to be paid to analogue information, this might be 
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achieved more widely that it has been to date. 

6.3 How natural analogues should be used in 
performance assessment 

By far the most obvious use of natural analogue studies is in aiding the formu
lation of mathematical models of processes and their interactions. The develop
ment of such models should occur in three stages; (a) model construction, (b) 
data acquisition, and (c) model testing or validation. 

The first step is essentially qualitative, the second two are quantitative. The level 
of importance of analogues in assisting each step will be rather different. 

6.3.1 Model construction. 

The construction of a conceptual model involves deciding which processes need to 
be incorporated and, if a process is to be incorporated, how that process should 
be modelled. It is clear that the development of many conceptual models of 
repository processes may proceed only on the back of a good understanding of 
how the natural environment operates. The development of a model ought to 
involve natural analogue studies, as it is only after close observation of natural 
systems that it is possible to make the necessary decisions regarding which pro
cesses to model. For example, the transport component of an assessment may 
apply a simple, reversible sorption model, when there are in reality a number of 
alternative retardation models whose inclusion may either be more appropriate 
or, even, essential for describing properly the processes active at the site under 
study. Examples of this are the significance of precipitation (at geochemical dis
continuities such as redox fronts, which may be present naturally in the rock or be 
produced by the presence of the repository) and of amorphous secondary phases 
in retarding radionuclides being transported in solution. Also, natural analogue 
studies indicate that many processes do not operate in the linear fashion assumed 
by some models and, as a consequence, it is not necessarily correct to extrapolate 
short-term laboratory results to the long time-frames required for performance 
assessments. Given this potential complication, at the very least natural analogue 
studies may demonstrate that a certain process is linear and that extrapolation 
is a legitimate procedure. 
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Thus, natural analogues should be used to tell the model builder: 

• which processes to include 

• which processes are likely to be dominant and which of secondary impor
tance 

• which process interactions to model 

• the scales (both spatial and temporal) with which the model should cope 

• whether the basic premises of a model are appropriate (e.g. linear extrap
olation to long time-frames). 

6.3.2 Data acquisition. 

Natural analogue studies should be examined as one potential way (and, in some 
cases, the only way) in which to obtain certain quantitative information. This 
is the area where, historically, modellers have had high expectations of natu
ral analogues, to provide 'missing' data they require for input to their models. 
Unfortunately, the inherent complexity of natural systems sometimes makes it 
difficult, if not impossible, to obtain such precise results 'on demand' for mod
elling purposes. 

Although it has become clear, from analogue and field studies, that certain lab
oratory derived data may be inappropriate, it has often not been possible for 
analogues to fill the consequent gaps. The very nature of analogues makes it 
difficult to extract a clean, untarnished parameter value from them, as would be 
required in an assessment model. The difficulty in extracting unambiguous Kd 
or diffusivity values described in the previous chapter is typical of the overall 
problem. 

Thus, the following conclusions can be drawn on data acquisition from analogue 
studies: 

• extraction of well-controlled parameter values for assessments is fundamen
tally very difficult when compared with laboratory data derivation. Labo
ratory studies will remain the principal means of data acquisition 

• analogues should be used to identify when laboratory derived data are ap
propriate and when not and, as such, are an adjunct to laboratory tests 
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• analogues are also invaluable in providing bounding values (maxima and 
minima) for processes which are too slow to be observed in the laboratory 
or where large laboratory-induced artefacts exist, or are suspected (e.g. 
matrix diffusion distances). 

6.3.3 Model testing and validation. 

This is an area which has recently grown considerably in importance, as models 
and databases used in performance assessment increasingly require evidence of 
their validation. Thermodynamic solubility and speciation codes and databases 
have been extensively tested in a number of natural analogue studies. The issue at 
stake with solubility and speciation models is whether the solubility-controlling 
mineral species and complexes in solution, which are generally specified from 
generic hydrochemical databases or from theoretical or laboratory information, 
are appropriate to the site-specific conditions being modelled, whether equilib
rium actually occurs, and whether the sytem is controlled by kinetics. At the 
present level of development, the modeller must make use of the available generic 
conceptual models and databases. These will need to be validated for the condi
tions expected at any potential repository site, in terms of the unique mineralog
ical and hydrochemical conditions found. That this will be necessary, and that 
'off-the-shelf' thermodynamic codes and databases cannot be used with total 
confidence to make important predictions, has been well illustrated by analogue 
projects such as those in Oman, Jordan and Poc;os de Caldas. 

In all of these studies a rigorous 'blind prediction' approach was used to test 
the suitability of thermodynamic codes and databases for defining elemental be
haviour in solution. The approach adopted in each project was to pose a problem 
in essentially the same way that it will be put to a performance assessor of a repos
itory site. The basic geochemical properties of the rocks and waters are provided, 
as they would be derived during any type of thorough site characterisation ex
ercise, and the modeller is asked to use these data to predict how specific trace 
elelTIents will behave. In the analogue case, these trace elements are naturally 
present in the waters, and their actual speciation and concentrations can be mea
sured separately and compared with the modellers' predictions. In the case of 
a repository performance assessment, the trace elements will be introduced into 
the system from the waste, and the modeller needs to be able to predict how they 
will behave under the measured conditions at the site, and also over long periods 
into the future during which hydrochemical conditions may change. The lesson 
frOITI each of these projects has been that, while the basic codes used appear ade-
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quate (provided the conceptual model of rock-water interactions in the system is 
appropriate), the databases used and the assumptions made by the modeller can 
cause errors in prediction. There appears to be scope for extending this approach 
to the testing of other types of model, particularly of system dynamics, rather 
than just static chemical equilibria. A limited attempt has been made on models 
of redox front movement, for example. Perhaps the most obvious target would be 
solute transport models where validation is currently based on short-term artifi
cial tracer migration tests. The design of a predictive model testing exercise on 
this issue in an analogue study would require a simple and very well characterised 
system and extensive planning, but is clearly worth the effort. 

Thus, of the possible applications of analogues in the model building process, 
model testing is seen as being far and away the most significant. 

6.4 Non-performance assessment applications 

Apart from their qualitative and quantitative technical applications in perfor
mance assessments, natural analogues have a much wider appeal as providers 
of illustrative and, in some cases, non-technical information to a broad range 
of audiences. From outside the confines of the performance assessment commu
nity, this aspect is probably perceived as the main reason natural analogues are 
studied. Natural analogues, or comparisons with natural systems, are frequently 
mentioned as important components of the process of evaluating and accepting 
disposal concepts (e.g. IAEA, 1989; Nordic Flagbook, 1989). Among all levels 
of reviewer, from technical peer review panels, to non-technical audiences, there 
is a clear belief that predictive safety assessments are only credible if shown to 
have strong natural parallels. For many audiences, the nature of predictive safety 
assessments themselves is difficult to understand and accept. Take the following 
quotation from from Blowers et al. (1991): 

"Enormous scientific effort has been expended in Europe and North 
America researching and demonstrating the proposition that such repos
itories will be safe, for all practical purposes, for ever. Yet clearly 
the assertion is preposterous. The safety of an untried method can
not be proven until repositories have been constructed and monitored 
over many generations and the radionuclides have decayed to safe lev
els. Running such an empirical experiment is inconceivable. Sophis
ticated geological analysis, risk assessment or modelling of repository 



284 

behaviour must rest upon heroic assumptions and are no substitute for 
empirical knowledge. Scientific predictions for periods of 10 000 years 
or more lie in the realm of fantasy, not rationality. In conditions of 
such uncertainty it must be concluded that there is no technical solu
tion to the problem of radioactive waste." 

Although the authors come from a non-technical background, the strength of 
disbelief in long-term predictions voiced by all kinds of audiences cannot be 
dismissed by scientists. In the field of prediction, everyone has a more or less 
valid view, based on generations of widely publicised experience. No amount of 
scientific argument or proof is going to convince many people of the truth of a 
safety case that is inherently very complex and extends predictions far into the 
future. Doubts are not the prerogative of the non-technical audience, and are 
pervasive throughout the concerned community. 

Given this difficult position, those who have to present safety cases, or evaluate 
them and base decisions on them, have found some very important uses of natural 
analogues. Broadly, these fall into two areas: 

1. As straightforward factual examples, with a time context, that the processes 
being modelled in performance assessments are not unusual or novel in 
the natural world, and that there is some sound basis for the timescales 
involved. Such illustrations need not be quantitative, nor need they even 
be conclusive of any particular behaviour. They provide reassurance that, 
for example, when a lot of effort is put into modelling the rate of corrosion 
of metal canisters, then there is some basis for indicating that metals can 
survive in the natural environment for commensurate periods. In other 
words, modellers are not being totally misled by inadequate theory. 

2. As illustrations that the overall result of waste disposal has natural paral
lels in terms of there being similar concentrations of natural radioactivity 
present in the environment, again on similar timescales. 

These two types of application are at their most valuable when used in a matter
of-fact and disinterested way to show that there is at least some sound basis in 
the real world for believing that geological disposal is not simply another ambi
tious technological enterprise, doomed to choke on its own complexity. A number 
of useful brochures and films have been produced using this approach, for exam
ple the UK Nirex Ltd. film "Tunnel in Time," the Nagra booklet "Observations 
of Nature" and the forthcoming internationally sponsored natural analogues film 
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(Giintensperger, 1993). There is, however, an acute danger of either being con
descending to the reader or viewer, or overstating the case; usually both can 
arise because material is misrepresented or simply abused. The nuclear industry 
itself has not always represented natural analogues honestly, sometimes tending 
to oversimplify and overstate the facts. No doubt it may be argued that some 
simplification is necessary to make the scientific data readily digestible, but there 
is a fine line between necessary simplification and misrepresentation of the facts. 
The natural analogue that is most frequently oversimplified is Oklo, often to the 
point of being misleading. To the scientist, Oklo does not provide unequivocal 
proof that a repository will be safe; the situation at Oklo is simply too complex 
for that conclusion to be reached. Yet, Oklo is often presented in nuclear indus
try literature as 'proof'. An example of 'going too far' is provided by the British 
Nuclear Forum (1991): 

"The Oklo reactors ran gently at the kilowatt-power level for millions 
of years. They never blew up. The radiation and waste from them did 
not deter surrounding life forms. Over immense timescales) the waste 
has barely moved away from the reactor site. As a result) scientists 
today are confident that waste in man-made stores and repositories is 
likely to move even less . . ." 

Such statements challenge belief at all levels, apart from leaving themselves open 
to scientific ridicule if ever they have to be defended. 

In summary, for non-performance assessment applications, provided they are not 
over interpreted, natural analogues provide a very useful tool to demonstrate that 
the materials, processes and mechanisms which we aim to model are not solely 
the by-products of the nuclear age but can be found in nature, where they have 
occurred or operated for very long times. 
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It is clear that the natural analogue studies described in this report have con
tributed greatly to our understanding of the repository environment. However, 
there are still a number of processes that are not fully understood or have not 
yet been adequately quantified, and further natural analogue studies would help 
to address these issues. The following section examines each of the processes 
considered in this report in turn and briefly summarises those issues that have 
been successfully investigated and those that would benefit from another look. 

7.1 Natural analogues of repository materials 

7.1.1 Borosilicate glass 

On the whole, the mechanisms by which glass alters and dissolves are well
understood from laboratory studies, even though their long-term kinetics are 
not well characterised. The most important process missing from current mod
els is probably the incorporation of radionuclides in secondary alteration phases, 
as these will limit effective radionuclide solubility. This is a prime area for fur
ther natural analogue study. Sorption of radionuclides onto secondary alteration 
phases is probably less important than direct incorporation but may, nevertheless, 
benefit from further natural analogue study. 



288 

7.1.2 Spent fuel 

It is believed that, in the repository environment, dissolution of spent fuel will 
proceed at a sufficiently slow rate to ensure adequate margins of repository safety 
but, nevertheless, further natural analogue studies to investigate the dissolution 
mechanism and rate may be warranted. The nature of the secondary phases 
formed as a result of spent fuel dissolution is not well-defined and neither is their 
potential for retarding radionuclide transport. Further natural analogue inves
tigations of the nature of minerals formed during the dissolution of uraninite in 
relevant conditions would be worthwhile. It may also be possible to use some 
uranium ore bodies to provide quantitative test-beds to help formally to validate 
different mechanistic models for spent fuel corrosion. To date, no natural ana
logue studies have addressed the issue of mixed oxide fuel (MOX) dissolution and 
the low concentrations of natural plutonium, even at Oklo, probably mean that 
suitable analogues do not exist. 

7.1.3 Metals 

7.1.3.1 Copper 

Natural analogue studies of copper archceological artefacts and native copper 
have clearly demonstrated the stable behaviour of copper in the repository en
vironment. No further natural analogue studies are thought to be necessary on 
copper stability and longevity. Natural analogue investigation into the nature of 
copper corrosion products likely to form in a clay-rich near-field is restricted to 
the Kronan cannon. Further natural analogue studies of the nature and reactiv
ity of such corrosion products may be useful, although the extremely slow copper 
corrosion rate probably makes such an investigation of very low priority. 

7.1.3.2 Iron and steel 

Geological evidence points to the generally reactive nature of iron in oxidising 
conditions. Long-lived native iron occurr~nces are limited to examples which 
have been isolated from air and water by impermeable host rocks or by an excess 
of iron to buffer the local redox conditions. Rates of iron corrosion seem to 
be adequately quantified and further study may not be justified. A potential 
pro blem concerning steel corrosion is the large volumes of hydrogen evolved, 
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which may damage the near-field of a low and intermediate-level waste repository 
if the engineered barriers have a low gas permeability. Industrial analogues may 
prove useful to assess the possibility of such damage occurring. The steel in old, 
reinforced concrete pier foundations should be in a reducing, alkaline environment 
analogous to that in a cementitious repository. Careful examination of samples of 
the concrete foundations may reveal if the cement has suffered any damage due 
to hydrogen gas build up. Iron and steel corrosion products may also strongly 
sorb many key radionuclides, but this is not normally included in performance 
assessments and may be an area where further analogue support would be useful. 

7.1.4 Bentonite 

The rate of illitisation of bentonite has been demonstrated in natural analogue 
studies to be slow and probably unimportant for repository safety. No further 
natural analogue studies of this issue are required. Further work is, however, 
required to understand better the nature of the interactions between bentonite 
and other repository materials, in particular cement. Cementation of the ben
tonite is a potential problem that may result in fracturing and allow advective 
transport through the near-field. Cementation could occur as the result of steam 
generation in the near-field. It would be useful if suitable natural systems could 
be found in which to study this problem. A prime role of the bentonite is to act 
as a colloid filter, and a useful natural analogue study would thus be one where 
groundwaters carrying colloids flowed from rock to bentonite and the filtration of 
colloids could be quantified. The sinking of a steel cylinder in bentonite may also 
be problematic, though it is difficult to imagine an appropriate analogue for this. 
The production of colloids by erosion of bentonite is another potential problem 
area where analogue input could be envisaged. 

7.1.5 Cement and concrete 

Natural analogue and laboratory studies have demonstrated that the calcium 
silicate hydrate (CSH) compounds that bind cement together are stable over 
historical and geological time periods. Theoretical studies of cement evolution 
are well established. The problems arise when attempts are made to validate the 
models. Laboratory studies are of some use but the long times cales of interest (up 
to several thousands of years) mean that the laboratory experimental data must 
be extrapolated beyond reasonable limits. Obviously, natural analogue studies of 
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appropriate natural cements (and some archceological cements) are useful here. 
One particular problem is the relationship between 'early' cement leachates (Na
K-OH) and 'late' cement leachates (CaOH2)' New data from the Maqarin site 
may allow this problem to be addressed. Further, the relative effects of the mi
gration of these two distinct hyperalkaline waters (analogous to the hyperalkaline 
plume which may leach out from a cementitious repository) on the far-field, and 
the effect on host rock mineralogy, has not yet been adequately investigated. The 
issue of the interaction of cement and cement pore waters with other repository 
materials, particularly argillaceous rocks, is currently under investigation in the 
Jordan study. Studies of porewater compositions in old cements may be a useful 
test of geochemical models of their evolution. 

7.1.6 Bitumen 

The lack of any documented information on natural bitumens, which might be 
appropriate compositional analogues of technological bitumens, has resulted in 
few relevant quantitative studies being carried out. If appropriate analogues can 
be identified, the stability of bitumen in hyperalkaline conditions may be a useful 
issue to investigate. The effects of relatively high radiation doses on bitumen 
over long timescales might also be profitably examined. The natural degradation 
products of bitumen in the repository environment are poorly characterised, as 
is their potential as organic complexing agents which will influence radionuclide 
solubility and speciation and, thus, transport. This issue could be investigated in 
natural analogue studies, possibly in connection with investigations of bitumen 
degradation in the presence of microorganisms. 

7.1.7 Cellulose 

The only semi-quantitative natural analogue investigation of cellulose decompo
sition is that performed on the fossil forest at Dunarobba. However, this is not 
a close analogy to a cementitious low and intermediate-level waste repository. It 
is important that further studies examine the mechanisms and rate of cellulose 
degradation in a hyperalkaline environment but it is not clear if many (or any) 
natural systems exist in which to investigate this issue. Old wood has been found 
submerged in the hyperalkaline springs at Jordan and studies are currently un
derway on this material which may give some indications as to its stability in 
such an environment. A potential problem associated with cellulose degradation 
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is the evolution of large volumes of carbon dioxide and methane but this issue is 
probably best investigated in the laboratory. 

7.1.8 Polymers and reSIns 

Although natural resins do exist in the form of ambers and rubbers, their chemical 
compositions are probably too dissimilar to the thermo-setting resins used as 
waste forms for the analogy to be quantitatively meaningful. Nonetheless, in 
the absence of any other information, qualitative observations of natural resins
surviving for geological time periods may be useful if only for illustrative purposes, 
especially if found under hyperalkaline conditions. The degradation products of 
polymers and resins may act as efficient organic complexing agents, which could 
enhance radionuclide transport. This issue needs to be investigated, but natural 
analogue studies are not a suitable technique for addressing this problem, owing 
to the lack of appropriate resins noted above. 

7.2 Natural analogues of radionuclide release 
and transport processes 

7.2.1 Solubility and speciation 

Natural analogue studies are especially useful with regard to the issue of testing 
models of radionuclide solubility and speciation. First, natural analogue stud
ies provide direct evidence to help define the physico-chemical stability fields in 
which radionuclides are significantly soluble and may be transported, plus an 
indication of which organic and inorganic ligands are abundant in repository
relevant conditions and their effect on radionuclide speciation. Second and more 
recently, natural analogues have proved invaluable for directly testing thermo
dynamic solubility and speciation codes and their corresponding thermodynamic 
databases. To a large degree, the second of these applications is now the most 
important in the performance assessment process. Code development is by nature 
iterative, and the need for many more natural analogue studies is foreseen for this 
issue. The wider application of available techniques for measuring speciation in 
situ would greatly increase the value of such studies. 
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7.2.2 Sorption and retardation 

Further information on the sorption behaviour of near-field degradation products 
would contribute usefully to safety assessments. Information on radionuclide in
teractions with alteration and corrosion products of cement, steel, copper and 
other materials from natural environments would be valuable (c.f. previous sec
tion). 

The mechanisms of transport and retardation in crystalline rock are reasonably 
well understood but not well quantified. Matrix diffusion apart, the principal 
retardation process is generally sorption onto secondary minerals in fractures. In 
situ Kd studies have not yet met with any success, and substantial development of 
the techniques is required to improve confidence in the results and interpretation. 
In addition, further thought has to be expended on defining meaningful methods 
of establishing in situ KdS as, to date, most models and associated techniques 
are of highly questionable quality. Few natural analogue studies have examined 
transport and retardation in sedimentary rocks, but a number have examined 
unconsolidated sediments and useful results (e.g. diffusion coefficients) have been 
obtained. More studies in sedimentary rocks are required to investigate transport 
and retardation, on both micro and macroscopic scales. Likewise, few natural 
analogue studies have successfully addressed the issue of radionuclide transport 
in fractured crystalline rock. The whole issue of irreversible sorption remains 
to be resolved. At present, assessments make the conservative assumption that 
sorption is reversible, as no useable data exist to the contrary. If analogues were 
able to demonstrate convincingly the circumstances under which sorption could 
be irreversible, it would contribute greatly to the reality of models and reduce 
the pessimism of assessments. 

Radionuclide behaviour at the geosphere-biosphere interface can be investigated 
by natural analogue studies on the migration of radionuclides released from spills, 
leaks, underground bomb tests and accidents such as Chernobyl. An ideal study 
might be one of an archreological site containing metal smelting wastes disposed 
of below the water table. 

7.2.3 Matrix diffusion 

A number of natural analogue studies clearly show that the volmne of rock likely 
to be available for matrix diffusion may be restricted to a zone a few millimetres 
to a few centimetres wide, adjacent to hydraulically active fractures (which may 
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be wider in more altered rock). No further generic studies are required, but 
site or rock-specific data would be very useful in particular repository safety 
assessments. 

Natural analogue studies of matrix diffusion have, so far, paid scant attention to 
the controlling influence of rock-matrix diffusion on the redox buffering capacity 
of the rock. The ability of the host rock to maintain a reducing near-field is 
particularly important in the case of SKB's spent fuel repository concept which, 
for the base case canister option, contains no redox-buffering steel. More studies 
are required on sedimentary rocks, as secondary precipitation in and around 
fractures can effectively seal the rock from the fracture systems. 

7.2.4 Colloids 

Further natural analogue studies are required to quantify better the real poten
tial for long-distance radionuclide transport occurring on colloidal material. Two 
large natural analogue studies, Po<.;os de Caldas and Cigar Lake, suggest that col
loids provide an inefficient mechanism for transport due to filtration by the rock, 
but to conclude definitely that colloids are an unimportant factor for repository 
safety will require similar results, on the same or a larger distance scale, from 
other natural analogue studies in relevant geochemical environments. Only if it is 
demonstrated that colloids can participate quantitatively in radionuclide trans
port in relevant environments should it then become necessary to define more 
clearly those influences which control the colloidal populations in groundwaters. 

7.2.5 Radio lysis 

Radiolysis might be significant in high-level waste and spent fuel repositories 
where the radiation flux is high. Whilst natural analogue studies may be able to 
define better the actual importance of radiolysis in the repository environment, 
there have been no convincing studies so far. The most useful data come from ex
perimental studies of material from analogue sites, rather than from observations 
of natural processes in-situ The difficulties of attributing any oxidation in the 
vicinity of uranium ores specifically and uniquely to radiolysis of groundwaters 
lies at the root of the problem. 
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7.2.6 Redox fronts 

Understanding of redox front formation and behaviour in crystalline rock has 
progressed as a result of the Po<.;os de Caldas natural analogue study and it has 
become clear that redox fronts are potential traps for a wide range of relevant 
elements. If the redox front is confined to the near-field, this mechanism could 
greatly strengthen the barrier role of the near-field. 

Applying thermodynamic solubility and speciation codes to the redox fronts at 
Po<.;os de Caldas has shown that they can simulate major mineral changes but 
only poorly predict trace mineralogy or trace element behaviour. More code 
and database development is necessary before such codes could be used with 
confidence in performance assessments. This code development will best be done 
in parallel with other natural analogue studies of redox fronts and other coupled 
processes in repository-relevant conditions. 

7.2.7 Micro biological populations 

It is clear that some microorganisms are very tolerant of extrelne environmental 
conditions to the extent that they will exist in the near-field of repositories or, 
at the very least, will colonise a repository near-field soon after peak temper
atures and radioactivity have occurred. Both natural analogue and laboratory 
studies have indicated that, in a repository environment, it is nutrient and en
ergy availability and not tolerance to environmental conditions that will limit a 
microorganism population and, hence, activity. Certain key nutrients will occur 
in restricted quantities in a repository near-field, particularly nitrogen and phos
phorus, and, as a result, microbiological activity is not likely to be an important 
factor for repository safety. The models used to assert this conclusion should 
be further tested in natural analogue studies, and this is currently ongoing in 
Jordan. There are indicatipns that microbes may playa key role in processes 
occurring at redox fronts, and this feature could be further investigated in future 
analogue studies. 

7.2.8 Gas generation and migration 

It is not yet clear if hydrogen and methane gases produced in a repository could 
cause safety problems, or whether they would simply dissolve or be consumed 
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in redox reactions with the rock and soil zone during migration. In addition, 
information on the rates of gas production and escape from the region of for
mation would provide a useful control on the theoretical models available. The 
role of volatile methylated radionuclide species may also require evaluation. As 
the consequences of gas production are potentially significant for some repository 
concepts, natural analogue studies of this issue may be warranted, although their 
potential contribution is considered marginal. It may be possible to derive useful 
data from old iron or steel objects encased in concretes or clay, but it is difficult 
to define the parameters of such a study. A thorough review of information on 
petroleum reservoir leakage from the hydrocarbons industry may shed more light 
on the mobility of gas in the shallow geosphere. A parallel evaluation of infor
mation from the hydrocarbon, groundwater and process engineering industries 
is also considered to be more profitable than analogue studies for assessirig the 
likely effects of gas movement on solute transport. 

7.3 Summary 

Given these requirements for further studies, it is likely that the following two 
types of natural analogue project will be seen in the future: 

1. Large-scale multi-objective projects, probably centered on ore bodies or 
other geochemical anomalies rich in relevant elements, but in geological 
environments much closer to those of proposed repository sites and aimed 
at studying a range of geochemical transport processes. 

2. Small-scale, issue or process-specific studies aimed at clarifying particu
lar problems, probably being linked to individual national disposal pro
grammes. 

Some suggestions for what may constitute priority areas of study are given below. 

7.3.1 A natural analogue shopping list 

Although it is not possible to produce a comprehensive list of the most critical 
issues for performance assessment that would apply equally to all the repository 
concepts considered in this book, a number of issues can be identified as being of 
key significance to one or more of the disposal options and as being more suited 
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to analogue study in the first instance than to other approaches. The following 
list comprises critical issues which, 

1. it has not yet been possible to resolve completely (or with an acceptable 
level of uncertainty), or 

2. are currently dealt with by making very conservative assumptions, or 

3. are so central to the safety case that any additional supporting information 
would be very valuable. 

The reason for selecting each item on the following list is given in parentheses. 

• longevity of the near-field chemical environment, e.g. efficiency of buffering 
reactions for Eh and pH, (3) 

• interactions of high pH plume with the host rock (1) 

• rates of cellulose breakdown and nature of degradation products (1) 

• solubility and speciation of radionuclides in various groundwater environ
ments (2,3) 

• sorption properties of engineered barrier corrosion products (1,3) 

• irreversible sorption processes in the near and far-fields (2) 

• site-specific matrix diffusion quantification (3) 

• evidence for long-distance (hundreds of metres) colloid transport in relevant 
rock formations (1,2) 

With this list in mind it is possible to define the properties of a number of 'ideal' 
future analogue studies. 

1. Archceological studies of cementitious, wooden and metal artefacts that 
have been buried in saturated, reducing environments for known periods 
of time, where it is possible to examine the undisturbed surrounding soil 
in detail. This requires participation in the excavation of such materials, 
rather than simply access to artefacts after excavation. 
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2. ArchCBological studies of metal mining or smelter wastes, preferably dis
posed of below the water table in a well or pit in clays or fractured rocks 
where the groundwater flow field can be reconstructed with confidence. 

3. Any natural environment where groundwater chemistry is closely analogous 
to porewaters or groundwaters in some part of the repository system, and 
contains elevated concentrations of radionuclides and other relevant trace 
elements from a known source. For the purposes of equilibrium geochem
ical model testing, a very slow flowing to stagnant environment would be 
preferable. 

4. Discrete zones, rich in relevant trace elements (e.g. uranium) in fractured 
rocks intersected by identifiable preferential groundwater flow paths to allow 
the definition of a source region and transport pathway and a study of 
sorption processes on fracture surface minerals. 

5. A natural or anthropogenic trace element source in a geochemical environ
ment favouring colloid production and allowing subsequent migration along 
a definable groundwater flow path in fractured crystalline or sedimentary 
rocks. The source might be a well which has been used for metallic and 
chemical waste disposal. 
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Chapter 8 

Conel usions 

In the eight years since the field of natural analogue studies took on its own 
identity, it has grown significantly in importance and recognition. Owing to 
the rather unusual nature of the radioactive waste management milieu, being 
an uneasy but essential blend of engineers and natural scientists, perceptions of 
what analogues can do to help facilitate waste disposal tend to be polarised. 
In some corners, notably containing those who have to make the safety case at 
the sharp, presentational end, they are seen as invaluable. At the other end 
of the spectrum, the purely theoretical physicist or chemist may see them as 
imprecise, airy-fairy, and generally unhelpful. The last four or five years have 
seen the development of a middle ground, where performance assessors are slowly 
beginning to recognise their value and use them in a practical way, rather than 
simply paying lip-service to their existence. Nevertheless, it must be said that 
there remains a substantial gulf between large parts of the assessment modelling 
community and the providers of data from the natural environment. Until the 
former group begins to appreciate that acceptance of assessment results depends 
on their demonstrable applicability to the natural environment, rather than just 
on a cosy interplay between modeller and laboratory experiment, then this gulf 
will remain, and the long-term safety of geological disposal will continue to be 
difficult to illustrate to both decision-makers and the world at large. It must 
also be said that, in some cases, the latter group (the data gatherers) have done 
both themselves and the analogue field a disservice by advancing irrelevant data 
or questionable conclusions on repository performance. This, combined with a 
problem of communication and understanding, has led to a number of projects 
being funded under the analogue 'banner', eventually to prove of little or no 
apparent benefit to either the safety assessment or presentation of radioactive 
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waste disposal. 

To conclude this review, the reader's attention is drawn to some points which, 
the authors believe, characterise the current position of natural analogues, and 
which act as pointers to the future. 

• The performance assessment and illustrative roles of analogues are now 
clearly defined, and quite different in nature. They are equally important 
in presenting a safety case in a digestible manner. 

• Three distinct applications to performance assessment modelling have been 
suggested: conceptual model building, provision and verification of data, 
and use as test-beds against which to validate models. The first, qualitative 
function is apparent, but has rarely been acknowledged. The second func
tion is quantitative, but it now appears that analogues rarely have anything 
to offer in the way of directly assimilable numbers to fit into models. Their 
principal role within this function is semi-quantitative, in providing some
what diffuse limits for parameters or calculational results, or in verifying 
their correctness or 'fitness for purpose'. The third function is extremely 
powerful, but, as yet, experience is largely restricted to static geochemical 
model testing. 

• It is strongly recommended that this third, testing and validation function, 
should be developed and extended to other areas of performance assessment 
modelling; transport modelling is the key area, although several other mod
els could, feasibly, be tested in the 'blind predictive' mode developed for 
thermodynamic model testing. 

• The illustrative role of analogues should not be seen just as providing vi
sually attractive material for brochures and exhibitions. Apart from giving 
easily assimilable examples, analogues provide the vital natural context 
within which to evaluate assessments. This is the second leg that should 
support a safety case; that of providing a temporal and environmental 
framework for the reader of an assessment to use as a backdrop against 
which to gauge the quantitative pTedictions of the assessment. This means 
showing evidence of what will be going on in the natural environment at 
the same time, in the same place, and at the same rates as the repository 
processes. 

• Some of the larger recent analogue studies have provided very useful 'dry
runs' of many of the approaches to be used in repository site character
isation. The conclusions of the Po<:(os de Caldas project, in particular, 



301 

emphasised the lessons that had been learned in this respect, not only from 
the viewpoint of the complexities involved in gathering relevant and ade
quate data, but also in fulfilling the requirements of those modelling the 
sites and bringing the limitations of site investigation to the same modellers' 
attention in a vivid fashion. 

• Although future analogue studies are likely to be increasingly focussed on 
specific, well-defined requirements, there is still scope for some large-scale, 
multi-objective studies. Certain issues, notably the still hazy appreciation 
of whether colloids are significant or not, would bear frequent overlapping 
studies to build up progressively a convincing database that would allow 
colloids to be treated with confidence in an assessment. A number of sug
gestions have been provided in the previous chapter for the types of ideal 
analogue study which would help with some of the most central issues in 
assessments . 

• Finally, and with some regret, it is noted that new studies still arise that 
have no radioactive waste focus, no specified purpose or end-user of the 
data, and that some highly tangential work continues to be proposed un
der the analogues banner. Further, the data from other, generally well
founded natural analogue studies are sometimes misapplied to radioactive 
waste problems, perhaps through the inexperience of the user. The final 
recommendation is thus that more care be taken when structuring future 
projects, particularly with a view to involving the end-user of the proposed 
information in formulating the work. 



303 

Appendix A 

Descriptions of natural analogue 
studies 

This section describes a number of the better known and most commonly quoted 
natural analogue studies which have been referred to frequently in this report. 

A.1 Oklo 

The Oklo mine contains the only known examples of natural fission reactors and 
is, perhaps, the best known natural analogue. Oklo is located in the southeast 
part of the Republic of Gabon (Figure A.l), in the Francevillian basin which 
forms an elliptical, elongated depression of some 2500 square kilometres. In 1972, 
French scientists from the Pierrelatte Diffusion Plant found an isotopic anomaly 
in the ore from Oklo. The 235U content was depleted from the normal 0.72 % 
to 0.62 %. Further investigations revealed that the isotopic ratios of some other 
elements were also perturbed, which confirmed that fission had occurred. Most 
of the subsequent investigations at Oklo have been performed under the auspices 
of the International Atomic Energy Agency (IAEA) and two symposia have been 
organised (IAEA, 1975; 1978). Sporadic work has continued since these early 
studies. Renewed interest in natural analogues, and in Oklo in particular, has 
generated a new international programme, part sponsored by the Commission of 
the European Communities (CEe), which began in 1991. 

The rocks that comprise the basin are mostly arenites, mudstones and felsic 
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Figure A.I: Location of the Oklo uranium deposit, Gabon, western Africa. 1: known 
cratonic areas aged between 1750 and 2000 Ma, 2: probable extensions of those cratonic 
areas. (After Smellie, 1993) 
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volcanogenic material of Lower Proterozoic age. Despite this great age, the rocks 
have survived virtually unmetamorphosed and most deformation has been brittle. 
The uranium deposits containing the natural fission reactors are located in the 
basal sandstone-conglomerate unit, where they occur in two forms. The first type 
of deposit is primary, having been deposited as a sediment of thorian uraninite or 
possibly as a concentration of biogenically enriched material. These deposits are 
disseminated, blanket or pod-like occurrences, enveloped in the host sandstone. 
The second type of deposit is found infilling fracture systems, where they formed 
after uranium was oxidised, leached and transported from the primary ore and 
subsequently precipitated when more reducing conditions were encountered. In 
places, the uranium ore in this second type of deposit is extremely enriched (up 
to 70 % uranium oxide) to the extent that, at the time of formation, a critical 
mass of 235U was formed, which initiated the natural fission reactions. 

The reactors consist of an inner core and an outer aureole. The core contains only 
uraninite whilst the aureole contains uraninite with coffinite and pitchblende. The 
reactors themselves are surrounded by roughly concentric zones of argillaceous 
material. The reactors became critical about 2000 million years ago and operated 
intermittently for some 105 to 106 years afterwards. Roughly 1000 to 2000 tonnes 
of uranium was initially present as fuel, of which about 6 to 12 tonnes consisted 
of 235U which underwent fission, producing some 4 tonnes of plutonium. The 
reactors operated at temperatures of up to 600°C and pressures of 800 to 1000 
bar. 

Natural analogue investigations have been focussed primarily on the stability and 
longevity of U02, the transport and retardation of radionuclides, the degrada
tion and radiolysis of bitumen, and the production of radiolytic oxidants. Present 
studies are concentrated on reactors numbered 10, 13 and 16 which more closely 
represent repository conditions as they are currently experiencing reducing con
ditions (Figures A.2 and A.3). Additional emphasis is put on the spatial dis
tribution of these reactor zones, both geologically and hydrogeologically, in an 
attempt to study any palceo or recent (or both) signature of uranium and fission 
product mobilisation within and from the reactor zones at different stratigraphic 
horizons that may be explained by rock-water interactions. 

The volume of literature about the Oklo natural fission reactors is vast. Al
though slightly dated, the literature review by Jakubick & Church (1986) pro
vides an introduction to all aspects of the work performed up to that date. 
More recent summaries of the investigations on radiolysis and the behaviour of 
the radionuclides in the reactors are given by Curtis et al. (1989), Loss et al. 
(1989) and Brookins (1990): the current programme plans are summarised by 
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Figure A.2: Location of the reactor zones within the Oklo region. (from Hollinger, 
1992) 
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Figure A.3: Cross-section of part of reactor zone 10 showing orientation of boreholes. 

(from Hollinger, 1992) 
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Chapuis & Blanc (1993). 

It must be said that, to date, the older studies of Oklo have produced little quan
titative information of direct application to safety assessment. The site is widely 
known, not because it has been a valuable natural analogue study, but because 
it displays unique natural radiochemistry which has fascinated geochemists. Its 
primary fame comes from its rather tangential use in nuclear industry publicity, 
some of which does serious disservice to the field of analogue studies. It is hoped 
that the ongoing work should provide more focus in the analogue context. 

A.2 Po~os de Caldas 

The Po<;os de Caldas plateau, which formed from a volcanic caldera, is located 
in the state of Minas Gerais in Brazil (Figure A.4). The area has been the focus 
of diverse investigations for some twenty years owing to its high levels of natural 
radiation: Morro do Ferro in particular has been identified as amongst the most 
naturally radioactive places on Earth. A symposium to discuss the phenomenon 
of high natural radioactivity was held at Po<;os de Caldas (Cullen & Penna Franca, 
1977). The area was identified as a promising site for a natural analogue study of 
radionuclide transport in the geosphere, and a three year project (the Po<;os de 
Caldas natural analogue project, 1986 to 1989) was initiated and co-funded by 
SKB, Nagra, the US DoE and the UK DoE and supported by Uranio de Brasil. 
The project aims were well defined from the outset of the investigation and were 
closely focussed on the requirements of performance assessments; they were: 

1. To assist in the validation of equilibrium thermodynamic codes and data
bases used to evaluate rock-water interactions, and solubility and speciation 
of elements. 

2. To determine interactions of natural groundwater colloids, radionuclides 
and mineral surfaces with respect to radionuclide transport processes and 
colloid stability. 

3. To produce a model of the geochemical evolution of redox fronts specifi
cally aimed at understanding long-term, large-scale movements of redox 
sensitive natural series radionuclides. 

4. To model the'migration of REE and U-Th series radionuclides during hy
drothermal activity similar to that anticipated in the very near-field of 
some spent fuel repositories. 
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Figure A.4: Location of the Osamu Utsumi mine and Morro do Ferro study sites that 
formed the focus of the Poc;os de Caldas natural analogue study. Both locations lie 
within the ring dykes marking the edge of a caldera. (From Chapman et ai., 1990) 
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The Po<;os de Caldas caldera is a ring structure about 35 km in diameter, com
posed of alkaline volcanic and plutonic rocks, mainly phonolites and nepheline 
syenites, of Mesozoic age. The caldera has suffered two major postmagmatic hy
drothermal events which have led to widespread argillation and zeolite formation. 
The second hydrothermal event was more localised than the first and is believed 
to be responsible for the formation of the many ore bodies within the caldera 
complex. Two of these ore bodies were the centre of the Po<.;os de Caldas natural 
analogue study; the Osamu Utsumi mine, which is a uranium orebody with sub
sidiary thorium and REE enrichment, and Morro do Ferro which, in contrast, is 
a thorium and REE ore body with subsidiary uranium. 

At the Osamu Utsumi mine, the rocks are predominantly phonolites. Primary 
mineralisation is mostly low-grade, disseminated throughout the rock, and is 
associated with hydrothermal alteration related to the intrusion of two breccia 
pipes. Intense weathering in the semi-tropical environment has led to alteration 
of the upper exposed rock and secondary supergene enrichment of uranium along 
redox fronts, due to the downward migration of oxidising groundwaters. The 
weathered rock is brownish-red due to the presence of iron oxyhydroxides, while 
the underlying rock is fresh and reduced, grey in colour and contains dissemi
nated pyrite. The redox front is generally very sharp but irregular in profile as 
it follows the dips of hydraulically active fractures and faults, along which the 
oxidising waters have penetrated deeper into the rock mass. Uranium mineralisa
tion occurs at the redox front itself, in the form of kidney-shaped accumulations 
of pitchblende several centimetres across and the mine has, consequently, been 
dug down to this level. 

Morro do Ferro is a roundish hill, rising to 140 m above the surrounding plateau, 
and is some 5 km to the north of the Osamu Utsumi mine (Figure A.5). The 
rock is believed to be a carbonatite but has been heavily weathered to a depth 
of at least 100 m. Now the hill is composed of gibbsite, kaolinite and illite with 
additional iron and manganese oxyhydroxides that tend to form distinct layers. 
There are also numerous magnetite veins that reach a few metres thick. Thorium 
and REE mineralisation extends from the summit down the south side of the hill 
and is very enriched; up to about 3 wt. % Th02 and up to 20 wt. % total REE 
in some parts. No uranium mineralisation is known at Morro do Ferro despite 
many detailed investigations prior to the Po<.;os de Caldas project. 

Investigations at both sites were concerned with radionuclide transport and re
tardation, with particular attention paid to the effect of the redox front at the 
Osamu Utsumi mine (Section 5.5) and colloids at Morro do Ferro (Section 5.6). 
In addition to the analytical aspects of the study, much attention was devoted to 
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testing thermodynamic solubility and speciation codes and databases in 'blind' 
predictions at both the Osamu Utsumi mine and Morro do Ferro (Section 5.1). 

The Poc;;os de Caldas natural analogue study has been comprehensively docu
mented in a series of fifteen reports (the summary volume is Chapman et ai., 
1990f which discuss the data collected, their interpretation plus the predictive 
modelling and the relationship to radioactive waste disposal, particularly perfor
mance assessments. In addition the work has been published in a special issue of 
the Journal of Geochemical Exploration (Chapman et ai., 1992). 

Om 

Hinerolisation (Th. REE ) 

SOm 

SouftJ 

150m 

200m 

o Groundwater sampling am monitoring points. 

'~_ Simulated percolation of rainwater through the unsaturated zone. 

250m ~ Simulated ground .... ater flO'W through the saturated zone. 

Figure A.5: Cross-section through Morro do Ferro showing the location of the bore
holes, the zone of mineralisation and the dry season water table. (From Chapman et 
ai., 1990) 
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A.3 Cigar Lake 

The Cigar Lake natural analogue project is an investigation of a uranium deposit 
in northern Saskatchewan, Canada (Figure A.6). The Cigar Lake orebody is 
the world's richest uranium deposit and has a relatively simple geometry. The 
mineralisation is hosted by the Proterozoic Athabasca Sandstone Formation, just 
above the contact with the underlying high-grade metamorphic basement rocks 
of the Archean Shield. The orebody lies at a depth of 430 m and is lensoid shaped, 
about 2000 m long, 50 to 100 m wide but only 1 to 20 m thick, and is almost 
entirely enclosed by a 10 to 50 m thick clay (predominantly illite) envelope (Figure 
A.7). The uranium ore is uraninite U02 and coffinite USi04 , with an average 
grade of 14 % but reaching 55 % in some areas: the primary mineralisation 
occurred 1300 million years ago. Although the idea that any natural system 
could be used as a 'global' natural analogue for a whole repository has been 
dismissed, the Cigar Lake uranium deposit has many similarities to proposed 
spent fuel repositories. These similarities have been summarised by Goodwin et 
al. (1989) and are shown in in Figure A.8 and in Table A.I. 

Although the reference spent fuel repository in the table is the Canadian repos
itory for CANDU fuel, which is not covered in this report, there are many simi
larities to other disposal concepts. 

The Cigar Lake orebody was formed by precipitation from oxidising, uranium
rich aqueous fluids circulating in the sandstones, when they encountered reducing 
fluids emanating from basement fractures. The fluid has been calculated to have 
been at a pressure of some 700 bar, a temperature of 150 to 200°C and a salinity 
of 200 to 350 gil (total dissolved solids). Although the Cigar Lake deposit is more 
enriched than that at Oklo, spontaneous nuclear fission was not possible because 
of its younger age; i. e. by the time the orebody formed, the natural 235U j238U 
ratio had decayed to too Iowa level to allow a critical mass to be reached. Fur
thermore, there were too many potential neutron-capturing nuclei (i. e. 'poison' 
elements) present, such as boron and REEs, and perhaps there was not quite the 
right amount of available light nuclei (i.e. water). Several major fractures cut 
the orebody and the clay envelope; these are originally features of the basement 
rocks but reactivated after deposition of the sandstone and formation of the ore. 
Probably the most remarkable feature about the Cigar Lake deposit is a negative 
one; that is, there is no clear surface geochemical or radiometric manifestation 
of the deposit, despite the fact that the host sandstone is a permeable aquifer 
transversed by fractures. 
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Figure A.6: Location of the Cigar Lake uranium deposit, northern Saskatchewan, 
Canada. (From Cramer et at., 1987) 
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Figure A.7: Cross-section through the Cigar Lake uranium deposit showing different 
rock units, major faults (dashed lines) and groundwater flow directions. (From Goodwin 
et ai., 1989) 
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Figure A.8: Representation of the analogy between the Cigar Lake uranium deposit 

and a spent fuel repository. (From Goodwin et al., 1989) 
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Table A.1. Comparison of the Cigar Lake orebody with 

the Canadian CANDU spent fuel repository 

Feature 

Waste form: 

Composition 

Stable phase 

Inventory 

Radioactive 
isotopes 

Dissolution mech
anism 

Uranium ground
water concentra
tions 

Container: 

Material 

Buffer: 

Material 

Hydraulic proper
ties 

Chemical proper
ties 

Repository Orebody 

Used CANDU fuel - more Uranium ore - mostly urani
than 86 wt.% U nite (U0 2), grading from 12 

to 55 wt.% U 

U0 2 assumed to be stable 

1.5 X 105 Mg (U) in com
pleted vault 

Fission, activation and decay 
products 

Congruent dissolution ass
umed 

Solubility limit assumed; the 
median value is 10-6 molll in 
reducing ground waters 

Titanium metal 

Mixture of clay and quartz; 
clay is bentonite 

Bentonite based buffer; high 
swelling capacity and very low 
hydraulic conductivity 

Assumed to sorb many ele
ments from water including U 

U O2 appears to be the stable 
phase; it has persisted for 1.3 
X 109 years 

Ore reserve estimated to be 
1.5 X 105 Mg (U) 

Spontaneous fission products 
and decay products 

Apparently congruent; radio
genic lead from 1.3 X 109 

years of decay still found in 
uraninite 

Observed concentrations in 
present day reducing ground
waters are less than 10-7 

molll 

No container analogue 

Clay rich halo in sandstone; 
mostly illite with quartz 

Illite rich clay halo; lower 
swelling capacity and some
what higher hydraulic con
ductivity 

Evidence suggests that the 
clay has retained elements 
such as U 



Feature 

Geosphere: 

Thickness of geo
sphere barrier 

Groundwater 
composition 

Hydraulic proper
ties 

Chemical proper
ties 

Miscellaneous: 

Configuration 

Colloids 

Timescale 

Thermal impacts 

Environmental 
impacts 

Repository 

Reference depth of the vault is 
between 500 m and 1000 m 

Groundwaters below about 
400 m in the Canadian Shield 
have salinities in excess of 100 
gil TDS 

Crystalline host rock, such as 
granite, is chosen to have a 
low hydraulic conductivity 

Assumed to sorb many ele
ments from water; Pb, Ra and 
U are strongly sorbed 

U sed fuel is isolated by a 
clay buffer and is located 500 
m to 1000 m deep in crys
talline rock; entire system is 
expected to be saturated soon 
after closure 

Radionuclide migration due to 
colloids assumed to be unim
portant 

Regulatory criteria require 
protection for at least 104 

years 

Peak temperature of less than 
100°C for more than 2 X 104 

years; U02 expected to be sta
ble 

Regulatory criteria place limi
tations on impacts to man and 
the environment 

315 

Orebody 

Ore was formed more than 
3 km below the surface; its 
present depth is about 430 m 

Hydrothermal ore forming so
lutions had a salinity of 250 to 
350 gil TDS 

Sandstone porosity is 10 to 
100 times that of granite; hy
draulic conductivities are also 
higher 

Sorbs many elements from wa
ter; Pb, Ra and U are strongly 
sorbed 

Uranium ore is isolated by a 
clay rich halo and covered by 
more than 350 m of sandstone; 
studies suggest that ore has 
always been saturated 

Colloids formed in the ore 
zone are trapped in clay rich 
halo 

U raninite ore has survived 
more than 109 years in water 
saturated rock 

Hydrothermal solu tions 
at about 150 to 200°C over 50 
X 106 years; U0 2 stable phase 
at these temperatures 

No indications (e.g. radiolog
ical, thermal, direct geophysi
cal or geochemical) at the sur
face that the ore deposit exists 
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The potential of Cigar Lake was indicated in 1981 by airborne geophysical mea
surements carried out to delineate the extent of basement graphite schists which 
had been closely associated with uranium occurrences in other parts of the 
Athabasca Basin. Systematic drilling subsequently revealed the mineralisation. 
During the initial commercial exploration phase, 180 boreholes were drilled with 
a total length of over 80 km. Since 1988, excavation of a shaft and trial ore ex
tractions have been undertaken. The broad aims of the natural analogue project 
are to investigate the stability of the uraninite as a natural analogue for spent fuel 
(Section 4.2) and the mechanisms that caused the retention of the radionuclides 
in the orebody (Section 5.2), particularly the effect of colloids (Section 5.6). 

The results of the Cigar Lake natural analogue project are documented in progress 
reports, the latest being Cramer (1991). Other reviews of the project include 
Cramer & Sargent (1986), Cramer et al. (1987), Cramer (1989) and, most re
cently, Cramer & Smellie (1993). 

A.4 Tono 

The Tono region, located some 350 km south west of Tokyo, is the site of Japan's 
most extensive uranium deposits. The largest of these deposits, the Tsukiyoshi 
uranium orebody, has been the focus of most of the natural analogue studies in 
the area. This orebody has not been commercially exploited and only one gallery 
at a depth of 150 m below the ground surface has been constructed so the orebody 
can be examined in a relatively undisturbed state. The Tsukiyoshi orebody is 
approximately 3.4 km long, between 300 to 700 m wide and is 10 to 30 m thick 
(Figure A.9). However, this orebody was split into two sections, between 10 and 
5 million years ago, by the Tsukiyoshi fault which has a vertical displacement of 
30 m and which does not continue upwards into the youngest sedimentary rocks 
in the region (the Seto Group). 

The ore bodies at Tono lie in palaeo-channels in the unconformity between Cre
taceous granitic basement rocks (the Toki Granite) and overlying Miocene lacus
trine sediments, which themselves form the lowest unit in a 200 m thick pile of 
Miocene and Pliocene marine and lacustrine sediments. The basement granitic 
rocks contain about 6 ppm of uranium and are considered to be the source of 
the Tono uranium mineralisation. The sediments at the unconformity (the Toki 
Lignite-Bearing Formation) contain significant quantities of carbonaceous mate
rial and pyrite, in a clearly highly reducing environment. The uranium minerali
sation itself occurs in conglomerate, sandstone and the lignite-bearing formations. 
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Figure A.9: Top: Location of the Tono natural analogue study site showing the 
regional geology. Bottom: Cross-section through the Tsukiyoshi ore body showing its 

faulted nature. (From Yasuhisa f3 Yamakawa, 1992) 
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The primary, unoxidised uranium ore appears grey or black and comprises ac
cumulations of coffinite and pitchblende, closely associated with pyrite, altered 
biotite or coaly plant materials in or around the porosity of the sediments. The 
secondary, oxidised uranium mineralisation appears yellowish and is comprised 
of a variety of uranium-bearing minerals including autunite, zippeite and ura
nocircite, and is accompanied by montmorillonite, limonite and other minerals in 
the oxidised zones. 

The orebody is thought to have formed when oxidising groundwaters leached the 
uranium from the Toki Granite and transported it upwards to the lignite-bearing 
rocks, where the uranium was precipitated or adsorbed, or both, under the more 
reducing conditions that prevailed there. This uranium concentration process 
continued for a long period of time, about 10 million years ago. No substantial 
remobilisation of the uranium has occurred since this time, despite the later uplift, 
erosion and faulting history of the area. 

The hydraulic conductivity of the sedimentary rocks that host the uranium ore 
is very low, between 10-6 and 10-8 cm/s. The groundwater in the region of the 
uranium ore is of the N a+ -HCGS- type, is strongly reducing and slightly alkaline 
(pH 8.7 to 9.5). The uranium content of the groundwater is generally low, about 
0.05 to 0.2 ppb, although PHREEQE calculations indicate that the groundwater 
is saturated with uraninite and coffinite. These thermodynamic solubility and 
speciation calculations also show that the redox environment is controlled by 
siderite or pyrite. Hydrogen and oxygen stable isotope studies show that the deep 
groundwater has a meteoric origin and preliminary 14C measurements suggest 
that this groundwater is between several thousand and ten thousand years old. 

The natural analogue studies at Tono are described by Yusa & Yamakawa (1992), 
Nohara et al. (1992), Yamakawa (1991) and Seo & Yoshida (1993). The objec
tive of current studies at the site is to evaluate the processes of uranium series 
radionuclide migration, over a time-scale of about 10 million years, in both the 
pristine ore and in the ore around the faults. To this end, over two hundred 
and fifty samples collected from the gallery and from boreholes were analysed 
in uranium-series disequilibrium studies. The preliminary results indicate that 
1) the reducing conditions have been maintained for, at least, the last million 
years, 2) although limited uranium migration has occurred along the faults, the 
greatest uranium migration has occurred in the matrix of the ore, but this has 
been limited to less than 1 m in the last million years, and 3) radium has been 
mobilised during the last several thousand years. 
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A.5 Alligator Rivers 

The Alligator Rivers natural analogue project is an investigation of a secondary 
enriched uranium deposit in the Northern Territory of Australia (Figure A.I0). 
Four large uranium deposits are located in the region; Nabarlek, Jabiluka, Ranger 
and Koongarra, of which the latter is the focus of the project. These uranium de
posits are the most significant mineralisation in the Pine Creek Geosyncline which 
comprises about 14 km thickness of Lower Proterozoic metasediments (carbona
ceous pelites, psammites and carbonates) together with interlayered tuffs which 
were deformed and metamorphosed 1800 million years ago. These Lower Pro
terozoic rocks rest on late Archean granites and are themselves overlain by the 
Kombolgie sandstone which is of Middle Proterozoic age. The uranium deposits 
lie at the base of the Cahill Formation schists and are located in extensively 
chloritised zones and adjacent to massive dolomites. 

The Koongarra ore body lies in two distinct parts separated by a barren zone. 
They are composed of uraninite and pitchblende-bearing veins within a zone of 
steeply dipping, sheared quartz-chlorite schists and a fault which brings the ore 
body in contact with the Kombolgie sandstone (Figure A.ll). The primary ore at 
depth is being leached by groundwater to form a secondary mineralisation (Isobe 
et al., 1992) that extends from the surface to the base of the weathered zone at 
about 30 m. This leaching process has resulted in the ore body, and the region 
above it, forming four zones: (1) the primary ore of uraninite and pitchblende, 
(2) a uranium-silicate zone formed by in situ alteration of the primary ore, (3) a 
zone of secondary uranyl phosphate minerals which are currently being leached 
by the groundwater and (4) a shallow dispersed uranium zone with the uranium 
in association with clays and iron oxyhydroxides. The uranium-rich dispersion 
fan extends downslope some 80 m away from the ore. 

The Koongarra uranium deposit was discovered in the early 1970s by airborne 
geophysical measurements and over forty boreholes were sunk to characterise the 
ore body. The deposit was never exploited due to political restrictions imposed 
by the Australian government on uranium mining and hence is relatively undis
turbed. As part of the natural analogue project a further 22 boreholes have been 
drilled. The natural analogue study has two broad objectives, the first being to 
investigate the processes leading to the decomposition and leaching of the pri
mary ore (uraninite and pitchblende) and the second to investigate the processes 
of radionuclide transport and retardation (Section 5.2) in the system, including 
the effect of colloids (Section 5.6). As part of this programme of investigations, 
much effort has gone into improving techniques for in situ Kd measurements and 
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Figure A.10: Location of the uranium ore bodies in the Alligator Rivers region of 
the Northern Territory of Australia. The Koongarra deposit formed the focus of the 

Alligator Rivers natural analogue study. (After Airey, 1981) 
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also into testing thermodynamic solubility and speciation codes. 

The results from the Alligator Rivers natural analogue project were presented 
at the Fifth Natural Analogue Working Group Meeting (von Maravic & Smellie, 
1993). Other summary reports include Australian Atomic Energy Commission 
(1987), Duerden et aI. (1987) and Hardy & Duerden (1989). 
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Figure A.l1: Cross-section through the Koongarra ore body showing the distribution 
of the major rock types and uranium-bearing minerals. (From Payne, 1991) 
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A.6 Palmottu 

The Palmottu natural analogue study is based on a small U-Th deposit located 
at Nummi-Pusula in southwestern Finland (Figure A.12). The ore body is 
hosted by Precambrian gneisses and migmatites whose protoliths were arkoses 
and greywackes. These high-grade metamorphic rocks are part of the Svecofen
nian fold belt that stretches from south west Finland into central Sweden. The 
ore body was discovered in the late 1970s during routine airborne geophysical 
investigations. In the subsequent characterisation, 62 boreholes were drilled with 
a total length of over 8 km. Three of these boreholes, drilled perpendicular to the 
strike direction, are presently being investigated as part of the natural analogue 
study. 
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r GEOLOGICAL SURVEY OF FINLAND 

Figure A.12: Location of the Palmottu natural analogue study site and regional 

geology. Other uranium deposits are marked. (From Suutarinen et al. 1991) 
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The ore body is up to 15 m thick and some 400 m long, but is discontinuous 
in the form of uraniferous pegmatites and veins. The principal ore mineral is 
disseminated uraninite, thinly coated with the uranium silicate coffinite, and was 
formed in the latest stages of metamorphism, some 1800 to 1700 million years ago. 
The average grade of the ore reaches up to 0.1 wt.% U. The uranium is thought 
to be derived from the late-stage granitic fluids of the nearby late-kinematic 
Pernio granite. The groundwaters, measured in open boreholes, show a distinct 
layered zonation, with the upper waters being fresh, oxidising Ca-Na-HC03 type 
and the lower waters being slightly saline, reducing Na-CI-S04-HC03 type. The 
change in composition and the redox front occur at about 125 m depth. Detailed 
hydrogeological studies are planned to quantify groundwater flow directions and 
establish optimum groundwater sampling locations. 

The natural analogue study has, so far, concentrated on processes that may 
affect radionuclide migration and retardation in fractured crystalline rocks, such 
as colloids (Section 5.6) and matrix diffusion (Section 5.3). 

Preliminary results of the Palmottu natural analogue study are given in project 
reports by Blomqvist et al. (1987; 1991) and Jaakkola et al. (1989). Summaries 
of the results from the radionuclide migration investigations are given in papers 
by Ruskeeniemi et al. (1989), Suutarinen et al. (1991) and Suksi et al. (1991). 

A.7 Oman 

The Oman natural analogue study site is located in the Semail Ophiolite Nappe 
of northern Oman (Figure A.13). These rocks represent a complete cross sec
tion, some 15 km thick, of obducted oceanic crust and upper mantle rocks (Lip
pard et al., 1986). They now form a mountainous terrain rising to between 
500 and 1800 m. The original mineralogy of the upper mantle rocks (harzbur
gites) was predominantly olivine with lesser amounts of pyroxenes, whilst in 
the oceanic crust (gabbros and basalts) the original mineralogy was predom
inantly pyroxenes with lesser amounts of olivine. The olivine in these rocks, 
which is magnesium and iron-rich, has been substantially hydrated by reaction 
with copious volumes of meteoric water to form serpentine and discrete iron 
oxide phases; with the effect of increasing the porosity. This process (serpen
tinisation) results in the groundwaters becoming both strongly alkaline and re
ducing. The hyperalkaline groundwaters tend to flow in the mantle-derived rocks 
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and reach the surface at springs at the contact between the crustal and mantle
derived rocks. By virtue of the higher volume of altered olivine and the porosity of 
the mantle-derived rocks, they have become the preferential unit for groundwater 
flow. At the surface, the groundwaters degas large volumes of dissolved hydrogen. 
Seven springs were sampled and the groundwaters were found to be Na-Cl
Ca-OH solutions with pH levels between 10 and 12. This unusual chemistry 
is reflected in the minerals precipitated at the springs, which include brucite 
(Mg(OHh) and portlandite (Ca(OHh). The concentration of trace elements in 
the groundwaters proved to be extremely low. 

This investigation was a natural analogue study of hyperalkaline groundwaters, 
and was concerned with the effect of hyperalkaline conditions on radionuclide 
transport processes, including solubility and speciation (Section 5.1), colloids 
(Section 5.6) and microbiological populations (Section 5.7). A particular aim of 
the study was to test the ability of thermodynamic codes to represent and predict 
hyperalkaline rock-groundwater equilibrium conditions. 

Details of the investigations are given by Bath et al. (1987a) and are summarised 
by Bath et ai. (1987b) and McKinley et ai. (1988). 

A.8 Maqarin 

The study site is located at the hyperalkaline (pH 12 to 13) natural springs of 
the Maqarin area of northern Jordan, at the Jordanian-Syrian border (Figure 
A.14). The rock formations of interest are Cretaceous marls and bituminous 
limestones, known locally as the Bituminous Marl Formation. The geology of the 
site is described by Khoury et al. (1992). The rocks are biomicrites, composed 
essentially of calcite with accessory quartz, dolomite, apatite, pyrite and clay 
minerals, and have a high organic content, up to 20 %. This rock formation 
is of interest because it contains an assemblage of naturally produced cement 
minerals (Khoury & Salameh, 1986). Both high and low-temperature mineral 
assemblages have been identified; high-temperature minerals include graphite, 
apatite, diopside, wollastonite and anorthite. Low-temperature minerals include 
gypsum, ettringite, tobermorite and, most importantly, portlandite as a rock
forming mineral. The portlandite forms by a two-stage process; first, lime forms 
as the rock spontaneously combusts if quartz is absent and, second, the lime 
hydrates to form the portlandite as groundwater is introduced. The high pH of 
the groundwaters is controlled by the solubility of portlandite (and other cement 
phases). This is exactly analogous to the situation in a cementitious low and 
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intermediate-level waste repository and is different to the system at the Oman 
natural analogue site where the hyperalkaline conditions relate to the alteration 
of ultramafic minerals. 

Seepage From 
Metamorphic Zone 

Railway 

N 

Figure A.14: Location ofthe Maqarin natural analogue study site in northern Jordan. 
The sites of the hyperalkaline springs are shown. 
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High trace element concentrations were measured in the groundwaters. High 
concentrations of major ions were also measured, which may possibly be related 
to accumulation of Mediterranean and Dead Sea aerosols but, more likely, are 
due to the subsurface dissolution of sodium and potassium oxides. Furthermore, 
the order of source rock leachates appears to be the same as predicted by models 
of cement degradation, i.e. NaOH and KOH followed by Ca(OHh (Alexander, 
1992). 

The principal use made of the Jordan natural analogue has been in 'blind' testing 
of solubility and speciation thermodynamic databases and, to a lesser extent, 
thermodynamic codes. Microbiological and colloidal populations have also come 
under scrutiny. Full details of these investigations are given in Alexander (1992), 
with summaries in Khoury et al. (op. cit.), Alexander et al. (1992a) and Tweed 
& Milodowski (1993). 

Although this natural analogue has only been used for model testing, the very 
close analogy between the groundwaters at Jordan and those expected in a ce
mentitious low and intermediate-level waste repository may make this an ideal 
natural analogue for the study of other processes in a hyperalkaline environment, 
particularly the interaction between the hyperalkaline leachates and the sedimen
tary host rock. Further work is currently underway at the site to investigate these 
and other relevant phenomena. 

A.9 Loch Lomond 

The Loch Lomond natural analogue study in central Scotland (Figure A.15) was 
more limited in scope than the other studies described here. Although it involved 
the examination of only a few sediment cores from the loch, much valuable, quan
titative information has been gained from this study. At present Loch Lomond 
is freshwater and landlocked but a marine transgression from the Firth of Clyde 
resulted in incursion of seawater into the loch between about 6900 and 5400 years 
ago. This event is clearly recorded in the sediment by a one metre thick band 
of marine detritus which is overlain and underlain by freshwater sediments and, 
consequently, forms a geochemical discontinuity (Figure 5.7). All the sediments 
are clay-rich, containing up to 80 % clay in some horizons. The porewater chem
istry also identifies the marine sediments by higher concentrations of chloride, 
bromide and iodide. Migration of these halogens into the freshwater sediments 
and porewaters, above and below the marine band, records a history of diffusive 
transport. 



328 

Another core was taken from the Dubh Loch which lies just to the east of Loch 
Lomond, but at a higher elevation, and which did not experience the marine 
transgression. This second core has shown that the effects observed in the Loch 
Lomond cores are indeed due to the marine transgression and not due to a pos
sible change in composition of eroded material supplied from the surrounding 
catchment. Comparative data are also available from Loch Long, which parallels 
Loch Lomond but has always been marine. 
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Figure A.15: Location of Loch Lomond, Scotla.nd showing the positions from where 
the cores used in the Loch Lomond natural analogue study were recovered. (F1'Oln 
Hooker et al., 1985) 
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Figure A.I6: Representation of the formation of the marine band within Loch Lomond 
during the Flandrian transgression 6900 to 5400 years ago. (F7'Om !I!{cJ{inley, 1989) 
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The principal aim of the Loch Lomond natural analogue study was to investigate 
diffusion and retardation mechanisms and rates of elemental transport that occur 
in argillaceous sediments as an analogue for transport and retardation processes 
in clay buffer material or sedimentary host rocks. The results are presented in 
reports by MacKenzie et al. (1984, 1989b; 1990a), Hooker et al. (1985), and 
Falck & Hooker (1990) amongst others. 

A.10 Broubster 

The Broubster natural analogue study in northern Scotland (Figure A.17) is 
detailed in Read (1988), Milodowski et al. (1989), Longworth et al. (1989), 
Higgo (1989) and Ball & Milodowski (1991). The site is comprised of a source 
in quarried laminated, bituminous limestone which crops out at a fault which 
brings uranium-rich waters to the surface. The sink is a peat bog, about 100 m 
down-slope of the limestones, which has accumulated uranium concentrations of 
up to 0.1 wt. %. The water in the peat bog is oxidising and acidic and, therefore, 
uranium would be expected to be very mobile. As a consequence, this is not a 
good analogue for the repository environment but the easily accessible and well
characterised source and sink couple makes the site ideal for model validation 
by blind prediction. The study concentrated on the behaviour of uranium and 
thorium transport to, and fixation in, the peat bog (Figure A.18). 

It was found that, although both uranium and thorium originated from the same 
source, the quarry in the limestone, the migration pathways were distinct. Ura
nium was transported in true solution as carbonate or, possibly, phosphate aque
ous complexes. At the peat bog, when the pH drops below 6, the organic ligands 
become more successful in complexing with the uranium and neutral inorganic 
complexes are replaced by positively charged humates which sorb onto the peat 
material and become fixed. 

In the peat bog, the majority of soluble uranium was bound to high molecular 
weight organic acids, and little to Fe/Mn oxyhydroxides. Reduction of U(VI) 
to U(IV) does not appear to occur and, therefore, cannot influence the specia
tion behaviour. The situation is, thus, different to a 'roll-front' deposit, or the 
mechanism expected to occur at a redox front in the repository environment. In 
contrast, the thorium was transported as colloidal oxyhydroxides and not in solu
tion. Retention by the peat is thought to be partly physical, with pores becoming 
clogged by the thorium-rich colloidal material. It is noted that neither thorium 
nor uranium are transported downwards into the clay beneath the peat bog, sug-
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gesting that the retention of both elements is connected with the presence of the 
humic substances in the bog. 
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Figure A.17: Location of the Broubster natural analogue site in Caithness, Scotland. 
The Old Red Sandstone outcrop is shaded. (From Milodowski et al., 1989) 
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Figure A.18: Diagrammatic cross-section of the Broubster natural analogue study 
site showing the movement of ground and surface waters and the major uranium mo
bilisation and fixation processes. (From Ball & Milowdowski, 1991) 
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A.II Needle's Eye 

A suite of uranium and other metal-rich veins radiates out from the Criffel Gra
nodiorite in south-west Scotland, the largest reaching the northern coast of the 
Solway Firth close to a natural rock arch known as the Needle's Eye (Figure 
A.19). This uranium-rich vein has been the focus of a natural analogue study 
to investigate dissolution, transport and deposition process affecting natural ra
dionuclides, in particular uranium. The study has been discussed in a number of 
reports and is summarised in two volumes (MacKenzie et ai., 19S9a; 1991). The 
Needle's Eye study site comprises an ancient sea-cliff forming the edge of the gra
nodiorite where the mineralised vein is partially exposed, below which is an area 
of anoxic, organic-rich soil which extends some 10 m from the foot of the cliff; 
beyond is a flood plain of fine-grained marine sediments with salt-resistant veg
etation (Figure A.20). The generally simple site layout suggested that it would 
be fairly easy to identify the processes involving the transport and retardation of 
uranium and its daughter isotopes (Hooker, 1990). 
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Figure A.19: Simplified geology of the a.rea surrounding the Needle's Eye na.tural 
analogy study site. (From Hooker, 1990) 
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The primary uranium ore in the veins is pitchblende which has undergone dis
solution by two processes. The first is slow leaching over a long time period, 
probably by a reducing water, resulting in preferential loss of 234U relative to 
238U; the second is rapid contemporary dissolution by oxidising waters. Rede
position of uranium occurs in close proximity to the vein as oxidised uranium 
minerals which are stable under present-day conditions and contribute little dis
solved uranium to the groundwater. In contrast to the uranium, the dissolution 
and transport of thorium is negligible. Further uranium deposition occurs on 
carbonate minerals that line fractures in the granodiorite in the vicinity of the 
vein. Most of the uranium (80 to 90 %) in the groundwater draining from the 
granodiorite is removed from solution when the groundwater reaches the anoxic 
sediments. 

A.12 South Terras 

South Terras is a disused uranium (pitchblende) mine in Cornwall, south-west 
England, which was worked out by 1909. In the 1920s operations, involving 
Madame Curie, began to recover radium from the spoil heaps and stope fillings 
at the mine. These operations continued until 1929 when the mine was finally 
abandoned. Uranium is leached from the left-over pitchblende in the spoil heaps 
and migrates in the groundwaters towards a small stream that flows into the 
nearby River Fal. The natural analogue study (Hooker et al., 1989) has focussed 
on the groundwaters and alluvial sediments between the spoil heaps and the 
stream where a plume of uranium has formed. Analyses of the groundwaters 
and the sediments indicate that uranium is currently being leached and that 
the sediments are acting as an efficient sink for the uranium. This site is very 
suitable for studying near-surface uranium transport as the age of the system is 
well-known and the hydrological regime fairly simple. 

A.13 Kronan 

This study (Neretnieks, 1986b; Hallberg et al., 1987) was performed on a bronze 
cannon salvaged from the Swedish man-of-war 'Kronan' which sank in the Baltic 
Sea during the battle of Oland in 1676, in order to investigate the rate and 
mechanism of copper corrosion. 
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The cannon has been partly buried in a vertical position, muzzle down, in clay 
sediments since the ship sank. This is a close analogy to the copper canisters used 
in the KBS-3 spent fuel repository design in that the cannon had a high copper 
content and the clay, composed partly of montmorillonite, was tightly packed 
and water-saturated. Chemical analysis showed that copper from the cannon 
had diffused 4 cm into the clay, causing a reduction in the eu content at the 
surface of the cannon from 96.3 to 95.2 %. The sediment pore waters around the 
Kronan cannon had neutral pH with variable Eh; pore waters nearest the top of 
the sediments were more strongly oxidising due to ingress of seawater. The change 
in redox potential with depth, was evident from a change in sediment colour from 
brown in the top 10 centimetres to grey at depth. Identified corrosion products 
include CU20 and Fe304 which confirm a generally oxidising environment. A 
corrosion rate of 0.15 fJm/year was calculated, and was constant over the bronze 
surface. 

A.14 Inchtuthil 

An ancient hoard of buried nails has been used in a study of the corrosion of 
iron. These nails were found on the site of the most northerly legionary fortress 
in the Roman Empire at Inchtuthil, Scotland (Angus et ai., 1962; Pitts & St. 
Joseph, 1985). An estimated total of over a million nails were buried in a 5 m 
deep pit and covered with 3 m of compacted earth in a successful attempt to 
hide the nails from Pictish tribes when the fortress was abandoned in A.D. 87. 
The fortress was excavated, and the surviving 850 000 nails unearthed in the 
1950s. The nails vary in length, from 6 to 40 cm, with smaller ones being most 
common. Although all the nails were composed of iron, they were heterogeneous 
in composition, with regions of high and low carbon content. The surfaces of 
all the nails exhibited some corrosion but the degree of corrosion was greatly 
controlled by the location in the hoard. The nails on the inside of the hoard show 
minimal corrosion, limited to the formation of a thin corroded layer, whilst those 
on the outside of the hoard, and in particular those at the top, were corroded to 
such an extent that they formed a solid crust. 
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