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FOREWORD 

The European Community's research programmes on "Management and dis
posal of radioactive waste" have the prime objective of finding effec
tive means for ensuring the safety of man and his environment against 
the potential hazards arising from such wastes. 

The EC's first R&D programme devoted specifically to radioactive waste 
was launched in 1973 at the Joint Research Centre, Ispra. In 1975, the 
Community's effort was substantially stepped up by the adoption of a 
five-year programme under the shared cost action scheme carried out at 
major laboratories in the Member States under CEC management. Since 
then, both research actions have been operating hand in hand. 

In May 1980, the Commission of the European Communities held its first 
major meeting on this subject in Luxembourg. The second European con
ference, which once again follows the completion of a five-year R&D 
programme, presented and analysed the latest results achieved by sus
tained collaboration of leading laboratories i.n Europe, within the 
programme of the European Community. 

The main topics addressed at the conference were: 

(i) Treatment and conditioning technology : solid, liquid and 
gaseous waste from reactor operation, spent fuel reprocessing 
and MOX fuel fabrication. Quality assurance in waste processing. 

(ii) Testing and evaluation of waste forms and packages : character
ization of medium active waste forms based on cement, bitumen 
and polymer resins, testing of vitrified HLW, waste container 
corrosion studies. 

(iii) Geologic disposal in salt, granite and clay formations : mechan
ical and hydrogeologic characterization by deep drilling, analy
sis of cores and in situ investigations in experimental cav
erns (Mol, Asse); studies of backfilling and sealing for reposi
tories. 

(iv) Migration (near-field and far-field) : investigation of mechan
isms and modelling (MIRAGE project). 

(v) Performance analysis of geological isolation systems (PAGIS 
project). 

As the development of the technological elements for treatment and 
disposal of radioactive waste progressed, increased effort has been 
placed on examining industrial waste products as well as analysing 
management strategies and barrier systems. The broad scope of such 
evaluations has required close collaboration between CEC scientists 
and experts from the Member States. The extent of integration achieved 
is clearly demonstrated by the joint authorship of the conference 
papers presented in this volume of proceedings. 
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WELCOMING ADDRESS 

Johny LAHURE 
State Secretary for Economic Affairs of the 

Grand Duchy of Luxembourg 

Mr Commissioner, Mr Chairman, Ladies and Gentlemen, 

It gives me great pleasure to welcome you, on behalf of the Luxem
bourg Government and myself, to the Second Conference on Radioactive 
Waste Management and Disposal. The Conference will concentrate on five 
main themes and, given the importance and interdependent nature of the 
subjects to be covered, will last five days. 

In giving the welcoming address I have the advantage of not needing 
to go into technical detail. I must, however, exercise a certain minimum 
amount of caution. 

Otherwise, I might find all too quickly that I am out of my depth 
addressing a very technical conference attended by a good number of 
eminent experts actively involved in the field. 

I hope nevertheless that you will allow me, as the government 
spokesman of the host country, to make a few brief comments before the 
conference proper gets underway. 

From the Cortmunity viewpoint, the conference will, by considering 
the various questions and their ramifications, establish meaningful 
links between subjects which, although seemingly dry and technical, in 
reality have a direct bearing on various strands of Community policy, 
namely energy policy and its technological and economic aspects, and 
environmental policy, which necessarily includes ecology. 

I should like to draw your attention to four points that are funda
mental to a rational and effective Community approach. 

On 17 January, the European Parliament adopted a Commission pro
posal for a new, shared-cost (over the medium term) multiannual research 
programme in the field of radioactive waste. 

Thus this conference would appear to have come at the right time. 
Secondly, it must be stressed that the subjects covered form part 

of an interrelated complex involving energy, technology, the vast re
search programme and environmental protection as a whole. 

Your work - to demonstrate the interrelationships and the basic 
need for action work and to emphasize the community nature of the right 
approach - is of fundamental importance to the Cortmunity. 

International cooperation is of the essence, since analysis of 
scientific problems of such magnitude requires the finest brains. 

Lastly, I should point out that this is a logical continuation of a 
process the Community started years ago. 
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The number of Conmission documents in the field is enormous but I 
will only mention the document of 9 February 1982, outlining a Ccmriunity 
energy strategy in the nuclear field which provides an excellent de
scription of various problems, including those relating to radioactive 
wastes produced throughout the nuclear cycle, and covers the subject in 
depth. 

Mr Chairman, ladies and gentlemen, 

having briefly outlined the European and international aspect, I should 
like to underline the importance of ecology in Ulis field. 

My government intends - and I am pleased to note that this is also 
one of the questions with which you are concerned - to implement a pro-
grannie of priority environmental measures. 

Obviously, it would be inappropriate to go into details at this 
stage but I can nevertheless say that particular stress will be placed 
on waste management, prevention policy and environmental protection. 

I should now like to look briefly at the question from a philo
sophical point of view. 

The existence of the ecosystem, as a living and organized unit, is 
now a well accepted basic principle. 

Several thinkers, particularly Edgar Morin, a sociologist and phil
osopher, teach that various elements are striving to establish a deli
cate balance : i.e. objective scientific knowledge and ultimate goals on 
the one hand, and the position of man and the requirements of nature on 
the other. 

It is my belief that your work will throw more light on the numer
ous interrelationships involved which are essential to our overall 
understanding of the world in which we live. 

Ladies and gentlemen. 

To conclude my address, I would like to say three things : 

- I thank you sincerely for having chosen to hold your Second Confer
ence in the capital of the Grand Duchy, with its long history of 
Corrmunity involvement. 

- I wish you every success in your work, which I consider fundamental, 
and hope that it will produce the desired response. 

- Lastly, I will be happy if at the end of the Conference, all con
cerned can look back with general feelings of satisfaction on the 
five days of technical and economic discussions. 

Thank you 



OPENING ADDRESS 

Ν. MOSAR 
Member of the Commission of the European Comnunities 

One of the basic aspects of our industrial society is the ability 
to convert available natural resources into useful energy. Since the 
invention of the steam engine, we have developed and exploited new and 
more economical sources of energy. We thus have a wide range of differ
ent primary energy sources today, mainly coal, oil, natural gas and 
nuclear energy, which meet most of Europe's needs. 

The utilization of these primary energy sources and the extent to 
which they cover overall requirements depend primarily on price, on 
local or regional availability and on the technical feasibility of 
exploiting them  but the level of useful reserves, socioeconomic con
ditions and environmental considerations play an increasingly important 
part. When planning for our medium and longterm energy supplies, we 
must therefore use our energy resources economically and rationally, and 
we cannot abandon any source of energy. This also holds true for nuclear 
energy which, togetner with coal, provides our electricity needs. 

The trade and industry which provide a living for the vast majority 
of the people of Europe have always produced harmful waste. Some danger
ous substances produced by the chanical industry, the textile industry, 
the iron and steel industry and conventional power stations are still 
today released into the environment, especially by old installations, in 
the form of waste gases or water. Nuclear energy also produces dangerous 
waste. 

What is the difference betwsen nuclear waste and other dangerous sub
stances? 

1. Unlike toxic metals such as cadmium, lead and mercury, certain radio
active components of nuclear waste do not occur in nature, although 
sources of similar natural radiation, although with very low radio
activity levels, are present everywhere in the environment, and even 
in the human body. 

2. All radioactive substances ultimately became nonradioactive, so that 
in one generation most of the radiation from nuclear waste will have 
disappeared. 

Nuclear waste also differs from the waste produced by other indus
tries in that the quantities, their properties and the effects on the 
environment are perfectly well known, and since nuclear energy was first 
used techniques have been developed to remove nuclear waste from the 
environment and from society. 

As early as 1957, the Treaty establishing the European Atomic 
Energy Community laid down basic standards for ionizing radiation and 
for limiting the release of radioactive substances into the environment, 
even though the Community's first nuclear power station did not begin 
operating until four years later. 
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Våny, then, is non-nuclear waste treated differently? 

Dangerous nuclear waste can be stored because: 

- Firstly, nuclear power stations use very little fuel to produce large 
amounts of energy. Understandably, therefore, they produce only very 
small amounts of waste, the safe isolation of which has proved per
fectly feasible. 
Conventional power stations, on the other hand, produce such large 
amounts of gas and ash that it is virtually impossible to remove all 
dangerous substances. 

- The second reason why radioactive waste is treated differently is 
that the effects of radioactivity on man and his environment were 
known even before nuclear energy was used. It was therefore possible 
to develop effective safety measures and incorporate them in the 
design of the first reactors. Since then there has been further sub
stantial progress in the field of reactor safety. 

If our health and environment are so well protected. Why do wa continue 
pouring money into veste management and research in that field? 

Over a long period, waste gradually accumulates in nuclear instal
lations and in temporary stores. Although most of the radioactivity dis
appears quite quickly, it takes thousands of years before waste with the 
longest half-life can be considered safe. 

We therefore have to find a way of isolating it from the environ
ment with no need for human intervention. Such conditions, providing 
safe storage for thousands of years without the need for human control, 
can be achieved only by disposal underground. Geological formations 
which are very unlikely to be disturbed over the next thousand years by 
earthquakes or other natural causes, or by human activity are found only 
at great depths below the surface of the earth. 

Nevertheless, not content with trusting geological strata, we shall 
also encase nuclear waste in very tough containers. 

The design of such a system of barriers and the careful examination 
of all matters relating to safety are the primary objectives of our 
research programme. In order to work as efficiently and as realistically 
as possible, the Commission will develop and exploit, together with 
certain Member States, large experimental installations in deep geo
logical formations. For the first time experiments will be carried out 
on a small scale on the storage of highly radioactive "vitrified" 
waste. The prerequisite is that it must be possible, after the experi
ments, to remove the waste from the installations in completely sealed 
containers. The experience and know-how thus gained, as well as the 
other results of these research programmes, will be available to all 
Member States. 

The effectiveness of the Community's activities in this field is 
known outside Europe and was emphasized by the Council when the third 
programme of research was adopted at the beginning of the year. 

Over the next few days you will gain an overall impression of the 
results obtained, and will be able to discuss them. I would ask you to 
examine carefully the results and conclusions reached before any further 
steps are taken towards the permanent removal of radioactive waste. 
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We wish to continue in this direction, basing our actions fully on 
the knowledge acquired and on the reliability of the new tecliniques 
developed. The available scientific know-how, our technical resources 
and the time devoted to this subject can totally exclude the possibility 
that waste management becomes a game of chance with dire consequences 
for future generations. 

Ladies and gentlemen, the technological and scientific problems 
which remain will require a great deal more work. It is all the more 
heartening, therefore, that we do not have to work in an uncoordinated 
way. The programme for this conference clearly shows that the re
searchers and research institutes of the Member States and of the Joint 
Research Centre are cooperating closely. In adopting the third programme 
of research, the Council recently confirmed that this cooperation is 
fruitful. 

Let us not forget that national frontiers, customs duties and pass
port checks, which have still not yet been completely abolished after 28 
years of the Community ' s existence, do not represent a barrier to the 
transport of dangerous substances by air and sea. 

It therefore makes sense to establish a common front of science and 
technology to protect man and his environment in Europe. The spirit of 
cooperation which inspires research should also be present when final 
storage installations are designed and used in the future. 

We regard such integration as one of the Commission's most pressing 
tasks, but we are aware that this will require patience, hard work and 
intuition on the part of our partners. 

I would therefore like to thank very sincerely all those who have 
contributed towards the success of the Community programmes. 



THE DEVELOPMENT OF NUCLEAR POWER AND THE RESEARCH EFFORT IN THE COMMUNITY 

D.H. DAVIES, Commission of the European Communities, Brussels 

Summary 

The development of nuclear power in the Community is analysed at the 
light of the oil crisis which hit the world in 1973. Before 1973, 
nuclear energy was rapidly penetrating the market all over the 
world : nuclear power plants were being ordered in large numbers and 
the development of advanced nuclear reactors and of their fuel cycle 
was vigorously pursued in almost all industrialized countries. 
In all logic the 1973 oil crisis should have quietened the pace of 
nuclear energy development; in reality the expected rapid expansion 
of nuclear energy in the most industrialized countries did not 
materialize. Despite the setbacks to the global pace of nuclear 
development, the nuclear energy's share of electricity production in 
the Community increased from 5.4% in 1973 to 22.4% in 1983. 
To-day the installed nuclear electricity generating capacity is 
about 55 GWe and the nuclear energy's share exceeds 25%. In 1990 
these figures should be about 100 GWe and 35% respectively. 
The improvement of management of energy resources and the reduction 
of energy imports are some of the major goals to which Community 
research is directed. In this context, the further development of 
nuclear fission energy is considered as one of the main ways of 
reducing dependence on energy imports. The Community research 
strategy therefore provides for the consolidation and intensifica
tion of the research activities in the nuclear energy field. Among 
these research activities, the research effort deployed in the 
Community in the field of radioactive waste management is reviewed 
in more detail. Some achievements of the twelve year Plan of Action 
and of the multiannual R&D programmes are presented. 

1. General Nuclear Power Situation 
Dependence upon energy imports of the European Community has grown 

subtantially since 1950 in spite of the exploitation of North Sea Oil and 
gas : virtually all the increased dependence concerns oil. 

Presently the European Community annually uses an amount of energy 
equivalent to approximately nine hundred millions tons of oil; of this 45 
% is imported. The rest, that is approximately 55 %, is produced indige-
neously. Of the energy which is imported, over 75 % is in the form of 
oil. 

These data refer to the energy balance of the European Community as 
a whole. The situation is certainly not ideal. Individual Community 
Countries display significant variations with respect to the average, 
which makes the situation of some of them extremely dependent upon oil. 

The predominant position gained by oil in the last few decades in 
the energy balance of the most industrialized Countries is a consequence 
of its flexibility of utilization, ease of transport and of storage. 
Furthermore oil was, until twelve years ago, a very cheap source of 
energy thanks to large and intensively exploited reservoirs. The 20th 
century has truly seen the triumph of oil. 

The most developed Countries, shaped by the "oil civilization" which 



Davies: Development of nuclear power and the research effort 9 

gave them unprecedented prosperity, have been caught in a dependence upon 
a source of energy which is no longer under their control and yet conti
nues to be the vital bloodstream of their economies. 

Over the past twelve years remarkable developments perturbed the 
world energy scene and nuclear energy has experienced its fair share of 
upheavals. Twelve years ago the oil crisis hit the world. While it came 
as a great shock, it should hardly have been a surprise. 

It is useful to recall that the early motivations for the develop
ment of nuclear energy included conservation of fossil fuel resources, 
particularly oil, and reduction of energy dependence. 

The early motivations for the development of nuclear energy are as 
valid to-day as they were then. The search for other alternative sources 
of energy (solar, geothermal, wave, etc..) which has been undertaken in 
the meantime has the same motivations and is complementary to but not 
substitute for nuclear energy. The experience of the last decade has 
indeed confirmed the importance of diversifying the energy sources. This 
is particularly true for the European Community. 

In this context, the development of policies in the nuclear energy 
field, over the last decade, appears paradoxical. 

Before the 1973 oil crisis, nuclear plants for electricity produc
tion were being ordered in large numbers, all over the world, on economi
cally competitive terms. Nearly all of the nuclear plants now in service 
(i.e. approx. 65 GW in the US, 55 GW in the European Community and 18 GW 
in Japan) were ordered before 1973 (*). 

Not only was nuclear energy rapidly penetrating the market, but also 
the development of advanced nuclear reactors and of their fuel cycle was 
vigorously pursued in almost all industrialized countries. This was in 
recognition of the fact that uranium resources were limited, and hence 
had to be rationally utilized, and that sooner or later nuclear energy 
would have to be used for non-electrical applications (e.g. process heat, 
metallurgical processes, production of synthetic fuels) in order to 
conserve oil and gas currently used for these applications. The success
ful development of fast breeder reactors and of high temperature gas 
cooled reactors could, thus, contribute to solving the problems of 
uranium supply and of hydrocarbon conservation. In parallel, reprocessing 
and radioactive waste disposal technologies were also being developed and 
gradually applied. 

The 1973 oil crisis brought home the tangible message that oil 
supplies could not be guaranteed and that too strong a dependence upon 
oil and, more generally, energy imports was a most undesirable situation 
for any country. 

In all logic the 1973 oil crisis was a factor that should have 
quickened the pace of nuclear energy development. The strategic case for 
nuclear energy was in fact reinforced and the economic competitivity of 
nuclear energy with respect to fossil energy seemed bound to improve. 

In reality, not all the expectations placed upon nuclear energy 
could be fullfilled and the then expected rapid expansion of nuclear 
energy in the most industrialized countries did not materialize. 

It is not intended to suggest reasons for this. For the present 
purpose, it is sufficient to review, briefly, the current situation : 
- Nuclear power plant construction rate has not kept up to expectations 
of the seventies in any of the Countries of the western world except 

(*) With the notable exception of France, nuclear power stations now 
take longer than 10 years from decision to build to completion. 
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France. In the United States, for instance, so many orders have been 
cancelled in last ten years that the total gigawatts ordered to date 
are less than ten years ago. Cancellations amount to about 110 GW for a 
cost which is estimated at some 10 billion dollars. 

- In the European Community the rate of ordering was more modest and the 
massive cancellations experienced by the United States have not occur
red. The total capacity which has been reached at the end of the last 
year is approximately 55 GW (before 1973 the target was about 100 GW). 

- The advanced reactor development programmes have been adversely affec
ted in the last twelve years. High Temperature Gas Cooled Reactor 
projects have suffered serious setbacks : the 8 GW ordered in the 
United States between 1971 and 1973 were all cancelled between 1974 and 
1976. The joint European effort for the development of this system (the 
Dragon Project) terminated in 1976. Only a few scattered efforts to 
continue the development of this most interesting reactor system are 
still pursued in Germany, the United States and the Japan. 

The Fast Breeder Reactor system, on the other hand, has continued to 
be vigorously and purposefully developed within the European Community. 
Even so, it would be difficult to deny that its prospects of commercial 
introduction have receded considerably; (ten years ago, 1990 was conside
red a realistic date for its commercial introduction; to-day 2005 is 
mentioned more and more frequently) . Signs of hesitation are not rare 
even among the supporters of the developments. 

Despite the setbacks to the global pace of nuclear development, the 
nuclear contribution in the Community has grown steadily. From 1973 to 
1983 the nuclear contribution towards meeting the Community's total 
demand for energy increased from less than 2 % to about 10 %. The nuclear 
energy's share of electricity production in the Community increased from 
5.4% to 22.4% in this period. To-day the nuclear share in electricity 
production in the Community exceeds 25 %. Furthermore, the Community's 
nuclear power capacity accounts for about one third of the world capaci
ty. These figures show that nuclear power has become an essential part of 
the Community energy strategy. 

The European Community has strong incentives to continue the peace
ful development of nuclear power and has been able to maintain steady 
policies to this effect in the difficult last ten years : the development 
of fast reactors, the reprocessing of irradiated fuels and radioactive 
waste disposal are still being actively pursued. 

The Community strategy, approved by the Council of Ministers in 
February 1980, aims at "closing" the fuel cycle, by reprocessing the 
spent fuel with the following objectives : 
a) to extract plutonium as an energy source and thus pave the way for 

its recycling, particularly in fast breeder reactors, the advantages 
of which in terms of availability of supply are well known (of 
course, the enriched uranium still contained in irradiated fuels is 
also recoverable). 

b) to separate out the highly radioactive fission products and to 
condition them with a view to final dispoal compatible with safety 
and environmental requirements. 
The strong incentives to continue the development of nuclear power 

and the investment programmes in the Member Countries should lead, by 
1990, to an installed nuclear electricity generating capacity of about 
100 GWe. At that time, this capacity will account for about 35 % of elec
tricity production in the Community and meet about 14 % of the Community 
overall demand for energy. 
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Concerning the outlook for the nineties, the Commission has recently 
proposed the adoption of the following objectives for development of 
nuclear power : 
(i) to produce about 40 % of Community electricity in 1995, and 
(ii) subsequently, to increase its share in electricity production 

considerably after the turn of the century. 
The 1995 target would require commissioning of some 25 GWe of new 

capacity between 1991 and 1995. This figure takes into account a loss of 
3 to 4 GWe resulting from the decommissioning of old nuclear power plants 
which is likely to take place in the first half of the nineties. Therefo
re, in 1995, the total installed nuclear electricity generating capacity 
should be of 120 GWe. 

As far as the development of fast breeder reactors is concerned, the 
Commission recognizes that these reactors are not yet economically 
competitive with thermal reactors. Nevertheless, it thinks that the 
advantages of having fast breeder reactors available after the year 2000 
will be such that it would be injudicious to wait until difficulties with 
uranium supplies arise before preparing for their commercial introduc
tion. 

The Commission therefore welcomes the cooperative agreement for fast 
reactor development signed by five Community Member States (Belgium, 
France, Italy, Germany and United Kingdom) on 10 January 1984 and sug
gests, as for a target, that these reactors should aim to reach compara
ble generation costs to thermal nuclear plants by 2005. 

It is clear that the above objectives will only be achieved through 
a substantial effort of research, development and demonstration which 
will clearly benefit from international cooperation. 

2. Research Effort in the Community 
In 1983, the Council of Ministers adopted a proposal by the Commis

sion for a European Scientific and Technical Strategy, expressed in the 
first framework programme 1984-1987 in which are set out the major goals 
to which Community research should be directed . 

Among these goals, the improvement of management of energy resources 
and the reduction of energy dependence are considered as essential if the 
Community is to face up to the energy challenge. In order to attain these 
major goals, the Commission recommended an approach centred on specific 
objectives with a view to : 
- facilitating the implementation of the research specifically desired by 

the Member States; 
- facilitating the subsequent adoption of action programmes for implemen

tation by identifying and putting into order the priority needs of the 
Community and thus the relative weighting to be given to the correspon
ding scientific and technical objectives. 

As far as improving the management of energy resources and reducing 
energy dependence is concerned, the Commission proposed to concentrate 
its effort during the period 1984-1987 on the following four scientific 
and technological objectives : the rational use of energy, the develop
ment of renewable energy sources, controlled thermonuclear fusion and the 
development of nuclear fission energy. 

Concerning the nuclear fission energy, the Commission considered 
again its development as one of the main ways of reducing, through the 
diversification of energy resources, the Community's dependence on oil. 
The continuation of a resolute nuclear programme is therefore an essen
tial aspect of European energy policy. The Community strategy provides 
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for the consolidation and intensification of research activities, in 
fields such as reactor safety, management of radioactive waste, fissile 
material safeguards and decommissioning of nuclear installations through 
the corresponding research action programme. Only the research activities 
related to the management of radioactive waste are considered here. 

In some Community Countries research on radioactive waste management 
started in the early 1950s. The aim was to develop treatment and condi
tioning methods for the waste existing at that time, i.e. mainly low and 
medium level waste from nuclear research. Alongside this research effort, 
later expanded to cover waste from the first nuclear power stations to he 
commissioned, studies on the disposal of these categories of waste were 
started. 

In this way treatment and conditioning processes and also the 
disposal routes for low and medium level waste have gradually been 
developed since the 1960s. To-day these are industrial operations. 

With the entry into operation of the first spent fuel reprocessing 
plants (towards the beginning of the 1960s) , research on the treatment 
and conditioning of high level waste was started, especially in France 
and the United Kingdom. The research work, which in the United Kingdom 
was suspended for some years, resulted in the commissioning in France, in 
1969, of the first facility for waste solidification in glass. 

Later several Member States embarked on studies and research on 
waste disposal in suitable geological formations at depths of up to 
several hundred metres. A major R&D effort was also launched on alpha-
contaminated waste. 

From the beginning of the 1970s, with the launching of these nume
rous national programmes or projects, the large number of possible 
options, and the need in the medium term to select and optimize methods 
and processes, Community cooperation became essential. 

In 1973, the Council of Ministers of the European Communities 
established the principle of Commission competence for environmental 
protection and in particular nuclear and non-nuclear waste. 

That same year a modest initial multiannual R&D programme on radio
active waste was started at the JRC. In 1975 it was supplemeted by a 
wider five-year programme comprising shared-cost projects with laborato
ries in the Member States. 

This programme, the main results of which were described five years 
ago at the first European Community Conference on radioactive waste, 
covered activities designed to solve certain technological problems 
arising from the treatment, storage and disposal of waste of all cate
gories and to help towards the definition of a legal, administrative and 
financial framework for waste management activities. 

This first programme yielded positive results and opened up encoura
ging prospects. The Council adopted, in 1980, a second five-year program
me ( 1980—1984) which was a logical follow-up to the first one and again 
fully coordinated with the direct action programme (1980-1983) carried 
out by the Joint Research Centre.The most important achievements of this 
second five year programme are : 
- the improvement of the performances of treatment and conditioning 
processes for low- and medium level wastes with respect to the reduc
tion of the volume of produced waste and to the cost or quality or 
finished products; 

- the identification of conditioning processes for spent fuel claddings 
which are sufficiently promising, account being taken of the results 
obtained on a laboratory scale, to merit a subsequent development on a 
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semipilot scale with radioactive materials; 
 the accomplishement of R&D work in the field of the treatment of 
combustible solid waste contaminated with plutonium; this has made 
available, thanks to the operation of the corresponding pilot plants, 
treatment processes by acid digestion and high temperature combustion 
and the identification of the limitations of these processes for 
industrial applications; 

 the information obtained on the longterm behaviour of the various 
waste categories in conditions representative of disposal; this infor
mation has already allowed the improvement of the conditioning of 
certain waste; 

 the very important progress achieved as regards disposal of vitrified 
high level waste in deep geological formations, mainly clay, granite, 
salt and deepsea sediments. The construction or operation of under
ground laboratories such as Asse (salt) or Mol (clay) has contributed 
to confirming the feasibility of geological disposal. 

In addition, the understanding of the physical/chemical mechanisms 
governing the long term behaviour of waste in disposal conditions and the 
studies of prospective geology and hydrogeology have allowed the progress 
of safety studies and initiation of the Community project PAGIS (Per
formance Assessment of geological Isolation System). 

Moreover, interesting results have been obtained with regard to the 
feasibility of disposal in deepsea sediments. 

In addition to these scientific achievements,the programme has 
allowed an important intra and extra Community cooperation. 

The joint study of the topics of the programme by teams from the 
various Member States has resulted in more specific ways of cooperation 
between the specialized bodies in certain Member States; one could 
mention the bilateral cooperation between the Dutch ECN* and the German 
GSF**, the latter having placed a cavern in the salt mine at Asse at the 
disposal of the former for a Dutch experimental drilling operation. The 
trilateral cooperation between some Italian and French bodies and the 
Belgian CEN/SCK*** is another example  the latter having placed a part 
of its experimental underground installation in clay at the disposal of 
the others. 

Agreements for specific cooperation were reached with Atomic Energy 
of Canada Ltd in October 1980, with the United States Department of 
Energy in November 1982 and last year with the Swiss National Cooperative 
for the Storage of Radioactive Waste  NAGRA. 

These cooperations result in fruitful exchanges (annual technical 
meetings, visits, joint seminars, projects) in the fields of common 
concern, in particular where the disposal of waste is concerned. 

Relations with international nuclear bodies, particularly with the 
Nuclear Energy Agency (ΝΕΑ) of the OECD and the International Atomic 
Energy Agency (IAEA) in Vienna have developed very favourable during the 
programme. 

But, research and cooperation on research alone are not sufficient 
to resolve the problems raised by the management of radioactive waste. 
These problems constitute a combination of questions involving the 
perfecting of existing technologies and questions of a legal, adminis
trative, financial and social nature which must be resolved in one and 
the same context. 

* Energieonderzoek Centrum Nederland 
** Gesellschaft für Strahlen und Umweltforschung mbH 
*** Centre d'Etudes Nucléaires/Studiecentrum voor Kernenergie. 
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Conscious of this necessity, the Council of Ministers, approved in 
1980 a twelve year (19801992) Community Plan of Action in the field of 
radioactive waste. The implementation of this Plan involves the Com
mission in : 
a) reporting periodically to the Community institutions and Member 

States on the situation prevailing in radioactive waste management 
in the Community; 

b) promoting concerted action in the field of waste disposal and 
geological disposal in particular; 

c) setting up Community consultation machinery on the criteria for the 
acceptance of conditioned waste for disposal; 

d) promoting R&D and encouraging cooperation between laboratories in 
the Community; 

e) ensuring that radioactive waste management is conducted in complian
ce with the standards and provisions of the Euratom Treaty relating 
to radiological protection and with the regulations covering the 
environment. 
It was in this framework that the Commission issued in 1983 a first 

report on the analysis of the present situation and perspectives in the 
field of the radioactive waste management in the Community. 

From this analysis it emerged that the disposal, which is the 
ultimate long term stage of management, has not yet been successfully 
demonstrated for longlived and high level waste categories. 

A solution to this problem is regarded in many countries as an 
important factor for the public acceptance of nuclear development and 
that is why the Commission considers that a convincing demonstration must 
be given, even if : 
 disposal does not readily lend itself to direct demonstration since it 
needs safety assessments covering the very long term, which of necessi
ty have to be based either on accelerated tests or on indirect evalua
tions; 

 the need to allow highly active waste to "cool" for several decades 
rules out any industrial disposal before the end of the century. 

Having this in mind, the Commission submitted in 1984 to the Council 
of Ministers and to the European Parliament a proposal for a third R&D 
programme on the management and disposal of radioactive waste for the 
period 19851989. 

In March of this year, the Council adopted this programme. The funds 
estimated as necessary for the execution of the programme amount to 62 
MECU. 

To a large extent this programme is aimed at validating the basic 
information acquired so far in the field of waste conditioning and 
disposal, through to experiments approximating to real conditions and 
construction and/or operation of experimental underground disposal 
facilities. 

Concerning the experimental underground disposal facilities, it 
should be pointed out that the R&D has now reached a stage where it is 
necessary to verify the feasibility by means of large facilities which 
reproduce at full scale and in real geological conditions the essential 
parts of a large and industrial underground disposal plant of the future. 
This is the case of the three projects included in part Β of the program
me and which are related to : 
 a pilot underground facility in the Asse salt mine (Germany); 
 a pilot underground facility in the argillaceous layer located under 

the Mol nuclear site (Belgium); 
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- an experimental underground facility in France in a geological medium 
of complementary nature. 

All these projects have been opened to Community cooperation by the 
responsible bodies of the Member States on whose territory the facilities 
will be built. They will make it possible to determine in-situ the 
options, projects, and numerical values of the parameters to be taken 
into account in the construction of industrial disposal facilities and to 
develop the technologies for the disposal of radioactive waste. 

The results to be expected from these experimental facilities and 
from the other research activities will be of very great interest. They 
would be reviewed in 1990 at the third Conference. 



WASTE DISPOSAL IN EUROPE - LOOKING AHEAD 

B. VERKERK 
Chairman of the Advisory 

Committee on Programme Management 

Summary 

In this introductory paper a short outline is given of the Com
mission's programme on management and disposal of radioactive waste, 
followed by a discussion of the programme structure. This leads to the 
very important aspect of evaluation of results obtained and the com
munication of the achievements to the outer world. The important role 
of the media in this respect is stressed. 

Looking ahead, an important part of the Third Five year program
me, the development of demonstration facilities, is projected against 
the problem of acceptability. 

Thinking about the consequences of entering the demonstration 
stage with respect to future research it turns out that a broad field 
of work opens up, when the achievements reached in the radioactive 
waste area, could be transferred to problems of other toxic wastes and 
fusion wastes. 

1. Introduction 

It is a true honour to me that the Programme Committee of this Confer
ence has asked me to present the introductory speech. The organisation of a 
large conference, where work of many people has to be reported is not an 
easy task and I wish to congratulate the Committee and the people of the 
Commission for their able preparation. 

Many lecturers after me will present their share in the achievements 
of the Second Five Year Programme of the European Commission in more or 
less technical details and I think that my task is of a rather different 
character. Since an overview of the programme will be given by Mr. 
Orlowski, some remarks of a more contemplative nature inspired by the work 
performed in the second programme, the tasks set by the third and possible 
consequences thereof will be the main theme of my presentation. 

2. Organisation of the Commission's programme 

For delegates coming from outside the European Community a very short 
introduction may be needed to explain the broad lines of the programme in 
order for them to follow easier the course of my talk. 

The Community programme on management and disposal of radioactive 
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waste has two main parts, supervised by the Brussels headquarters. First 
there are the so called Direct Action programmes, one running from 1979-
-1983, the present from 1984-1987, executed by the Ispra Centre with con
tributions from Karlsruhe Centre and comprising at present the following 
main components: 
- Waste Management and the Fuel Cycle; 
- Safety of Waste Disposal in Continental Geological Formations; 
- Feasibility and Safety of Waste Disposal in Deep Oceanic Sediments. 
Of course these projects are further subdivided and subsequent speakers 
will present more details. 

The Indirect, or Shared Cost Action programmes (1980-1984 resp. 1985-
1989), managed from Brussels are executed on the basis of research and de
velopment contracts, the cost of which is partly borne by the Commission, 
the remainder being paid by the Contractants, national institutions and or 
Governments. The second programme was set up on the basis of 8 main items, 
later expanded to 9, the so called sheets, covering respectively: 
1. Characterisation of low- and medium level and alpha bearing waste forms. 
2. Fuel cladding and dissolution residues. 
3. Treatment and conditioning processes for medium level liquid wastes. 
4. Treatment of alpha wastes. 
5. Testing and evaluation of solidified high level waste forms. 
6. Burial of low activity solid waste at shallow land depth. 
7. Storage and disposal in geological formations. 
8. Immobilisation and storage of gaseous waste. 
9. Performance and safety evaluation of radioactive waste disposal in geo

logical formations. 
From offers for contracts relevant ones were selected by employees of 

the Commission assisted by technical expert groups for each sheet. The ex
pert groups also had a task in the management of the sheets by regular pro
gress meetings and workshops. The selected contracts had to be approved by 
an Advisory Committee on Programme Management, formed by experts from mem
ber states, this Committee being the main advisory body of the Commission 
in the field. The ACPM on radioactive waste management also acted as advi
sors to the Direct Action Programme. Over the years the ACPM and the expert 
groups have become valuable sources of ideas and focal points of interna
tional collaboration in the field. It will be clear from the programme 
listing given above that a close relation is needed and indeed is very well 
realized at the technical level between the direct and indirect actions. 

3. The programme structure 

Looking back to the Second shared-cost programme one is tempted to 
consider critically the goal the Commission was striving at and the way it 
was tried to achieve it. This means looking at the design of the programme, 
the management structure set up, the scrutiny of research proposals, the 
progress of the work, the very important aspect of evaluation of the re
sults later in time and finally the task of communicating the outcome to 
the outer world, public and decision makers. In the following some of these 
aspects will be looked upon. 

The second five-year programme, as written in 1980, in retrospect 
shows an extensive set of activities to be undertaken, or continued from 
the first programme. Forgetting for the moment part B of the programme, 
concerned with strategies, legal aspects etc., we see the splitting in the 
9 sheets, according to which the programme management was also structured. 
And, although this structure promoted in an excellent way the thorough 
scientific and technical collaboration between experts in a certain area, 
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it also prevented to some extent the crossfertilisation between the 
various fields of radioactive waste research. Fortunately the programme was 
not static and there was a gradual evolution of priorities that led to the 
PAGIS (Performance Assessment of Geologic Isolation Systems), MIRAGE 
(Migration of RAdionuclides in the GEosphere) and waste characterisation 
initiatives that succeeded in laying the necessary bridges. Still it must 
be seen as a significant improvement that the third programme is structured 
according to tasks, wherein a multidisciplinary approach is evident. In 
this respect there remains an uncertainty; how easily will scientists and 
technicians, experts within different work areas, see the relative import
ance of their own work in the light of the general objective of the task of 
which their work is only part. Specialists have to become generalists to 
some extent and their own research may need to be modified according to the 
task objective. In the development of the new management structure, much 
organisational detailing and coordination has to be done and this certainly 
will also lay a burden on the employees of the Commission whose managerial 
tasks will become of a rather different nature. 

These remarks lead me to the question: 
Who is an expert? A crucial question indeed when we project it against the 
task of judging research and development proposals. In the past, when very 
much had to be learnt still, the reviewers, people of the Commission, as
sisted by the various expert groups indicated above, could be liberal to 
some extent, within the budget frame, to let interesting research items 
pass, when the proposals answered the criterion of community interest. Had 
they not been proposed by the real experts in the particular area? This li
beral approach has led to a certain divergence of the programme into a wide 
spectrum of subjects. This divergence cannot be allowed to continue now a 
wealth of knowledge has been accumulated in many areas. Therefore I highly 
welcome the task in the third programme of systems analysis and its subrou
tines sensitivity and uncertainty analysis. With its help one can better 
define what parts of the system are the crucial ones and where our know
ledge still needs to be improved. But it can also identify the items of 
less importance, so that responsible decisions can be made to finish cert
ain research and development tasks. This can lead to an objective conver
gence of the programme towards the ultimate goal, of great importance since 
the money does no longer flow so easily. Of course much has been done al
ready in the second programme by setting up concerted actions such as the 
characterisation of waste products and the PAGIS and MIRAGE projects, but 
also in these areas systems analysis will be of help in making the work 
converge. 

4. Evaluation and communication of results 

More or less opposite to this analysis is the necessary synthesis of 
research achievements, the critical judgement of the results. 

The amount of knowledge accumulated is overwhelming and can hardly be 
digested even by people who devote a lot of time to it. And if one tries to 
cover also achievements outside the European Community even the most ardent 
reader will be at a loss. 

How can we make the necessary synthesis of all the work done? A tre
mendous task but one that must be done, first by the workers in the field, 
by the Commission to see whether there has been a reasonable return of in
vestment and finally it must be done to inform the decision makers about 
the essentials of results obtained. The different interests of the three 
groups require three different approaches as regards the level of informa
tion and the language to be used. Workers in the field can if they wish 
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take the original publications and evaluate them in much detail, as much as 
required by their own research needs. This is part of their duties and 
needs no further discussion. 

The evaluation of results by and for the Commission is already more 
complicated, since on the one hand there are the employees directly involv
ed with the programme management and they can more or less be classified 
among the workers, if they had the time to do the evaluation and on the 
other hand the higher decision levels within the Commission. The latter 
group needs more condensed information in the sense of "executive summar
ies" and to provide this is in the first place a matter of internal organi
sation. But the Commission may also want, as it did before, to have a peer 
review of programme results by external consultants. Such a review still 
remains scientific and technical and can use the technical language. Input 
can be given by both the Commission employees and the contractants. Such a 
review and the publication of its report may be of some help in the accept
ability area, but that would be an indirect approach. 

The essential point is how we can transmit our results directly to the 
political sector, because we only have re.n:\· 1 Mi;· ili i ii:;e goal of all our 
efforts when we can convince the political decision makers that radioactive 
waste of all sorts can be safely handled, treated and disposed off. 

The media have the capability of translation for the general public 
but of necessity the information is transmitted in a rather superficial 
manner. The decision makers need more. A possible instrument is a status 
report such as published last year on geologic disposal by CEC and ΝΕΑ and 
on subseabed disposal by ΝΕΑ, but I fear that also this type of publica
tion just misses its goal. What then? Is acceptance a matter of time only? 
We can truthfully tell that radioactive waste is not a dirty mess, that it 
is handled with great care, that we are really concerned about its future 
effects and that we have found means to prevent these. But there always 
comes the question, but what if? 

5. The Third Five Year Programme 

In the light of what was just said about communication of results and 
the right type of information for decision makers, it is of great importan
ce that the Commission in the next programme gives priority to three demon
stration projects in different geological media, where in pilot plant type 
of underground installations the possibility of safe handling and disposal 
of highly active materials will be demonstrated and where laboratory measu
rements and calculations will be checked in reality. . 

In the case of radioactive waste disposal, the demonstration pilot 
plants are not only intended to learn the engineers the solution of sca
lingup problems, as is usual in many cases of big plant development. The 
point of demonstration to the outer world clearly stands out in our case. 
Indeed, if the planned demonstrations succesfully show the capability, that 
all the research and development efforts have indicated now, of safely pla
cing high level waste in underground storage and to master the effects of 
heat and radiation in reality, an important step towards acceptability will 
be made. We then can show the day to day safety of the operations, but 
still the question but what if? is not answered. The PAGIS exercise hopes 
to provide that answer but there again the problem of long term safety will 
be solved in technical and scientific terms. Will people believe in the 
outcome of intricate calculations, in the scenario's and the radiological 
risks predicted? A great challenge lies ahead for the scientists involved; 
how can their arguments become convincing. Again the help of the press and 
the other communications media is indispensable. They are an important 
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group with respect to translation of our scientific and technical presenta
tions into the language of the public. 

Coming back to the underground laboratories and demonstration plants 
in use or planned within the European Community and also in other coun
tries, Canada, Sweden, the U.S. and Switzerland, far reaching implications 
of this development must be noted. 

This shift in emphasis to technical realisation has consequences for 
further research as well as the fact that so much knowledge has been accu
mulated under the present research programmes. In other words, some of the 
waste research will come to an end in the next decade. Does this mean unem
ployment for a group of scientists and technicians? My personal impression 
is no, if we start soon enough to look for other kinds of relevant re
search. And especially for many people now working on radioactive waste I 
see a prospect of great significance, namely the application of their pre
sent expertise within another related domain, the disposal of chemical and 
other toxic wastes. I am aware that I touch an immense problem when mentio
ning "conventional" toxic wastes, but I also think that the achievements of 
radioactive waste research to some extent may be of significant help in the 
conventional waste domain. 

There is of course one formidable obstacle in transferring our expe
rience and that is cost. 

The billions of kilowatthours produced in nuclear stations allow large 
amounts of money to be spent on safe disposal of nuclear wastes without im
pairing the economy of nuclear energy, but for chemical wastes costs of 
treatment and disposal, in view of their large amounts, must be strictly 
limited in order not to disturb the economics of many chemical productions. 
Nevertheless the problems of chemical wastes should be tackled as rigour-
ously as we have done for long-lived radioactive wastes, otherwise we will 
gradually poison the environment forever. Fortunately Governments see the 
magnitude of the problems and measures are being taken, but I think that 
very long term risks of toxic wastes still are greatly underestimated, when 
compared with the utmost care and anxiousness as regards long-lived radio
activity. If we look at the limited amounts of alfa-wastes that may be put 
in shallow-land burial in rather insoluble form, and compare this with the 
thousands of tons of conventional toxic wastes, in rather soluble form, 
that rest in surface-dumps, a feeling of serious inconsistency easily 
creeps up. 

If we would apply our safety analysis methodology to dumps as they 
exist now and other disposal techniques in use for conventional waste of 
various kinds, I think such exercises could be of help to authorities in 
making them aware of the magnitude of the problem and the urgency of im
provement. 

Other study areas, to my impression directly transferable to the other 
domain are migration of chemicals in soil, both on the basis of experiment
al and modelling studies; ways of decreasing leachability: study of the 
long term safety of geologic disposal of the most toxic wastes; improvement 
and expansion of chemical toxicology, in order to establish permissible 
doses to man. 

In short: our efforts and methods to solve the radioactive waste pro
blem can have a much wider applicability and it would be a pity if that 
possibility would not be fully explored and exploited in the coming time. 
The wider applicability also relates to a subject nearer to the present ra
dioactive wastes. I wish to point here to the radioactive residues of fu
sion reactors. These will be wastes of a different character, they will 
arise in substantial quantities and activities and it would be wise to 
start giving attention to them. 
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Many in the field are still needed to provide the necessary scientific 
background to the development of the demonstration plants and real reposi
tories and it must be a challenging task for the employees of the Commis
sion and the contractors to make the Third Programme converge towards that 
goal. 

For many people this Conference will be an interesting lookback. But 
looking ahead is also a must and I sincerely hope that our work of the 
coming years will bear fruit. 



THE ROLE AND RESULTS OF THE EUROPEAN COMMUNITY'S R&D WORK ON 
RADIOACTIVE WASTE MANAGEMENT 

S. ORLOWSKI, Commission of the European Communities, Brussels 
F. GIRARDI, Commission of the European Communities, JRC Ispra 

Summary 

The titles of R&D programmes generally relate to a scientific 
discipline, a technology or a project: biotechnology, nuclear 
fission, etc. This is not so in the case of radioactive wastes, 
where R&D is focused on the management aspect. The role of R&D in 
general, and the contribution made by the Community programme in 
particular, are described and discussed with this in mind. 
Community R&D in the field of radioactive waste emerges as a 
powerful tool for establishing a broad consensus on delicate scien
tific questions such as the feasibility and long-term safety of the 
final storage of high activity wastes. Such a consensus is based on 
the many results obtained jointly by Community research teams over 
the last ten years. The implementation of three projects concerning 
experimental underground facilities in the context of the Commu
nity ' s new five-year (1985-89) programme will provide the additional 
information that is needed before the large industrial disposal 
facilities of the future can be built. 

1. Radioactive wastes: a management problem 
When one looks at the titles of major R&D programmes, and those of 

the conferences which illustrate them, one notices that they mention a 
scientific discipline, a technology or a project. One thus speaks of R&D 
programmes relating to biotechnology, solar energy, wind power or nuclear 
fusion, to quote but a few examples taken from among the activities that 
go to make up the framework programme for European Community research. 

That may be a rather trite observation, but it does serve to under
line the unusual nature of the title of our conference this week, and of 
the programme with which we are dealing, namely: "radioactive waste 
management". Similar titles are, furthermore, given to the many R&D 
programmes relating to radioactive wastes throughout the world. 

The unusual thing about this programme is the word "management". 
What do we mean by that word? 
In what ways does it make the R&D programmes specific and original? 
Does it mean, in particular, that scientific and technical questions 

must be relegated to the background or regarded as solved? If not, what 
have we done and what remains to be done, particularly in the European 
Community context, to ensure that the R&D effort is properly channelled 
as support for the management of a system? 

2. The meaning of the word "management" 
Radioactive waste management consists in carrying out various 

industrial operations on a variety of substances whose only common 
denominator is the fact that they carry the labels "USELESS" and "RADIO
ACTIVE", with a view to disposing of them permanently with minimum 
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risk, or at any rate, while keeping the risks curred within reasonable 
limits. 

Let us look more closely at the constituent elements of this defini
tion: 

The raw wastes are produced by nuclear installations, hospitals, 
industries, etc. and display a wide variety of physical and chemical 
properties. 
The common label "USELESS" means that the final aim of the under
taking is not to dispose of products on a market, but on the contrary 
to store them for an indefinite period. 

- The industrial operations involved cover such widely differing 
activities as processing, transport and storage. The raw waste 
processing operations constitute essentially a chemical-engineering 
activity; storage and final disposal are operations which fall within 
the sphere of civil and mining engineering. These are well-
established engineering sciences, but the existing know-how must be 
adapted for the specific purposes. 
During the next 15 years, between 50.000 and, 100.000 m of low-
activity wastes, between 100Û0 and 20.000 m of medium-activity 
wastes and up to about 1000 m of high-activity wastes will undergo 
the above-described sequence of operations each year in the European 
Community. This should be compared with the present Community produc
tion of non-nuclear wastes, which amounts to several tens of millions 
of cubic metres annually (Figs. 1 and 2) (1). What does this repre
sent at national level? Some 5000 tonnes of radioactive wastes arrive 
each year at the big La Manche storage centre in France, as against 
100.000-200.000 tonnes of toxic and hazardous wastes at a large 
incineration centre. In the United Kingdom, there are today more than 
150 sites where toxic wastes are handled or processed, whereas the 
number of existing and future sites for the storage of radioactive 
wastes is unlikely to exceed ten according to a recent communication 
(2) 
A radioactive waste-management enterprise is therefore an industrial 
enterprise on a modest scale, which is, however, highly diversified; 
the problem of ensuring consistant, if not centralized, management of 
such a system is easy to appreciate. This also helps to explain why 
national management agencies or bodies have been set up in numerous 
countries during the last few years. 
This management problem - since the problem is indeed one of manage

ment - would be purely economic and commercial in nature and easy to 
master if the enterprise were a "normal" one. 

But the substances all carry the label "radioactive". This common 
label covers specific levels of radioactivity (measured in Bq/m ) which 
vary over more than 12 orders of magnitude, half-lives ranging over six 
orders of magnitude (at least in the case of the most significant ones) 
and radiotoxicities (annual limits for uptake through ingestion or 
inhalation) which vary to a similar extent. In other words, the sub
stances are toxic to very widely varying degrees, and their toxicity can 
in some cases persist for a very long time. 

These factors have the following repercussions on management: 
The criterion of economic viability is replaced by that of "safety 
within reasonable limits": this is the ALARA (as low as reasonably 
achievable) principle laid down by the ICRP. The nuclear industry is, 
sofar at least, the only industry to have adopted this safety prin
ciple. 
It is necessary to make management projections into a fairly 
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distant future and, at all events, over a much longer timescale than 
for other industrial undertakings, with the attendant consequences. 
The major traditional industries plan for a period of three to five 
years, the mining industry invests for between 20 and 30 years, and 
civil engineers build structures (bridges, dams, etc.) which can last 
for decades and even centuries, because regular checks on their 
safety can be made thanks to easy and constant access. Here, the 
time-scale ranges from a few centuries (in the case of the surface 
storage of low-activity wastes) to a few thousand or a few tens of 
thousands of years (in the case of the geological storage of alpha-
emitting high-activity wastes). The latter case rules out the possi
bility of permanently monitoring the storage facilities and of 
retrieving the substances stored. 

- It is necessary to take account of the problem facing society as a 
result of the development of industry in general and of nuclear 
energy in particular. 

These three considerations determine the particular context in which 
radioactive wastes have to be managed. 

3. The role of R&D 
What role can be played by R&D in making possible or facilitating 

optimized management? 
Since its inception in mid-1970, the Community's R&D programme has 

followed two lines of action in order to enable radioactive waste mana
gement to attain the safety objective it is pursuing: 
The first line of action 

On the basis of today's nuclear installations and of their raw waste 
production, to propose appropriate processes and technologies whereby the 
feasibility and safety of each waste management operation are ensured. To 
evaluate the corresponding strategies from an economic and radiological 
standpoint and to establish very concrete reference strategies. 
The second line of action 

In the context of broader studies based on the assumption that 
modifications are made to nuclear fuel cycle installations, to develop 
alternative strategies which can appear more promising than the above-
mentioned reference strategies from the standpoint of safety optimi
zation. Clearly, such strategies are bound to be less precisely defined 
than the reference strategies. 

4. The first line of action; the conditioning and characterization of 
wastes 

In the context of the first approach, Community R&D from 1975 to 
1980 concentrated on the task of identifying the advantages and disadvan
tages of existing processes with a view to developing new ones where 
necessary. The various waste-conditioning processes and the corresponding 
encapsulation matrices were studied: cement, bitumen and resins in the 
case of low- and medium- activity wastes, and glasses in the case of high 
activity wastes. 

During the period 1980-85, with which this conference is concerned, 
process development was confined to areas where such processes were 
lacking; the process concerned are essentially those for dealing with 
certain types of waste which existed only in small quantities a few years 
ago, for example cladding hulls and dissolution residues. The papers read 
during session II and II will describe to you the results achieved. 
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Encapsulation matrices - and particularly those intended for low-
and-medium-activity wastes - were the subject of an intense characteri
zation effort carried out, as Dr. Verkerk has stressed, by a group of 
Community laboratories working according to a specific programme that was 
drawn up between them. Some ten "reference conditioned wastes" represen
tative of the types of greatest interest to all the Member States, and 
another ten or so "additional conditioned wastes" of more specific 
interest, were selected for the 1980-84 programme (Table 1). 

Among other results, this work demonstrated the swelling of certain 
wastes encapsulated in bitumen and the satisfactory retention of acti-
nides by cement. Some ten reference materials, chiefly borosilicate 
glasses, were likewise the subject of a study coordinated between seven 
Community laboratories, which confirmed the satisfactory behaviour of the 
glasses. The work as a whole generated so much information that it 
appeared desirable to collect it together in a data bank, which is 
currently being set up. The papers read during session IV will throw 
light on this topic. 

During the third period (1985-1989), which is now beginning, our 
ambition is, in particular, to develop what is an essential aspect of any 
system of safe management, namely quality control of the finished pro
ducts. Such control already exists, of course, for the commonest cate
gories of waste; it needs, however, to be perfected and extended to all 
categories, and its satisfactory performance on an industrial scale must 
be verified by means of a joint effort on the part of all the competent 
laboratories in the Community, including the JRC. 

5. The first line of action; the final storage waste 
As far as the final storage waste is concerned, the Community's work 

is proceeding according to a three-phase timetable similar to the pre-
ceeding one. 

From 1975 to 1980, the questions raised by final storage were 
pinpointed and the key parameters identified. I am thinking here, for 
example, of the thermo-mechanical effects generated in the host rock 
during the storage of high activity wastes in deep geological formations. 
In addition, thanks to the joint effort of the national geological 
institutes, it was confirmed that formations geologically suitable for 
receiving radioactive wastes were present in the substrata of the Euro
pean Community, and a catalogue of such formations was compiled 
At the same time, studies were undertaken on the behaviour of solidified 
wastes in storage conditions and the transport of radionuclides in 
geological media. 

Considerable simplifications were made, but the results were never
theless extremely valuable. For example, the behaviour of glass was 
studied in water, the effect of the surrounding materials being ignored. 
The importance of surface and solubility phenomena, which in turn depend 
either on the chemical nature of the different radionuclides concerned or 
on the nature of the medium, was demonstrated. 

As regards the migration of radioelements, especially actinides, the 
work conducted at the time revealed the shortcomings of the "distribution 
coefficient" concept, which had previously been used in safety studies to 
describe the behaviour of actinides in solution; the predominant proces
ses are in fact filtration and redissolution, and the formation of 
anionic complexes by natural binding agents plays a fundamental role 
here. It then appeared necessary to tackle the problem more rigorously 
and to include research topics of a more academic nature, such as the 
determination of stability constants. 



26 Orlowski & Girardi: The European Community's R & D work 

Lastly, during the same period the JRC launched the first studies on 
the risk inherent in storage. This was at the time a pioneering activity 
and was the subject of the first seminar in the world in that field, 
which heralded the setting-up of the PAGIS (Performance Assessment of 
Geological Isolation Systems) project, about which I will speak shortly. 

During the period 1980-85, which is covered by the present confe
rence, an impressive body of knowledge has been built up concerning the 
multiple-barrier geological confinement concept. 

Both engineered barriers -especially canister and backfill materials 
- and the geological barrier itself have been studied in circumstances 
that are as close as possible to real conditions, account being taken, in 
particular, of the interactions between the various components of the 
system. 

Without entering into the details of the work that will be presented 
during session V, it is fair to say that the earlier conservative assump
tions can today gradually be replaced by more specific and more detailed 
laws which render more realistic the mathematical models describing the 
evolution of materials in storage conditions. It is heartening to note 
that all the data collected serve to confirm the safety of storage. 

Still during the period 1980-85, the previously mentioned explora
tory activities carried out in the seventies on actinide migration and 
risk analysis gave way to activities organized as Community projects, 
such as PAGIS and MIRAGE (Migration of Radionuclides in the Geosphere). 
These projects are concrete examples both of the close cooperation 
between the various laboratories concerned in the Community and of the 
importance of the Community effort. Both projects overlap the multiannual 
programmes and are entering a second more concrete phase. 

The whole range of questions relating to the design of an under
ground facility for geological storage in clay, salt and granite has also 
been studied: rock mechanics, thermal effects, hydrogeology, the fractu
ring of crystalline rocks, etc. 

Fig. 3 illustrates more effectively than a long speech the large 
number of locations where in situ experiments have been conducted. 

The argillaceous sediments of the ocean floors have been added to 
the preceeding continental geological formations: the safety of storage 
under the seabed is based on the same criteria as continental storage, 
i.e. the multi-barrier confinement approach. It should "therfore not be 
confused with the dumping of wastes at sea, the safety of which is based 
on the dilution and dispersion of the radioactivity in the masses of 
water that go to make up the oceans. Storage in marine sediments is a 
more futuristic and less highly developed option than the continental 
ones; the Community programme is making a significant contribution to the 
study of this option in the context of a vast international programme for 
which the OECD's Nuclear Energy Agency is acting as secretariat. 

Sessions VI and VII describe all the research on geological storage 
to which I have briefly referred. 

In light of this work programme, together with other results ob
tained throughout the world, the theoretical feasibility of geological 
storage can be said to have been confirmed. 

The Community is therefore aiming to demonstrate during the period 
1985-89 the practical feasibility of the final storage operation. To this 
end, the new R&D programme on radioactive wastes, which was approved by 
the Council of Ministers of the European Community in March 1985, pro
vides for the Community's financial, technical and human participation in 
three projects for experimental underground facilities: 
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Project 1: a pilot underground facility in the Asse salt mine; 
Project 2: a pilot underground facility in the clay stratum located 
under the Mol nuclear centre; 
Project 3: an experimental underground facility in France in a 
geological medium of a complementary nature. 
Fig. 4 sets out the provisional timetable for this major activity. 

6. R&D : the second line of action 
The second approach consists in investigating whether or not the raw 

materials  that is to say radioactive wastes in the condition in which 
they arise at nuclear installations  should undergo special treatment to 
modify their specific radioactivity before going through the whole 
sequence of management operations leading to final storage. 

The possibility of modifying nuclear installations themselves (for 
example, reprocessing plants) so that they give rise to different waste 
products can also be envisaged. The aim is clearly to obtain in all cases 
a product whose subsequent management, and particularly final storage, 
will be simpler and safer. 

An initial ambitious strategy was studied by the JRC between 1975 
and 1980 and was the subject of two international seminars held at Ispra 
with the cooperation of the ΝΕΑ. The strategy involved the chemical 
separation, followed by inpile recycling of certain highly toxic and 
longlived substances contained in some wastes, namely the "minor acti
nides" and their transmutation into shortlived substances of low radio
toxicity. The conclusions reached internationally at the time demon
strated that the separation of actinide from wastes is possible, though 
certain reservations are called for owing to the fact that the studies 
were carried out chiefly on a laboratory scale. On the other hand, the 
recycling of such actinides in fission reactors, although theoretically 
possible, would be liable to increase in the near future the radiation 
dose to the workers concerned in return for a limited hypothetical 
benefit in terms of the risks to the general public in 10.000 or 100.000 
years' time. Major developments in robotics and the widespread use of 
fast breeder reactors at the beginning of the next century appeared to be 
the only factors capable of modifying these conclusions. The strategy is 
nevertheless attractive, at least intellectually; it was recently recom
mended by the group of French experts chaired by Professor Castaing. 

During the period 198085, a less ambitious strategy was studied and 
will be the subject of papers read during session II. 

The idea is to apply chemical separation techniques to wastes 
contaminated by alphaemitters. The advantage would be that the majority 
of the alphawastes would be reduced considerably, if not completely 
eliminated, by separating such wastes into two categories: the first 
category, containing no alphaemitters, non longer poses any industrial 
management problem today, while the second category, which would be rich 
in alphaemitters, would have to be managed together with high activity 
wastes, using the means designed for the latter. 

The advantage of such a strategy remains to be proven; it would 
perhaps be smaller than that expected from the actiniderecycling stra
tegy, but could undoubtedly be exploited sooner. 

The Commission of the European Communities therefore considered it 
necessary to equip the JRC with a major tool that should enable it to 
make a more realistic evaluation of the proposed strategy than the 
laboratory studies in progress. This tool is called PETRA (Project for 
Evaluating the Treatment of Radioactive Wastes and Actinides) (Fig. 5). 
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It will take the form of a pre-industrial plant capable of producing the 
same range of waste streams as a reprocessing plant on a scale of a ten 
kilograms, thanks to the introduction into the production programme of 
several variants including, of course, actinide separation. 

The same optimization approach can naturally be applied not only to 
the production and conditioning, but also to the storage of wastes. The 
two aspects are closely related and are rather two parts of one and the 
same system which should be evaluated and optimized as an indivisible 
whole. 

During the period 1975-84, relatively little was done in this area; 
nevertheless, a remarkable amount of data has been built up, and this 
must be processed and supplemented. PAGIS, for example, will throw a 
great deal of light on the relationships between the safety of a reposi
tory and both its contents and the site parameters. 

This information can constitute a valid point of departure for a 
more integrated study of the system as a whole, to be carried out in the 
years ahead. 

7. Management projections into the future 
I am now turning to another aspect which is quite specific to 

radioactive-waste management: where long-lived wastes are concerned, the 
storage solutions adopted must remain valid for extremely long periods. 
In other words, the solutions adopted today must continue to ensure that 
the radioactivity in the waste is still adequately confined 100, 1.000, 
10.000 or more years from now, depending on the case in point. 

This is a new problem facing mankind, and R&D has an essential role 
to play here; a fresh subject, namely "forward study", must be added to 
the numerous scientific disciplines concerned. 

The Community's R&D programme adopts the following approaches: 

8. Forward study and materials science 
As regards materials science, the aim is to study all the types of 

ageing that affect waste encapsulation matrices, such as cement, bitumen 
and glass, in circumstances that are most representative of storage. The 
most obvious procedure consists in carrying out protracted experiments 
(lasting one or more years) in the laboratory or in situ, in order to 
establish the laws governing the phenomena incomed and then to extra
polate into the future. Clearly, in certain cases - such as that of 
irradiation effects - the duration of the experiments would be consi
derable, and it is necessary to resort to such artifices as doping with 
alpha-emitting radionuclides with shorter half-lives; irradiation damage 
can also be provoked by other means, for example by using fission frag
ments (internal irradiation) or accelerated particles (surface irradia
tion). The three methods, each of which has advantages, limitations and 
areas of optimum application, have made it possible to draw a fairly 
complete and reassuring picture of the consequences of irradiation-damage 
phenomena up to the time of almost complete decay of the radionuclides 
contained in wastes (one million years). 

However, only archeological and geological parallels can give us 
information "in real time", ranging, in the case of the former, over a 
few hundred or a few thousand years and, in the case of the latter, 
possibly over several million years. The Community programme has focused, 
and will continue to focus, on the study of such parallels as regards the 
corrosion of waste canister metals, the behaviour of cements, the long-
term integrity of glasses, etc. 
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Let us take the example of cements: under a contract entitled "A 
history of cements from 5.600 BC to the present day", cooperation is 
being established with a view to gathering and analysing samples of 
cements of widely differing ages. Very early results show that the 
hydration products of ancient hydraulic cements are similar to those of 
Portland cements, even though the reaction mechanisms may be different. 
Present-day cements would therefore appear to contain extremely durable 
substances. Furthermore, attention was very recently focused on a calcium 
silicate called Larnite, which was formed when basalt magma penetrated 
into a bed of limestone in Northern Ireland a few million years ago. This 
mineral has since aged in rock crevices without significant deteriora
tion. It can therefore again be concluded, by analogy, that the main 
components of modern cements would remain stable over extremely long 
periods. 

Clearly, all this will require further work and confirmation, and 
our new programmes will contribute thereto. 

Session IV is devoted to these topics. 

9. Forward study and earth sciences: the study of confinement 
As far as the earth sciences are concerned, the first task is to 

develop methods that make it possible to evaluate, over a time-scale 
extending into the distant future, the probable evolution of the geolo
gical media and sites that are intended to accommodate underground 
waste-storage facilities. Such sites and media must not evolve in a way 
that significantly reduces their capacity to confine the radioactivity of 
the waste products stored in them. The Community programme is advancing 
in two directions: 

the development of an operational methodology for the forward study 
of the confinement characteristics of a site, for which the term 
"geospective" has been coined. This is an original approach which has 
been developed in the wake of the forward studies carried out by 
B. de Jouvenel, among others. Its applications are operational and it 
combines: 
. an automatic simulation of geological evolution scenarios for a 
given site; 

. allowance for the interaction between the repository itself and its 
environment (the release of heat and disturbance of groundwater 
flows). 

When applied to a specific site and a well-defined storage project, 
this method of study makes it possible, by working backwards, to take 
the most appropriate measures as regards the choice of site and the 
design of the storage facility; 

- the use of artifices for studying certain phenomena in accelerated 
time. For example, the study of the long-term safety of the storage 
of heat-emitting wastes in a stratified salt formation demonstrates 
that the risk of dome formation in the very long term, with all the 
disturbances that would involve for the storage galeries, cannot be 
ruled out automatically. Tests using a centrifuge capable of spinning 
a one-tonne load at 100 g are being prepared with equivalent mate
rials that are suitable from the standpoint of their cohesion, 
viscosity, etc. A TV camera makes it possible to observe the move
ments of the material during centrifugation. Fig. 6 shows the intru
sion (in an experiment using a press) of a clay with low viscosity 
into a clay of higher viscosity, thus representing the formation of 
the salt dome in the overburden, starting from the initial stratum. 
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10. Forward study and the earth sciences: study of the transport of 
radioelements 

It is also necessary, however, to obtain information, based on 
geological evidence, relating to the possible transport of radioelements 
through the underground media. Such information should confirm the 
validity of our experiments and predictions concerning the scale and 
distribution in the future of any return to man of the radioactivity 
contained in the stored wastes. Although no radioactive waste stores 
exist in nature, the latter harbours systems which have functioned for 
thousands or millions of years and present similarities with the compo
nents of storage facilities. A search for such natural parallels has been 
undertaken and will be described in particular in paper Nc3 during 
session V. You will be told, for example, how a set of sediments in Loch 
Lomond and adjacent freshwater lochs in Scotland constitutes a system 
that is similar to a radioactivity gradient concentrated around a waste 
canister buried in an argillaceous formation (Fig. 7). This analogy has 
made it possible to compare the diffusion profiles of 27 elements, 
determined over several thousand years, with the diffusion profiles of 
the radioelements contained in wastes, as predicted by laboratory models. 

This research will be continued during the new 1985-89 programme, 
and we are planning to hold a symposium on the topic in the spring of 
1986. 

All the work and results I have just mentioned make up the data base 
used in the studies on the long-term safety of radioactive waste storage 
which form part of the European Community's PAGIS project. The last 
session in this conference, session VIII, will take stock of Community 
work in this field. 

11. Financial management and the long term 
The need constantly to assess the future consequences of today's 

management choices concerns not only the technologies used and their 
safety, but also investments. 

Design studies demonstrate that the design, construction, operation 
and closure of an industrial disposal system comprising interim storage 
facilities and a geological storage facility, capable of confining the 
high activity and alpha-emitting wastes produced over a period of 30 
years by a nuclear power programme representing a total installed capa
city of several tens of GWe, will extend over a period of 50 to 100 
years. Fig. 8 gives an idea of the phasing of the expenditure. In this 
example, the total expenditure, including fixed and variable costs, 
amounts to some 2.000 million ECU over 60 years. In order to put things 
into perspective, I note that in the United States investment over the 
next ten years in plant for the incineration of household refuse is 
estimated at more than 20.000 million ECU (3). 

By virtue of the "polluter pays" principle, the electricity pro
ducers must bear this expenditure, the absolute value of which should not 
frighten us, since it corresponds to a surcharge of no more than a few 
per cent on the kWh cost of the electricity produced. 

The financial management of such an undertaking presents the finan
cial and legal experts with interesting problems: such management must be 
effectively ensured for many decades, even if some of the principal 
parties to the venture were to disappear in the meantime. 

As paper N° VII-5 will reveal, the skill of the financial and legal 
experts is perfectly adequate to enable them to set up the necessary 
mechanisms for financing projects submitted to them by researchers and 
engineers. 
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12. The socio-political aspects of waste management 
It is very often asserted that radioactive waste management is 

impossible because there are no safe waste storage solutions, in the same 
way as people say that a firm is not viable because it does not have a 
market for its products. 

First of all, it should not be forgotten that the management of low 
activity wastes, which represent nearly 80% by volume of total waste 
production, has the benefit of 30 years'practical experience. Clearly, 
the management of this category of wastes should also derive constant 
benefit from technological progress. 

The preceding statement therefore concerns, above all, high activity 
and long-lived wastes. 

This belief is so widespread among the public that certain govern
ments have made the continued lawful development of nuclear energy 
conditional upon demonstration of the feasibility and long-term safety of 
the storage of radioactive wastes and spent fuels. 

It is therefore necessary to convince people, if not to prove, that 
radioactive waste management is a viable undertaking which has outlets 
for the storage of all its products in compliance with national and 
international regulations. 

Who has to be convinced? And again, what role should be played by 
R&D, and particularly Community R&D? 

It is first of all necessary to convince the safety authorities, who 
will one day have to issue the construction permits and operating licen
ces for the major underground storage facilities of the future. The role 
of Community R&D here is crystal-clear: it has to establish the broadest 
possible scientific consensus on the most important research results and 
on their use for safety assessments. The functioning of specialized 
working parties, which over the years have become genuine European 
research teams, and the MIRAGE and PAGIS projects, among other things, 
indicate that the Community is travelling in the right direction. 

But it is also necessary to convince the general public; here, too, 
the broadest possible consensus on the scientific foundations for waste 
management has to be reached, although a direct demonstration, intended 
to prove that the system can be built, operated and closed down in total 
safety and at acceptable cost with the use of available mining and civil 
engineering experience, would also be useful. Such a demonstration could 
not fail to benefit from concrete, close and lasting cooperation between 
the national bodies responsible, and more generally between the Member 
States. This is the philosophy underlying the Community's 12-year plan of 
action for radioactive wastes, which the European Council adopted in 
1980. This is what the European Community has been doing for the last ten 
years through its R&D programmes, culminating in the three projects 
concerning experimental underground facilities in the Federal Republic of 
Germany, Belgium and France, projects in which all the Member States can 
cooperate and which form an integral part of the Community's new 1985-89 
R&D programme. It is through research and major development projects that 
relationships of solidarity and common interests are forged. These 
relationships and these interests will in the longer term assure all the 
Member States of the Community, including the smallest ones, of nuclear 
development in a climate of reason and public acceptance, thanks to the 
setting-up of machinery for cooperation in radioactive waste storage 
which will go hand-in-hand with abandonment of the disastrous "not in my 
back yard" principle. 
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13. Conclusions 
In this paper I have attempted to show how the role of R&D in the 

field of radioactive waste is one of providing support for the solution 
of a management problem and is thus entirely different from the central 
role played by R&D in nuclear fusion, for example. 

This role is nevertheless decisive in extending the frontiers of 
conventional science and technology in the fields of chemical, civil and 
mining engineering by providing the additional know-how that is necessary 
for dealing with the specific aspects of radioactive waste management, 
namely the radiotoxicity and long life of the substances incomed. 

The Community's R&D programme, and all those who are taking part in 
it, are endeavouring to play this role as effectively as possible. 

But the Community's action must contribute something more: a multi
national scientific consensus - all the papers read at this conference 
are multinational - and the emergence of European solidarity in the 
management of radioactive wastes. 

It is for you to judge, as you listen to the papers presented during 
this conference, whether we have been successful to date and how far we 
have still to go in order to attain these objectives. 
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Fig. 5: Mock-up of the PETRA 
facility 

Fig. 6: Intrusion of a low-viscosity 
clay (dark) into a clay of 
higher viscosity (light) 
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THE REFERENCE WASTE FORMS 

No. 

1 

2 

3 

4 
5 
6 
7 
8 
9 

10 

Reference Waste Form 

BWR evaporator concentrates/cement 
or pozzolana cement 
PWR evaporator concentrates/cement 
or pozzolana cement 
PWR evaporator concentrates/polyester 
or epoxide 
Ion exchange resin/polystyrene 
Ion exchange resin/polyester or epoxide 
Magnox fuel pond water sludge/cement 
Reprocessing concentrates/bitumen 
Reprocessing concentrates/cement 
Reprocessing sludges/bitumen 
Incinerator slags 

Lead Laboratory 

Casaccia 

Cadarache 

Cadarache 

Cadarache 
Cadarache 
Harwell 
Mol 
Karlsruhe 
Cadarache 
Mol 

Table I 
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CHEMICAL PRECIPITATION PROCESSES FOR THE 
TREATMENT OF LOW AND MEDIUM LEVEL LIQUID WASTE 

L. CECILLE CEC Brussels 
K. GOMPPER KFK Karlsruhe 
R. GUTMAN AERE Harwell 
S. HALASZOVICH KFA Jülich 
F. MOUSTY JRC Ispra 
J.F. PETTEAU SENA Chooz 

Summary 

New applications of chemical precipitation processes for the treat
ment of various radioactive low and medium level liquid waste have 
been investigated. For reducing the overall management cost and 
improving the long-term safety of disposal, partitioning of the 
reprocessing concentrate into different streams for separate condi
tioning, packaging and disposal has been studied through chemical 
precipitation of the whole activity (actinides + main gamma emit
ters) or the actinides only. Results achieved on testing of real 
sample of reprocessing concentrate ( lab-scale) are presented and 
discussed. 
In order to comply with the ALARA principle, an industrial floccula-
tor prototype has been constructed and successfully operated for the 
treatment of utility liquid waste arising at the Chooz PWR site. 
Combination of chemical precipitation with ultrafiltration seems 
quite promising for improving both decontamination and volume 
reduction factors for the treatment of various radwastes. On the 
basis of experimental tests performed successively on lab and 
technical scales, a pilot plant has been designed, constructed and 
commissioned for the treatment of Harwell low and medium level 
liquid wastes. First active runs confirm the merits of the process. 

1. Introduction 
Chemical precipitation methods are commonly used for the treatment 

of liquid effluents at research establishments as well as at some repro
cessing plants. Their main advantages over other treatment processes 
(e.g. ion-exchange) are: simple implementation based on proven techno
logy, low process cost, relatively good decontamination factors irrespec
tive of the chemical form of the radionuclides to be removed and possible 
application to highly salt-laden effluents. In addition, combination of 
chemical precipitation with other processes, such as evaporation, ultra
filtration or electro-osmosis, can render it still more attractive when 
high decontamination factors are aimed at. For all these reasons, it 
appeared worthwhile to investigate the merits of chemical precipitation 
methods for some new applications in the general frame of optimisation of 
radioactive liquid waste management at various nuclear sites (e.g. 
reprocessing plants, power reactors and research establishments). 

2. Application to reprocessing concentrate 
In some reprocessing plants (e.g. the WAK plant in West Germany), 
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low and medium level liquid wastes are mixed altogether prior to concen
tration by evaporation. The resulting waste, termed "reprocessing concen
trate", is then directly incorporated into cement prior to interim 
storage and disposal in geological formations. It is expected that 
reprocessing of one tonne of spent fuel will lead to arisings of 1.4 m 
of reprocessing concentrate and, finally, to 4.5 tonnes of cemented waste 
product . In fact, to cope with regulations regarding the transportation 
of radioactive waste and due to the presence of gamma emitters (mainly 
Cs-134/137, Ru-106 and Sb-125) in the waste, the cemented products have 
to be packaged with shielded containers, hence increasing by a factor of 
11 the overall weight of waste, to be handled and transported. Therefore, 
on the basis of system studies , important savings in the overall manage
ment cost of the reprocessing concentrate (reduction by a factor of about 
2) are expected if the main gamma emitters responsible for shielding can 
be removed and subsequently added to the high level liquid waste for 
vitrification. 

On the other hand, actinide separation from reprocessing concen
trate may present certain advantages if for example, various disposal 
routes are available (shallow land burial and geological formation) or if 
a more sophisticated matrix for embedding alpha-±>earing waste (e.g. 
ceramics) proved necessary for long term disposal . To cope with all 
these different management options, processes based on chemical precipi
tation methods were developed at KFK-Karlsruhe, KFA-Jülich and the 
JRC-Ispra. 

2.1. Removal of the main gamma emitters 
For handling and transporting cemented reprocessing concentrate in 

unshielded container casks, it has been shown that decontamination 
factors of at least 280, 12 and 6 should be aimed at for Cs-134/137, 
Sb-125 and Ru-106 respectively. 

For this purpose, two similar processes, consisting mainly of three 
steps (lowering of the waste acidity, chemicals addition for selective 
precipitation and liquid/solid phases separation) have been developed at 
KFK-Karlsruhe and KFA-Jülich. 

Lowering of the waste acidity from IM HNO. to pH 1-4 is performed 
by means of denitration with HCHO or HCOOH. Whatever, the reducing agent 
selected and the procedure adopted, denitration of reprocessing concen
trate proceeds quickly and gives rise to similar off-gas composition 
(table 1). As an alternative to denitration, neutralisation with sodium 
hydroxide is also possible but entails an increase of the sodium nitrate 
content by about 25%. 

Addition of selective précipitants, mainly for Cs, is then carried 
out while the pH of the waste is brought alkaline. 

Two kinds of specific précipitants for Cs have been tested: sodium 
tetraphenylborate NaB(C,H ), and cobalt or nickel hexaferrocyanide 
(Ni.FeCy). In terms of decontamination factors, NaB(C,H,.), appeared, at 
first sight, much more efficient than Ni FeCy since their respective 
D.F.'s differed by about one order of magnitude (at pH 11, D.F.'s higher 
than 10.000 were recorded for NaB(C,H ) ). Unfortunately, during the 
subsequent steps of the process, the benaviour of NaB(C,H,-), containing 
sludges proved problematic since these were shown to be difficult to 
centrifuge and, likewise, started to decompose in highly volatile and 
flammable organic products from 115°C onwards. Therefore, application of 
NaB(C.H,.), to partitioning of reprocessing concentrate has been given up. 

The caesium removal through Ni FeCy precipitation is a well-known 
procedure applied in nearly all the radioactive liquid waste treatment 
facilities. Moreover, it is worth noting that resulting sludges settle 
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reasonably well and that no noxious gas (e.g. HCN) has been detected 
during this thermal treatment. Another advantage over NaB(C.H ) process 
is that addition of ferrous ion to Ni FeCy can remove, at tne same pH 
range (89), noticeable amounts of Sb and Ru, hence allowing the D.F.'s 
target to be reached in only one precipitation step. 

Procedure for 

denitration 

HCHO feed into 
boiling waste 

HCOOH feed into 
boiling waste 

waste feed into 
boiling HCHO 

waste feed into 
boiling HCOOH 

HNO reduction into (%vol) 

N02 

3 

5 

1 

2 

NO 

91 

91 

75 

73 

N20 

6 

4 

24 

25 

Table 1: Balance of HNO. reduction into various volatile nitric oxides 
through denitration of reprocessing concentrate (simulated) under diffe
rent operating conditions. 

As an illustration of the process performance, typical D.F.'s achieved on 
samples of real reprocessing concentrate are quoted in table 2. On the 
whole, these D.F.'s are quite beyond the target for Cs and Sb. However, 
for Ru removal, the decontamination factor is hardly higher than the 
limit showing that some improvement in this area would be desirable, 
perhaps by combining chemical precipitation with ultrafiltration as will 
be shown further. 

Radio

nuclide 

D.F.'s 

Cs

134/137 

1000

2500 

Ru

106 

~ 7 

Sb

125 

2060 

Ce

144 

>1000 

Eu

154 

>400 

Co

60 

>54 

Am

241 

>300 

Total 
alpha 

140200 

Table 2: decontamination factors achieved on real reprocessing concen
trate ( labscale) under following operating conditions: 
6 χ 10 " M K.Fe(CN) , 6 χ 10 M Ni(NO.), 10 " M FeSO and pH 8.5 

Scalingup of the process will obviously require the use of indus
trial liquid/solid separation hardware. Therefore, various equipment 
available on the market was tested and evaluated on the basis of its 
separation performance, ease of maintenance and suitability for operation 
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under remote conditions. It resulted that the decanting centrifuge type 
seemed to be the most suitable equipment, especially when combined with a 
polishing treatment (e.g. bag filter). 

The resulting centrifuged sludge volume does not exceed 5% of the 
initial waste volume but unavoidably carries along some sodium nitrate. 
Due to the fact that these sludges are intended to be subsequently mixed 
with high level liquid waste for vitrification, washing the sodium 
nitrate out of the precipitate is not necessary since this could easily 
replace part (max. 15%) of the Na„0 needed as a glassmaking additive. 

Preliminary vitrification tests of precipitation sludges (alone or 
with HLLW calcinate) according to the GP 98/12 glass formulation setup 
by KFKKarlsruhe for HLLW have been successful, demonstrating the good 
compatibility between glass components and chemicals added for precipi
tation. 

Most of the foregoing results and statements have been achieved at 
KFKKarlsruhe at the labscale for active experiments and up to the 
industrial scale for testing liquid/solid separation hardware. 

However, in order to get more representative data on the technical 
feasibility of the process, active runs, each involving 60 litres of real 
reprocessing concentrate (arising from operation of the WAK pilot repro
cessing plant) are about to start at KFAJülich making use of the FIPSII 
hotcell equipment. More reliable conclusions about the feasibility of 
the whole process should be drawn when these active runs are completed. 

It has to be pointed out that in addition to possible savings in 
cost of waste transportation, this new management option also warrants a 
safer disposal of radioactive waste since the bulk of the activity 
(actinides + main gamma emitters) containing reprocessing concentrate is 
conditioned into borosilicate glass, the longterm stability of which is 
well known. 

2.2. Actinide separation 
Actinide separation from radioactive waste can be envisaged for 

various purposes; extensive Purecycling or improvement of the disposal 
safety by separate conditioning and disposal of the shortlived and long
lived radionuclides present in the waste. 

As a first approach, a threshold of 100 nCi α /g has been defined 
for enabling the waste products to be either conditioned into plain 
matrix (e.g. cement or bitumen) or disposed of in shallow land burial. 
Considering the rather low alpha content of the reprocessing concentrate 
and taking into account that cementation has been chosen for condi
tioning; this means that an alpha D.F. of about 20 is required for waste 
partitioning. 

To this end, two similar processes, based on coprecipitation of 
actinides with lanthanides oxalate salts at pH about 1, have been succes
sively developed both at the JRCIspra and the KFKKarlsruhe. As pre
viously, these processes involve an acidity lowering step of the repro
cessing concentrate carried out equally well by denitration or by partial 
neutralisation with sodium hydroxide. Since the lanthanlde concentration 
in the waste is too low to have the actinides precipitated, some carrier 
has to be added along with the oxalic acid. 

Decontamination factors achieved on simulated reprocessing concen
trate looked promising (table 3) . 
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Element or 
compounds 

D.F.'s 

Pu 

250 

Ce 

100 

Fe 

5 

Sr 

1.2 

Mo 

1.4 

H MBP 

1.3 

overall 
phosphates 

1.3 

Table 3: Alpha decontamination of reprocessing concentrate (labscale) 
under following operating conditions: 
2.5 χ 10 M H_C.O. pH 1.2  1.8 

2 2 4 
5 χ 10 M Ce(N03)3, 

It. is worth noting that depending on the final pH, some precipita
tion of iron as well as phosphates may occur. Moreover, the higher the 
pH, the more important the disturbing effect is of the complexing agents 
susceptible to be present in the waste. This could argue in favour of 
partial neutralisation with sodium hydroxide instead of denitration for 
lowering the waste acidity. 

Since separation between oxalate precipitate and supernate is never 
complete, some radionuclides (e.g. Cs134/137, Sb125 and Ru106) may 
contaminate the actinide/lanthanide fraction. 

However, since the precipitate is crystalline (in absence of 
complexing agents), these contaminants can easily be washed out. 

Comparative tests performed on a real sample of reprocessing 
concentrate showed a distinct decrease in the decontamination factors so 
that the amount of lanthanide carrier had to be increased by nearly one 
order of magnitude (table 4). 

radionuclide 

D.F.'s 
2 3+ 

10 M Ce 

D.F.'s 
2 3+ 

5x10 M Ce 

overall 
alpha 

4 

70 

Am241 

5 

>300 

Ce144 

2 

>1000 

Table 4: Variation of the D.F.'s as a function of the amount 
of Ce carrier. 
Operating conditions: real reprocessing concentrate 
adjusted to pH 23 by NaOH addition 
0.03 and 0.15 M H

2
C
2°4 

Conditioning of the resulting alpha bearing precipitate into 
ceramic matrices is tackled in detail in Dr. Halaszovich's paper . 
However, it is worth mentioning that the specific alpha activity of the 
ceramic product is expected to be — 50 Ci/m . With respect to waste 
arisings, this process is anticipated to generate less than 75 kg of 
ceramic waste products per tonne of irradiated fuel in addition to the 
4.5 tonnes of cemented reprocessing concentrate. 
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This rather low additional waste arising can further be decreased 
if an extensive use of oxalic acid and cerium J.s performed in waste 
treatment facilities as suggested by the JRC-Ispra (see fig. 1). 

3. Utility liquid waste 
Utility liquid wastes generated during PWR operation are very 

heterogeneous in terms of radioactivity and chemical composition since 
these encompass a wide range of low active streams (floor drains, shower 
water, laundry water, decontamination effluents . . . ) . Usually, their 
radioactivity level is sufficiently low to enable their discharge into 
the environment (sea or river) after simple filtration. However, it has 
to be pointed out that utility liquid waste contributes to approximately 
95% of the overall activity released as liquid effluents. 

Therefore, at the Chooz PWR site, in order to comply with the ALARA 
principle, it has been decided to arbitrarily reduce the overall radio
activity discharged into the Meuse river (with the exception of tritium) 
to only 5-10% of the authorized limit by treating, in a specific way, 
utility liquid wastes. Formerly, these were treated by evaporation, but 
due to large variations in their chemical composition (salt, detergents, 
...) this treatment process proved quite troublesome (foaming problems) 
and finally very expensive (energy consuming). Therefore, as an alter
native, treatment of utility liquid waste through chemical precipitation 
has been investigated and an industrial flocculator prototype was con
structed (5 m /h capacity). Basically, the prototype which operates 
continuously consists of two mixers (static + tubular) and a lamellar 
settler. To prevent possible carrying over of floes, an hydroanthracite 
filter has been placed downstream. Addition of précipitants and pH 
adjustment is performed automatically. According to the detergent content 
in the waste, chemical precipitation of Cs-134/137, Mn-54 and Co-60 (main 
radionuclides containing utility liquid waste) is carried out at pH 7 
(high content) or 8.5 (low content) and involves addition of copper 
ferrocyanide and ferric chloride as précipitants. 

After natural settling, the sludges are further concentrated by 
centrifugation (horizontal decanting centrifuge type) prior to being 
embedded into cement or even epoxy resins. 

Industrial testing of the flocculator (see table 5) proved success
ful since on average, the residual bêta-activity of treated utility 
liquid waste achieved was around 370 Bq/1 (10 Ci/1) irrespective of the 
stream origin. 

Moreover, if the sludges are intended to be cemented, the floccu-
lation process enables a volume reduction factor of about 800! 

Likewise, in comparison with evaporation, this process appeared 
both less expensive (by a factor of 2) and more efficient. 

4. Combination of ultrafiltration with chemical precipitation 
Due to the difficulty of completely separating the activity bearing 

suspended solids and sludges from the liquid phase, relatively moderate 
decontamination factors are usually achieved through chemical precipi
tation methods. Therefore, a polishing treatment of the supernate is 
often desirable. 

By permitting a thorough rejection of suspended and colloidal 
solids and even macromolecules of 2 nm in size, it is obvious that 
utilisation of ultrafiltration membranes for solid/liquid separation 
would improve much the overall decontamination factors. On the other 
hand, because membrane separation is very efficient, the amount of 
precipitate needed should be considerably less than that required for 
gravity floe sedimentation, hence leading to less waste volume to be 
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waste 
type 

various 
drains 

various 
drains 

various 
drains 

laundry 
waste 

various 
drains 

various 
drains 

various 
drains 

waste 
volume 

(m
3
) 

45 

40 

30 

42 

25 

47 

breakdown of the activity before 
treatment (Bq/1) 

overall 
β-activity 

4140 

3280 

5040 

560 

29610 

7000 

5510 

Mn-54 

2100 

1040 

1490 

200 

7560 

2150 

1490 

Co-60 

4340 

1030 

7620 

1130 

24900 

5970 

3300 

Cs-134 

480 

575 

375 

-

965 

420 

380 

Cs-137 

1670 

1760 

2200 

135 

12200 

2430 

1520 

breakd 

overall 
β-activity 

340 

460 

430 

125 

230 

330 

345 

own of the activity after 
treatment (Bq/1) 

Mn-54 

1100 

530 

450 

120 

400 

750 

145 

Co-60 Cs-134 Cs 

340 

315 250 

1000 

390 

900 

400 245 

860 

-137 

-

620 

155 

-

-

580 

65 

Table 5 : Decontamination of various arisings of utility liquid waste by means of the flocculator prototype 
(operating conditions: pH range 6.4-9, 6x10 Μ Κ Fe(CN) , 10 M CuSO,, 10 M FeCl , lppm Drew Floe. 
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subsequently disposed of. Therefore, in order to assess the merits of 
ultrafiltration combined with chemical precipitation over classical floe 
process, an extensive research programme was launched in AEREHarwell 
starting with labscale experiments which gradually scaledup to opera
tion of an active UF pilot plant. 

4.1. Feasibility experiments 
Potential application of ultrafiltration for the treatment of a 

variety of radioactive liquid waste (e.g. plutonium evaporator over
heads, plutonium oxalate production effluents and general nuclear site 
effluents) has been successfully demonstrated on the basis of labscale 
experiments using a small UF test circuit with flat discs of commercially 
available membrane. It was thus shown that, by appropriate choice of 
chemical pretreatment conditions, most encouraging D.F.'s (greater than 
10 in most cases and sometimes up to 10 ) could be achieved for the most 
important radionuclides. However, more emphasis has been placed on the 
decontamination of simulated magnox pond waters. In this regard, two 
stages of ultrafiltration carried out successively at pH 11.5 and 8 after 
addition of TiCl, and Cu.Fe(CN), (4 g/m each) enabled the achievement of 
D.F.'s higher than 100 for caesium and strontium 

Moreover, experiments with real radwastes, such as the Harwell site 
medium level and low level wastes,, which .contained η and β I Y 
activity levels ranging from 10 to 10 Ci/m were shown to be equally 
effective to those performed on simulated wastes. These experiments also 
confirmed the merits of UF over conventional floe process in terms of 
D.F.'s (see table 6). 

Process 

Conventional floe sedimentation 
Process 

Direct ultrafiltration (pH ~~ 910) 

Addition of Fe3+
, Fe(CN) 4~, Co 2 + 

at pH 4.5 then UF 

α D.F. 

33 

3303300 

MOOOO 

β D.F. 

3 

433 

7 

Table 6: Comparison between conventional floe with UF membrane processes 
for the decontamination of real samples of Harwell MLLW ( η , β and )' 
activities ~ 10 10 Ci/m ) 

4.2. Process scaleup 
Decontamination UF tests on magnox pond waters were scaledup to 

the processing of 100 litre batches of simulated effluent using two quite 
different types of commercially available modules: plastic hollow fibres 
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and large bore tubular inorganic membranes. Bpth systems were able to 
reproduce, at membrane areas of 0.05 - 0.1 m , high D.F.'s similar to 
those achieved with the flat sheet UF test unit. However, these experi
ments also demonstrated that resistance of the inorganic membrane system 
to fouling was superior to hollow fibres which were rapidly blocked by 
thick accumulations of precipitate despite the use of high cross-flow 
velocities. For this reason and also because plastic membranes cannot 
tolerate high exposure levels (> 1 Mrad), the inorganic membrane system 
has been selected for further development. 

4.3. Pilot plant construction and operation 
A small scale, automated „unit, containing a single inorganic 

ultrafiltration module and 0.05 m of membrane area, was constructed and 
used to remove Sr activity from simulated pond water after the formation 
of a titanium hydroxide precipitate. With this unit, shown schematically 
in Figure 2, it was possible to demonstrate for the first time the 
continuous processing of an effluent, in this case at a rate of 50-100 
litres per day, for a period of several months. It was confirmed that 
stable performance could be maintained while operating at high volume 
factors of about 250. The ultrafiltration concentrate stream was a dilute 
sludge, suitable for dewatering prior to encapsulation. 

A membrane flux of over 1 m /d and a Sr decontamination factor of 
100 were maintained during the operation of the unit. Techniques were 
developed for cleaning chemically the ultrafiltration membranes at 
intervals of several weeks and for dealing with the secondary waste 
arisings. 

After the extended test programme with a simulated effluent, the 
same automated unit was used to process a real radwaste, i.e. the Harwell 
site low level waste. This effluent contained considerable amounts of 
coarse suspended solids, and the problems encountered during its 
processing served to highlight the limitations of the design of the 
automated unit, particularly with regard to both the selection of pumps 
and valves for the processing of solids laden streams, and the necessary 
control strategy to protect the plant in the event of malfunction. 

The experience gained during operation of the small unit was 
subsequently utilised during the design of and equipment specification 
for a much larger, more sophisticated pilot plant, which can process over 
1000 litres of effluent per day. This pilot plant has been constructed 
and installed recently within the Harwell effluent treatment facility. 

The plant is located within a ventilated enclosure, and the 
ultrafiltration module, which contains 37 membrane tubes and a total area 
of 0.85 m is mounted behind a lead shielding wall. The plant operates 
under the control of a microcomputer system that also logs plant data and 
controls ancillary operations such as the cleaning cycle. 

The results of the first active decontamination campaign (about 40 
days operation) on real Harwell low level liquid waste appeared quite 
encouraging, especially for the alpha removal. Thus, with respect to 
conventional chemical precipitation, the overall alpha decontamination 
factors increased by a factor of 2 in the case of direct UF treatment and 
up to 7 in the presence of 10 ppm of titanium hydroxide. However, for the 
bêta-gamma emitters, only moderate D.F.'s have been achieved in these 
preliminary experiments. With respect to sludges arising, this process 
led to a volume reduction factor of about 200 with a solids density of 
1%. Operation of the pilot plant is still on-going and more definite 
answers concerning the performance of the UF technique will be given in 
the next few months, when the process has been optimised. 
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5. Conclusions 
On the basis of experimental tests performed on real waste at the 

lab-scale, application of chemical precipitation methods for implementing 
new management schemes for reprocessing concentrate proved quite fea
sible. 

If handling and transportation of cemented reprocessing concentrate 
in unshielded waste container casks proved to be economically profitable, 
removal of the main gamma emitters containing waste by means of precipi
tation with ferrocyanide/ferrous iron mixture seemed quite efficient, 
especially in the case of caesium and antimony. 

Moreover, by mixing the resulting sludges with the high level 
liquid waste for vitrification, good glass product can be achieved 
without any significant increase in the overall glass volume. According
ly, besides its economical interest, this management option seems parti
cularly recommended if a safer conditioning of the radionuclides contain
ing reprocessing concentrate is desired. 

A further improvement in the conditioning of long-lived radio
nuclides containing reprocessing concentrate is also attainable by 
removing actinides through coprecipitation with lanthanides oxalate 
followed by incorporation into ceramics. In terms of waste product 
arisings, this management option only gives rise to limited amount of 
ceramics with respect to cemented reprocessing concentrate for which, as 
for the preceding option, disposal in shallow land burial can be envi
saged (alpha specific activity < 100 nCi/g). 

In another area of radwaste management, the construction and 
operation of an industrial flocculator prototype for the treatment of 
utility liquid waste generated at the PWR-Chooz site proved quite suc
cessful since this enables a strong reduction of the radioactivity 
discharged as liquid effluent into the Meuse river to 5-10% of the 
authorized limit. 

Concerning the liquid/solid separation hardware, which, actually, 
governs the efficiency of most chemical precipitation processes, it was 
demonstrated in all the foregoing R and D activities that centrifugation, 
especially the horizontal, decanting centrifuge type, was the most 
suitable technique for active operation. 

Improvement of chemical precipitation process when combined with 
ultrafiltration has clearly been demonstrated from lab-scale experiments 
for various waste types up to pilot plant operation for the Harwell low 
level liquid waste. Over conventional flocculation, higher decontamina
tion and volume reduction factors have been achieved without encountering 
any serious fouling problems on the tested membranes especially for the 
inorganic type. Thus, decontamination performance of chemical precipi
tation methods can be levelled to conventional ion exchange processes. 
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DISCUSSION 

UNKNOWN SPEAKER, UKAEA 

Is there any reason for a reprocessing concentrate not to be sent directly 
to vitrification without going through a precipitation process? 

L. CECILLE, CEC Brussels 

It is very difficult because the concentrate of reprocessing contains 
about 300 g/1 of sodium nitrate, thus if one wants to vitrify directly 
there would be a considerable volume of glass. 

M. VANDORPE, Belgonucléaire Brussels 

Does the factor of volume reduction mentioned in the presentation obtained 
by ultrafiltration take into account the volume of the detergent used for 
cleaning the cartridge? 

L. CECILLE, CEC Brussels 

No. The factor of volume reduction is taken from the sludge volume pro
duced. If one had to take into account the detergent volume, the factor 
would no longer be about 60. 

F. GIRARDI, CEC Ispra 

The procedure of ultrafiltration is applied to the miscellaneous waste of 
Harwell Research Center. Are there any plans to apply it to reprocessing 
waste such as medium level waste? 

L. CECILLE, CEC Brussels 

Yes, the ultrafiltration process was described here in its application to 
the wastes arising from Research Centres, but this study took into account 
a broader field of application including the waste arising from repro
cessing operations. It was applied to research wastes simply because these 
wastes were available. However, this process has good prospects for 
reprocessing wastes due to the high decontamination factors which can be 
reached. 



ELECTROCHEMICAL AND ION-EXCHANGE PROCESSES 

A.D. TURNER*, J . F . DOZOL** and P. GERONTOPOULOS* 
*UKAEA, AERE Harwel l , England. 

**CEA, CEN Cadarache , F r a n c e . 
*Agip/ENEA, JRC K a r l s r u h e , West Germany. 

Summa Π. 
The p o t e n t i a l r o l e of ion-exchange and e l e c t r o c h e m i c a l p r o c e s s e s 

i n the decon tamina t ion of l i q u i d wastes has been s tud ied 
e x p e r i m e n t a l l y . Inorgan ic exchangers not on ly can have a high 
s p e c i f i c i t y for a c t i v e s p e c i e s , but by s imple thermal t r e a t m e n t can be 
conver ted i n t o a s t a b l e waste form s u i t a b l e for long term s t o r a g e . 
Batch exper iments on commercia l ly a v a i l a b l e m a t e r i a l s recommend 
ammmonium p h o s p h o t u n g s t a t e , t i t a n i u m and zirconium phosphates a t 
pH < 3, and z e o l i t e s a t pH 3-12 fo r Cs removal ; polyan t imonic acid a t 
pH < 4, hydrous t i t a n i a a t pH 4 - 1 0 , and sodium t i t a n a t e or z i r c o n a t e 
a t pH > 10 for Sr , Co, Np, Pu, Am removal . G e l - p r e c i p i t a ted hydrous 
t i t a n i a and t i t a n i u m phosphate xe roge l s p h e r e s are p a r t i c u l a r l y s u i t e d 
to column use due to t h e i r s i z e and s t r e n g t h , and a l s o t h e i r e x c e l l e n t 
k i n e t i c s . Elec t rochemica l c o n t r o l of exchangers can cause c a t i o n 
a d s o r p t i o n under c a t h o d i c p o t e n t i a l s with DF's of ~ 2000 up t o a 75% 
l o a d i n g , and e l u t i o n i n t o water under anodic p o t e n t i a l s - t h u s 
c o n c e n t r a t i n g the waste a t on ly |% the energy needed for e v a p o r a t i o n . 
The system has a l r e a d y been cyc led > 700 t i m e s . E l e c t r o - k i n e t i c 
dewate r ing of g r a v i t y - s e t t l e d f l o e s can c o n c e n t r a t e them to ~ 30% 
s o l i d s with 99.99% s o l i d s r e t e n t i o n a t only ~ 5% t h e e v a p o r a t i o n 
e n e r g y . Scaled-up c e l l s have been s u c c e s s f u l l y demonst ra ted with 
genuine w a s t e s . 

1. Introduction 

The use of water as a process medium in nuclear plants of a l l 
descr ip t ions inevi tably gives r i s e to the production of medium and low 
level ac t i v i t y l iquid waste streams. Immobilizing these without further 
treatment would give a large volume of solid waste for disposa l , while 
evaporation of such volumes of water would be very energy in tens ive . Both 
of these s t r a t eg ie s would thus be very expensive to opera te . Alternat ive 
energy ef f ic ien t processes, therefore , are needed tha t can se lec t ive ly 
re-concentrate act ive species Into a small volume of higher level waste in 
such a way that the bulk of inact ive mater ia ls can safely be discharged to 
the environment. This will minimize the volume, and hence the cost of 
immobilized waste requiring controlled disposal . Both ion-exchange and 
e l e c t r i c a l processes have been demonstrated to have a potent ia l role to 
play in t h i s conditioning of low and medium level l iquid wastes. 
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2. I n o r g a n i c Ion exchange 

2.1 Introduction 

Medium and low ac t iv i ty l iquid wastes arise not only from the 
reprocessing of spent fuel and the operation of r eac to r s , but also from 
fuel fabrication plants and Research Establishments. 

In France, l iquid wastes have t r ad i t i ona l ly been treated by chemical 
precip i ta t ion to remove the main radionuclides before release into the 
environment. The sludges ar is ing from th is treatment have subsequently 
been immobilized in bitumen, but because of the i r a, Sr and Cs 
a c t i v i t y , they need to be stored in geological formation. Although t h i s 
route has some advantages, the current trend i s to use bitumen only for the 
immobilization of low and medium ac t i v i t y wastes containing short lived 
radioelements. For wastes containing long lived α and βγ emit te rs , the 
main disposal options being considered by the CEA are incorporation into a 
glass or ceramic host matrix before storage in a continental geological 
formation. These trends are consistent with the recommendations made by 
the Castaing Commission. As a r e su l t of t h i s , the study of l iquid waste 
treatment methods dif ferent from those used unt i l now was i n i t i a t e d . 

2.2 Objective of th i s Study 

One of the possible methods i s the di rec t removal from the 
unconcentrated effluents of the majority of long lived radionuclides on 
ionexchangers. This process gives r i s e on the one hand to a solution 
where most of the long lived act inides and f iss ion products have been 
removed (which would then be conditioned as before by chemical 
prec ip i ta t ion and immobilization of the resul t ing sludge in bitumen before 
disposal by shallow land b u r i a l ) , and on the other hand to one or more 
mixed exchangers containing the majority of the a c t i v i t y of the i n i t i a l 
ef f luent , but in a smaller volume. 

Inorganic ionexchangers are of i n t e r e s t as not only do some of them 
display a s e l e c t i v i t y for the adsorption of active spec ies , but they can 
also be converted into s table matrices sui table for long term storage by 
simple thermal treatment. The purpose of th i s study has been to t e s t on 
simulated and real effluents the effectiveness of a range of inorganic 
exchange media in fixing the act inides and the longlived Ry emi t t e r s . 

The treatment of a l iquid waste from La Hague i s a good example of a 
potent ia l appl icat ion of th is process, and will be the subject of future 
work. This effluent i s at present treated by chemical prec ip i ta t ion 
e s sen t i a l l y removing almost a l l of the radionuclides before discharge to 
the environment. The sludges obtained by t h i s prec ip i ta t ion are l a t e r 
immobilized in bitumen. The volume reduction factor  VRF ( r a t io of the 
volume of waste to the volume of sludge after immobilization)  i s 
typ ica l ly about 100 for medium a c t i v i t y l iquid wastes. Therefore, as the α 
ac t i v i t y of the or ig inal l iquid waste i s 0.11 Ci/m , and that due to Sr 
and Cs i s respect ively 1.05 and 3.1 Ci/m , the resu l t ing a c t i v i t i e s of 
the main long lived radionuclides in the solid waste after conditioning 
are : α ac t iv i t y , 11 Ci/m3; 9 0Sr, 105 Ci/m3; 1 3 7 Cs, 310 Ci/m3. However, 
current ly at the La Manche Storage Center, solid waste can be stored in 
shallow land buria l only i f the specif ic ac t iv i ty i s l e ss than 1 Ci/m for 
ac t in ides , 4 Ci/m3 for ^°Sr and 200 Ci/m3 for 3 Cs. Therefore, in order 
to reach t h i s requirement for the shallow land burial of the bitumen 
immobilized sludges aris ing from the final treatment of the effluent before 
discharge, the l iquid waste must receive a pretreatment with 



Turner etat. : Electrochemical and ¡on exchange processes 55 

90 decontamination factors (DF) of at leas t 11 for the α a c t i v i t y , 25 for Sr 
and 1.5 for Cs. These numeric values are merely given by way of example 
and are not representat ive of the la Hague average l iquid waste 
composition. 

2.3 Choice of Inorganic Ionexchangers 

The spectrum of materials studied has spanned the most widely used and 
eas i ly avai lable products. These included zirconium phosphate (PHOZIR), 
titanium phosphate (PHOTI D), ammonium phosphot ungsta te in zirconium 
phosphate (PHOMIX) and polyantimonic acid from Applied Research; sodium 
t i t a n a t e , sodium zirconate , sodium t a n t a l a t e , sodium niobate produced by 
CERAC Inc. (a supplier of the SANDIA Laboratories where these products were 
i n i t i a l l y s tudied) ; synthet ic zeol i tes IE 96, A 51 and 13 X (manufactured 
by Union Carbide) and Zeolon 500, Zeolon 900 from Norton. Two v a r i e t i e s of 
c l i n o p t i l o l i t e : Zeolon 400 from Norton and ZBS 15 from Oxymin were also 
examined. The amorphous s i l icoaluminate Decalso Y was supplied by Doulite 
In te rna t iona l , while the titanium oxide tested came from two sources: 
Karlsruhe (Agip ENEA), and Cadarache, where i t i s used for uranium 
recovery. 

2.4 Measurements of Dist r ibut ion Coefficients 

2.4.1 Sorption of cobal t , strontium and caesium 

The d i s t r i bu t ion coeff ic ients of these elements on the adsorbers have 
been determined under a var ie ty of solut ion composition conditions using a 
small scale batch technique. One m i l l i l i t r e of an ionexchanger was 
equi l ibrated for 15 h by shaking with 100 m i l l i l i t r e s of pre  f i l t e red 
(5 μπι) effluent spiked with long lived f ission products: Co, Sr as a 
t racer model for Sr and Cs. Before being t es ted , the ioηexchanger s 
were pretreated by shaking with water at the desired pH value . 

Measurements have been made at dif ferent sodium (0.23  1  10 g / i ) , 
calcium (0.1  0.3  1 g/A) and magnesium (0.1 g/j!) concentrations and at 
various pH. The solutions contain only Na (or Ca or Mg ) and NO3

ions; the desired values of pH and concentrations are obtained by mixing 
only sodium (or calcium or magnesium) hydroxide, sodium (or calcium or 
magnesium) n i t r a t e and n i t r i c acid. 

After contacting with the exchanger, the solution was f i l t e red (5 μπι) 
again before i t s residual ac t iv i ty was measured with a GeLi c rys t a l 
connected to a mul t ichannel analyser. 

The d i s t r i bu t ion coefficient KJ was calculated from: 

Kd = 100 °—-— , where 

aQ = ac t i v i t y of l iquid before contacting 
a = ac t i v i t y of l iquid after contact ing. 

2.4.2 Sorption of Np, Pu, Am 

The ionexchangers studied were the same as described previously, 
though as the zeol i tes are only ef f ic ien t at high pH (712), K,'s were only 
measured for the products that gave the best r e s u l t s for γ emit te rs : ZBS 15 
c l i n o p t i l o l i t e and Zeolon 900, IE 96, A 51, 13 X z e o l i t e s . In any case A51 
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i s u n s t a b l e in a c i d i c media . 
The neptunium, plutonium and americium s imula ted wastes were prepared 

from n i t r i c acid s o l u t i o n s , d i l u t e d in order to ob ta in a pH of 2 and t h e 
v a r i o u s d e s i r e d c o n c e n t r a t i o n s of sodium, calcium and magnesium. 

The exper imenta l procedure was the same as t h e one used for γ 
e m i t t e r s , though the a c t i v i t y i n the s o l u t i o n was measured i n s t e a d by a 
l i q u i d s c i n t i l l a t i o n c o u n t e r . 

2.5 R e s u l t s 

2 . 5 . 1 6 0Co r e t e n t i o n 

In a l l the s o l u t i o n s t e s t e d , t he g r e a t m a j o r i t y of the ion-exchanger s 
show a maximum e f f e c t i v e n e s s a t pH 7. Hydro lys i s of c o b a l t causes a 
d e c r e a s e of r e t e n t i o n f a c t o r s under more a l k a l i n e c o n d i t i o n s : 

Co"1"1" OH" m Co (0H) + 0H~ m Co(OH)2 

In s y n t h e t i c e f f l u e n t s c o n t a i n i n g sodium, t h e b e s t adsorbe r s for t h e 
removal of c o b a l t a t pH > seven a r e sodium t i t a n a t e , sodium z i r c o n a t e and 
a l s o to a l e s s e r degree z e o l i t e s 13 X and ΓΕ 96. For high sodium 
c o n c e n t r a t i o n s , Agip ENEA t i t a n i u m oxide and t i t an ium phosphate xeroge l 
p a r t i c l e s both g ive good r e s u l t s . 

At low calcium c o n c e n t r a t i o n ( 0 . 1 g/JO, the h ighes t r e t e n t i o n f a c t o r s 
were obta ined with the same i on -exchanger s t h a t performed b e s t in sodium 
c o n t a i n i n g media - sodium t i t a n a t e , sodium z i r c o n a t e , Agip t i t a n i u m o x i d e , 
z e o l i t e A 51 . However, a t h ighe r calcium c o n c e n t r a t i o n s (1 g /A) , the 
e f f e c t i v e n e s s of sodium t i t a n a t e and sodium z i r c o n a t e dec rease s h a r p l y , 
though t i t a n i u m oxide and z e o l i t e Zeolon 500 a r e l e s s s e r i o u s l y a f f e c t e d a t 
h igh pH v a l u e s . 

For the m a j o r i t y of t h e s e ion-ex changer s the v a l u e s of d i s t r i b u t i o n 
c o e f f i c i e n t s a r e , for the same c o n c e n t r a t i o n s , very c l o s e . 

I t should be n o t e d , however, t h a t in a c i d i c media polyant imonic acid 
i s t he on ly exchanger for which t he d i s t r i b u t i o n c o e f f i c i e n t exceeded 100. 

2 . 5 . 2 8 5 Sr r e t e n t i o n 

As a g e n e r a l r u l e , t h e d i s t r i b u t i o n c o e f f i c i e n t s are higher fo r 
s t r o n t i u m than for c o b a l t , e s p e c i a l l y a t e l e v a t e d pH. The i oη-exchangers 
t h a t were s u c c e s s f u l in t h e removal of c o b a l t a l so proved e f f e c t i v e for 
s t ron t ium r e t e n t i o n . At pH 12, d i s t r i b u t i o n c o e f f i c i e n t s l a r g e r than 10 
( fo r sodium c o n c e n t r a t i o n 0.23 g/A) and equal to 5.10 ( fo r sodium 
c o n c e n t r a t i o n 10 g/Jl) have been found for sodium t i t a n a t e and sodium 
z i r c o n a t e . Titanium oxide behaves s i m i l a r l y a t low pH but d i s t r i b u t i o n 
c o e f f i c i e n t s a r e l e s s high than for the previous compounds with i n c r e a s i n g 
pH. While Z e o l i t e s A 51 and 13 X a r e l e s s e f f e c t i v e than sodium t i t a n a t e , 
t h e i r d i s t r i b u t i o n c o e f f i c i e n t s a r e s t i l l h i g h . The high a f f i n i t y of 
polyant imonic acid for s t ron t ium over the whole pH range i s n o t a b l e , even 
a t h igh sodium c o n c e n t r a t i o n s (10 g/jţ.). 

At low calcium l e v e l s (0 .1 g /A) , d i s t r i b u t i o n c o e f f i c i e n t s higher than 
5.10 have been found for sodium t i t a n a t e , sodium z i r c o n a t e , t i t a n i u m 
o x i d e , zirconium phosphate and z e o l i t e s A 51 and 13 X. However, when t h e 
calcium c o n c e n t r a t i o n r eaches 1 g/i, d i s t r i b u t i o n c o e f f i c i e n t s dec rea se 
s h a r p l y - to 10^ or below. Polyant imonic a c i d , though , i s remarkable in 
i t s c o n s i s t e n c y of a d s o r p t i o n , with d i s t r i b u t i o n c o e f f i c i e n t s r e l a t i v e l y 
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insensi t ive to calcium concentrations - exceeding 10 even in acid media. 

2 .5 .3 1 3 7 Cs re tent ion 

Two categories of product are effect ive for caesium re ten t ion . The 
f i r s t comprises zirconium phosphate, titanium phosphate, and ammonium 
phosphotungstate mixed with zirconium phosphate, which have very high 
d i s t r i bu t i on coeff ic ients in acid media, declining with increasing pH. The 
second category includes zeo l i tes - in par t icu la r IE 96 and Zeolon 500 -
which have a cons is ten t ly high d i s t r i bu t i on coeff ic ient in the pH range 
3 to 12. 

Of these mate r ia l s , caesium re tent ion by ammonium phosphotungstate i s 
the l eas t sensi t ive to high sodium concentrations (10 g/jO, while the 
zirconium phosphate d i s t r i bu t ion coeff ic ient decreases even more sharply 
than that for titanium phosphate with increasing sodium concentrat ion. The 
zeol i te Kj.'s are also sens i t ive to concentration changes - decreasing by a 
factor of 10 with a sodium concentration increase of 50. Although the 
d i s t r i bu t i on coeff ic ients for ammonium phosphotungstate and zirconium 
phosphate reach 10 at pH 3 in 0.1 gli Ca media, the K, values obtained for 
z e o l i t e s , while lower in the pH range 3 to 12, are l e s s sens i t ive to the 
calcium increase from 0. 1 to 1 g/Jl. 

2.5.4 Np retent ion 

NpÛ2 i s the dominant soluble species a t pH < 10. At pH 2, only 
polyantimonic acid shows acceptable Ko values (800), which are r e l a t i v e l y 
insensi t ive to s a l t content . 

For Np removal at pH 4, the best r e s u l t s were achieved using 
polyantimonic acid (KJ > 2500), though titanium oxide also performed well 
(Kd = 1000). 

While titanium oxide and polyantimonic acid are very effect ive (Kj = 
10 ) for neptunium removal at pH = 7, t i tanium phosphate, zirconium 
phosphate, sodium t i t a n a t e , sodium tan ta la t e and sodium zirconate also show 
reasonable K. values . 

2.5.5 Pu re ten t ion 

Preliminary experiments performed in the laboratory showed that 
plutonium is not precipi tated at pH < 8. As for neptunium, only 
polyantimonic acid shows a s ignif icant a f f i n i t y for plutonium at pH 2, with 
Kj ~ 2000, independent of sodium, calcium or magnesium concentrat ion. 

The most complete removal of plutonium at pH 4 i s achieved with 
polyantimonic acid, manganese dioxide and titanium oxide with Kd ~ 3000. 

At pH 7, polyantimonic acid performs be t t e r (Kj = 5000) than manganese 
dioxide, sodium t i t a n a t e , sodium zirconate or sodium t an t a l a t e (Kd = 2000), 
though not as well as titanium oxide (KJ > 10,000). 

2.5.6 Am retent ion 
3 + As the so lub i l i t y of Am , the only valency s t a t e found in solu t ion , 

decreases sharply at pH 7, Kd measurements were carried only at pH 2 and 4. 
For low s a l i n i t y effluents polyantimonic acid i s very e f fec t ive , (K. > 10 ) 
though the d i s t r i bu t i on coefficient fa l l s with increasing s a l i n i t y 
(Kj » 1000); t i tanium phosphate and zirconium phosphate show acceptable Kj 
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values . 
In sodium, calcium or magnesium containing solutions at pH 4, the best 

r e su l t s are achieved with sodium t i t a n a t e (Kj > 10,000), polyantiraonic acid 
and sodium t an t a l a t e . High d i s t r i bu t ion coeff ic ients are also obtained in 
sodium solutions with sodium niobate and in calcium and magnesium solutions 
with zeol i te A 51, manganese dioxide and titanium oxide (K. > 10,000). 

2.6 Conclusion 

The measurement of d i s t r i bu t ion coeff icients has enabled the 
i den t i f i ca t i on of the most effect ive ionexchangers. For caesium removal 
in neutral or alkal ine media, zeo l i t e s , in par t icu lar Union Carbide IE 96, 
show excel lent r e s u l t s . In acidic media, ammonium phosphotungstate i s very 
ef fec t ive , though i t s poor mechanical s t a b i l i t y makes i t less sui table for 
column use. Titanium and zirconium phosphates, however, are also effective 
in acidic medium, but are more physically robust; γ zirconium phosphate in 
par t icu lar is very promising, and i s worthy of further study. 

The other main long lived elements  strontium, cobal t , neptunium, 
plutonium and americium are removed from l iquid wastes by the same 
exchangers  polyantimonic acid in acidic media, titanium oxide in the pH 
range 410 and sodium t i t ana te or sodium zlrconate above pH 10. It can be 
seen therefore that ionexchange treatments for the complex wastes in the 
nuclear industry will need to use more than one specific adsorber in ser ies 
in order to remove al l the various active species su f f i c i en t ly . 

As the re tent ion of an ion on an exchanger depends on i t s s t ruc ture 
(amorphous, glassy , c r y s t a l l i n e , e t c . ) , further improvements in 
radionuclide removal may be made by modifying the microstructure of these 
media, or by producing insoluble cocompounds l ike silicoantimonic acid or 
phosphoantimonic acid. 

At present , i t i s too early to know i f the goals of the study have 
been achieved  that i s the suf f i c ien t ly complete removal from solution of 
the long lived rad ioel ements to allow the storage in shallow land burial 
of the floes ar is ing from the subsequent treatment of wastes. However, 
these preliminary r e su l t s look promising. The ultimate plant design and 
final choice of adsorbers will be determined by the required throughput, 
the kinet ics of adsorption and degree of s e l e c t i v i t y of each par t icu lar 
exchanger  as well as other such factors as ease of subsequent 
immobilization, or mechanical strength which may make some media less 
sui table for column use than o the r s . 

3. Xerogel Ionexchanger 

3.1 Introduction 

Although employment of the inorganic ionexchanger (IX) media 
discussed above appears to be very a t t r a c t i v e for conditioning different 
waste streams, some of these materials have disadvantages in the i r 
current ly supplied form for l a rgesca le app l i ca t ions : 

• in order to assure sa t is fac tory IX proper t i es , commercially 
avai lable products are usually prepared in the form of fine 
powders that cannot eas i ly be used in fixed bed columns, and are 
una t t rac t ive for handling in an active plant; 

• the use of expensive raw chemicals and complex preparative 
techniques often r e su l t s in prohibi t ively high production cos t s . 

However, s ignif icant advantages may accrue from the choice of a 
preparation route to produce a macroscopic s t ruc ture more suited to column 
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use . One such process i s gel prec ip i t a t i on , tha t was or ig ina l ly developed 
for nuclear fuel manufacture as the "SNAM Process"  extensively 
investigated in I t a ly and the UK (1 ,2 ) . This programme has demonstrated 
that th is process can eas i ly be used to prepare l a rge , strong pa r t i c l e s of 
high surface area and good IX prope r t i e s . Thus f a r , hydrous t i t a n i a (HTiO) 
and titanium and zirconium phosphates (TIP, ZrP) have been prepared, with 
the promise of other mate r i a l s . After these spheres have become loaded 
with active mater ia l s , they can be eas i ly transformed into a dense ceramic 
waste form. 

3.2 Preparation 

The preparation of HTiO and TIP by gel prec ip i t a t i on , described below, 
i s in pr inciple also applicable to the preparation of other hydrous metal 
oxides and derived insoluble compounds of known IX propert ies such as 
Zr02.xH20, ZrP (8) , Fe203.xH20 e t c . 

In preparing a 1 kg batch of HTiO spheroids, 1.036 λ t i tanium 
t e t r ach lo r ide (T ÍCIA) i s f i r s t poured under continuous s t i r r i n g in a cooled 
bath of 5.180 X tetrahydrofurfuryl alcohol (THFA). The strongly exothermic 
reaction and the considerable viscos i ty increase of the reacting mixture 
suggests the formation of condensed titanium species of the type 
η (Ti(OR)^). The resul t ing liquor i s further thickened by adding 3.1 λ of 
a 3.5% METHOCEL A4C solut ion in HgO. The resu l t ing viscos i ty of t h i s feed 
solution i s about 120 cps (25°C), with a shelf l i f e of more than two 
weeks . 

Atomization of the feed solution to controlled diameter l iquid 
droplets (e .g . 300 + 50 \m af te r drying) i s achieved by simple rotary cone 
devices  su i tab le for indus t r ia l scale operation due to their high 
production ra tes and clog free operat ion. 

Conversion of the l iquid droplets into spherical gel precipi ta ted 
par t i c les takes place in a s t a t i c 6 M NĤOH bath, and i s completed within 
about 10 minutes. Effective removal of residual chloride impurit ies to 
below 100 ppm i s obtained by repeated H,0 washing (s ix times with 3 volumes 
of water for 1 volume of gel mate r i a l ) . 

In the next s tep , residual water is removed from the gel material by 
azeotropic d i s t i l l a t i o n in a MARCUSSON type apparatus. This technique, 
while only marginally more complex than other possible a l t e rna t ives (such 
as a i r drying, water extraction with a water soluble organic solvent e t c . ) , 
i s preferred because i t yields products with higher specific surface 
areas . 

Titanium phosphate par t i c l e s are prepared by contacting the dried HTiO 
material with phosphoric acid (24 hours in a 0.52.0 M HjPO^ bath) before 
water washing and a i r drying at 110°C. 

Although the above methods are s t i l l under development on the 
laboratory scale (2 kg/day), i t i s anticipated that only moderate 
indus t r ia l production costs will resu l t  not subs tan t ia l ly dif ferent from 
those corresponding to the organic or zeol i te ionexchangers already widely 
used in indus t r ia l radiochemical separative processes. This expectation i s 
based on the low cost of the raw chemicals and the simple process chemistry 
used . 

3.3 Physical and IX Propert ies 

The ionexchange material i s produced in the form of compact, glassy 
xerogel spheroids (Figure 1), tha t due to their peculiar in ternal sponge 
l ike microstructure (Figure 2) have exceptionally high speci f ic surface 
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areas and thus good IX prope r t i e s . 
The IX a f f in i ty of HTiO gel precipi ta ted material for a wide range of 

waste elements has been previously described in d e t a i l (3-6) - often 
proving to be superior to the performance of fine powder products of the 
same chemical composition (including sodium t i t a n a t e ) . The d i s t r ibu t ion 
coeff ic ients for ac t in ides , rare ear ths , strontium, antimony, cobalt and 
caesium are generally high for aqueous, low s a l i n i t y solutions of pH 
greater than 2, thus permitting eff ic ient uptake by percolat ion through 
fixed bed ion-exchange columns. 

The potent ial for pract ica l application of t h i s type of material i s 
i l l u s t r a t ed by a combined precipi tat lon-IX decontamination t e s t on a waste 
stream generated by the French reprocessing plant at La Hague ( 7 ) . The 
i n i t i a l chemical composition of t h i s effluent i s basical ly 1.1 Ν HNOo 
containing mg/λ quant i t i es of U, Ca, Fe as well as 0.2 g/I phosphate. As 
the f i r s t treatment s tep , the pH value of the solution was raised to 10.5 
before nickel hexacyano fer ra te addition to remove caesium. The r e su l t ing 
supernatant was adjusted to pH 11.5, then passed through a 9 mm diameter 
80 mm height column of gel precipi tated HTiO spheroids (0.1-1.5 mm) at a 
rate of 50 mA/h (10 CV/h). The radiochemical composition of the solution 
before and af ter IX decontamination i s given in Table I - showing excellent 
decontamination from Sr and the act in ides and moderate decontamination 
from Sb. Further caesium decontamination fa l l s d r a s t i c a l l y after only 
35 CV while °Co i s not removed at a l l . 

Although l e ss extensively invest igated, titanium phosphate gel 
spheroids appear to have a promising IX a f f in i ty for caesium, even at low 
pH. For example, decontamination from Cs of simulated MAW concentrates 
(containing 1 M HNOo, 300 g/l NaNOo, a wide range of ca t ions , and some 
organice ar is ing from solvent washing) i s given in Figure 3. In th i s case 
the solut ion , after adjustment of i t s pH value to 1.0, was passed through a 
9 mm diameter, 40 mm high TiP IX column at a ra te of 4-5 CV/hr. DF's of 
over 1000 are obtained up to 200 column volumes. 

3.4 Conversion to Ceramics 

The use of Inorganic IX products in decontaminating l iquid waste 
streams present the poss ib i l i t y tha t after being loaded with the waste 
elements, the IX material can be converted to l each- res l s tan t waste forms 
by conventional ceramic powder techniques. 

Uti l i za t ion of gel precipi tated IX spheroids offers the poss ib i l i t y of 
using simple ceramization routes such as cold pressing and s in t e r ing , 
and/or dispersion of sintered IX par t i c l e s in a metal or glass host 
matrix. 

It has been demonstrated that a cold pressing and sinter ing technique, 
previously developed for preparation of (U,Pu)02 nuclear fuel pe l l e t s 
from calcined gel precipi tated spheroids (9) , can be applied to the 
conversion of spent HTiO and TiP IX media to high density ceramics at 
temperatures of only 850°C. 

3.5 Conclusions and Future Work 

Dust-free gel precipi tated IX spheroids of hydrous t i t a n i a and/or 
t i tanium phosphate may be used in t reat ing MAW streams instead of fine 
powder commercial products, with the following advantages:-

• the i r preparation i s simple, v e r s a t i l e and economic 
• they are sui table for use in fixed bed IX columns, and have a low 

potent ial for contamination diffusion 
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• they have good IX capacity and adsorption kinet ics 
• they can be converted d i r e c t l y to dense, l each res i s t an t ceramics 

by f i r ing at acceptably low temperatures. 
Future work should include ( i ) design, construction and operation of a 

p i l o t plant having a production capacity of about 50 kg/day, ( i i ) 
def ini t ion and tes t ing of complete decontaminationimmobilisation schemes 
working with rea l waste streams  possibly at a p i lo t plant sca le , and 
( i i i ) search for new IX compounds, in par t icu la r those identif ied in 
Section 2, tha t can be prepared in xerogel form. 

A. E l e c t r i c a l Processes 

While there i s a widespread fami l ia r i ty in the nuclear industry with 
the concept of ionexchange as a separation process, e l e c t r i c a l processes 
are generally less well known. They do, however, have an i n t r i n s i c 
a t t r ac t iveness in that they can be controlled remotely and automatically by 
the extra react ion variable of applied vol tage, which i s available in 
addit ion to the normal process var iables of temperature, pressure , 
concentration and mass t ranspor t . Also the use of electrons in place of 
inact ive chemical reagent addit ions to perform redox and pH changing 
react ions i s of considerable importance in helping to reduce the amount of 
material needing controlled disposa l . An i n i t i a l survey evaluated 10 
candidate processes used in industry and laboratory , including: so l id / 
l iquid separation based on e lec t rok ine t ic effects (elee troosmosi s , 
e l e c t r o  f i l t r a t i o n , elee t ro  f io ta t ion, elee troaggregat ion, e l e c t r o 
decantation and e lec t ro  f loccu la t ion) ; the deposit ion of dissolved ionic 
material e i ther as a solid metal or an amalgam, or as an insoluble 
compound; or the adsorption of dissolved ionic material by ionexchange 
under e l e c t r i c a l control (10). On the basis of high DF and VRF, 
s u i t a b i l i t y for active use and an iden t i f i ab le advantage over conventional 
technology, electroosmotic dewater ing and electrochemical ionexchange 
were selected as being the most promising for immediate further 
invest igat ion for applicat ion to the treatment of mediumactive l iquid 
wastes. Metal/ compound deposi t ion, while s t i l l of i n t e r e s t , were at an 
even l e ss advanced stage of development and need further invest igat ion to 
evaluate thei r po ten t i a l . 

4.1 Elec t rokine t ic Dewatering 

Floe treatment of l iquid wastes can e s s e n t i a l l y be viewed as 
coprec ip i ta t ion combined with ionexchange at a f inely divided form of an 
exchanger produced i n  s i t u in the waste stream. Though floes present a 
high surface area with rapid k i n e t i c s , the effect iveness of such a process 
not only depends on the completeness of adsorption of active species on the 
p r e c i p i t a t e , but also on the efficiency of the subsequent so l id / l iqu id 
separat ion, so that the l iquid i s suf f i c ien t ly decontaminated in order to 
permit i t s discharge. Slurr ies resul t ing from gravity s e t t l i n g may s t i l l 
contain ~ 95% water and be d i f f i c u l t to s a t i s f a c t o r i l y dewater fu r ther . 
However, concentration to 30% sol ids will lead to an addit ional 6 χ 
reduction in the immobilized waste volume resu l t ing from the addition of 
cement powder which makes use of the residual water content for the 
concrete hydration reac t ion . For wastes of low e l e c t r i c a l conductivity 
(0.011 Sm ) , Electrokinet ic Dewatering can meet the requirements of high 
sol ids re tent ion factor (99.99%) in order to give a good overall DF, Is 
able to handle s lu r r i e s up to 30% s o l i d s , I s able to achieve VRF's of > 6, 
i s energy ef f ic ien t ( typ ica l ly using between 0.03 kWh/L0.13 kWh/A; t h i s i s 
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/40 /15 of the energy required for an evaporation process l ike 
bituminization) and has a high processing ra te ( typical ly 1501500 A/h/ra 
of membrane area at current dens i t i es of ~ 1.5 kA m ) in order to keep the 
ins ta l led plant s i ze , and hence overall cost , low. The c l a r i t y of the 
permeate i s i l l u s t r a t ed in Figure 4 for Mg(0H)2 dewatering to 35% so l i d s . 
It i s essen t i a l l y a di rec t e l ec t r i ca l pumping of l iquid from a solid 
suspension through a microporous membrane under a potential gradient with 
minimal external ly applied hydrostat ic pressure (11). The pores of the 
membrane become coated with the par t icu la tes being separated, thus 
imparting a small surface charge which i s matched by ions of equal and 
opposite charge dispersed into the adjacent solut ion. This i s 
characterized by the zeta potent ial across the mobile part of the diffuse 
double layer at the so l id / l iqu id in te r face . As these par t i c les are 
immobilized on the membrane, when an e l ec t r i c field i s applied para l le l to 
the pore walls ( i . e . across the membrane) by external elect rodes , the 
solution containing th i s local excess of counterions i s transported along 
the pore. By normal solution viscos i ty e f fec t s , the complete fluid content 
of the pore i s dragged through as well by the movement of only a very small 
e l e c t r i c a l charge. This resul t ing flow ra te i s proportional to the 
current , zeta po ten t i a l , and inversely proportional to the solution 
conduct ivi ty . In addition to th is electroosmotic effect , the dispersed 
par t i c l e s in the feed are being e lec t rophore t ica l ly transported away from 
the membrane. Not only does t h i s inh ib i t membrane fouling, thus 
maintaining the extraction flux, but i t also dramatically reduces the 
fract ion of very fine par t i c l e s passing through. This system can also be 
combined with conventional UF, where the treatment ra te i s enhanced by 
reducing membrane fouling, and also by increasing permeation with 
simultaneous electroosmosis. In both of these systems, In order to keep 
the feed suf f ic ien t ly fluid with increasing sol ids content , and to prevent 
any buildup of deposits on the counter electrode at the back of the feed 
chamber, a crossflow veloci ty of > 1.2 m/s i s used. The electrochemical 
react ions that occur at the electrodes on ei ther side of the membrane to 
convert the ion ic /e lec t ro k ine t i c currents back into electrons normally 
involve creating a small change In local pH. As at large VRF's th i s may 
become suff ic ient ly great to cause the zeta po ten t i a l , and hence the 
extract ion ra te to f a l l , the feed may be dosed with concentrated alkaki a t 
a ra te proportional to the current in order to maintain the pH. 

A var ie ty of membrane supports have been investigated for the i r 
performance and radiat ion res is tance  including cellulose a c e t a t e / n i t r a t e 
(100 kGy), cotton (1 MGy), s ta in less s t ee l (microporous s i n t e r , and mesh), 
zirconia cloth and zirconia coated microporous graphi te . These l a t t e r 
obviously have superior radiat ion r e s i s t ance . Small batchscale laboratory 
t r i a l s have demonstrated the f l e x i b i l i t y of the process in being able to 
t r ea t a var ie ty of feeds: fe r r ic hydroxide, aluminoferric hydroxide, 
calcium phosphate, hydrous zirconia , t i t a n i a , Magnox sludge. 

Scaledup crossflow c e l l s of both planar (Figure 5) and cyl indr ica l 
geometry have been used to dewater simulant and genuine act ive waste 
generated on s i t e , aris ing from a fer r ic hydroxide floe treatment. Solids 
contents have been raised from 5% to 25%, with the poss ib i l i t y of further 
volume reduction. Virtual ly quant i ta t ive re tent ion of Co and α emitters 
was found, and although the DF's were marginally lower in samples where 
signif icant quant i t ies of detergents were present , these were s t i l l 
suf f ic ien t ly high to permit discharge of the permeate. The r e su l t s were a 
s ignif icant improvement over conventional vacuum f i l t r a t i o n . 
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4 .2 E l e c t r o c h e m i c a l I on -exchange 

While the processes described above have e s sen t i a l l y combined the 
concepts of immobilization with adsorption by operating a "once through" 
system, ion-exchange can also be used as a concentration process by elut ion 
of the exchanger into a small volume. Ideal ly t h i s should be rapid , and 
generate as small a volume as possible that i s compatible with any 
subsequent immobilization process - e .g. v i t r i f i c a t i o n , unfortunately, 
d i f f i c u l t i e s encountered in the chemical elut ion of some IX media have made 
th i s a l ess favoured choice. However, the use of e l e c t r i c a l control of 
conventional ion-exchange processes can overcome these problems, thus 
making th is a viable p o s s i b i l i t y . 

Electrochemical ion-exchange (EIX) i s bas ica l ly the incorporation of 
ion-exchange material into an electrode s t ruc ture based on an expanded 
metal mesh current feeder, so that i t has many of the advantages of 
elee t rodia l ysis and ion-exchange, but few of the disadvantages - such as 
weeping s e a l s . Because the exchanger i s e s sen t i a l l y mechanically supported 
by the current feeder, those materials that have insuff ic ient strength to 
be used in a conventional ion-exchange column may be reconsidered -
together with other f inely divided media. For cation exchange, under a 
cathodic applied potent ia l (with respect to a counter e lec t rode) , cat ions 
are rapidly adsorbed into the electrode s t ruc ture (Figure 6 ) . This i s 
encouraged not only by an alkaline environment generated loca l ly ins ide the 
e lec t rode, which act ivates weak acid groups to cation adsorption, but 
cat ions are also transported into the bulk of the s t ruc ture from surface 
s i t e s by ion migration under the local f ield gradient . The appl ica t ion of 
an e l e c t r i c field extends the capab i l i t i e s of the ion-exchanger by 
enhancing i t s k i n e t i c s , extending the pH range of i t s operation as well as 
enabling i t to adsorb a s ignif icant fract ion of i t s theore t ica l capacity. 
Studies to date have concentrated mainly on the behaviour of Cs, Na and 
Sr. 

Corresponding anion responsive electrodes can also be fabricated using 
anion exchangers a t anodic po ten t i a l s . When these are used in conjunction 
with cat ionic e lec t rodes , the feed pH i s maintained during treatment, as an 
equal number of cation and anion equivalents i s being replaced with H and 
OH which combine to form water. This in turn maintains the cat ion 
adsorption k ine t ics and DF by inhibi t ing the reverse react ion normally 
ar is ing from the fa l l in pH associated with the displacement of protons by 
adsorbing ca t ions . On polar i ty r eve r sa l , these ions can be eluted into a 
limited volume of water (Figure 6 ) , thus generating a concentrated (~ 0.2 M 
to date) product sui table for incorporation with high active waste for 
immobilization. 

Even under an arduous accelerated test programme, electrodes have been 
cycled over 700 times with no detectable de te r iora t ion in performance. 
When such electrodes have been used in a low hydraulic res is tance flow 
c e l l (Figure 7) , Cs decontamination factors of over 2000 have been achieved 
on a single pass at flow ra tes of ~ 6 bed volumes/hour (corresponding to 60 
bed void volumes/hour). Typically th i s i s maintained up to a loading of 
~ 75% of the theore t ica l electrode capacity before break-through I s 
observed (Figure 6 ) . With recent advances in ce l l design, the to ta l energy 
requirement for volume reduction including pumping has been reduced to 

/400 of that needed for evaporation. This new design also permits the use 
of higher current dens i t i e s (and hence more rapid k i n e t i c s ) , as well as 
higher exchanger loadings, which increases the ce l l capacity - thus 
reducing the size and cost of a plant for a given throughput. 
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In order to reduce even f u r t h e r the amount of i n a c t i v e m a t e r i a l being 
added to the h i g h l y a c t i v e waste , EIX modules d i s p l a y i n g s e l e c t i v i t y on ly 
for a c t i v e s p e c i e s a r e being deve loped . Work to da te on organ i c and 
i no rgan i c exchangers t h a t are s e l e c t i v e under t he chemical c o n d i t i o n s 
d e s c r i b e d above a r e showing promising r e s u l t s . Weak ac id organic r e s i n s 
have c a p a c i t i e s ~ 10 meq/g and d i s p l a y K j ' s ~ 17,000 with a s e l e c t i v i t y for 
Cs over Na of 3-4 .5 i n ba tch expe r imen t s . Inorgan ic exchange r s , though , 
have the advantage of s u p e r i o r r a d i a t i o n s t a b i l i t y . Zirconium phosphate 
has been demonstra ted to have a Cs c a p a c i t y of 5-7 raeq/g with a s e l e c t i v i t y 
of Cs over Na a d s o r p t i o n of 6 . 5 / e q u i l i b r i u m s t a g e in a ba tch expe r imen t . 
The use of flow c e l l s ( l i k e an IX column) and m u l t i p l e u n i t s w i l l not only 
g r e a t l y improve on t h i s , but a l s o permit the more e f f e c t i v e use of 
e l e c t r i c a l power. 

Experiments with s imulan t fuel s t o r a g e pond water c o n t a i n i n g 100 ppra 
Na a t pH 10 have demonstra ted the r e d u c t i o n of Cs con ten t from 60 μCi/Jl t o 
background with both organ ic and zirconium phosphate e l e c t r o d e s . Treatment 
of genuine s i t e wastes c o n t a i n i n g Co, Cs, Sr , d e t e r g e n t s , and other 
i n a c t i v e s a l t s a t pH 8 had 99.6% of the a c t i v i t y removed a t a zirconium 
phosphate e l e c t r o d e . I t was most e f f e c t i v e for Cs removal (Table I I ) , as 
a l so found under the p u r e l y chemical a d s o r p t i o n c o n d i t i o n s d e s c r i b e d 
e l sewhere in t h i s pape r . As with any ion-exchange sys tem, o t h e r adso rbe r s 
would be needed for t he more s p e c i f i c removal of Sr and Co, p o s s i b l y in a 
second u n i t . Thus EIX can be seen to have been developed i n t o an 
e f f i c i e n t , robus t process t h a t can be e a s i l y e x t e r n a l l y c o n t r o l l e d by 
e l e c t r i c a l means. V e r s a t i l i t y i s b u i l t i n t o the system by being ab le to 
use p a r t i c u l a r adsorbe r s for s p e c i f i c a p p l i c a t i o n s , though f u r t h e r work i s 
needed in t h i s a r e a . By making m u l t i p l e and complete use of the ion-
exchange c a p a c i t y of the EIX e l e c t r o d e s , p a r t i t i o n of the waste i n t o a 
small volume a t a higher a c t i v i t y l e v e l whi le l e a v i n g the bulk a t 
e s s e n t i a l l y background l e v e l s , w i l l d r a m a t i c a l l y reduce t he volume of 
s o l i d s r e q u i r i n g c o n t r o l l e d d i s p o s a l . 

5 . Conclusion 

For a l l the proces se s d e s c r i b e d , which a t presen t show r e a l promise 
f o r the t r ea tmen t of medium and low l e v e l l i q u i d w a s t e s , the nex t s t a g e i s 
t he demons t r a t i on of t hese t echn iques with genuine feeds under t y p i c a l 
o p e r a t i o n a l c o n d i t i o n s . This w i l l a l so enable the development of p r o c e s s 
c o n t r o l , and t he o p t i m i z a t i o n of performance on a more r e a l i s t i c s c a l e . 
From t h i s i n f o r m a t i o n , an e v a l u a t i o n can be made for p o t e n t i a l p l a n t u s e . 
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Table I 

Decontamination of MAW La Hague effluents by precipitation 
and IX decontamination using gel precipitated HTiO spheroids 

Radioelement 

Co 
90„ Sr 
1 0 6 R U 
125sb 
1 3 7Cs 
234, + 237M 

U Np 239D Pu 
238^ + 241 „ Pu Am 

Feed 

5.6 
225 

2100 
112 
394 
18 
56 
73 

Effluent Activity, mC 

Superna
tant 

] .8 
94 

620 
60 
2 

0.32 
2.6 
6.2 

Number of Column 

35 

1.8 
0.14 
32 
nd 
0.046 
nd 
nd 
nd 

70 

1.8 
0.2 
42 
nd 

2 
nd 
nd 
nd 

• / 3 i/m 

Beds Passed 

140 

1 .8 
0.15 
140 
nd 

2 
nd 
nd 
nd 

240 

1 .8 
0.12 
207 
17 
1 

nd 
nd 
nd 

nd = not detected. 

Table II 

Decontamination of a Harwell Liquid Waste Stream by Electro
chemical Ion-exchange at a Single Zirconium Phosphate Electrode 

Radioelement 

6 0Co 
1 3 7Cs 
85Sr 

3 
Activity Content mCi/m 

Feed 

25 
60 
2 

Effluent 

0.36 
0.12 
0.01 

DF 

69 
482 
143 
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Fig 2. SEM image of the internal 
structure of a fractured hydrous 
titania particle dried at 180°C 
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Fig 3. Caesium137 Decontamination of a 
simulated MAW concentrate by percolation 
through a Titanium Phosphate ionexchange 

column. 
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Fig 4. Elect rokinet ic dewatering 
of Magnox sludge simulant: (1) 
or ig inal se t t l ed sludge, (2) permeate. 

Fig 5. General view of a planar 
e lec t roext rac t ion module of 
100 cm membrane area. 

Cothodic adsorption at a CG50 
tltctrod« at 1m* cm'í (rom a 
200 ppm Cl («*d αϊ Cï,C0,ot fr3BV/h 
Btd »olum·  ¿00 ml 
Elvclrod· capacity 178 m»a. 
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Fig 6. Caesium concentration of the 
effluent from an electrochemical 

ionexchange module during 
adsorption and elution. 

Fig 7. Electrochemical ion
exchange flow cell. 
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DISCUSSION 

R. DE BATIST, CEN/SCK Mol 

It was mentioned in the respect to the sol-gel technique that it was 
possible to transform finished products into ceramics at low temperature. 
What is this reasonable temperature? 

A.D. TURNER, UKAEA Harwell 

This temperature is about 850°C. 

C. SOMBRET, CEA Bagnols-sur-Cèze 

The question refers to the process using inorganic exchange resins. It was 
the intention to transform the used ion exchanges into ceramics. What 
could be the final volume of the wastes which could be quite variable and 
even higher than normal if additives have to be added? 

J.F. POZOL, CEA Saint-Paul-lez-Durance 

It is difficult to answer this question because the ceramisation aspect 
was not the aim of the study. However, starting from polyantimionic acids 
it is possible to obtain an antimony oxide which is insoluble and as a 
consequence the additives are not needed. 

A. DONATO, ENEA Casaccia 

What are the capabilities of ion exchange of some of the materials men
tioned previously, such as the ammonium phospho-tungstate or, Zr phos
phate, with respect to the behaviour of Sb in acid ambient. This is very 
important because most of the wastes arisings are acid. What about the 
state of the Ion exchangers? 

A.D. TURNER, UKAEA Harwell 

The ion exchangers were powders, mixed by stirring, at the level of 1 ml 
of ion exchangers for 100 ml of solution. The polyantimionic acids were 
not very effective for elements like Cs. 

A. DONATO, ENEA Casaccia 

What is the behaviour of the ammonium phospho-tungstate with respect to 
the actinides in acid conditions? 
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A.D. TURNER, UKAEA Harwell 

Probably it does not absorb at all. 

J.F. POZOL, CEA Saint-Paul-lez-Durance 

The mentioned compound has practically no effect on other elements than Cs 
in acid conditions. 

H. KRAUSE, KFK Karlsruhe 

Is it reasonable to apply ion exchange in alcaline pH conditions after 
precipitation? 

A.D. TURNER, UKAEA Harwell 

The precipitation techniques are really ion exchange in a dispersed form 
and then one has to separate the solids from liquids to obtain a good 
decontamination. In ion exchange, the ion exchanger is in a form which 
does not mix up with the liquid and so you have already done the separa
tion. 

SEBILLON, CEA 

What is the capacity of the inorganic ion exchangers and of xerogel ion 
exchangers and is this capacity constant with pH? 

A.D. TURNER, UKAEA Harwell 

Typically, inorganic exchangers have capacities between 2 and 
milliequivalents but are dependent to a great extent on pH. 
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Summary 

The PETRA plant is an experimental facility which will operate 
at a pre-industrial, fully active scale, where the treatment of 
LWR fuel material at high burn-up (33000 MWd/t) for the extraction 
of uranium and plutonium and the successive treatment of high active 
waste (HAW) and other typical waste streams generated during the 
Purex type operations will be undertaken with the fundamental aim 
to implement various treatment and conditioning processes on such 
waste streams. 
The plant will be installed in three of the hot cells available 
in the ADECO complex, located in the ESSOR reactor, two of which 
have not been used in "hot" conditions. A fourth cell will house 
the hot analytical equipment. 
The lay-out of the chemical process units allows to treat batches 
containing about 6 kg U with a maximum annual throughput of 10 
such batches. Maintenance and changing of the equipment can be 
performed to a large extent remotely by the application of telemani-
pulative metal to metal couplings between the single units. In 
view of the anticipated high variability in operation, the degree 
of design safety applied is unusually high for the scale of this 
facility. 
The proposed research programme emphasizes, in conformity with 
the general mandate of the JRC research objectives, safety aspects 
related to the management of long-lived fractions of radioactive 
waste, like the transuranium actinides or technetium. In-depth 
studies of both the pattern of individual isotopes (e.g. Np, Tc) 
over the complete process scheme and the behaviour of composite 
streams under particular process conditions (e.g. evolution of 
concentrated HAW composition) are scheduled. The facility is proposed 
in the frame of international collaboration agreements for fully 
active verifications of processes developed by other laboratories 
at simulated or tracer level. 
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1 Introduction 

Justification, individual dose limitations and optimization are 
key-words of the principles of radiation protection which have been recom
mended by the International Commission of Radiological Protection (ICRP) 
in its publication nr. 26. Directive nr. 80/836/EURATOM of 1980 of the 
Commission of European Conmunities has recommended those principles to 
E.C. countries for incorporation in their national legislation. The appli
cation of ICRP recommendations to waste management, however, is not 
straightforward and indeed ICRP itself has felt the need of further elabora
ting the recommendation for the specific application to waste management, 
particularly accounting for the probabilistic aspects of exposures when 
very long-time periods are involved like for the actinides bearing waste 
products. 

For what concerns the first principle, justification, there is a 
general agreement that such a requirement refers to an entire practice 
(electrical power generation, in this case) rather than to each part 
of it. It is therefore not necessary to justify waste management in isola
tion. 

For what concerns the second principle, individual dose limitation, 
protection against the hazards from radioactive waste is thought to be 
best achieved by their segregation from the biosphere over the time period 
required for their transmutation by decay. A multi-barrier disposal concept 
composed of up to six barriers equally divided into so-called technological 
(i.e. man-made) and natural (i.e. geological) barriers are considered 
adequate to provide such safe segregation (Fig.l). 

The evaluation of the performances of such a barrier system is being 
done using probabilistic risk analysis methods which accounts not only 
for the consequences of a failure in the barrier system, but also of 
the probability of happening of the event and of the high degree of uncer
tainty of the data base. It should therefore be possible to comply with 
the individual dose limitation principle, at least from a scientific 
point of view, and research in that direction is well advanced. 

The demonstration of compliance with the third principle, optimization, 
poses several difficulties, and relevant studies are perhaps less advanced 
than those dealing with the second principle. One difficulty is the defi
nition of the "target" for optimization (should it refer to the entire 
practice, like justification, or to waste management in general, or to 
an individual project of waste disposal or even parts of it?). 

Another difficulty is that although techniques such as cost-benefit 
analysis and multi-attribute analysis are in principle applicable to 
the waste management case, the data base needed as input to those decision-
-aiding methodologies is still rather limited, particularly at industrial 
scale. It is frequently difficult to judge from small scale laboratory 
experiments whether an alternative option which may look attractive from 
a radiological point of view can be implemented at an industrial scale 
while conserving the same cost-benefit balance. 

In order to overcome some of these difficulties a pre-industrial 
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facility, named PE7TRA, is presently under construction at the Joint Research 
Centre of the European Communities. 

2 Operation, scope and node of PE7IRA 

lhe PETRA plant is an experimental facility which will operate at 
a pre-industrial, fully active scale, where the treatment of LWR fuel 
material at high burn-up (33000 MWd/t) for the extraction of uranium 
and plutonium and the successive treatment of high active waste (HAW) 
and other waste streams generated during this operation will be undertaken. 
Ihe HAW, or indeed fractions of it, will be made available for conditioning 
in glass or ceramic matrices. The fundamental basic aim of the experimental 
facility is to implement treatment and conditioning processes on the 
various waste streams generated during Purex type operations. 

Several operations on the back-end of the fuel cycle can be studied 
by means of PETRA. It will, in fact, be possible to: 

- characterize, chemically and physically, waste streams arising from 
PUREX type operations, and eventually follow their evolution during 
interim storage; 

- explore the feasibility of variations in the reprocessing scheme, aiming 
at a reduction of waste generation and optimization of waste categories; 

- study the performance of different waste treatment and conditioning 
techniques and processes, inclusive of particular matrix materials 
for waste fractions such as actinides; 

- prepare conditioned waste with the anticipated specific activity levels 
for characterization and behaviour testing, also in conditions relevant 
to interim storage and geological disposal. 

It is necessary to underline at this point that the items put forward 
above, refer essentially to verifications of process and product perfor
mances. Taking into account the size of the operation units and the boundary 
conditions determined by the existing hot cells where PETRA will be instal
led, only proven technology will be considered. There are no plans to 
consider the development and hot testing of novel technological components 
in order to make PETRA operational. On the other side however, PETRA 
will afford the possibility as a test base for instrumentation, potentially 
applicable and advantageous in the back-end fuel cycle field. 

The lay-out of the chemical process units allows the possibility 
to process LWR fuel material batches corresponding to about 6 kg of U. 
As a nominal maximum annual capacity the treatment of 10 such batches 
has been scheduled. 
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The material of each batch is processeci in a sequential manner through 
the single unit operations which are essentially the following: 

- dissolution and feed clarification (by filtration); 

- HA co-decontamination cycle for U+Pu separation; 

- exhaust solvent regeneration; 

- HAW concentration; 

- MAW concentration; 

- denitration (and oxalates precipitation); 

- purification of actinides (RE fraction by extraction); 

- vitrification; 

- off-gas treatment. 

The purpose of such a sequential operation mode is to: 

- limit the required man-power; 

- minimize requirements especially for interim storage vessels and off-
gas lay-out; 

- limit the overall fissile and radioactive material inventory in the 
facility without curtailing its size. 

3 Description of the facility 
2 

The process units are to be installed on a surface area of^^43 m 
in three existing hot cells of ADECO, (4305, 4306, 4307) a part of the 
ESSOR reactor complex, as shown in Fig. 2. 
Four windows equiped with 8 heavy duty telemanipulators are available 
as working places. Another shielded area is available for the installation 
of the hot analytical support. Mechanical operations on the fuel pins 
or on waste products are performed in two other adjacent hot cells already 
in operation in the ADECO facility. 

These cells could be available also for setting up experimental 
systems for conditioned waste "near field" interaction studies and leach 
tests. 
For a more detailed characterisation of the matrix structures, use can 
also be made of the existing LMA cells at Ispra as well as the facilities 
available at the Transuranium Institute of the JRC at Karlsruhe. 
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The single units of the in-cell equipment are interconnected with metal 
to metal couplings which can be handled remotely. Accordingly, to an 
order of priority established on operational requirements (e.g. filters 
and crucibles), on forecasted maintenance frequencies (e.g. dosimetric 
pumps) and eventually on process scheme variations, the units have been 
placed in positions accessible to the remote handling equipment, in order 
to assure a high degree of flexibility whilst at the same time minimizing 
exposure to operators. 

An artistic view of the components lay-out in the cells is shown 
in Fig. 3. It has been taken from a 1:5 model prepared for the purpose 
of optimizing the lay-out. Due to this remotely operated connecting system 
of the process equipment, the static and dynamic (i.e. ventilation) 
containment of the hot cells play a predominant role in the safety asses
sment. It has been assured that in stand-by conditions, no active liquid 
is in contact with the connections. Filters are ¿trainable before being 
removed. At the points where such "dirty" pieces must be handled, special 
drainable driptrays are installed. All transfer systems, either air-lifts 
or dosimetric pumps are installed above the static liquid head of the 
vessels and are drainable back to the latter. The transfer procedure 
is supported by underpressure provided from air ejectors. In stand-by 
conditions there are therefore no dead-liquid volumes in the pipe work. 
The composition of the in-cell equipment, schematically represented in 
Fig. 4, can roughly be divided into: 

- 18 vessels of cylindrical and slab shapes with volumes ranging from 
10 to 120 litres; 

- 4 heatable units to be used as reactors or evaporators (with up to 
10 1/h evaporation rates); 

- 2 furnaces for high-temperature processes (up to 1600°C); 

- 6 mixer-settler banks for counter-current extraction operations, the 
largest units having a maximum throughput capacity of 2 kg U/24h; 

- auxiliary equipment like filters, condensers, NO wash columns,vacuum 
air-jets, dosimetric pumps, etc. 

In order to minimize the risk of fire, all units in which organic 
solvent is involved are placed in one cell, from which on the contrary 
any unit requiring heating is excluded. The HAW raffinate stream and 
the U/Pu product stream, before being transferred to the evaporators 
or reactors, are treated at the outlet from the mixer settler batteries 
on columns filled with special sorbing resin, for the separation of dissolved 
and entrained solvent. 
This system has been kindly made available by the "Institut für Heisse 
Chemie" of KFK Karlsruhe. 

The general level of instrumentation will be similar to that applied 
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in other facilities of this kind. There is one inportant exception, however, 
concerning the measurement of liquid levels. A system based on time domain 
reflectometry (TDR) is foreseen, based on the principle of reflection 
of a high frequency pulse in a coaxial probe. Advantages are that it 
is a tight "static" system (no dip-tubes with purge air) and that it 
is capable of detecting the presence of two immiscible liquid phases 
in a vessel, which will allow to control efficiently any unexpected presence 
of solvent for example. 

The sequential operating mode and the possible utilisation of the 
same process unit for different operations in the timely dimension of 
one campaign coupled with the foreseen flexibility of the facility in 
general, imply that virtually no kind of routine operation standard will 
be achieved. In order to reduce start-up and shut-down procedures between 
the single process sequencies and to minimize at the same time the possi
bility of errors, a computerized process control system will be set up, 
including also the verification of positioning of all "manual" valves 
which have to be equiped with appropriate position feelers. This system 
will perform of course, also the acquisition of the process data. 
For the analytical control of the process, liquid samples can be withdrawn 
from all vessels and reactors into penicillin bottles ( 5ml) through 
capillaries, the bottles being then transferred to the hot analytical 
box by a pneumatic system. All radiometric determinations will be performed 
in the Radiochemistry laboratory, to which the samples are transferred, 
after dilution or extraction in the hot analytical box, by a second, 
independent pneumatic system. 

4. Overview on specific research items 

The proposed research programme emphasizes, in conformity with the 
general mandate of the JRC research objectives, safety related to the 
management of waste bearing long-lived components like transuranium actinides 
or Tc. 

The PETRA facility offers the opportunity and basic hardware for 
pursuing these research objectives on LWR fuel material with increasing 
high burn-up rates to be considered typical for the future. 
As a consequence PETRA envelops a wide area of up-graded potential research 
items and topics for process analysis from waste generation, minimization 
and treatment optimization, through to waste product characterisation, 
allowing a "base line" waste management concept to be verified. 
Alternative concepts to be studied in PETRA ought to be referred to this 
"base-line" concept in terms of improvement and validation. 

The scientific area of research is seen to be large and in order 
to maximize to its fullest potential the amount of information from each 
single campaign, the screening of the different possible research items 
will be conducted in such a way so as to establish an optimal number 
of verifications with a maximum output of information. 

In order to illustrate the areas potentially suitable for research, 
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a simplified, flow diagram has been prepared (see Fig. 5) in which only 
those units are shown where any kind of transformation occur such as 
evaporation, filtration, extraction, solidification, etc. Also indicated, 
in Fig. 5 are the input-streams and some basic data of the typical output 
products as far as is defined by us at present. 

Overall the areas of most interest are: 

a) characterization of the typical Purex waste types 
- cladding (FP activity, activation products, etc.) 
- dissolver residues (FP activity, composition, etc.) 
- HAW concentration behaviour (precipitation of solids) 
- aqueous solvent wash liquors (FP, actinides, etc.). 

b) characterization of conditioned wastes, (physical, chemical and ra
dioactive properties) 
- HAW in glass matrix 
- Actinides in special matrices 
- MAW in glass 
- MAW merging with HAW in glass matrix 
- Dissolver residues in glass (or other) matrix 
- Cladding material conditioning 

C) process patterns of actinides (Np) and Tc in the various streams namely 
- feed stream 
- U/Pu product stream 
- aqueous solvent wash waste stream 
- dissolver residues 
- HAW concentrate stream 
- vitrification (or other high temperature process) off-gas stream 

d) evolution of phenomena like 
- solvent damage 
- composition of gases during 

. concentrated HAW storage 

. denitration process 

. conditioning processes (at high temperature) 

. dissolution 

. off-gas treatment (HNO , FP's in off-gas scrubber) 

. monitoring of gaseous effluent. 

The points where such verifications could be performed are indicated 
in Fig. 5 by numbers referring to the legend given in Table I. 
It is recognised however that the research areas pinpointed above might 
be neither complete nor exhaustive, for the possibilities offered by 
this facility. Furthermore it should be recalled that PETRA is a flexible 
facility allowing for components replacement and even addition in order 
to perform also in the future, other unit operations if desired. Just 
for the record the application of inorganic ion exchanger material for/<? ° ^> 
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waste streams treatment and radioactive products immobilisation shall 
be included. In principle hot testing of on-line analytical process control 
instrumentation is also applicable. 

The PETRA plant is expected to become operational at a fully active 
scale during 1987. The facility itself will be open to international 
cooperation so that management schemes developed in the laboratories 
of the European Community and other interested countries may be jointly 
tested at a fully active pre-industrial scale without major investments. 
Such collaboration is already a reality. For example a small group from 
ENEA, the Italian nuclear organisation participated here at Ispra in 
the design phase of the project. KFA Jülich also have collaborated, with 
their drum dryer concept being adopted for sludge drying prior to vitrifica
tion. 

DILUTION/RELEASE CONCENTRATION/CONFINMENT 

natural 
barriers 

\ 
TREATMENT/CONDITIONING 

9 V 
DISPOSAL 

If Ï-
LONG TERM RELIABILITY 

9 technological 
barriers 

/ 

GEOLOGICAL FORMATIONS 

i — ' RISK EVALUATION 

MULTIBARRIER SYSTEM 

Fig. 1 Il lustration of the approaches in nuclear 
waste management highlighting the multi-
barrier disposal concept. 



A.DE.C.Q 
o 
S 
o 

οι 

Q. 

ω 

FLOOR LEVEL UPPER LEVEL 
33 
> 

o 

Fig. 2 lhe ADECO cells of the ESSOR reactor complex 
where PETRA will be installed (cells, 4305, 4306, 4307) CD 



PETRA PLANT LAYOUT 00 
o 

22 2 2 β ΐ 7 

II11 JU 
MateUp+Cooling Circuit Vessel Off Gas Βαχ 

D 
i 
3

Q. 
Ω 
3 
α. 
3) 
> 
ο *» 
8 

Fig. 3 An artistic view of the layout of the components in the ADE00 cells. 



s/// / ss / fr. / 'f * ttS*f*SSS"f/S/f""S*S/s'''S/'//'' ''S** 

4. 

o 
S 
o 
-̂  
ut 
O 
3" 
Ol 
ω 
Q. 
Ci 

■J) 

> 
Q) 
3 · 
O 

'>7-s,7/sss//s/'//f/'/'T'//////?// f r7rrrr7-r77T-rrrr'*rr//r r rr"· · 

Fig. 4 A schematic representation of the main equipment to be 
installed in the three cells of ADECO. oo 



OFFGAS COLLECTOR < 12 m3
/h 

20 f 7 M HNO, 

7.8 kg LWR Fuel 
(6 kg U) 

Π 

3.6 f <0.1 M HNO, 

1 Mol Al (N03)3 

1.85 Mol NaOH 

16 l Solv. wash 0.1 M NaOH 

90 t strip 0.1 M ΗΝ03/ΗΑΝ 

15 I scrub 3M HNO, 

35 C 0.3 M HNO, 

20 I ΤΒΡ 30% 

Feed Adj. 

U 
Dissolver 

Cladding hulls 
 1 kg Zy 

ω 
Mixer Settler 

Diss. Residues 
 20 g 

® 

7 f HCOOH

AnRe Purif., 

80 f 

SOLV. 
REG. 

ΤΒΡ 30% 

® 
3.6 f 

1.8 f FP 

6,5 f 

© 
© 90 t U/Pu 

® © 

 3 6 f HAW 

© © (116 g FP,  3600 Ci,  17 W) 

Filter rvWA

jνΛΛΛΙ 

Evaporators 

® 
To Stack 

Monitoring of 
Kr, β ■ 7, α 

65 t H20 
+ H202 

U/Pu 
calciner ® 

"
ΛΛΛΛ

Έ^® 
glass frit 

5 kg 

® 
In pot 

vitrification 
unit 

® 
Accumulate up 

to 4 mol/f HNOj 
then to MAW 

Solid U/Pu 
 6.8 kg 

150^200 f LAW 
to JRC Waste 

Treatment Facility 

MAW glass 
 2 f/5 runs 

HAW glass 
έ2 t 

®@® 

σ 
S 
o 
 s 
en 

α. 
ω 

3) 
> 

Fig. 5 A simplified flew diagram showing the main unit operations 
of PETRA. (To be read in oonjuction with Table I) oo 



Dworschak and Girardi: PETRA, a hot cell facility 83 

Table I : TOPICAL LIST OF VERIFICATIONS IN PETRA* 

Nr. Stream Verification Special Items 

1 
2 
3 
4 
5 

6 

Feed 
Cladding 
Dissolver Fines 
U/Pu prod. 
Solvent Wash 
Liquor 
Solvent 

characterisation 
fuel residue 
composition/conditioning 
DF from FP (Ru) 
composition 

characterisation 

HAW 

8 
9 
10 

11 
12 
13 
14 

15 
16 
17 
18 
19 
20 

Vitrif. Off-gas 
HAW-glass 
LA liqu. waste 

Off-gas Scrub 
Off-gas 
Like 9 
Like 9 

HAW/MAW glass 
OXAL Process 
1,4,5,7,8,9, etc 
HAW 
HAW 
HAW/MAW 

composition/concentration 

volatile FP 
various tests for charact. 
activity 

acidity, activity 
conţin, monit. 

like 9 
separation factors of alpha 
distribution pattern 
heat generating FP sepn. 
valuable material sepn. 
exhaustive actinide extr. 
extraction 

burn-up, Np, Am, Tc 
activation products 

Np, Tc fraction 
Np, Ru, An, solvent 
degradion products 
evolution of perman. 
radiation damage 
Np, Tc fraction/rad. 
gas, acidity, ppt. 

Np, Tc leach behav. 
evap. DF of Ru, Sb, 
influence of H 
NO absorp. effic. 
Kr? N O , 1-129 
alpha-free HAW frac, 
alpha fraction of 
HAW 

off-gas compos. 
Np, Tc, Rn, etc. 
Cs,Sr 
noble metales 
"bidentates", new 
extractants 

To be read in conjunction with Fig. 5. 
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DISCUSSION 

C. SOMBRET, CEA Bagnols-sur-Cèze 

One of the cells of PETRA has been designed with a neutron shielding. What 
neutron flux can be dealt with if examination of neutron generating 
material is needed? 

H. DWORSCHAK, JRC Ispra 

If an examination is needed it could be done in more specialized cells 
located in other facilities of the JRC, like the LMA or at the JRC Karls
ruhe . 



CHARACTERIZATION OF SPENT FUEL HULLS 
AND DISSOLUTION RESIDUES 

J.P. Gué, CEA, FONTENAY AUX ROSES, France 
J.R. Findlay, UKAEA, HARWELL, United Kingdom 

Andriessen, KFK, KARLSRUHE, Federal Republic of Germany 

Summary 

The main results obtained within the framework of CEC programmes, by 
KFK, UKAEA and CEA, are reviewed concerning the characterization of 
dissolution wastes. The contents were determined of the main 
radioactive emitters contained in the hulls originating in a whole 
fuel assembly sampled at the La Hague plant, or from Dounreay PFR 
fuels. Radiochemical characterizations were carried out by 
different methods including neutron emission measurement, alpha and 
beta-gamma spectrometry, and mass spectrometry. Decontamination 
of the hulls by using rinsings and supplementary treatment were also 
dealt with. The ignition and explosion risks associated with the 
zircaloy fines formed during the shearing of LWR fuels were examined, 
and the ignition properties of irradiated and unirradiated zircaloy 
powders were determined and compared. The physical properties and 
compositions of the dissolution residues of PFR fuels were defined, 
in order to conduct tests on the immobilization of these wastes in 
cement. 

1 INTRODUCTION 

Structural wastes of fuel elements and dissolution residues make up 
most of the high-level wastes that are recovered at the head end of 
reprocessing plants, and must be immobilized for subsequent disposal. 
Different immobilization methods are currently being investigated worldwide. 
Before finalizing these methods, however, a major effort is needed to 
characterize the wastes, both for their alpha/beta/gamma emitter 
contamination, as well as their stability. These data are actually 
indispensable for a definition of: 

the safety of their handling and transfer, 
monitoring of the activity levels, 
rinsings and supplementary treatment, 
the ideal packaging. 

The characterization of these wastes is being investigated in European 
countries, and this document reviews the work carried out on this topic by 
UKAEA, KFK and CEA, under CEC programmes. 
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2 CHARACTERIZATION OF HULLS FROM IRRADIATED ASSEMBLIES 

2.1 LWR FUEL HULLS 

2.1.1 Radiochemical characterization and testing of hulls 
(Coquenstock programme developed at the CEA) 

Operation Coquenstock consists of characterizing large volumes of LWR 
hulls, taken from whole fuel assemblies reprocessed in the La Hague plant, 
and hence representative of a waste obtained on the industrial scale. This 
programme deals with the following points: 

examination of hulls and sampling by quartering, 
neutron measurements to estimate the residual amount of fuel in the 
hulls, 
gamma spectrometry measurements on containers measuring several 
litres, 
after dissolution of some 15 samples, determination of the uranium 
and transuranics contents, alpha/beta/gamma activities (activities of 
fission products, strontium 90 and activation products), 
measurement of tritium retention. 

This exceptional operation was difficult to implement and was considerably 
delayed. So far characterizations have only begun on the first assembly 
(Coquenstock 1). 

All the hulls (about 100 litres) from an assembly taken from the West 
German Obrigheim PWR reactor irradiated to 30,136 MWd't-1 and discharged in 
June 1979, were recovered in the La Hague plant. After shearing of the 
assembly in clusters, followed by dissolution and rinsing, the hulls were 
transferred to Saclay and then partly to Fontenay aux Roses. The photo
graph in Figure 1 shows that these industrial hulls bear no resemblance to 
those obtained in the laboratory or in a pilot plant (pin by pin shearing). 
These hulls displayed a bulk density of 1.08 g-cm-3, and we noted that their 
appearance was quite different from that of hulls normally used in simulation 
experiments. The shape and length of each of the sections varied 
considerably, and many of them were shredded, broken up and even crushed. 

The main results of the radiochemical characterizations that were 
performed are summarized and compared in Table I with the previous results 
published by the CEC <1>. For tritium, the different results show good 
agreement (mean activity about 1.15 Ci'kg ) and they confirm the measure
ments taken at KFK on the same fuels <3>. The fraction of tritium fixed 
in the zircaloy represents 65% of the tritium formed in the reactor. A 
small part of this element (a 0.1%) was found in the form of tritiated 
methane. Apart from tritium, the zircaloy occludes small amounts of 
krypton 85, up to 55 mCi'kg on the average, or 0.1% of the total quantity 
formed. Spectrometry measurements by gamma scanning on large masses of 
hulls (total 20 kg) indicated that the beta/gamma activity essentially 
originated in the activation products contained in the structural parts of 
the assembly, or in the pins (Co 60, Mn 54, Sb 125, grids, springs, spacers 
and clads), together with fission products such as Ru 106/Rh 106, Cs 134, 
Cs 137 and Sr 90, insolubilized or deposited during dissolution. 

After five years of cooling, Co 60 predominates, but the distribution 
of its activity in the containers, related to the disparity of the 
structural materials, remains quite heterogeneous as shown in Figure 2. 
Cesium, however, is distributed more or less uniformly. In terms of 
protection and packaging, it would therefore be irrelevant to define a mean 
activity for cobalt 60. The mean activity of the fission products 
associated with the hulls represented about 0.2% of the quantity formed in 
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Table I 
Characterization of Obrigheim PWR hulls 

Comparison of preliminary results with those 
obtained previously in the CEC programme 

Coquenstock 1 
previous CEC 
work on 
PWR hulls <1> 

CONCENTRATIONS (in mg/kg hulls) 

uranium 
neptunium 

687 to 1470 (a) 
0.16 to 0.36 (a) 

PLUTONIUM 

by neutron emission 
measurement of 
curium 244 

by mass spectrometry 
by neutron activation 

total measurement: 
26.2 (b) 

10.6 to 11.6 (b) 
12.2 to 15.7 (a) 

2.1 to 9.1 (b) 

ALPHA ACTIVITIES (in mCi/kg 
hulls after 5 years of cooling) 

total activity 
Am 241 activity 

6 to 8.7 (a) 
1 to 1.9 

2.9 to 3.75 (a) 

BETA-GAMMA ACTIVITIES 
(at discharge, in Ci'kg ) 

total 
Ru 106 
Ce 144 
Cs 134 
Cs 137 
Co 60 
Mn 54 
Sb 125 
Sr 90 
tritium 
krypton 85 

Rh 106 
Pr 144 

(a) (b) 

0.3 to 0.5 
0.93 to 1.29 
0.049 to 0.062 

(a) 

29.7 to 35.7 
12.5 to 15.3 
11.7 to 14.8 
0.8 to 1 
0.57 to 0.7 
0.056 to 0.086 
0.21 to 0.38 
2.8 to 3.4 

-
51.3 
-
0.68 
0.47 
8.83 
4 
1.73 

20.4 to 46 
15.6 to 30 
3.1 to 13.4 
0.17 to 1.36 
0.27 to 0.78 
0.02 to 0.406 
0.077 to 0.234 
0.83 to 3.16 
0.175 to 0.381 
0.486 to 1.485 

(a) measurements after dissolution of all-zircaloy hulls 
(b) direct measurements on hulls 
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the reactor (values confirmed after sample dissolution). It was higher 
for the pair Ru 106/Rh 106 (0.4 to 2%), but it is well-known that these 
noble metals are relatively insoluble (main constituents of dissolution 
residues) and that they form colloids which redeposit on the hulls during 
dissolution of the irradiated oxide. The total alpha activity measured 
after dissolution of the zircaloy hulls was rather high (6 to 8.7 mCi'kg-1

). 
Americium 241 accounted for 17 to 22% and curium 244 represented 14 to 20%. 
Neptunium was determined by neutron activation, and its content was between 
0.16 and 0.36 mg-kg-1

, or 0.02 to 0.04% of the quantity formed in the 
reactor. 

After four years of cooling, spontaneous fissions of curium 244 
accounted for over 92% of the neutron emission of the fuel. Assuming 
that this element exhibits behaviour identical to that of plutonium, both 
during irradiation and during dissolution (these two elements can diffuse 
in the clad, migrate in the oxide, be adsorbed in solution on zirconia in 
different ways), the measurement of its concentration in the hulls should, 
in principle, help to determine their plutonium content. The results 
obtained by this neutron emission measurement technique, on 100 litres of 
hulls, yielded an initial total plutonium estimate of 26 mg-kg-1 of hulls. 
Out of 12 litres of hulls, sampled by quartering from the entire batch, 
the measured values (12 measurements) were lower, between 10 and 12 mg•kg-1. 
Comparcìble values (12 to 16 mg'kg , see Table I) were found by mass 
spectrometry, after dissolution of the hulls of the same sample. 

Hence it appears that the cross-check between these two methods is 
fairly good, and that plutonium and curium display closely comparable 
behaviour. This measurement technique, easily adaptable to the 
industrial scale, thus appears to be highly promising for the measurement 
and detection of residual quantities of fuels combined with the hulls. 
However, these initial results need to be confirmed on the second assembly 
planned in operation Coquenstock. The plutonium concentrations, as well 
as the alpha activities detected, were much higher than those hitherto 
defined in PWR hulls, under the CEC programmes <1,2>. However, a large 
share of this alpha contamination can be eliminated by simple additional 
rinsing with cold 3 Ν nitric acid. The final residual contamination 
threshold for plutonium appears to lie between 1 and 3 mg-kg , and 
corresponds approximately to the minimum contamination level reported so 
far <1,2>. However, this rinsing only succeeds in reducing the beta/ 
gamma activity by about 10%. To limit the alpha activity of these 
wastes, it is clear that one should proceed with effective rinsings in the 
plants, and we feel that the technique of dissolution and continuous 
rinsings, as performed in UP3 <4> achieves much more effective countercurrent 
rinsing than those currently performed by soaking. Intensive 
decontamination of the hulls, by means of specific reagents is certainly 
feasible. However, it is limited (residual alpha activity produced by 
U and Th contained as impurities in the zircaloy) and it often raises a 
problem of recycling of the effluents produced in the reprocessing plant. 

In conclusion, it is difficult to go further in the interpretation of 
the still partial results that have been obtained. We can nevertheless 
point out that: 

the quantities of plutonium associated with these Obrigheim hulls lie 
between 0.04 and 0.08% of the plutonium of the fuel, 
neutron emission measurements appear to offer a valid method to test 
the hulls, 
alpha contamination is rather high but most of it is labile. 

This observation recalls that, in the hull contamination process (diffusion 
during irradiation, fission recoils, impregnation of corrosion layers), the 
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reprocessing conditions (shearing, dissolution, rinsings) certainly remain 
the most important parameters. 

2.1.2 Pyrophoric behaviour of irradiated zircaloy chips and fines 
(KFK investigation) 

To promote the safe handling of Zry-fines arising in the shearing of 
fuel assemblies, chopping of fuel pins or compaction of leached hulls, an 
experimental programme was conducted to assess the ignition and explosion 
hazards. To ensure that the results will meet the requirements of the 
licensing authorities, expert advice was obtained from Bundesanstalt für 
Materialforschung in Berlin (BAM). This Institute, the principal 
establishment for testing dusts for explosion and fire properties in 
Germany, investigated non-radioactive Zry-fines under their standard 
procedures. (A detailed account of the test methods used at BAM has been 
published in VDI Report No.304, 1978, pp.29-38). Based on these results, the 
methods for active tests at the hot cells of KWU-Karlstein were defined. 
Tests were performed on Zry-fines artificially produced from hulls of 
irradiated LWR fuel. To evaluate the effect of irradiation on the 
pyrophoric properties, irradiated and unirradiated Zry-fines, generated by 
the same tool, were investigated and compared. The investigations have 
not yet been completed. The main findings obtained are described. 
All results refer to tests carried out on a < 100 μ sieve fraction. 
Information about practical applications of the results is given in VDI 
Guidelines 2263 and 3673. 

Ignition properties of dust deposits 

Zry-fines exposed to various ignition sources, such as flashlight or sparks 
from auermetall, turned out to be very easy to ignite, and subsequent 
burning was fast and self-sustaining. It was also observed that sparks 
caused by rubbing or impact of Zry-hulls ignited Zry-dust deposits. 

The minimum ignition temperatures of dust layers were determined by 
two methods. In the first method, Zry-fines were deposited on an 
electrically-heated plate. The lowest temperature at which ignition 
still occurred was measured and found to be 235 GC for the active fines and 
295 °C for the non-radioactive Zry-fines. 

In the second method (Gliwitzky), samples of different volumes were 
heated in a hot enclosure and the external surfaces of the dust deposit 
exposed to air at elevated temperatures. Again a substantially lower 
ignition temperature was observed for active fines. The results are 
plotted in Figure 3. The linear dependence of the logarithmic volume-
to-surface ratio on reciprocal ignition temperature allows a simple 
extrapolation to be made to the volumes in a practical case. For a pile 
of 10 i, of irradiated Zry-fines, the minimum ignition temperature is 102 °C. 
Fines characterization of active and non-radioactive Zry-fines of the same 
sieve fraction, and prepared by the same tool, showed a finer grain and a 
bulk density higher by a factor of 3 of the active test material 
(2.4 g/cm3

). These discrepancies may well have contributed to the lower 
ignition temperatures of the active fines. Supplementary tests will be 
performed to obtain conclusive results. 

Ignition properties of raised fines 

The minimum ignition temperature of a dust suspension was measured in 
the Godbert-Greenwald furnace. The Zry-fines were blown by air in a 
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suspension towards the preheated furnace. The minimum ignition 
temperature for the active fines was measured and found to be 365 °C, 
which was only negligibly less than for the non-radioactive Zry-fines. 

Dust explosibility 

Explosion properties were determined in the 20 I spherical explosion 
apparatus. The results are applicable in designing explosion protection 
on an industrial scale. The maximum pressure of unirradiated Zry-fines 
reached a medium level (7.8 bar absolute) as did the maximum explosion rate 
of rise (Kst value 200 bar m/s, dust explosion Class II). The maximum 
permissible oxygen concentration was also measured in the 20 i sphere with 
argon as the inert gas. A dust explosion could still be triggered in an 
atmosphere containing 1% (by volume) of oxygen. Only in pure argon was 
this no longer possible. The explosion data of irradiated Zry-fines 
still need to be measured. These tests will presumably be completed by 
the end of 1985. 

2.2 FAST BREEDER REACTOR HULLS 
(characterization carried out by UKAEA) 

A substantial programme has been undertaken at the Harwell Laboratory 
on the examination of stainless steel hulls arising from irradiations in the 
Prototype Fast Reactor (PFR) at Dounreay. 

The fuel element hulls were obtained from the reprocessing operations 
at Dounreay and were transported to Harwell for characterization and studies 
on possible decontamination procedures. Some preliminary work on methods 
of immobilization has been undertaken. The behaviour of all active 
constituents has been examined. Attention has been given to the behaviou: 
of long-lived radionuclides because of their significance to disposal. 
The fuel element hulls used came from four different irradiations in PFR, 
and had achieved burnups between 3.9 and 7.3% fissions of the initial heavy 
metal atoms in the fuelled section. A further sample from an unirradiatet 
fuel pin which had been sheared and put through the active dissolver system 
was included, representing the zero burnup situation. The hulls differed 
in appearance, being either black or shiny. The black hulls were 
identified as coming from the central fuelled section of the pin where 
corrosion and related deposition effects would be at a maximum. The 
shiny hulls originated from the axial breeder positions, where conditions 
are less severe. Examples of both types are shown in Figure 4. The 
hulls as received were 25 to 75 mm in length, and were cut into 1 mm rings 
for ease of handling during treatment and analysis. This technique 
allowed determination of the activity profiles of individual fuel element 
hulls. Comparative work on complete hulls has confirmed that the 
sectioning process does not invalidate the results obtained. A wide 
range of measurements were made within the programme. The major gamma-
emitting species were measured directly using gamma spectrometry. The 
main fission product nuclides determined were Ru 106, Cs 137 and Sb 125. 
The activation products seen were Mn 54 and Co 60. Beta-emitting 
nuclides, Sr 90 and Tc 99, were measured by chemical separation and beta 
counting. Carbon 14 was determined by complete dissolution of the hulls, 
oxidation to C02, conversion to carbonate, and counting the final solution 
by liquid scintillation methods. The total fissile content of the hulls 
was determined by using neutron interrogation methods. A total alpha 
count was made on solutions obtained from the complete dissolution of the 
hulls. This was followed by chemical separation and alpha spectrometry 
to determine the individual actinides (Pu, Am and Cm). 
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R e s u l t s 

The levels of fission product activity found on the fuel element 
hulls were remarkably similar with the dominant activity being Ru 106 
(10~

2 to IO1 Cig1 of hull). Next in importance was Sb 125 
(= 10~3 Ci«g_1

). The results for Cs 137 were variable (10~5 to 
IO

3 Cig
1
). Sr 90 was present at 10~5 to IO1* Cig1. Our first 

measurements for Tc 99 suggest a level of about 10~ Ci*g . Typical 
results for both black and shiny hulls from an irradiation at 7.3% burnup 
are shown in Figure 5. The levels of fission product activity are 
generally similar. The levels of cesium are lower on the shiny hulls 
from the breeder section, possibly reflecting the lower mobility of cesium 
in this region. Activity measurements along a hull show that generally 
the activity levels are the same within the 1 mm resolution provided by 
the sectioning technique. Some variation is however evident for Ru 106, 
which may be associated with the presence or absence of alloy particles. 
For the activation products, the levels of Co 60 were similar in the range 
10~

3 to 101* Ci#g . The levels of Mn 54 were however substantially 
higher in the black hulls, and it is this that identifies them as coming 
from the core region of the reactor, since Mn 54 is formed by a fast 
neutron capture reaction, and its formation is much suppressed in the 
breeder sections of the fuel. Levels of C 14 up to 5 μΟί^  1 were found. 
Measurements of the total fissile content of the hulls showed that, 
throughout, the carryover of fuel was < 0.1%. The alpha activity level 
on the hulls was in the range 10¿l to 10""6 Ci"g1. It is notable that the 
levels of both actinide and fission product activity on the hulls from 
fuel that was not irradiated but passed through two solutions obtained 
from the dissolution of irradiated fuel, were similar to those on the 
hulls from irradiated fuel. This indicates that deposition of activity 
on the hulls is important. 

Treatment of the hulls 

Experiments on decontamination methods for these hulls were under
taken successfully using several aqueous reagents. The favoured decon
tamination method is to reflux the hulls three times in succession in 
9 M nitric acid. The use of nitric acid should allow the decontaminating 
liquor to be fed to the fuel dissolver, and would thus be a preferred 
process for reprocessing plants. 

Methods of encapsulating undecontaminated hulls in cement were studied 
as an alternative to decontamination. Fullyactive specimens immobilized 
in sand/cement and cement/blast furnace slag matrices were prepared. Leach 
testing experiments are in progress using the ISO 6961 test method, and 
cesium 137 and Sr 90 have been detected in the leachates. Actinide 
levels in the leach solutions are extremely low at the limits of detection 
for the methods used. 

3 CHARACTERIZATION OF DISSOLVER RESIDUES OF FAST BREEDER REACTOR FUELS 
(UKAEA) 

A work programme has been undertaken in the Harwell Laboratories to 
characterize the insoluble residues remaining after the dissolution of fast 
breeder reactor fuel in nitric acid. The work established the nature of 
this particular waste arising, and provided information on the handling of 
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these materials. Six samples from differing irradiations and 
dissolutions were examined, using both chemical and physical methods of 
characterization. These materials were immobilized in cement media and 
subjected to leach testing to establish possible routes for their disposal. 
The material examined originated from irradiations in PFR from co-
precipitated fuel at both inner and outer zone fuel compositions. 
Irradiations ranged between 2.7 and 7.8% burnup of heavy metal atoms in the 
fuelled section of the pin. The residues were separated from the 
dissolver liquor by centrifugation. Samples for analysis were taken 
from the resulting centrifuge bowls. 

3.1 CHARACTERIZATION METHODS 

The residues consist of several different materials and a range of 
methods is needed to obtain full information. The principal constituents 
of the residues are the alloys of noble metal fission products, which are 
formed as particles or inclusions in the fuel during irradiation and which 
resist nitric acid treatment. The main components are Ru, Rh, Pd, Mo 
and Tc. The dominant radioactive component is Ru 106, which has a strong 
beta emission and, through its short-lived daughter (Rh 106), provides the 
major source of heat emission from the residues. 

To establish the proportion of the fission product yield appearing in 
the residue for each of the constituent elements, the full fuel and fission 
product inventory for the fuel pins, from which the residues were obtained, 
was calculated using the FISPIN V computer program. Decay corrections 
were applied appropriate to the time of analysis, and heat outputs from 
radioactive decay were calculated for comparison with experimental values. 

The characterization programme and the methods used are summarized in 
Figure 6. A microcalorimeter was used for the heat output measurements, 
which was capable of detecting emissions of 0.01 W, or lower in some 
circumstances. A complete dissolution procedure was used for chemical 
analysis. Samples were chlorinated in a sealed system, and then brought 
into solution by acid treatment. Physical characterization was 
undertaken by scanning electron microscopy on mounted samples. Supporting 
chemical information was obtained using electron probe microanalysis (ΕΡΜΑ) 
on polished sections of the mounted residues. Neutron interrogation 
techniques were used to determine fissile contents and were supported by 
chemical analyses and alpha spectrometry. 

The matrices used for experiments on immobilization methods were 
either sand and cement, or cement with blast furnace slag (BFS), or 
pulverized fuel ash (PFA) as an additive. Specimens were prepared using 
a shear mixer followed by vibro-packing into a mould. The ISO 6961 test 
was used for the leaching experiments. Some control leaching experiments 
were undertaken using un-immobilized material. 

3.2 RESULTS 

The results of the chemical analyses of the residues are shown in 
Table 2, where the compositions of the metal alloys are given and are 
compared with the yields expected theoretically from the computer 
calculation. Agreement is generally good, indicating that elements are 
incorporated in the alloys approximately in the ratios of their yield, 
although the experimental results for Pd are consistently low. More 
detailed examination of these residues by ΕΡΜΑ suggest there are variations 
in composition with radial position which may be systematic. The overall 
yield of noble metal fission product alloy found experimentally from these 
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dissolutions is thought to account for approximately 50 % of the theoretical 
yield. The amounts of associated fissile material are small, although, as 
seen from Table II,the residues are rich in plutonium compared with the 
composition of the original fuel. 

Measurements on heat content gave values between 0.08 and 0.13 W.g~l 
which are consistent with the yields of ruthenium after appropriate decay 
corrections of 2 to 4.5 years. The physical form of the residues are shown 
typically in Figure 7. The figure shows an agglomerated lump which, on exa
mination, is seen to be composed of fine particles less than 2 μιη in diame
ter. No pieces of undissolved fuel or pieces of cladding were observed. 
Density measurements have given values in the region 5.6 to 7.3 g.cm~3 and 
are comparable with values reported in the USA. 

Experiments on the leaching of residues immobilized in cement matrices 
showed that Cs 137 and Sr 90 were readily detected in the leach solutions. 
These materials may arise from residual dissolver solution retained on the 
samples. The presence of actinides or other longlived activities could 
not be detected in the leach solutions. By contrast, most of the major 
activities, including the actinides, were seen in the experiments where 
the unimmobilized residues were subjected to leach testing. 

4 DISCUSSION RELATED TO CEC PROGRAMMES 

The investigations discussed above have served to identify the main 
characteristics of the hulls and dissolution residues, as well as the points 
that still require clarification to define their disposal method. 

In general, the alpha contamination of the hulls is much higher than 
the values required for shallow ground disposal. The studies nevertheless 
hint at the possibility of considerably reducing this contamination, by 
rinsing and by specific treatment to be developed, simultaneously with sen
sitive testing methods. As for problems related to the pyrophoric properties 
of zircaloy, tests will have to be intensified in order to determine whether 
the ignition of zircaloy fines can propagate to large volumes of hulls. 
It will also be necessary to examine whether a synergistic effect exists in 
mixtures of zircaloy fines with insoluble fission products. 

Efforts to characterize these highlevel wastes should be continued, 
especially in line with further developments in the fuels of the two reactors 
(high burnups, MOX fuels for LWR, developments in claddings and oxide fa
brication techniques in FBR ). This is especially true of dissolution resi
dues, whose characteristics are known to be highly sensitive to fuel fabri
cation and irradiation parameters. Preliminary encouraging results have 
been obtained during cementation tests on wastes f rom FBR fuels, but this 
complex area of immobilization and disposal is still largely open to inves
tigation. 
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Table i i 

Comparison of measured and computed results 
PFR insolubles 

composition of noble composition of 
metal alloy (%) insoluble fuel (%) 

sample 
Mo Tc Ru Rh Pd υ Pu 

PFR 1 

PFR 2 

PFR 5 

PFR 6 

A 
C 

32 
33 

27 
32 

33 
31 

29 
31 

6 
9 

8 
9 

8 
8 

9 
8 

chemical 
computed 

37 
30 

41 
32 

30 
29 

31 
29 

assay 
assay 

11 
9 

12 
9 

12 
10 

16 
10 

(FISPIN V] 

14 
19 

12 
18 

17 
22 

15 
22 

1 

A 
C 

A 
C 

A 
C 

A 
C 

NA 

53 

63 

NA 

NA 

not available 

47 

37 

NA 

NA 
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DISCUSSION 

F. MANNONE, JRC Ispra 

It was mentioned that the Pu-contamination of the hulls decreases after 
washing with HN0_. Is this due to chemical dissolution or to physical wash 
out? 

J.P. GUE, CEA Fontenay-aux-Roses 

It is due to a physical wash out. 

R. KROEBEL, KFK Karlsruhe 

As the oxyde layer is somehow an ion exchanger the Pu is on the outer 
surface as well as in the depth of the layer, thus by adding fresh acid it 
is possible to wash a certain part out nevertheless elements like Cs, 
implanted in depth by backscattering, remain. 

J.P. GUE, CEA Fontenay-aux-Roses 

In fact there are different levels of contamination and the first one is 
probably due to a defect of washing, but a second level is really fixed in 
the inner layers. Most probably phenomena of adsorption regulate the level 
of fixation, or the behaviour, of the Pu. 

R. ATABEK, CEA Fontenay-aux-Roses 

For the encapsulation of hulls in a cement matrix it is unimportant to 
have a good knowledge of the conditions of the external layers after 
successive washings. Have microscopic tests been performed in this sense? 

J.P. GUE, CEA Fontenay-aux-Roses 

Not up to now because the considered program was essentially oriented to 
the identification of the elements which were present in these hulls. 
However tests are foreseen in the near future because these aspects are 
becoming more and more important. 
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Several methods for conditioning spent fuel decladding hulls or 
dissolver residues have been considered in various countries of 
the European Ccnmunity. Five of these methods used embedding 
technique with or without prior compaction : they are based on 
incorporation in metallic alloys, glass, ceramics, cements and 
metals or graphite compounds. A sixth one consists in melting the 
decladding materials. The corresponding research programmes have 
been pursued to varying states of progress with regard to 
demonstrating their feasibility on an industrial scale and the use 
of genuine wastes in bench scale experiments. 
The properties of the conditioned wastes have been investigated. 
Special attention has been paid to the corrosion resistance to 
various aqueous media as tap water, brine or clayey water. 
Although no categorical conclusion can be drawn from the initial 
results, the available findings provide a basis for assessing the 
different processes. 

1. INTRODUCTION 

The waste formed by pieces of irradiated fuel hulls contains 
radioactive materials of various kinds, in particular fissile materials, 
other alpha-emitters, fission products and, in the case of hulls from 
light-water reactors, a substantial amount of tritium. The dissolver 
residues of irradiated fuels are often considered as waste of the same 
type, owing to their metallic properties, despite their different 
sources and specific radioactivity. 

Because of the radioactive and, indeed, pyrophoric hazards 
associated with the storage of such waste, studies have been conducted 
in several Community countries on methods of conditioning which permit 
storage under satisfactory conditions of safety. 

2. CONDITIONING BY ENCAPSULATION 

The purpose of these techniques is to isolate the waste from the 
environment by means of an inert material which prevents or delays any 
contact with natural agents resulting frcm incidents during storage. 
Various types of encapsulation materials are considered, all of mineral 
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origin. In certain processes the waste is contacted prior to 
encapsulation. 

2.1 Compaction and encapsulation in a metal with a low melting point 

This process has for several years been the subject of studies at 
the SCK, CEN, Mol and is applied to hull waste. The waste is first 
compacted into cakes (briquettes) to permit easy handling with no risk 
of spontaneous ingnition. Pressures in excess of 200 MPa permit 
substantial volume reduction factors of up to 5 for non-irradiated 
hulls, corresponding to 75% of the theoretical density at 300 MPa. The 
compactability of irradiated hulls appears to be slightly lower (see 
Fig. 1 ). Compacting is followed by embedding in lead or a lead alloy 
with a low melting point and of sufficient viscosity to fill the 
remaining air pockets. 

An evaluation of the wettability of zircaloy 4 by lead alloys 
without preliminary treatment or with treatment designed to produce a 
coating of zirconium oxide was made following contact times of 2 to 5 
hours at 350, 450 and 530°C in an autoclave. Although interaction 
between the non-oxidized zircaloy and the alloy PbSb was confirmed by 
microprobe examination, irradiated zircaloy shows little or no wetting 
behaviour with respect to lead-based alloys, with the result that the 
contraction occuring when the alloy cools can cause cracks exposing the 
surface of the coating to the waste. 

Corrosion tests were conducted under realistic storage conditions, 
i.e. using various aqueous phases and clay, since it is planned in 
Belgium to use clay formations for the storage of radioactive waste. To 
make allowance for the storage policies of other countries, brine was 
also used in the tests. Lead and lead alloy samples were subject to the 
action of various types of environment for 16 months at temperatures of 
25 and 50°C in the case of the aqueous phases and 13 °C in the case of 
clay. 

The results showed that the samples in contact with the clay 
increased in thickness by up to 2.2 μ m owing to the formation of an 
adherent layer, removal of which revealed corrosion depths of 1 to 
6 μ m. As far as the aqueous phases are concerned, brine is more 
corrosive than the interstitial water of clay. The effect of temperature 
is important, since corrosion is approximately 3 times greater at 50° 
than at 25°C. 

The embedding technique was devised on the basis - of several 
experiments on various volumes of hull waste with different geometrical 
features. The alloys (Pb 1.5 Sb and Pb 4 Sn 12 Sb) were exposed to 
temperature ranging from 350 to 450°C. 

Leaching tests lasting 120 days were carried out on the basis of 
the ISO standard using interstitial clay water. The leach rate expressed 
as a fraction of the activity released per day is on balance between 
IO

-8 and 10-7
. See Fig. 2 for the actinides. 

Identical tests on cladding, both with and without a complete 
coating of the alloy, showed similar results, which raises doubts 
concerning the protective function of the matrix, despite the relatively 
low leach rates. The leach rates of fission products under the same 
conditions range from 10~10 and 10

-3 depending on the alloy, the 
temperature of the coating and the surface integrity of the coated 
products (see Fig. 3). 

This is probably due to the destruction by the molten alloy of the 
protective layer of oxides formed at the surface of the cladding during 
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Ceramic raw materials 
(by weight) 

Waste content 

Specific activity 

Heat treatment 

Nature of phases 
matrix 
waste 

Density 

Resistance to compression 

Q?en porosity 

Leach rate of Pu in water 
and brine at 25° C 

Corrosion rate of matrix 
subject to water at 200°C 

47% reactive corundum 
33% kaolin 

20% dissolver residues 
(light water type)* 

21 nCi.g1 

1300"C/10 mn 

corundum ( AI2O3), mullite 
(U, Pu, Am)02, Ru02,Ru,Pd, 

2.35 g.cnr3 

120 MPa 

1.85 vol. % 
108 _ 109 g.cm2.jl 

10
5 g.cm2.jl 

(Al6SÌ20i3) 
CaMo04 

52% reactive corundum 
14% kaolin 
14% bentonite 

20% dissolver residues 
(neutron type)** 

113 mCi.g1 

1300"C/10 mn 

corundum ( AI2O3) mullite (AI6SÌ2O13) 
(U, Pu,Am)02, RuC>2,Ru,Pd,CaMD04 

3.20 g.cm.3 

90 MPa 

1.85 vol. % 

108 _ 109 g.cm2.jl 

10~5 g.cm2.jl 

σ 
(D 
3 
(D 

o 
Q. 

O 
3 
D. 
θ' 
Ώ 

* fuel UO2» irradiation 31,000 MWj.t!, reprocessing after 3.5 years of cooling 
** rapid neutron fuel, irradiation 33,800 MWj.fl, reprocessing after two years of cooling 

TABLE I  PROPERTIES OF CERAMIC MATERIALS CONTAINING 20% OF WASTE FROM VARIOUS SOURCES 
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irradiation and reprocessing. Moreover, non-wettability by the alloy and 
its contraction during solidification create a network of tiny cracks. 
This would suggest that the alloy, which offers excellent resistance to 
corrosion, could serve as a component for a protective coating for a 
given unit volume of compacted waste. The design of a sealed container 
has been studied as part of this configuration, and a pilot installation 
will be constructed. The equipment used (Fig. 4) will permit compaction 
of 40 k charges to cakes 105 mm in diameter, which will be embedded in 
an alloy layer 10 to 20 mm thick. The installation is due to start 
operating in 1985, and plans for an industrial-scale unit producing 
cakes 350 mm in diameter will subsequently be drawn up. 

2.2 Encapsulation in glass 

This method involves coating the hulls at high temperature in glass 
to form a compact composite block with no air pockets and with a 
vitreous appearance over its entire surface. 

An earlier study carried out at CEN/VALRHO using non-radioactive 
materials suggested that this process would be feasible on an industrial 
scale, i.e. using 100 to 200 kg of cladding waste. The study was 
supplemented by the production, in an armour-plated cell, of coatings 
for actual waste in order to examine the finished product. The zircaloy 
4 cladding fragments came from the WURGASSEN reactor, the fuel of which 
was irradiated to 13 100 MW. j .t~l and was reprocessed at the La Hague 
plant. 

The coating is produced by heating a mixture of glass and cladding 
fragments in a vitreous carbon crucible for 3 hours at 115°C in an argon 
atmosphere. Several types of glass were used; Approximately 50 g of 
waste was used per 200 g of glass. Examination of the products obtained, 
which were good in appearance ( Fig. 5 ), revealed in some cases that the 
vitreous medium had been reduced by the zircaloy. 

This phenomenon is particularly pronounced when the glass used 
contains oxides of iron, nickel, chromium and molybdenum. As a result of 
reduction, inclusions from these metals are formed in the vitreous mass. 

The following leach rates (expressed per 10~5 g.cm~2.j-l) 
were obtained from leaching tests using industrial water at ambient 
temperature in static mode and with daily renewal : 

9.0 for Sr-90 
0.7 for Cs-137 
1.3 for Ru-106 
5.0 for Ce-144 
0.05 for Sb-95 

2.3 Encapsulation in an aluminosilicate ceramic material 

This technique is used specifically for conditioning the residues 
resulting from the dissolution of irradiated fuels, mainly fission 
products such as Ru, Rh, Pd, Mo and Tc in the metallic state or as 
oxides, actinides in the form of oxides (U, Pu, Am) and zircaloy 
shearing fines in various states of oxidation. 

Whereas embedding techniques using glass or cement allow only a 
relatively small amount of waste to be coated, coating with a ceramic 
material offers, among other advantages, the possibility of coating 
larger volumes. 

The stages in the process studied by KfK-INE are as follows (see 
Fig. 6) : 
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Fig. 5 RADIOACTIVE BAR COATED WITH A MIXTURE OF GLASS AND CLADDING WASTE 
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 preliminary treatment of the solution in which residues are in 
suspension (concentration by evaporation and denitration); 

 mixing and homogenization with suitable raw materials (reactive 
corundum and clay minerals such as kaolin and bentonite); 

 shaping by extrusion and cutting into cylindrical blocks; 
 drying and roasting for 10 minutes at a temperature not exceeding 

1 300°C. 
This technique was developed on the basis of experiments using 

actual waste from lightwater and fast neutron reactors. 
Heat treatment induces the formation of mullite (AI6SÌ2O13) and 

the recrystallization of corundum ( α A1203), the waste being 
incorporated in the microstructure of the material. 

The volatility of ruthenium during the operation, carried out 
under normal atmospheric conditions, was less than 2%. Under the same 
conditions the molybdenum release rate is kept below 1.5% by the 
addition in stoichiometric proportion of CaOH2 to form CaMoC>4 
(powellite). 
Because of the chemical composition of the waste, the crystalline phases 
of the fission product are (U, Pu, Am02, RUO2, Ru, Pd, ZrC>2 (ZrSiC>4), 
CaMo04· 

Fig. 7 shows the overall microstructure of the ceramic material. 
Maximum content is 40% by weight. Leaching tests on the basis of the 
draft ISO standard revealed leach rates for plutonium at ambient 
temperature under the influence of distilled water and brine of between 
109 and 108 g.cm2.jl. 

The mechanical resistance of between 50 and 150 MPa is acceptable. 
Stability under the influence of radiation was assessed by doping 

by Pu238 or Am241. A dose of 2.5 χ IO1
! rads was assimilated in 20 

months, which corresponds to storage for 10 000 years on the basis of a 
waste content of 20% by weight. No increase in the rate of leaching or 
energy accumulation was detected. 

Table I gives some of the properties of the finished product. 
Because of the tendency of this type of ceramic material to assimilate 
various types of waste containing transuranian elements, the process 
will be demonstrated on a semiindustrial scale at the INE. 

2.4 Embedding in cement 

This process applied to cladding waste is based on a simple 
technique which has already been used at the WAK reprocessing plant at 
Karlsruhe using Portland cement. 

Certain observations have been made, however, which cast doubt on 
the safety of the permanent storage of such waste : 
 formation of hydrogen due to the radiolysis of the water; 
 relatively low hydrolytic stability at high temperature. 

For this reason experiments with ceramic cements with a low water 
content were carried out at KfK (IT and INE). 

These cements comprise mainly sodium and potassium silicates, 
metallic salts and quartz. At 20°C, with a water/cement ratio of 0.15, a 
400 1 drum is filled in 60 minutes. The drum is 100% filled when raw 
waste is used. When the waste is compacted beforehand, an air pocket 
amounting to 13 to 22% was noted. 

Average resistance to compression is approximately 25 MPa. Using 
an appropriate drying process can reduce the 100 1 of water in a 400 1 
drum to 11. This takes from 10 to 20 days. 
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Analysis of the product indicates the following : 
- as expected, hydrogen formation by radiolysis was much less 

pronounced than with Portland cement; 
- the type of cement used has practically no effect on the tritium 

release rate; 
- the hydrolytic stability of materials coated in ceramic cement is 

much higher than that of waste embedded in Portland cement. 
Ihe present objectives of the study are to establish optimum drying 

conditions and to investigate the possibility of applying the process on 
an industrial scale. 

2.5 Encapsulation in graphite or aluminium based materials 

A method of coating cladding wastes and dissolver residues by 
applying pressure at high temperatures has been examined by the firm 
Nukem at Hanau. 

Five materials were tested : 
- graphite/sulphur composite (80/20); 
- graphite/nickel sulphide composite (graphite 43.7, Ni 41.3, S 15); 
- aluminium (purity 99.99%); 
- alloy Al Si 12 (Al 85, Si 12); 
- alloy Al Mg3Si (Al 94, Mg 3, Si 1). 

Five manufacturing processes were developed using non-irradiated 
fragments of reactor cladding and dissolver residues in two 
industrial-scale installations (see Fig. 8) whereby a diameter of 190 mm 
is obtained as follows : the matrix is first filled with the raw 
materials in powder form, followed by fragments of cladding waste 25 cm 
long and the dissolver residues to give a waste-containing core and a 
30 cm thick waste-free shell. After moulding at low pressure (3 MF&) the 
block obtained is then heated to 130°C, subjected to pressure at 20 MF&, 
heated to 150°C for 10 minutes and is finally ejected when, after 
cooling, its temperature reaches 80°C. See Fig. 9. 

The graphite/nickel sulphide matrices require greater pressure 
(40 MPa) and higher temperatures (410°C). Ejection occurs at 350°C. The 
aluminium or aluminium-based matrices are heated to 430 °C without 
pressure and are then crushed at 50 MFa. After heating at 430° C for 15 
minutes, the blocks are cooled and ejected at 400°C, then kept for 2 
hours at between 300 and 350°C. 

Maximum waste content by weight is : 
58% in the graphite/sulphur composite; 
20% in the graphite/nickel sulphide composite; 
70% in the aluminium and alloy Al Si 12 (see Fig. 10); 
48% in the alloy Al Mg3 Si. 
The physical properties of the coating materials listed in Table II 

are such that they can quite readily be used for permanent storage. 
Tests to determine leaching and corrosion by brine at 90 and 100°C 

were carried out. Leach rates established for periods ranging from 40 to 
350 days were determined by measuring the cesium released by the coated 
materials to which CsCl had already been added. The cesium 
concentrations in the leached product were in all cases below the 
detection limit, which resulted in the following values for 90°C (per 
10 - 5 g.cm-2.j-l) : 

< 7 for graphite/sulphur 
< 5 for the graphite/nickel sulphide composite 
< 1 for A1SÜ2 
< 3 for AlMg3Si 
< 0.5 for Al 
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PHÜHiKTJÜS üf MATERIALS 

Density g.cm-3 

Density increase (as % of 
theoretical density) 

Thermal conductivity (W/cm K) 

Dilatation (fim/m K) 

* 
** 

* 
** 

Resistance to compression (MPa)* 
** 

Resistance to breaking (MPa) 

Resistance to bending (MPa) 

Young's module (IO2 MPa) 

* 
** 

* 
** 

* 
** 

80% graphite 
20% sulphur 

(by weight) 

2.17 

97.7 

0.72 
0.21 

54.2 
59.1 

42.5 
23.3 

58.7 
22.2 

43.7% graphite 
41.3% nickel 
15.0% sulphur 
(by weight) 

3.28 

94.8 

0.92 
0.29 

4.92 
11.82 

74.5 
98.9 

20.8 
11.5 

69.5 
23.3 

76.8 
17.7 

Al 99.99 

2.61 

96.7 

1.41 
1.27 

24.78 
23.15 

210.0 
227.0 

30.1 
35.0 

55.2 
60.3 

63.7 
62.5 

AlSi!2 

2.59 

97.7 

1.11 
1.10 

19.32 
19.39 

205.0 
398.0 

54.2 
102.6 

115.8 
188.7 

73.2 
77.4 

AlMg3Si 

2.64 

99.2 

1.00 
1.17 

22.79 
21.91 

412.0 
423.0 

77.8 
131.9 

159.2 
263.9 

66.5 
71.1 

3J 
CD 

* radial ** axial 

TABLE II - PROPERTIES OF GRAPHITE AND ALUMINIUM BASED ENCAPSULATION MATERIALS 

3-o 
Q. 
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Q. 
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Resistance to corrosion was determined by measuring weight loss. 
The following corrosion rates were obtained (per 10~5 g.cm-2.j-l) : 

at 90°C after 660 days : < 0.4 for the graphite/sulphur composite; 
at 90°C after 360 days : 1.6 for aluminium 

5.8 for AIM33SÌ 
5.6 for A1SÌ12; 

at 100°C after 250 days : 0.9 for the graphite/nickel sulphide 
composite. 

Cn the basis of these results, of possible waste content, i.e. of 
the volume reduction factor obtained, and of production requirements, 
the graphite/sulphur composite and aluminium were considered the most 
useful and were chosen for use in research and development using actual 
waste. 

3. MELTING 

The melting of cladding waste or dissolver residues has the 
advantage of creating maximum density. Unfortunately, the temperatures 
needed are very high, especially in the case of zircaloy. 

The melting technique applied to cladding waste studied at 
CEN/VALHRO involves the use of a metal additive which lowers the melting 
point by forming an appropriate eutectic mixture. This process, which 
can be applied to both stainless steel and zircaloy hulls, had been 
examined in a feasibility study using non-radioactive materials, the 
outcome of which was positive. The study was continued using zircaloy 
fuel cladding waste irradiated to 32 500 MWj.t-! in the Borssele 
reactor. The additive used is copper, representing 21.5% of the end 
product. Samples of various weights (approximately 150 to 400 g) have 
been produced in an armour-plated cell by melting a mixture of cladding 
fragments and copper chips in a crucible heated in a non-oxidizing 
atmosphere. Melting occurs at around 1 150°C. Allowance has also been 
made for the possibility of decontamination following slag formation, 
and this has resulted in a number of samples being taken. The slag 
results from the introduction into the crucible, before heating and 
after the waste and the copper have been introduced, of a preformed 
blend of CaF2 and MgF2, with CaF2 accounting for 55% by weight. This 
blend represents one quarter of the total weight of the materials used. 

The samples obtained without slag are well formed, as are those 
produced with slag. After melting and cooling, the slag is found at the 
upper part of the ingot and is easily removed from the metallic part. 
Djring treatment a loss of activity due to the volatility of the cesium 
and tritium was noted. The volatility of the cesium was found to vary by 
10% in the presence of slag and by 20% without slag. Tritium loss may 
amount to 0.4 mCi per granme, i.e. it is very likely to be removed by 
virtually 100%, although the initial content could not be determined. 

Radiochemical analyses of the ingots and their corresponding slags 
showed the decontaminating effect of the slags to be insufficient. Only 
70 to 90% of all alpha emitters are removed by the slag. The percentages 
are even lower for beta emitters - approximately 45% for Ce-144 + Pr and 
practically 0 for Sb-95 and Ru-106 + Rh. 

Leaching tests were carried out using industrial water at ambient 
temperature in static mode with daily renewal. 

The leach rates, expressed in terms of 10~5 g.cm-2.j-l, are 
on average as follows : 
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10 to 15 for Sr-90 
1 to 5 for Cs-137 

0.5 to 2 for Ru-106 
0.5 to 1 for Ce-144 
0.04 to 0.08 for Sb-125 

< 2 for all alpha emitters. 
The release rate for alpha emitters is thus on balance ten times 

lower than for cladding leached in bulk. 
Samples taken from ingots are currently undergoing metallographic 

analysis. 

4. CONCLUSION 

All the techniques considered have certain built-in advantages and 
drawbacks. However, these can only be established with certainty on the 
basis of experimentation with actual waste. The characteristics of the 
package produced, ease of handling and, to some degree, its cost, are 
highly important factors to be considered when assessing the feasibility 
of a particular process. Work on some of the processes considered is not 
yet sufficiently advanced for any definite conclusions to be drawn. 
However, the results obtained indicate that the incorporation of 
dissolver residues in a ceramic material is a promising technique 
capable of yielding a product of acceptable quality and volume. 

With regard to cladding waste : 
- Pressure compacting followed by packaging in lead alloy containers 

has the advantage of greatly reducing waste volume and of not 
requiring heat treatment, thus avoiding tritium loss and the 
production of secondary waste. 

- Embedding in glass is a method which is very simple and easy to apply 
in a radioactive environment but results in a slight increase in the 
volume of waste to be stored. 

- The drawbacks inherent in cementation may be avoided by using special 
hydraulic binding agents. However, work on this simple technique has 
not yet advanced far enough to allow any definitive assessment. 

- Embedding in the graphite/nickel sulphide composite and in aluminium 
is a process requiring relatively low pressures and temperatures, 
thus avoiding tritium loss in the case of the graphite composite. 
Given a coating with a peripheral thickness of 30 mm, extrapolation 
of the corrosion rate of the protective layer indicates that the 
waste will be totally isolated from the external environment for over 
1 000 years. However, the feasibility of this technique will have to 
be confirmed on the basis of experiments with actual waste. 
The characteristics of the product obtained by coating with glass 

will also have to be confirmed, since they will be the main factor 
determining whether this process will be adopted (its simplicity 
counterbalancing the increase in volume). 

Melting is an attractive process since it greatly reduces volume. 
Here again, we shall have to wait for a full evaluation of the 
properties of the end product to determine whether the reduction in 
volume compensates for the relative complexity of this method. 
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DISCUSSION 

J. LEWI, CEA Fontenay-aux-Roses 

Does a relation between the pyrophoric properties of shearing fines and 
the performances of the matrices exist? 

C. SOMBRET, CEA Bagnols-sur-Cèze 

Nobody has up to now studied the risk of pyrophoricity of these products 
after conditioning. However, due to the great dispersion of these products 
in the matrix, there are few risks of ignition. 

LAZARET, KFK Karlsruhe 

What is the main role of Al in the metallic matrix with respect to corro
sion resistance and mechanical stability? 

C. SOMBRET, CEA Bagnols-sur-Cèze 

Various matrices are used for both reasons namely of enhancing the mechani
cal stability and improving the corrosion properties. 
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Summary 

The long life and high radiotoxicity of the alpha-emitting trans-
uranics in radioactive waste provide an incentive for the constant 
improvement of existing processes and waste forms or the develop
ment of new alternatives, to isolate them safely from the bio
sphere. In the following, five processes at differing stages of 
development are outlined, the products ranging between cement, 
glass and ceramics : 
- a process developed by ALKEM for the cementation of waste from 

fuel element manufacture, 
- a process to improve the quality of cement products containing 

Magnox hulls, under development at AERE Harwell, 
- high-temperature slagging incineration, developed at SCK/CEN, 
- embedding of waste in an alumosilicate-based ceramic, being 

developed at KfK, 
- embedding of waste in a titanium dioxide-based ceramic, pro

posed by Agip. 

1. INTRODUCTION 

On account of their long half-lives and radiotoxicity, the trans-
uranics (TRUs) occupy a special position among radioactive waste. The 
need to keep concentrations in the biosphere below certain levels has 
led to a variety of approaches, ranging from secure storage to recycling 
through a reactor. Amongst other things, this provides an incentive for 
the further improvement of existing conditioning methods and repository 
waste forms or the development of new alternatives. The processes de
scribed below are examples. 

2. ALKEM PROCESS 

ALKEM has developed a process for cementing waste resulting from 
the manufacture of mixed-oxide fuel elements in glove boxes; It has been 
supported by the German Federal Ministry for Research and Technology. 
The wastes to be conditioned are liquids such as filtrates from plu
tonium conversion plant and analytical laboratories and solid waste such 
as process wastes and discarded pieces of equipment. Statistical studies 
over the last four years show that around 60% of solid waste consists of 
organic materials such as PVC foil, neoprene gloves, cleaning rags, 
cellulose and various plastic objects, with PVC accounting for the major 
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part with 5070%. Inorganic materials such as glass, ceramics, metal 
objects and metal chips account for 40% of solid waste. 

One way of reducing the volume of the combustible content of solid 
waste would be to incinerate it before final conditioning. This approach 
was rejected, however, since, in addition to ash, large quantities of 
secondary waste would be produced (from wastegas scrubbing) due to the 
high PVC and neoprene content, so the advantage of reducing the final 
volume of the waste would be lost. Taking into account the composition 
of the waste considered here, it was decided to immobilize the raw waste 
directly in a cement matrix. 

Cementation is considered to be suitable for solidifying both types 
of solid waste together with liquid waste in one waste form. One advan
tage of this process is that it is simple to use. It is cheaper than 
other methods, and there is considerable experience with its use in con
ventional processes. All steps in the process function naturally at low 
temperatures, hence ruling out the risk of fire. The alkaline environ
ment in the cement form aids plutonium retention, because the plutonium 
 if not already present as insoluble PUO2  is converted into Pu(OH)n, 
which is of extremely low solubility. The problem of disassociation of 
the waste form before hardening in cases where organic material such as 
foils and plastic objects are cemented is solved by shredding these 
materials before cementation. 

2.1 DESCRIPTION OF PROCESS 

The wastes do not contain any high ('emitters and can therefore be 
handled directly using conventional glovebox techniques. 

On entering the plant, they are sorted according to type and state 
(Fig. 1). Solid wastes from which it is worth recovering the plutonium 
(proportion of 20%) are first washed (1) and then integrated with the 
main flow of solid wastes. The soft materials are shredded to pieces of 
less than 5 mm diameter in a conventional shredder modified for use in 
glove boxes, which processes approximately 80 kg waste per hour. The 
shredded material is transported pneumatically to a cyclone above the 
cement mixture, where the waste is homogenized. 

In the cementation section (Fig. 2), whose main component is a con
ventional, continousoperation screw conveyor, the shredded material is 
mixed with cement and the liquid waste, from which the plutonium has 
previously been extracted. All three material flows can be controlled 
separately to maintain the required process parameters. This type of 
process control forms part of the quality assurance arrangements for the 
waste form. 

The mixture of cement, liquid waste and shredded solid waste is 
poured into a drum containing the hard solid waste. A vibrating cylinder 
ensures voidfree embedding of the solid waste pieces. A liquifier and a 
stabilizer are added to the cement mixture to obtain good flow behaviour 
even at low watertocement ratios. 

2.2 Form properties 

The end product of the process outlined above is a package con
sisting of a 200 1 drum and a homogenous cement form enclosing the solid 
waste pieces. The drum is approximately 95% full. 

Alpha activity in the drum due to the plutonium content averages 
2.7 χ lOUßq. The properties of the form are set out in Table I. 
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TORTE I : COMPOSITION AND PROPERTIES OF WASTE FORM 

Composition 

Blast-furnace cement, water/cement : 

Organic waste/waste form : 

Salt/waste form : 

Properties 

Compressive strength 

Porosity 

Leaching rate for Pu 
(in salt solution at 55°C 
after one year) 

Production of radiolysis gas : 

Pu added as PUO2 1.6 

Pu added in solution 2.2 

0.30 - 0.55 

0-0.20 

0 - 0.25 

35 - 10 N/ntn2 

1.3 - 5% 

10
-6
-10

-8 g/cm2d 

dm
3 H2/3.7 '1010Bq a 

dm
3 H2/3.7 "1010Βς^ a 

Compressive strength and porosity depend on the composition of the 
waste, in particular the proportion of organic material. Blastfurnace 
cement is used because the cement form exhibits a better leaching re
sistance in saturated salt solutions than forms consisting of Portland 
cement. The leaching rates measured for plutonium agree closely with 
other published data (2). The differing results for radiolysis gas pro
duction are accounted for by selfshielding. Whereas Pu02 occurs in the 
form of small particles ensuring a certain degree of selfshielding, the 
plutonium added in solution is characterized by a molecular distribu
tion. 

2.3 Stage of development 

The cementation plant . is in fullscale operation using 200 1 
drums. Processing of over 200 drums of raw waste in recent months has 
shown that the process functions effectively and satisfactorily. 

3. POLYMERMODIFIED CEMENT 

Although cements are suitable for the solidification of most kinds 
of waste, problems may occur in some cases, particularly if the enclosed 
waste changes its volume by reacting with the matrix material. Progress
ive corrosion of cemented magnox hulls, for example, causes an increase 
in volume that may lead to cracking and even desintegration of the waste 
form. 
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AERE Harwell is working on a solution to this problem by increasing 
the breaking elongation of cement forms by adding polymers during 
mixing. 

Following initial exploratory experiments (3), the effect of four 
different additives on the properties of Portland cement (OPC) and its 
suitability for waste solidification was studied in detail. The cement 
additives used were epoxy and polyurethane resins, a stryrene-butadiene 
copolymer and a bitumen/water emulsion. 

3.1 Form properties 

Table II shows the effect of the polymer/cement and water/cement 
ratios on the breaking elongation of cement forms after a 28-day setting 
period. The bending strength was measured. 

The data show a considerable variance on account of the differing 
porosities of the individual cement samples, though some tendencies can 
be detected. The breaking elongation of normal cement is low at 5.10~4. 
Adding bitumen does not result in any noticeable improvement, but the 
styrene-butadiene copolymer and epoxy resin at a polymer/cement ratio 
(by weight) higher than approximately 0.2 more than doubles this fig
ure . Polyurethane at high polymer/cement ratios yields an improvement of 
more than one order of magnitude. The bending strength of the modified 
cement forms is either equal to that of non-modified cement or higher, 
whereas the compressive strength is lower, though still more than ade
quate. 

Although irradiation may reduce deformability, provisional results 
show that some modified cement forms exhibit a greater degree of deform
ability than non-modified forms even after exposure to high doses (4). 

TABLE II 
BREAKING ELONGATION (10~4) OF POLYMER-MODIFIED PORTLAND CEMENT 

AFTER 28 DAYS 

Additive 

No additive 
Styrene-butadiene 

Bitumen 

Epoxy resin 

Polyurethane 

Polymer 
to 

cement 

0 
0.05 0.10 0.20 
0.03 0.06 0.11 0.22 
0.05 
0.10 
0.15 
0.25 

0.5 
1.0 

0.2 

-
9+2 
4+1 
33+3 

-

-

Water 

Water to cement 
0.25 0.3 0.4 

5+2 
3+1 
8+1 13+2 
6+1 
6+2 

9 4+1 
7+1 6+1 
10+1 8+1 

13+2 
to cement = 0 
135 
400 

4+2 

5 

6+1 
7+2 
8+2 

9+1 
11+3 
10+1 

.22 

0.5 

8+1 
— 

7+1 
4+2 
6+1 
6+1 

-
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3.2 Stage of development 

Magnox metal has been successfully solidified in the laboratory 
using the above polymer-cement systems. In industrial-scale operation, 
the rapid hardening of polyurethane systems and the reaction heat this 
would release would cause difficulties, though this problem does not 
occur with styrene butadiene and epoxy resin systems. Since the polymer-
modified cement forms possess a greater degree of deformability, they 
are expected to last longer before any significant cracking is caused by 
magnox corrosion because they are better able to handle theincreasing 
stresses. Initial accelerated corrosion tests at high temperatures 
appear to confirm this assumption, although the significance of the 
results so far obtained for actual storage and disposal operations must 
first be demonstrated by further investigations and model studies. 

4. HIGH-TEMPERATURE SLAGGING INCINERATION 

The 'High-Temperature Slagging Incineration' process (HTSI) has 
been under development by SCK/CEN since 1974. It is an integrated con
ditioning process in which all types of waste are converted in one step 
by incineration and fusion into a stable mineral product suitable for 
disposal. 

The plutonium is oxidized to PuC>2 at high temperatures. However, 
although the high stability of PUO2 improves safety, it may have econ
omic disadvantages in that the plutonium can no longer be recovered from 
the waste form. This latter aspect is however becoming less important, 
since the licensing authorities are tending more and more to lay down 
upper limits for the plutonium content of materials to be discarded as 
low-level waste. Even if plutonium recovery is desired, the waste sent 
for conditioning will no longer contain economically recoverable quan
tities of plutonium. In this case, the HTSI process is seen as both 
environmentally safe and cost-effective. 

4.1 Description of process 

Combustible and non-combustible wastes are mixed together in suit
able proportions before being fed into the furnace. The optimum mixture 
consists of 20% non-combustible and 65% combustible material. The non-
combustible proportion may vary between 15% and 35%, however. The water 
content of the waste should be between 15% and 20%. 

The operation of the furnace is shown in Fig. 3. The waste is fed 
into a annular gap around the burner and slides down as a cone into the 
combustion chamber. The surface of the waste exposed to the flame melts, 
covering the waste with a thin molten layer. The molten material drops 
out of the combustion chamber and is quenched in water. 

There are three options for manufacturing the disposal packages : 
- Encapsulating the glass granulate with cement in a waste drum, 
- Sealing of the glass granulate in a waste drum with no additional 

filling, 
- Producing a block from the glass granulate by remelting or hot 

pressing. 
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4.2 Properties of the form 

Oi quenching, the molten potassium-magnesium-iron-alumosilicate 
mass turns into a form of glass similar to the natural obsidians. 

The leaching rate for plutonium measured with the Soxhlet method is 
between 2.10-5 and 4.10-4 g/cm2d. 

4.3 Stage of development 

After several years of development, a pilot plant with a throughput 
of 40 kg/h entered service in Mol in 1981. Until mid-1983, it was used 
to condition low-active Pu waste from power reactors. The operating 
parameters were recorded and both the end product .and the secondary 
waste were examined. 

To demonstrate the suitability of this process for the solidifica
tion of plutonium waste, trials were carried out with 10 t of waste. A 
plutonium concentration of 1.5 ppm was obtained in the waste by adding 
plutonium. After incineration and slagging, 4.5 t glass granulate 
remained. The waste volume had been reduced by a factor of 24. 

The secondary waste flows (dust from the bag filters and precipita
tion from the waste-gas scrubbers) and the exhaust air from the stack 
were checked for alpha activity. The exhaust air gave results only 
slightly above the background level. 

The lower levels for plutonium recovery are 22.10^ for the plant as 
a whole and 5.105 for the waste-gas scrubbing section consisting of bag 
filters, the soda scrubber and the HEPA filters. 

Experience to date indicates that the process is highly reliable 
and environmentally safe. 

5. IMMOBILIZATION OF ALPHA MASTE IN ALUMOSILICATE-BASED CERAMICS 

The Institut für Nukleare Entsorgungstechniken at the Kernfor
schungszentrum Karlsruhe is investigating the solidification of alpha 
waste in alumosilicate-based ceramics. The use of such a ceramic as a 
matrix material is seen as a solution for problems that occur when using 
glass or cement for waste solidification. 
- The formation of hydrogen by radiolysis is ruled out. 
- The chemical composition of the waste has no significant impact on 

the quality of the waste form. 
- A high waste content (up to 40%) is possible. 
- Resistance to irradiation and leaching is high. 

The ceramic raw material is a mixture of reactive corundum and clay 
minerals (kaoline and bentonite), similar to materials currently used in 
the ceramics industry. 

5.1 Description of process 

The simplified block diagram in Fig. 4 shows the process in sche
matic form. In general, the waste solutions require pretreatment before 
they can be mixed with the ceramic raw material. This consists of deni-
tration of the nitric acid solutions, or neutralization with Ca(0H)2 or 
Ba(0H)2 if other acids are present, and concentration by means of evap
oration. The waste solution and the ceramic raw material are then hom
ogenized in a conventional extruder. The water content of the mixture 
should be 23+4% during extrusion. The extruded cord is cut into cylin-
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drical pellets, which are dried and then sintered for ten minutes at 
1 300°C. 

At this temperature, the ceramic raw material is converted by the 
following reaction : 

Kaolinite 
Al2Si205(CH)4 

Mullite 

Al6SÌ20i3 

1300°C 

reeri stal1ized 
corundum 
AI2O3 

Reactive corundum 
AI2O3 

Water 

H20 

Before disposal, the ceramic pellets are placed in a special-steel 
or ceramic container and sealed in glass or dry cement. 

5.2 Form properties 

During sintering, the waste particles are enclosed between the 
interfaces of the newly formed matrix phases. The actinides are present 
as (U, Pu, Am)02 mixed crystals, which may form a solid solution with 
Zr02 and Ce02 if these are also present. The actinides are not incorpor
ated into the lattice of the matrix phases because the ion radii of 
Al(0.50 A) and Si(0.41 A) differ considerably from those of uranium, 
plutonium and americium (1.00 + 1.01 A). 

If, depending on the type of neutralization, significant quantities 
of sodium, potassium, calcium or barium are present in the waste, the 
formation of corresponding alumosilicates as an additional crystal phase 
may also be observed. Table III sets out the composition and properties 
of the waste form. 

The leaching rate for plutonium was determined in accordance with 
the ISO test in salt solutions and distilled water at room temperature. 
It is independent of the leaching medium. 

TARTE Ill : COMPOSITION AND PROPERTIES OF THE WASTE FORM 

Ccnpositicri 

Matrix : alumosilicate-based ceramic 
Waste content : 40% (by weight) maximum 

Properties 

Compressive strength 
Porosity 

Leaching rate for Pu 

approx. 100 N/mm2 
approx. 5% 
10 - 8 - IO-9 g/cm2d 

The resistance of the ceramic waste forms to irradiation was demon
strated by accelerated experiments, in which Am-241 and/or Pu-238 were 
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used as additional internal irradiation sources. Neither an increase in 
the leaching rate nor a storage of energy could be observed as a result 
of the increased alpha dose (amounting to 2.5.10H rad within 20 months, 
a dose which a standard ceramic form would be exposed to in 10 000 
years). 

5.3 Stage of development 

lhe viability of the process was demonstrated by the solidification 
of five different examples of actual alpha-containing waste in the lab
oratory : 
- dissolver residues from the reprocessing of irradiated LWR and fast-

breeder fuel (a suspension of fission products such as Ru, Rh, Pd, 
Mo, Tc in metallic and oxide form, oxides of the actinides U, Pu, Am 
and zircaloy chips), 

- actinide sludges from medium-active waste solutions, 
- ashes from the incineration of alpha-containing combustible waste 

(mainly sodium, potassium, calcium, silicon and aluminium oxides with 
a Pu02 content of approximately 15% (by weight)), 

- residues from the acid digestion of alpha-containing combustible 
waste (sulphuric and nitric acid process solutions containing Am and 
Pu and filter cake containing Am after Pu extraction), 

- actinide concentrates from fuel element production (nitric, phos
phoric, sulphuric and fluoric acids with considerable quantities of 
U, Pu and Am). 
The aim of current work is to develop a pilot process capable of 

solidifying all alpha waste from the fuel cycle in a ceramic matrix. 

6. THE EDXP PROCESS 

The EDXP process (Evaporative Deposition on Xerogel Precursors) is 
being studied by ENEA/Agip to examine its suitability for solidification 
of high-level waste in SYNROC ceramics (5). It is also proposed for the 
solidification of actinide concentrates. The matrix material takes the 
form of vitreous xerogel particles with a diameter of 0.1 to 0.3 mm. As 
a result of its sponge-like internal microstructure, its high specific 
surface (400 m2/g after calcination at 450°C) and its low bulk density 
(0.5-0.6 g/cm^), it is capable of absorbing many times its own weight in 
liquid. This property is used for the process proposed here. 

6.1 Description of process 

Fig. 5 shows the principle of the process. The SYNROC precursor is 
first manufactured by a sol-gel system closely resembling the manu
facture of inorganic titanate-based ion exchangers (6). A bed of xerogel 
particles is placed in a rotating evaporator and heated to 120°C. The 
waste solution, which may contain up to 2 mol free nitric acid, is con
tinuously sprayed onto the surface of the agitated bed. The particles 
are saturated with the waste solution, the water evaporates and the salt 
is deposited on the walls of the sponge structure, resulting in sub-
microscopic mixing of the waste with the matrix material. The evaporated 
water is condensed and taken off as low-active waste. When the precursor 
material has been charged with the predetermined quantity of nitrate 
salts, the bed in the evaporator is replaced. 
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The charged particles are heated to 800CC in a reducing atmosphere 

to break down the nitrates thermally. In a process analogous to the 
manufacture of fuel pellets (7) they are then coldpressed at a pressure 
of 20 kN/cm2, followed by sintering of the pressed forms at 1250±350°C 
in an argon atmosphere with 5% hydrogen. 

6.2 Form properties 

lhe following table shows the composition and properties of the 
waste form. 

TORIf, IV : COMPOSITION AND PROPERTIES OF THE WASTE FORM 

Composition 

Matrix : 94.4% Ti02, 3.22% Zr02, 2.36% CaO 
Waste content : 510% (by weight) 

Properties 

Density : 4.24.5 g/cnP after cold pressing and sintering 
Leaching rate (weight loss) : approx. 2 χ 10

^ g/cm2d 

The leaching rate was measured at 14 bar and 200 °C after 21 days 
leaching in water. 

6.3 Stage of development 

The feasibility of the process was demonstrated in laboratory tests 
in which pellets of 1 cm in diameter and 1 cm in height were manufac
tured from inactive material. 

It is assumed that the process can be succesfully used for the 
solidification of alpha waste extracted from the MAW process by means of 
the OXAL method (8, 9). Assuming that 1.4 kg Ce is added as a precursor 
for every m3 MAW ( 9 ), and that the titanate ceramic is charged by up 
to 20% (by weight) with Ce02, around 2 dm3 waste product would result 
per rcß MAW. 

7. OUTLOOK 

A variety of different processes for solidifying alpha waste have 
been developed or are under development. Some of them are intended for 
conditioning specific waste flows, while others are claimed to be 
capable of processing all alpha wastes. The resulting waste forms cover 
the entire known range from cement to ceramics. This explains the 
diversity of the various processes. 

A reduction in this diversity is unlikely, and with a view to 
achieving improvements perhaps undesirable, until conditions for 
approval have been fixed for repositories and until process concepts for 
disposal plant need to be defined. In reaching a decision, the plant 
operators, waste storage agencies and approval authorities will then 
assess these processes and their products mainly on the basis of their 
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stage of development, reliability and safety concepts. The importance 
attached to the stability of the products will depend on whether a 
multibarrier system is chosen to isolate the radionuclides from the 
biosphere or whether the repository alone is to perform this function. 
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DISCUSSION 

J. LEWI, CEA Fontenay-aux-Roses 

It was mentioned that the cement matrix leads to a chemical environment 
with a low solubility of Pu. What about the other matrices? 

S. HALASZOVICH, KFA Jülich 

Concerning the solubility it is difficult to compare the matrices because 
the leaching experiments were performed in different conditions, in 
particular at different temperatures. Therefore a direct comparison is not 
possible. The chemical environment will depend on the solution chosen for 
the disposal (multibarriers or other). As a conclusion it is not possible 
to state now whether ceramics, glasses or others are the best solution 
because it depends on the characteristics of the site chosen. 

A. DONATO, ENEA Casaccia 

Without any doubt it seems that the cement is a good solution because in 
alcaline environment the Pu has a low solubility. However one has also to 
consider the radiolytic gas production. Therefore polymers were added to 
reduce the quantity of water needed to form the paste. Moreover it would 
be interesting to have further information on mechanical properties. 

S. HALASZOVICH, KFA Jülich 

Some data concerning compression are available and were presented. As to 
the production of radiolytic gas, additives are foreseen to reduce this 
phenomena in the Alkem process. Harwell has also foreseen to include 
polymers into the cement for the same reasons. 

F. MANNONE, JRC Ispra 

An integrated 'system applied by Alkem for concentration of alpha-waste 
from a fuel fabrication plant was described. Can this system also be 
applied to Pu wastes contaminated by fission products? 

S. HALASZOVICH, KFA Jülich 

The Alkem system was specially developped for the wastes arising from MOX 
fuel fabrication plants and not for wastes arising from other processes 
such as alpha-waste from sludges. The presence of fission products should 
be limited to avoid too high generation of heat. 
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H. KRAUSE, KFK Karlsruhe 

About this point, it has to be noted that incorporation of fission 
products in cement will need remote operation and thus reduce the simpli
city of the cementation. 
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PLUTONIUM RECOVERY FROM <> -WASTES 

F.W. LEDEBRINK, ALKEM; J.D. WILKING, AERE, Harwell; 
H. WIECZOREK, KfK; G. GASPARINI, ENEA, Roma 

Surmiary 

The recovery of plutonium from both primary wastes and the ash from 
inceneration procedures has been investigated and in certain cases 
demonstrated on an operational scale. 
In view of the different composition of these wastes, 3 washing 
procedures have been tested. For soft materials a drum washing 
apparatus was used, and for hard materials an ultrasonic bath. 
Pu02 contaminated wastes can be cleaned lucratively by using aque
ous cleaning solutions or triflorotrichlorethane. Dilute nitric 
acid can be used successfully with plutonium nitrate contaminated 
wastes. Apart from the washing procedure, the nature of the sur
face of the waste, the contact time with the <i -emitters and the 
degree of contamination proved to be the main variables in the re
covery of the Pu. 
Investigations with ash from incineration and pyrolysis procedures 
have shown that the highest recovery of Pu by means of leaching was 
reached with pyrolysis char which was oxidised at < 700°C. A sol
ution of HNO3/HF seems to be essential for higher leaching rates of 
> 99 %. 
The feasibility of the acid digestion procedure on an operational 
scale was demonstrated with the recovery of 5 kg of plutonium from 
a throughput of 600 kg of waste. The process is characterised by 
high decontamination factors in off-gas treatment, and an overall 
recovery factor of i- 0.93. 
The utilization of a neoalkylhydroxamic acid for the decontami
nation of an alkaline solution resulting from the regeneration of 
the solvent in a processing plant has been investigated. Tributyl-
acetohydroxamic acid (TBAH) has been proposed as a separating agent 
for Pu, Am and Zr with liquid-liquid extraction as well as with 
extraction chromatography techniques. 

1. INTRODUCTION 

Plutonium-bearing solid wastes are generated during the processing 
of plutonium in mixed oxide fuel elements. As they are free from strong 
V -emitters, they are also termed .i -wastes, or "plutonium contaminated 
materials" (PCM). Both for ecological as well as economic reasons it is 
rational to recover the plutonium from these wastes. 

Before considering how this can be done, it is important to ident
ify the primary wastes. As a general principle, all materials which get 
into the glove-boxes (see Fig. 1) during the processing of plutonium at 
some time or another develop into <> -wastes. These are mainly PVC lock 
linings, neoprene gloves, polyethylene bottles, filters, wipes for 
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cleaning purposes, various plastic materials, as well as metal scrap and 
glass parts, which are contaminated with plutonium oxide powder or plu
tonium nitrate solution according to where they were utilized. 

The statistical record of the accumulated wastes at ALKEM over sev
eral years has shown that organic materials of approx. 60 wt% predomi
nate slightly.(1) Further, extensive measurements on bundles of waste 
have shown that the plutonium is distributed highly unevenly in the 
waste (Fig. 2). The bulk of the waste contains only a small proportion, 
whereas in some few materials such as used air filters, high concen
trations of plutonium are found. In determining the distribution, it 
can be seen that for instance about 80 % of the total Pu is found in 
only 20 wt% of the waste. It is therefore reconmendable in recovery to 
profit from this already identified concentration and only to treat 
waste which contains the bulk of the plutonium. 

2. PROCEDURES FOR PLUTONIUM RECOVERY FROM SOLID '* WASTES 

Within the framework of EEC programmes, processes have been devel
oped based on these localised accumulations in waste, and others which 
initially bring about a concentration of the Pu. Washing procedures, 
which have been investigated by ALKEM and the Atomic Energy Research 
Establishment (AERE) in the last 5 years, are utilized for direct treat
ment of primary wastes. Concentration of the Pu before recovery is 
stimulated by both the acid digestion procedure, which was developed by 
the Karlsruhe Nuclear Research Centre (KfK), and pyrolysis or inciner
ation. 

2.1. Washing procedures 

In view of the nonuniform nature of the primary wastes, it was 
obvious that optimal plutonium recovery cannot be achieved with only one 
washing procedure. According to the type of contamination, Pu02 or plu
tonium nitrate, and the composition of the material  soft or hard 
different washing agents and apparatus were required. Conventionally 
proven technology was reverted to (see Fig. 3). 

For the cleaning of Pu02 contaminated wastes, aqueous solutions 
pure water with detergents  were selected, and 1.1.2 triflorotrichlor
ethane (C2F3CI3) obtainable under trade names such as Freon TF, 
Frigen113 TRT or ArkloneX, for dry cleaning. This organic cleaning 
fluid has the advantage that it cannot be burned, suffuses well, boils 
at a low temperature (47°C) and leaves the material dry. 

Plutonium nitrate contaminated materials were washed in dilute 
nitric acid, to avoid the precipitation of Pu(0H)4· 

Whashing experiments whith soft wastes such as wipes and gloves 
were carried out in a small drum washing machine with an operating 
capacity of 4 1. To clean hard waste materials, e.g. metals, as conven
tionally proven to be very reliable, ultrasonic baths were utilised. 

These washing procedures have the common advantage that they pro
duce no secondary waste, as the washing solutions can be distilled and 
reused. 

Of major influence on the results of washing, from the point of 
view of material, the following main variables were established: 
 degree of contamination, 
 nature of the surface, 
 aging of the contaminated material by α radiation. 
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All washing trials were carried out with genuine wastes from the 
MOX production department, which inevitably had greatly varying 
αcontact times of between a few days and several years, and different 
levels of contamination. The results of the washing were correspond
ingly widely varied, so that with such a quantity of individual results 
in plutonium recovery, only ranges can be given here. 

When washing PuC>2 contaminated soft waste with an aqueous solution 
containing EDTA at raised temperatures, recovery of between 6095 % was 
attained (Table 1). High plutonium content in the waste and short con
tact times correspond with high recovery rates. If the individual items 
of waste contain less than 250 mg per kg of waste, the results from 
washing are substantially reduced, so that the investment for the 
amounts of plutonium recovered is hardly justified. 

Really good results have also been achieved using 0.5 M HNO3 on 
plutonium nitrate contaminated waste (Table 2). These results also show 
that nonporous surfaces, such as glass, considerably improve the recov
ery rate ( > 95 % ) . 

Drycleaning with Freon was tested on soft materials and metals, 
with additional agitation and the application of ultrasonic energy 
(Table 3). In comparison with water, the washing of soft materials with 
Freon did not produce better results. One positive aspect was the cavi
tation effect of ultrasound, noticeable during the treatment of hard 
PuC>2 contaminated materials. Cleaning with Freon and ultrasound pro
duced higher recovery rates for waste with smooth surfaces. 

These results coincide to a large extent with those achieved in the 
Atomic Energy Research Establishment (AERE) in comparable cleaning of 
metals using ultrasound. The cleaning effect of aqueous solutions in an 
ultrasonic bath was also investigated. Table 4 shows some typical 
results for the cleaning of highgrade steel. For PUO2 contaminated 
parts, appreciable recovery rates were attained with all cleaning 
methods, in connection with which 1 M NaOH and water with 2 % "Decon 90" 
turned out to be particularly effective. Plutonium nitrate contaminated 
samples treated in Freon TF (Arklone X) led to only poor results (44 % ) , 
which were improved (to 85 %) by using Arklone W, which contains 6 % 
water. 

The nature of the surface plays a key role not only in the pickup 
of the contamination but also in later decontamination. As shown in 
Table 5, highly polished steel retains only a low amount of contami
nation and can be deconatminated to < 1//g Pu/cm^. Considerably higher 
residual contamination remains on the surface of organic materials 
( < 10 g Pu/cm2). Consequently it is clear that by means of the correct 
choice of suitable working materials and their surface treatment, the 
pickup of contamination on the surfaces can be reduced, and the sub
sequent decontamination considerably facilitated. 

In conclusion it can be established that with the correct coordi
nation of washing procedures with waste composition, the bulk of the 
plutonium can be recovered with very little expenditure. Additional 
important advantages of the washing procedures lie in their simple 
technology and safe working principles. They function without pressure, 
at relatively low temperatures, with nonburnable fluids, and do not 
generate off gas or liquid secondary waste, whose final disposal would 
cause further expense. 
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2.2 Plutonium leaching of ashes and char 

The AERE has been dealing with the question of conditions under 
which pyrolysis or incineration should take place, in order to obtain 
optimal preconditions for the leaching of plutonium from ashes and 
char.(2) The ashes produced in an experimental furnace at operating 
temperatures between 500  900°C were leached under standard conditions, 
to facilitate a comparison between the various trial parameters. 

The leaching of pyrolysis char turned out to be rather difficult, 
as the carbon protected the plutonium from the effects of the leaching 
agent (Fig. 4). After oxidation of the carbon, leaching improved. 

A detailed comparison between incineration and pyrolysis followed 
by char oxidation at the same temperature has been carried out (Fig. 5). 
It can be seen that the leachability of the plutonium present falls with 
increasing temperature, with the best results being obtained at 700°C 
and below. In principle, however, the plutonium is most easily leached 
from the material treated by pyrolysis than from incineration ash, so 
that as far as recovery is concerned, pyrolysis followed by oxidation is 
preferable to incineration. 

From among all types of contamination in primary waste, after 
thermal treatment only (U, Pu)C>2 showed significant solubility in pure 
nitric acid, so that in practise the use of an acid mixture of HNO3/HF 
seems to be unavoidable for the leaching of residues frati both inciner
ation and pyrolysis/oxidation. Very high recoveries ( >99.5 %) can be 
obtained by means of repeated leaching with fresh batches of nitric 
acid/fluoride solution (HNO3/HF). 

As an alternative to conventional floe precipitation, the possi
bility of coextracting the plutonium and americium with a mixture of 
tributyl phosphate/odourless kerosene has been investigated for the 
further treatment of solutions arising from the leaching of ash. Co

extraction is possible if the solution can be conditioned to reduced 
acidity (approx. 0.1 M H"1", 5 M NO3

). It has been determined that prior 
to neutralisation, ferric nitrate must be added, in order to prevent 
the formation of precipitates containing α activity as the acidity is 
reduced. Additionally it has been found necessary to oxidise the plu
tonium (IV) to Pu(VI) using sodium bismuthate (NaBiC^) to prevent the 
formation of nonextractable hydrolysed Pu(IV) species. Very good 
extraction results were obtained by this method ( < 5 χ IO4 Ipm/ml ). 

2.3 Acid digestion procedure 

In a joint development programme, KfK Karlsruhe and the Eurochemic 
Company in Mol, Belgium, have realised the acid digestion procedure of 
the waste and a process for Pu recovery in active operation. The entire 
procedure comprises the following main steps (Fig. 6) : 
 waste pretreatment (segregation, shredding, Pu assay), 
 acid digestion (decarbonising, oxidising, Pu conversion, filtering), 
 offgas treatment (oxidation, washing, filtering), 
 acid recycling (distillation, recycling), 
 Pu recovery (leaching, extraction). 

Acid digestion is based on the chemical conversion of organic 
wastes, which are firstly carbonised by dehydration with concentrated 
sulphuric acid and then oxidated and decomposed at approx. 250°C with 
nitric acid. The originally existing PuC>2 is thereby converted into 
soluble Pu(5304)2 a n d reaches the filter cake as residue together with 
inorganic slurry after separation from the reagent acid. This is the 
concentrate from which the Pu is recovered. 
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The Pu(S04)2 is dissolved from the filter cake with dilute sulphuric 
acid and separated according to the PUROSOLVEXII process by extraction 
with an 0.65molar Primene JMT solution in octanol/kerosene. After re
processing in 3molar nitric acid and subsequent precipitation with 
oxalic acid the Pu is available in pure form for recycling. The main 
aim of the programme was to study the process with genuine <i wastes 
from Eurochemic and to prove its basic feasibility. The plant was 
erected on the Eurochemic site and has been in active operation since 
March 1983. Up till now approx. 600 kg of waste has been converted to 
ash and 5 kg of Pu recovered.(3) After a startup phase, in which some 
technical improvements were made, the reactor reached a throughput of 7 
kg of waste per day, which approaches the designed capacity of 10 
kg/day. 

As a result of using real waste, unexpected deposits of plutonium 
sulphate precipitations occurred in the reactor. To avoid the accumu
lation of Pu, the reactor was rinsed from time to time with dilute sul
phuric acid. 

In order to keep the liquid secondary waste from the acid digestion 
process low, as far as is technically and reasonably feasible, the 
unused acids were recycled. Thereby the actual losses in H2SO4 are only 
the adsorbed quantity in the filter cake material (0.1 1/kg waste). 
HNO3 can only be recovered up to 40 %, as losses occur through the 
formation of nitrous oxide and nitrogen, and a further part becomes 
secondary waste as an equimolar mixture with the hydrochloric acid which 
arises. The total quantity of liquid waste is principally determined by 
the proportion of chlorinebearing substances in the waste, such as PVC 
and neoprene. 

Dissolution of the Pu by leaching the filter cake with dilute 
sulphuric acid raised no problems whatever, and high recoveries were 
attained in the subsequent extraction according to the PUROSOLVEXII 
procedure (4) and oxalate precipitation (Fig. 7). The resulting factors 
are based on the measurements made on the secondary waste streams and do 
not make allowance for losses incurred from sampling and solid waste 
which arise during the operation of the plant. These Pu losses are 
estimated as not surpassing 3 % of the quantities recovered, so that a 
total recovery factor of >. 0.93 can be reckoned with. 

Fig. 8 shows the decontamination factors which were measured in the 
treatment of offgases. Residual activity of 10~13 α Ci/Nm^ vras ascer
tained in the cleaned offgas before absolute filtering, which corre
sponds to a decontamination factor DF of 7.10l°. The DF for liquid 
secondary waste amounts to 10^. 

Summarising, it can be aiaintained that the technological feasi
bility of acid digestion has been demonstrated in the operation of the 
plant up till now, and that the process features high Pu recovery rates 
both in leaching the residues and in the subsequent separation of the Pu 
by extraction. 

3. DECONTAMINATION OF ALKALINE SOLVENT WASH WASTE 

In addition to the processes for Pu recovery from alpha bearing 
waste, the utilization of a neo alkyl hydroxamic acid for the decontami
nation of an alkaline solution resulting from the regeneration of the 
solvent in a reprocessing plant, has been investigated at the italian 
ENEA laboratories. The Tri Butyl Aceto Hydroxamic acid (TBAH) has been 
proposed as separating agent for Pu, Am and Zr (5) (6) liquidliquid 
extraction as well as with extraction chromatography techniques. 
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The best operative conditions have been checked with an alkaline 

solution simulating the aqueous solution resulting frcm the carbonate 
regeneration of the solvent in a first cycle classic Purex flow sheet. 
Complete extractionreextraction runs with laboratory scale mixer 
settlers and simulated solutions have daronstrated the promising possi
bilities of liquidliquid extraction techniques using hydroxamic acids 
as selective extractante. 

The volume reduction is over 10 and a further volume reduction can 
be reached by calcination of the oxalic stripped solution. (Fig. 9). 

The decontamination factors obtained in batch experiments using a 
real solution from a reprocessing plant is over 100 in a single extrac
tion stage and 1400 with two consecutive stages. 

4. NOTE 

These investigations and trial runs were carried out as part of the 
second CEC Research and Development Programme for the Management and 
Storage of Radioactive Waste, and were partly or in seme cases totally 
financed by the EC. 
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Materials 

Organjc 6 0 + 10 vu 
 Polyvinylchloride 
 Neoprene 
 Polyethylene 
 Cellulose 
 Other synthetics 
Inorganic 40 ± 10 
 Metal scrap 
 Glass 

lo 

w/o 

Foils, Tubes 
Gloves 
Bottles, Foils 
Wipes, Filters,Paper 
PTFE, PA, PP, PMMA.etc. 

Elements (as Oxides or Nitrate) 
 Uranium 
 Plutonium 
— Americium 

Fig 1 Composition of Solid α Waste 
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Fig. 3 Washing of Solid α -Waste 
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Materials contaminated 
with Pu02 

Wipes (Polypropylene) 
Gloves (Neoprene) 
Foils (PVC) 

Pu Recovered 
% 

70-95 
60-85 
70-95 

Tab.1 Rates of Plutonium Recoverable by 
Washing with Aqueous Solutions 

Materials contaminated 
with Pu-Nitrate 

Gloves (Neoprene) 
Metal (SS, AL) 
Glass 

Pu Recovered 
% 

80-95 
90-95 

>95 

Tab. 2 Rates of Plutonium Recoverable by 
Washing with 0.5 M HNO3 

Materials contaminated 
with Pu02 

Wipes 
Air Exhaust Filters 
Al-Boxes 
Stainless Steel 
Glass 

Pu Recovered 
% 

50-83 
65-75 
80-95 
85-95 

>95 

Tab. 3 PuO] Recovered by Washing in an 
Ultrasonic Agitated Freon-Bath 
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Contaminant 

Pu02 

Pu (NO3), 

Wash Reagent 

H20 
H2O/2%Decon90

M 

1 M NaOH 
Arklone X " 
Arklone W ' 

1 M HNO3 
Arklone X 
Arklone W * 

Pu Recovered 
% 
77 
94 
95 
70 
71 

99 
44 
85 

1} Decori 90 ii o proprietory deontng reagent. 
2) Arklone X = Freon TF ■ C2F3CI3 

3) Arklone W conlaini 6% water and 2.5% surfactant 

Tab. u Ultrasonic Treatment of Stainless Steel 

Materials contaminated 
with PUO2

1
) 

316L stainless steel 
mechanically polished 

316L stainless steel 
polished rolled 
annealed at 900°C 

Epoxy paint 

Vinyl gloss paint 

μ g Pu/cm
2 

before 

0.1 

4.7 

12 

22 

μ g Pu/cm
2 

after 

0.09 

3.5 

5 

10 

1) The materiali were decontaminated ¡η on ultrawnic bath with Arklone X For 30 min. 

Tab.5 Pick Up of P u 0 2 Contamination 
on Surfaces 
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0 

Pu02/Tissue 
10 M HNO3/O.O5 M CaF2 

PuOj/Dipco Neoprene 
10 M HNO3 /0.15MCaF2 

Pu02/PVC 
10 M HNO3 /0.05MCaF2 

Pyrolysed at 900°C 

550 700 800 900 
Oxidation Temperature/°C 

Fig.u Leaching of Pyrolysis Char 
Oxidised at Various Temperatures 
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Pyrolysed at 5 5 0 ° C 
and Oxidised 

Leochant: 10 M H N O 3 / 0 . 0 5 M CaF2 

600 700 800 9 0 0 1000 
Incineration or Oxidation Temperature 

Fig 5 Leaching of Incinerated or Pyrolysed 
and Oxidised Pu02Mixed Wastes 
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Leaching 
98.6 

Overall 

Extraction 
99.2 

Precipitation 
99.3 

Recovery 98.6 97.8 97.1 

Fig. 7 Percentage Plutonium Recoveries in 
Leaching, Extraction and Precipitation 
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1 
WASHING(l3t)4 
with vater 

WASHING (1st 
Vith 0.35 M 
oxalic acid 

o/a = 0.2 

EXTRACTION ( 2 stages) 

I l i TBAH in di ethyl benzene 
+ \Q% octanol 

o/a =0.3 
ALKALINE 
LIQUID 
WASTES 

Fig 9 Proposed f l o w sheet f o r the e l i m i n a t i o n of alpha e m i t t e r s 
f r o m a l k a l i n e l i q u i d e f f l u e n t s by solvent e x t r a c t i o n 
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DISCUSSION 

H. KRAUSE, KfK Karlsruhe 

In comparison to the acid digestion process, is there any threshold for 
the Pucontent of the PCM waste to be assigned to pyrolysis/char oxyda
tion? 

F.W. LEDEBRINK, Alkem Hanau 

The definition of such a threshold actually depends on two parameters; 
plant throughput and disposal mode. If the plant throughput is low, it is 
obvious that only the most active fraction of the PCM waste will be 
treated. Accordingly, the Pu threshold will be high. On the other hand, 
if geological disposal of PCM waste proved to be very expensive, a high 
volume reduction factor will be the aim of treatment. In this case, a low 
Pu threshold will be fixed. 

G. GROSSI, ENEA Casaccia 

Which management route is followed by the complexing reagents in the 
washing solutions for decontaminating the PCM waste? 

F.W. LEDEBRINK, Alkem Hanau 

If complexing reagents are needed, these are subsequently destroyed by 
boiling with concentrated nitric acid. Therefore, the further Pu purifi
cation step is not affected by the presence of these compounds and the 
implementation of the washing procedure for PCM treatment does not give 
rise to any secondary liquid waste. 



ALPHA MONITORING OF SOLID WASTE 

R. BOSSER (CEA), L. BONDAR (CEC), L. BORRMAN (KfK), G. GROSSI (ENEA), 
J.W. LEAKE (UKAEA), J. LEY (CEC), H. WURTZ (KfK) 

Summary 

At the initiative of the CEC and with its support, a progranme for 
cooperation on non-destructive monitoring of solid wastes contami
nated by alpha emitters was launched in 1980. This programme 
centres around the interccmparison of assays carried out on a 
single set of waste drums in eight European Laboratories. The four
teen 220, 100 and 25 1 drums include five model drums for multi
parameter studies. A total of 83 configurations were selected for 
comparison purposes. Of the 17 sets of assay equipment used, most 
employ passive methods, half using neutron detection and the other 
half gairma detection, while four installations use three different 
techniques based on active methods. The assay programme started in 
August 1982 and is scheduled to end in May 1985, more than half the 
time being taken up by transport operations. A general report is 
planned as soon as the laboratories have all submitted reports on 
their results. The intensive exchange of information on the 
methods, techniques and procedures developed in the individual lab
oratories is a further constructive aspect of this cooperative ven
ture which it ought to be continued. Over the same period, the R & 
D programmes proper and industrial trials with the assay equipment 
tested have extended ideas concerning the possibilities and limi
tations of monitoring methods and concerning waste management 
strategies. 

1. INTRODUCTION 

In 1980, a working party consisting of representatives of five 
Community countries and the Commission drew up a programme for cooper
ation on non-destructive monitoring of alpha waste. The studies and work 
carried out up to then did not yield a consensus on the methods or tech
niques needed to solve this problem, which is extremely complex due to 
the variety of ways in which it can be approached. It was thought that 
an inventory of the various approaches adopted would be a good idea, and 
a proposal for an intercomparison of the results obtained in the various 
European Laboratories from monitoring the same set of waste drums was 
generally welcomed as a basis for cooperation with CEC support. It was 
clear from the outset that a comparison limited to actual waste drums 
could only demonstrate the existence of discrepancies between the dif
ferent assays without permitting an analysis of their cause or enabling 
steps to be taken to reduce error factors in a rational manner. The 
approach adopted was a parameter study which was to be as extensive as 
possible but with a limited number of drums. One difficulty which caused 
seme concern from the outset has unfortunately proved to be only too 
real, namely the transport of drums containing plutonium. 
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The regulations involved and even more so their application have 
resulted in delays estimated at more than a year and a half in a pro
gramme started in 1982, and hence in obtaining results - which explains 
the limited contents of this paper. An analysis of the results of each 
laboratory in the form of a report presented according to a jointly 
defined model is due to appear in June 1985 after the final assays have 
been concluded. A general report will then be published by the working 
party. We shall limit ourselves here to outlining the assay configur
ations and describing the methods and techniques used by the partici
pants in the exercise. 

2. DESCRIPTION OF WASTE DRUMS 

The intercomparison exercise has been limited to drums of light, 
low-activity, non-irradiant waste contaminated by plutonium, equivalent 
to the waste produced by plant for reprocessing irradiated fuel or for 
manufacturing plutonium fuel elements. This waste generally consists of 
polyvinyl film, latex gloves, cotton and rags, with an apparent density 
usually between 0.1 and 0.3 g . cm3. However, to study the effects of 
conditioning waste in heavy matrices (concrete, bitumen, resin) on moni
toring, we included a concrete drum in the exercise. 

An essential condition for deriving clear conclusions from the 
assay results is a precise knowledge of the quality and quantity of the 
waste and in particular the contaminants. According to the experts cons
ulted, destructive methods using actual waste - apart from being ex
tremely expensive - cannot achieve the precision required for the small 
quantities of contaminants examined in our comparisons. All of the drums 
are thus entirely made up of precisely identified and quantified el
ements so as to include as many as possible of the parameters considered 
as important by the participants in the exercise, whose methods and 
objectives cover quite a wide range. These parameters include drum size, 
the nature and density of the waste, waste simulant or conditioning 
matrix, and the physicochemical form, isotopie composition, other as
sociated radionuclides, quantity, geometrical form and distribution of 
the plutonium in the waste. Three types of drum were chosen with the 
above aims in mind. 

The first type comprises non-sealed drums in which the waste is 
replaced by a compact polyethylene foam to simulate light waste and by 
ordinary concrete for the concrete matrix. The simulant cylinder, which 
completely fills the drum, contains narrow logitudinal holes into which 
contaminant samples can be introduced in sealed steel capsules, together 
with any other neutron or gamma sources that can fit into the holes. 
These drums allow detailed studies to be carried out of variations in 
the performance of the assay equipment for a variety of parameters using 
just a few containers. A total of five drums (two of 220 1, one of 100 1 
and one of 25 1) with a simulant density varying between 0.1 and 0.3 
g.cm-3 and one 220 1 concrete drum were used to prepare 74 configur
ations for the intercomparison exerecise. Three types of plutonium in 
oxide form are employed, the first corresponding to plutonium recently 
produced by reprocessing fuel irradiated at 33 000 Mij/t in a light 
water reactor, the second to old plutonium in which a large part of the 
241 Pu has been converted to 241 Am, and the third to Pu frem a GGR 
(natural uranium, gas, graphite reactor) reactor mixed with uranium, 
representing waste from the manufacturing of fuel for fast neutron 
reactors. A total of 43 samples 10 mti in diameter and of varying thick-



Bosser et al. : Alpha monitoring of solid waste 149 

nesses, each containing a precisely weighed amount of Pu (between 40 and 
800 mg) were available for setting up spatial configurations ranging 
from the extremely heterogeneous, using just one capsule, to more homo
geneous arrangements with 12 capsules. The effects of varying the 
amounts Pu present can be shown even when very small quantities are 
involved. 

In the second group, consisting of two 200 1 drums and two 100 1 
drums, the waste is likewise simulated by means of a compact polyethyl
ene foam cylinder with a density varying between 0.2 and 0.3 g.crtr-3, but 
in this case the contaminants in the steel capsule are arranged in 
fixed positions and the drums are subsequently sealed. The aim was to 
test the ability of the assay techniques to determine contaminant quan
tities in order to secure an unambiguous analysis of any discrepancies. 

The third type of drum is most representative of actual waste. The 
content is a mixture of various common components of light waste : 
cotton, rags latex gloves, polyvinyl film etc., to which have been added 
precisely known quantities of plutonium and uranium in oxide or nitrate 
(etc.) form. The distribution of these contaminants is totally random. 
Three 220 1 and two 100 1 drums with densities varying between 0.1 and 
0.2 g.cm-3 were used. 

For the last two types of drum, the quantity and composition of the 
contaminants, and their positions in the case of the second type, will 
be revealed after comparison with the assay results in order to analyse 
any discrepancies noted. In order to eliminate any weighing errors or to 
show up any heterogeneities in the sealed-capsule samples, the latter, 
which are identified by numbers, were subjected immediately after manu
facture to intercomparisons based on the detection of neutron and gamma 
emissions. As far as development through time is concerned, especially 
for actual waste, a second assay is planned with two drums in the 
laboratory that carried out the first measurements (nearly three years 
before). 

3. ASSAY METHODS 

Non-destructive monitoring of alpha waste in all of the labora
tories taking part in the interccmparison exercise is based on the 
detection of gamma rays and/or neutrons emitted by contaminants either 
naturally or as a result of fission induced in fissile radionuclides. 
Even though they use the same basic methods, the installations devised 
differ in certain respects and it is interesting to compare the effects 
of these differences on performance. Since they are easier to set up and 
use, passive detection installations make up the majority. 

3.1 Passive methods 

3.1.1 The gamma spectometry obtained with a high-resolution detector 
enables the characteristic lines to be identified for gamma-emitting 
radionuclides, thus providing a standard for quantifying these nuclides. 

In the case of plutonium, each isotope (apart from 242 Pu) pos
sesses characteristic lines. The energy range used for monitoring wastes 
contaminated by Pu, Am and uranium is generally between 100 to 450 KeV. 
The difficulties involved in precisely determining the contaminant quan
tity by this method are due to the fact that neither the waste nor the 
contaminant is distributed evenly throughout the drum and the fact that 
the correlation between the number of gammas detected and the number 
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emitted is upset by essentially random distance and absorption effects. 
A number of remedies have been developed to reduce this interference, 
and the result is differences in the equipment and operating methods 
used. In the eight laboratories taking part, seven different types of 
gamma spectrometry device are used. In all cases, the drum rotates on a 
table turning about its vertical axis. Four instailatbons operate with 
the detector in a fixed position, one permitting measurements of the 
contaminant quantity in a 25 1 drum, while the others are only used for 
measuring the isotopie composition of the plutonium and the Pu/U or 
Am/Pu ratios. Since the isotopie abundance ratios are determined f rem 
the intensity ratios of neighbouring lines, or by interpolation, they 
are fairly insensitive to attenuation and propagation effects, provided 
that the isotopes compared are located together in the drum. 

In the three other installations, the detector is located behind a 
rectangular-slit lead collimator and only scans part of the drum at a 
time with the drum being moved relative to the detector to enable the 
entire drum to be scanned parallel to its axis. TWD installations 
operate with segmented scanning : the detector is in a fixed axial 
position relative to the (rotating) drum and the quantity of 239 Pu in 
the scanned section of the drum is determined from the gammas detected 
in a single channel tuned to the 414 KeV line. At the same time, 
transmission across this section is measured by detecting 400 KeV garnies 
from a selenium source located diametrically opposite the detector, 
enabling the figure for the mean attenuation of 239 Pu ganmas to be 
adjusted. A fast pneumatic travel mechanism then enables the next 
section to be measured, with the travel steps corresponding to the 
height of the collimator slit. The third installation operates with 
continuous scanning over the entire height of the (rotating) drum. The 
spectrum for the sum of the gammas detected over the entire course of 
travel enables both the abundance ratio and the overall quantity of Pu 
contained in the drum to be derived. The axial profile of the overall 
spectrum for high-energy Pu ganmas enables heterogeneous sources to be 
located and the effects of axial positions on these assays and neutron 
assays to be partly corrected. In order to take greater account of end 
effects, a system with a variable axial travel rate has been added to 
the continuous travel mechanism. 

3.1.2 The second passive method for monitoring alpha waste is based on 
the detection of neutrons spontaneously emitted by the contaminants. 
These neutrons are created by two processes : spontaneous fission of 
even-numbered isotopes such as 238 Pu, 240 Pu, 242 Pu, with simultaneous 
emission of several neutrons for each fission reaction, and ( α , η) 
reactions between alpha particles from the contaminants and target 
nuclei of low atomic mass, with a single neutron being emitted in each 
reaction. Only the spontaneous fission neutrons can be correlated in all 
cases with the quantity of contaminant-provided that the latter's 
isotopie composition is known. A signal proportional to the rates of 
emission of spontaneous fission neutrons therefore needs to be extracted 
from the neutrons detected. 
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TABLE I 

FEATURES OF PASSIVE NEUTRON ASSAY EQUIPMENT 

Installation No. 

1-Cavity 
wall 

φ internal (rtm) 
Η internal (nm) 

2-Counters 

diameter(nm) 
active length(nm) 

number 

Number of rings 

4 η 

3-Overall effic. 
Source at centre % 

4-Separation 
FS/U ,n) 

5-Detection limit 
240PU mass(mg) 
in 1000 s. 

TM : dead time 
PTP : pulse to pu 

1 

paraffin 

680 
1072 

BF3 
51 

1070 

13 

1 

no 

5.2 
TM 

15 

Lse 

2 

water 

800 
900 

BF3 
51 

1500 

36 

1 

no 

12.4 

TM+ 
RD 

27 

RD : 
PFA : ] 

3 
polyethyl 
+concrete 

800 
1160 
3
He 
25 

1000 

36x2+9x2= 
90 
2 

yes 

18. 

RD 

1 

shift regis 
oulse fluct 

4 

polyethyl 

700 
1100 

3He 
25 

1000 

36+12x2= 
60 
1 

yes 

17. 
TM 
RD 
PTP 
PFA 

2.5 

5 
paraffin 
+compound 

700 
1100 

3ffe 

25 
1000 

24 

1 

no 

7. 
TM 

4 

ster 
luation analysis 

6 

polyeth 

500 
1200 
3
He 
25 

1000 

18 

1 

no 

8. 
TM 

20 

This is done by using the fact that neutrons simultaneously emitted 
during a fission reaction are correlated in time on detection. Following 
a great deal of work, correlation systems have been developed to perform 
this extraction. Of the six neutron detection installations discussed 
here, five are equipped with a dead time system, three with a 
shift-register system and one with a time correlation analyser based on 
the analysis of the pulse train using computer algorithms. The last 
system was developed at Ispra and has recently been adapted to analogue 
operation. The neutrons are detected in a well-type geometry with BF3 or 
3
He counters arranged in rings parallel to the drum sources. 

Two of the installations also possess detectors perpendicular to 
the drum axis to ensure near 4 π detection, one of them having two rings 
of detectors in order to detect the maximum number of neutrons and to 
adjust for the slowing down of neutrons in the waste. One of the 
installations allows for simultaneous assaying of neutrons and gammas, 
with the diode travelling in a lateral slit housed in the neutron 
detector block. Paraffin, polyethylene or water are used as thermalizers 
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and reflectors and for ambient protection. The main features of the six 
installations compared are given in Table I. The efficiency of 
spontaneous fission neutron detection is a function of the square of 
the efficiency of overall neutron detection is a function of the square 
of the efficiency of overall neutron detection, hence the importance of 
the latter parameter. The lower limit of detection is a function of the 
installation background and the efficiency of detection. 

3.2 Active methods 

Active methods may be used for alpha monitoring when the waste 
contains fissile isotopes, which is generally the case with plutonium 
and uranium contaminants. They involve the stimulation of fission 
reactions in these isotopes by means of an external highenergy 
gammaray or neutron source and the detection of the gammas or neutrons 
emitted by these induced reactions. The intensity of the activation 
source may be selected in accordance with the sensivity required, which 
offers more scope for manoeuvre compared with passive methods. As is the 
case with passive methods based on neutron detection, the isotopie 
composition of the contaminant needs to be known in order to take 
account of mixtures of fissile isotopes and associated nonfissile 
alphaemitting radionuclides so that the total alpha activity of the 
waste can be determined. Several combinations of activation and 
detection methods are possible. Three different techniques have been 
developed in the laboratories participating in the intercomparison 
exercise. 

One is based on activation using a 124 SbBe ( )' , n) source 
emitting 24 KeV neutrons for the detection of highenergy neutrons 
emitted during induced fission. Five BF3 detectors placed diametrically 
opposite the source in relation to the drum are adjusted in such a way 
as to limit the detection of neutrons from the source and to maximize 
the detection of induced fission neutrons. The halflife of the 124 Sb 
source is only 60 days, which is a handicap as far as industrial use is 
concerned, although the cost of such a source is quite low. A 30 Ci 
source producing 10^ n.sl will achieve a detection limit of 50 to 100 
mg of Pu per drum in 1 000 s. 

The second technique uses a 252 Cf source moved by a pneumatic sys
tem between a storage position and an activation position. The drum is 
irradiated for time t, after which the source is swiftly transferred 
(1.4 s) to the storage flask. This is followed by neutron detection for 
time t' . The delayed neutrons from induced fission reactions are de
tected in a well device identical to that used for the detection of 
spontaneous neutrons. The times t and t' each lasting 10 seconds ensure 
maximum overall efficiency of detection. The irradiation, transfer and 
assay cycle is repeated many times to obtain adequate statistics. One 
prototype operates with three sources irradiating the drum simul

taneously at three different heights in order to ensure a more homogen
ous activation throughout the drum. For an installation with a neutron 
detection efficiency of 7% and a 252 Cf source emitting 10^ n.s~l under 
4ττ, the detection limit in 1 000 s is estimated at 100 mg 235 U and 0.5 
to 1 g of Pu in a 220 1 drum containing light waste. 

The low sensitivity of this technique is mainly due to the rela
tively low emission rate for delayed neutrons and to background caused 
by spontaneous neutrons in the case of Pu. 

The third technique, which has been developed in recent years at 
Los Alamos, has been recently applied in our laboratories, with two 
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installations in operation for assaying some of the current batch of 
drums. Fission reactions are induced by neutron pulses produced by a 
pulse neutron generator. The neutrons are emitted by (D/T) reactions at 
energies of 14 MeV and are then slowed down and thermalized in the 
graphite and polyethylene walls of a cavity containing the waste drum. 
After the generator has stopped emitting neutrons, the thermalized 
neutrons induce fission reactions for a certain time depending on their 
life in the drum and the drum surroundings. During this time, it is 
possible to detect prompt inducedfission neutrons emitted in the drum 
as fast neutrons. To do this, the cavity wall can be fitted with a 
neutron detector enclosed in cadmium with low sensitivity to thermalized 
neutrons and optimum sensitivity to fast neutrons. The BF3 or 3 He de
tectors are identical to those used for the passive method. The pulse
detection cycle is repeated at a rate of 10 to 100 Hz for a sufficient 
time to allow good statistics to be obtained. The pulse duration is in 
the order of some tens of μ s, while the detection period after each 
pulse is some ms. One of the neutron generators is a plasmatron oper
ating with a tritiated target, which needs to be replaced after 80 h of 
continuous use at 1θ9 n.s~l on average, i.e. at a rate of 10? neutrons 
per pulse at a frequency of 100 Hz. In this case, the detection limit is 
estimated at 2 mg fissile Pu/180 s with 12 3He counters each 1 m long. 
The other generator, a sealed tube, produces 410? η per pulse at a 
frequency of 10 Hz with an estimated detection limit of 2 to 3 mg of 
Pu/100 s, the detection system being similar to the first. The high 
sensitivity of this technique is mainly due to its ability, using the 
pulsed neutron generator, to detect prompt neutrons, which have an 
emission factor of 156 for 235, 472 for 239 Pu and 195 for 241 Pu com
pared with delayed neutrons in the case of fission reactions induced by 
thermal neutrons. By extending the detection of neutrons to several 
seconds after each pulse, the delayed neutrons can be assayed and their 
ratio to prompt neutrons derived, while in certain simple cases the 
nature of the fissile isotope can be identified. The correlation of the 
neutron decay constant in the drum plus its surroundings permits the 
identification of the type of waste in the drum and hence a better cali
bration of the equipment. As with all techniques using radioactive 
sources, the neutrons spontaneously emitted by the contaminants contri
bute to background, which reduces performance in terms of detection 
limits. 

Generally speaking, active methods are most suited when the con
taminant mainly contains fissile isotopes such as highly enriched 
uranium or plutonium from slightly irradiated fuel. In cases where con
taminants of this type are mixed with activates or fission products 
and/or the waste consists of heavy but not very hydrogenated material, 
active methods are the only ones that can be used. However, it should be 
stressed that although active methods can achieve extremely low detec
tion limits useful for classifying wastes under the alpha activity 
threshold, in certain cases the error in the contaminant assays may be 
greater than with passive methods due to heterogeneous nature of the 
activation process. 

4. CONCLUSION 

The cooperation in the last five years within a working party 
supported by the CEC on nondestructive monitoring of solid alpha waste 
has led to a circuit for the intercomparison of waste drums and an ex
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change of detailed technical information. On the eve of the publication 
of the report on this exercise, some key points may be noted. 

The range of monitoring equipment used to assay the same batch of 
drums has allowed a very large field to be investigated, a field that 
would never have been covered by a single laboratory. The various re
search and development efforts have yielded a number of different equip
ment designs and assay procedures which it is interesting to compare. 

Even though intended to represent only light, non-irradiant, low-
active waste contaminated by plutonium and with concrete conditioning, 
the batch of drums required a great deal of effort to prepare and has 
been designed for a fairly extensive multi-parameter study. The central 
aim behind setting up the configurations to be compared was to under
stand the phenomena causing different responses from different instal
lations, this being the only way to achieve improvements or to make 
well-founded choices. Each assay technique has its own advantages and 
limitations, and no one method could replace the other. 

The choice of a technique and the design of the equipment and its 
mode of operation largely depends on the waste management policy 
adopted. First of all, the conditioning of the waste by the producer 
before monitoring determines the various options and constraints. In
deed, the method(s) to be applied differ(s) depending on whether the 
waste comes in 25 1 drums completely filled with light, non-irradiant 
waste contaminated by plutonium of a known isotopie composition or in 
220 1 drums partially filled with irradiant waste consisting of a mix
ture of metal objects and hydrogenated materials of various densities in 
unknown proportions, the alpha contaminant being a mixture of Pu and Cm 
of unknown isotopie composition, and conditioned in a heavy matrix; In 
the same way, the choice of monitoring methods will differ depending on 
whether the aim of monitoring is to provide a simple classification 
according to an alpha activity threshold or a method for assaying fis
sile material or assaying alpha or total activity. 

In general, the passive gamma and neutron methods appear to be more 
accurate than active methods,whereas the latter can achieve lower detec
tion limits, although these considerations are qualified by the nature 
and conditioning of the waste. Where they can be applied, the passive 
techniques are thus to be preferred for assaying large quantities of 
contaminant, whereas the active techniques, in particular the method 
using a pulsed neutron generator, are to be reserved for low-threshold 
assays and cases where passive methods will not work. Combining several 
assaying techniques will often enable additional information to be 
acquired, and reduce errors in determining the contaminant. 

Garrma spectrometry is suitable for slightly irradiant or non-
irradiant low-density waste, having the advantage of enabling the 
gamma-emitting isotopes to be identified and their quantities and abun
dance ratios derived and then correlated to determine the isotopie com
position of Pu in certain cases. 

Spontaneous fission neutron detection is suitable for irradiant 
waste, but it is essential to know the isotopie composition of the Pu or 
the alpha emitters. This technique is especially useful where the waste 
has a low hydrogen density and where the mass neutron emission rate due 
to spontaneous fission is high. 

Activation techniques, in particular the method using a pulsed 
neutron generator, need to be studied in greater depth. However, 
although encouraging with respect to sensitivity and low detection 
limits, initial results with the latter method have been fairly unsatis
factory as regards the assay error, which continues to be substantial 
even if large quantities of contaminant are present. 
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Over the last five years, the work carried out by the individual 
laboratories in addition to this comparison work has enabled industrial 
experience to be acquired with the methods tested. Finally, it is clear 
that close cooperation with producers and waste managers is the only way 
of achieving rational monitoring procedures. 
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DISCUSSION 

P. JOURDE, CEA Fontenay-aux-Roses 

What is the energy of the neutrons, the intensity and the duration of the 
pulse? 

R. BOSSER, CEA Cadarache 

The energy of the neutrons is 14 MeV. For both Pu-monitoring systems 
set-up.in the UK and in the F.R.G., the intensity of the neutrons is 4x10 
and 10 neutrons/second respectively. 7Every pulse lasts a few tenths of a 
microsecondand inyplves '■-'", -

J Ίη — --
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MANAGEMENT OF NUCLEAR AIRBORNE WASTES AND TRITIUM RETENTION 

W. HEBEL (CEC), A. BRUGGEMAN (CENSCK), A. DONATO (ENEA), 
J. FURRER (KfΚ), Ι.F. WHITE (NRPB) 

Summary 
An overall review is presented of the outcome of the research 
activities that have been supported by the Community programme 
(shared cost action) for the last years in the field of management 
of nuclear airborne wastes. The kinds of waste dealt with origi
nate essentially from the reprocessing of spent nuclear fuel and 
from certain treatment and conditioning processes of radioactive 
waste. Consideration is therefore given to the management of the 
volatile radionuclides Krypton85, Iodine129, Carbon14 and 
tritium followed by that of nitric oxides and radioactive aerosols. 

1. Introduction 

Gaseous effluents from nuclear installations can contain radionuc
lides or radioactive matter which pass easily over into the airborne 
phase during certain treatment processes of radioactive material. The 
reprocessing of spent nuclear fuel and the associated waste treatment 
processes constitute major sources for such nuclear airborne waste. 

Most prominent gaseous or easily volatilized radionuclides, contai
ned in spent nuclear fuel are Krypton85, Iodine129, Carbon14 and 
tritium. Their approximate contents in one tonne of used LWR fuel after 
the normal burnup of 33 GWd/t are given in the following table (1; 2; 
4; 8) : 

! ! Halflife ! Approximate content ! Activity ! 
! ! (a) ! (g/t) ! Ci/t ! 
! Krypton85 ! 10.8 ! 29 ! 11000 ! 
! Iodine129 ! 16.10 ! 170 ! 0.03 ! 
! Carbon14 ! 5730 ! 0,6 ! 2.2 ! 
! Tritium ! 12.3 ! 0,06 ! 570 ! 
! ! ! ! ! 

They are liberated from the spent fuel during its dissolution in 
nitric acid for being reprocessed. At this stage, also nitric oxides 
and aerosols are generated which make the second group of airborne waste 
species present in the dissolver offgas and being of concern here. 

Because of their small quantities, the former radionuclides are 
strongly diluted in general by the large gas flow (air) through the 
dissolver or are contained in low concentrations in the liquid effluents 
of the process. A fact which makes their trapping from the effluents 
expensive and technically difficult due to the large quantities of 
gaseous or liquid carrier ballast to be handled simultaneously. 

Next to the spent fuel reprocessing, waste treatment processes such 
as highlevel waste vitrification and low or intermediatelevel waste 
incineration, are other important sources of airborne radioactivity. 
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Here, in addition, semi-volatile radionuclides play a major role like 
Cesium-137 and Ruthenium-106. 

The Community funds committed to R&D activities in the field of 
airborne waste arrive at 4.4 million ECU in total, which have been spent 
between 1976 and 1984 in support of various contractual works conducted 
by research organizations in the Member States. The partitioning of the 
funds among the fore-mentioned subjects of concern is shown on Figure 1. 
It can be noted that almost half of the total went into research on 
Krypton-85, followed by that on tritium (27%) and aerosols (10%). 
Smaller parts went into the characterization of the off-gas from spent 
fuel dissolution (10%) and into the drawing up of status reports on the 
management modes for Iodine-129 and Carbon-14 (2; 3; 4 ) . Also for 
Krypton-85, such a state of the art report was presented in 1982 (1), 
next to an earlier study on tritium immobilization (8). 

The major effort on Krypton-85 was given to the development of 
krypton immobilization techniques followed by that of krypton trapping. 
It constitutes the subject of a separate paper at this conference. 
Therefore, brief mention is to be made here, only of some general 
aspects of krypton management. 

2. Krypton-85 

The CEA at Fontenay-aux-Roses and the University of Pisa drew up 
together, in the scope of the Community programme, a comparative study 
of management strategies for Krypton-85. This study was presented and 
discussed on the occasion of a specialists' seminar held in Brussels, in 
June 1982. (1) A few points of the outcome may be highlighted here, 
with regard to the situation of krypton management on the whole. 

Mainly two techniques of trapping Krypton-85 from the fuel dissolu
tion off-gas are being developed : the cryogenic rectification process 
and the fluorocarbon absorption process. The former has reached the 
stage of inactive pilot plant testing in several countries (e.g., 
U.S.A., Japan, Germany, Belgium, France). Apart from an older plant at 
the Idaho National Engineering Laboratory (U.S.A.), operation under real 
radioactive and industrial conditions has not been performed and would 
need testing and demonstration. Problems of operational safety remain 
to be solved for the cryogenic rectification process. They are due 
mainly to the specific composition and the relatively high air flow-rate 
of the dissolver off-gas. 

The fluorocarbon absorption process, being considered as an alter
nate or back-up technique, has been developed to the inactive pilot 
plant scale in the U.S.A. and continues to get attention in Germany, but 
is less advanced towards industrial application. 

Techniques for the immobilization of trapped krypton are also under 
development. They concern the incorporation in metal matrices (9) and 
the enclosure into the porous structure of zeolites (10; 12). The 
embedment of krypton in a metallic matrix by ion sputtering is a prefer
red process which has reached the state of half scale technical testing. 
Hot demonstration under representative radioactive conditions would need 
to be done here as well. 

Krypton, being a noble gas, causes comparatively small radiological 
effects to men and its release into the atmosphere can be tolerated to a 
certain extent. However, as reprocessing capacities grow, the releases 
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from individual plants might have to be restricted. Not only to keep 
the radiation exposure down as reasonably achievable in the local 
environment, but also to avoid an increased accumulation of Krypton-85 
activity in the regional and global atmosphere. 

In the case of unrestricted release of Krypton-85 emerging from a 
1 500 t/a reprocessing plant, the most exposed public individuals in the 
vicinity of such a plant could receive radiation dose rates of the order 
of a few mrem/a. This radiation exposure is essentially due to the 
gamma rays which are associated with the predominant beta decay of 
Krypton-85. The latter radiation would mainly hit the skin or epidermis 
of the individuals by causing relatively little biological effects. The 
frequency of beta emission, however, is more than 100 times higher than 
that of the gamma rays and may therefore not be completely neglected as 
to its ionizing effects on the (less projected) biosphere as a whole. 

The costs and technical problems of Krypton-85 retention are far 
from being negligible, and do not seem to be clearly outweighed at 
present by the radiological benefit of its abatement. But the question 
should merit a continuous development effort, in particular with regard 
to growing reprocessing capacities. 

3. Iodine-129 

Iodine-129 has the extremely long half-life of 16 million years. 
Even if Iodine-129 is trapped from the fuel dissolution off-gas, its 
isolation from the biosphere cannot be guaranteed for the timescale of 
its radioactive decay. It will eventually disperse on a regional scale 
and will then enter into global circulation, acting as a long-term 
source of low level radiation. The achievable objectives of waste 
management for Iodine-129 are thus limited to controlling the time, 
place and manner of its initial dispersion into the biosphere. 

In a previous study (2) in the scope of the Community programme, 
the technological aspects of Iodine-129 management were examined by the 
United Kingdom Atomic Energy Authority (UKAEA) and the Commissariat à 
l'Energie Atomique (CEA), and the radiological aspects were examined by 
the UK National Radiological Protection Board (NRPB). A further con
tract was then given to NRPB to complete the radiological assessment and 
to use the results, together with cost data supplied by CEA under the 
previous contract, in an example of cost benefit analysis of management 
modes for Iodine-129. 

The management modes considered in this generic study (3) are shown 
in Figure 2, which also indicates the environmental pathways that were 
modelled. 

Both individual and collective doses were calculated for each of 
the management modes, normalized for 2 TBq (54 Ci) of Iodine-129 aris-
ings, which represent one year's assumed throughput of one large repro
cessing plant (1 500 t/a). The annual individual thyroid dose to 
members of the public from unlimited atmospheric discharge of that 
quantity of Iodine-129, calculated by using pessimistic assumptions as 
is appropriate for the protection of individual members of critical 
groups, was 700 mrem which is 14% of the annual dose limit of the 
thyroid or about 20 mrem/a, in terms of dose rate equivalent. In none 
of the other cases would potential individual doses approach the dose 
limit. Even if several plant-years' throughput of Iodine-129 were 
trapped and disposed of as a solid at one disposal site, none of the 
predicted potential individual doses would exceed the dose limit. 
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For all the Iodine-129 management modes considered, the predicted 
collective effective dose commitment to the world population tends 
towards almost the same value, about 2 000 man.Sv at times beyond 100 
million years, largely determined by the global circulation of the 
Iodine-129. However, effluent discharge modes would give some collec
tive doses immediately, while the less pessimistic of the assumptions 
for geologic disposal predict zero doses until 100 000 years, as can be 
noted from Figure 3. 

It has already been shown earlier that Iodine-129 should be trapped 
from the off-gas of a large reprocessing plant, in order to control 
doses to individual members of the critical group. The present generic 
cost-benefit analysis comes to the conclusion that the radiological 
benefits from the reduction of the initial collective doses can outweigh 
the costs of trapping the Iodine-129 and of its appropriate disposal. 

The greatest benefit is achieved by removing the Iodine-129 from 
the dissolver off-gas, which usually contains most of it, and that 
should result in a decontamination factor of about 100. Further stages 
of treatment to improve the decontamination factor do not appear worth
while. This is because the further potential savings in radiological 
detriment costs are small, and any further stages of treatment will be 
more expensive because they must deal with larger and more dilute gas 
streams. The technical methods for the removal of Iodine-129 from the 
fuel dissolution off-gas exist and have been brought into use, such as 
caustic scrubbers or silver impregnated porous silica type filters ("AC 
6120"). However, more development work is still needed to establish 
suitable iodine immobilization methods and matrices as well as accepted 
waste disposal routes. 

4. Carbon-14 

The situation with regard to the waste management of Carbon-14 was 
reviewed, in 1982, by a contractual study conducted jointly by UKAEA and 
NRPB (4) at Harwell (U.K.). The following findings may be briefly 
noted. 

A reliable picture of the production and release of Carbon-14 from 
various reactor systems has been built up for the purpose of this study. 
It is based on a critical analysis of reported calculations and measure
ments and some new calculations in the case of AGRs and Magnox reactors. 
Generally, a good agreement exists between various sources of data. 

The key problem in carbon-14 management is its retention in off-gas 
streams, particularly in the dissolver off-gas stream at reprocessing 
plants. In this stream, the nuclide is present as carbon dioxide, and 
is extensively isotopically diluted by the carbon dioxide content of the 
air. The size of plant required for retention, and the quantities of 
solid waste produced, are therefore determined by the air flow-rate 
through the dissolver. 

Three alternative trapping processes that convert carbon dioxide 
into insoluble carbonates have been suggested. Any of them could be 
used as a preliminary to krypton removal, or as part of the product 
purification system of a fluorocarbon separation process for krypton, or 
to treat gas regenerated from a molecular sieve bed or cold trap. They 
are : 
- The double alkali process. Carbon dioxide is absorbed here by sodium 

hydroxide solution. The resulting liquor is treated with calcium 
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hydroxide to form calcium carbonate and to regenerate sodium hydro
xide for re-cycle. 

- The direct process. Carbon dioxide reacts with an aqueous slurry of 
calcium hydroxide to give calcium carbonate directly. 

- The barium hydroxide octahydrate process. Carbon dioxide reacts with 
a fixed bed of solid barium hydroxide octahydrate to give barium 
carbonate. 
Any of these processes is capable of giving a high decontamination 

factor for Carbon-14. 
It is probable that calcium or barium carbonates, produced in the 

above processes, could be incorporated into cement or bitumen matrices 
to provide immobilized waste forms. However, the stability of such 
waste forms to prolonged irradiation and to leaching needs to be inves
tigated. 

A number of disposal options for solid Carbon-14 wastes have been 
identified. The acceptability of the various options will be determined 
by the ALARA principle, i.e., that all exposures should be as low as 
reasonably achievable, economic and social factors being taken into 
account. 

The maximum individual doses arising from the atmospheric discharge 
of Carbon-14 from a reference PWR reprocessing plant (1 200 t/a spent 
uranium) are estimated at some tenth of a mrem per year. 

A conversion to a solid waste followed by disposal in a geologic 
repository could substantially reduce the collective dose commitment, 
relative to that arising from the unlimited discharge with effluents. 

5. Tritium 

Unlike the foregoing subjects, the management of tritium containing 
wastes has not been assessed by a recent study in the scope of the 
Community programme. 

For several years, however, the development of a process is being 
supported which aims at the removal of tritium from the aqueous efflu
ents of a reprocessing plant (5). The work is conducted by SCK/CEN at 
the nuclear research center in Mol (Belgium). It concerns a process 
(called ELEX) which uses water electrolysis combined with catalytic 
exchange between the gas and liquid phase, in order to concentrate by 
isotopie separation the tritium in a small liquid volume while the bulk 
of the aqueous effluent may be released with a strongly reduced tritium 
content. The effect of both volume concentration and tritium decontami
nation comes to a factor of about 100. 

The process was first studied on laboratory scale which showed the 
technological feasibility of the approach. The equipment included a 1.5 
KW electrolyser to generate hydrogen gas and a reflux isotopie exchange 
column of 2 cm inner diameter, filled with hydrophobic catalyst to 
amplify the tritium enrichment in the liquid phase, already partially 
realized by the water electrolysis. Essential part of the process is 
the water-repellent catalyst which contains platinum on a carrier of 
charcoal incorporated in a teflon matrix. Up to the end of 1982, more 
than 1 m3 of tritiated water was processed by this bench scale equipment 
whereof the feed contained approximately 0.1 Ci/1 of tritium; the 
latter being representative for the tritium content in the aqueous 
effluents from nuclear reprocessing plants. 
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Successively, and encouraged by the positive results, a technical 
scale pilot installation was designed and constructed in Mol. It 
comprises a 80 KW electrolytic gas generator, a 10 cm diameter isotopie 
exchange column and has the nominal throughput of about 5 1/h of tritia-
ted water. At present, the pilot installation undergoes final commis
sioning tests prior to its demonstration runs (Figure 4). It will then 
contain an inventory of 1 000 Ci or 0.1 g of tritium, respectively. 

6. Nitric oxides 

A well known and straightforward method for the removal of nitrogen 
oxides from process off-gas, is the scrubbing by nitric acid or caustic 
liquor. Certain draw-backs of this method, however, have favoured the 
research and development into an alternative removal process, that is 
the catalytic reduction of the nitric oxides by ammonia gas (NH3). 

In the scope of the Community programme, two specific research 
works were conducted on the subject, one by ENEA in Italy (7) and the 
other by SCK-CEN in Belgium. In the former case, it is with regard to 
the off-gas cleaning related to the bituminization or vitrification of 
wastes charged with appreciable amounts of nitrates, and in the second 
case, it is with regard to the removal of the nitric oxides emerging 
from spent fuel dissolution, a necessary process step prior to Krypton 
removal. 

Although the specific waste gas conditions are quite different in 
both cases, the basic characteristics chosen for the nitric oxide 
removal process, are similar. They both use a mordenite bed as cata
lyst, which operates at temperatures in the range of 400 to 450°C. 

It was found, at ENEA, that the content of water vapour in the feed 
gas should be lower than 60 v/o, in order to achieve removal efficien
cies of 99% or higher, for the nitric oxides. The control of the 
temperature of the catalyst bed showed to be important in both cases for 
a satisfactory NOx reduction. SCK-CEN observed in this respect, that 
the exact dosage of ammonia supply to the waste gas plays a major role. 
There, the residual NOx concentrations found in the exhaust gas of the 
catalyst bed were around 1 ppm compared with a content in the feed gas 
of somewhat less than 1% (10 000 ppm). 

7. Aerosols 

Work done by the Kernforschungszentrum Karlsruhe, concerned the 
development and testing of pre-filters composed of packed glass fibers 
(20 pm diameter) for the removal of aerosol droplets from the dissolu
tion off-gas of spent fuel. The objective is to clean those filter 
elements again by spray-washing, in order to re-use them repeatedly for 
the purpose of reducing the aerosol load on the downstream HEPA-filters, 
thus increasing their operating life (6). 

Development and testing of those prefilters was undertaken by using 
the so-called PASSAT facility at KfK which is the mock-up of a dissolver 
off-gas cleaning system, including the removal of nitric oxides, aero
sols and Iodine-129. The effectiveness of the whashable pre-filters, in 
other words of the packed fiber mist eliminators, was studied there in 
connection with an up-stream droplet separator (wave plate) and a 
down-stream HEPA-filter (Figure 5). 
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At gas flowrates through the system of the order of 100 m3/h and 
with measured aerosol droplets in the range of 1 to 23 μτη diameter, the 
overall removal efficiency of the packed fiber filter was found to be 
around and above 99.99% (Figure 6) . Tn

is corresponds with an aerosol 
decontamination factor between 500 and 10 depending, on the size of the 
droplets. 

Tests with radioactive tracer solution (Ba139) sprayed into the 
offgas flow, showed that the packed fiber filter can be washed after
wards from its aerosol load by sprayflushing, during more or less 15 
minutes. About 75 1 of water was found sufficient to bring the pressure 
drop through the filter down again to normal values, while washing out 
the bulk of activity at the same time. In the case of persisting 
important activity load of the filter elements, they can be exchanged 
remotely due to the special handling technique developed herefore in the 
PASSAT facility. 

The combined aerosol filter system, including droplet separator, 
packed fiber mist eliminator and HEPA filter, showed a total aerosol 
removal factor of about 2.10 for droplets of 4 um average diameter. 

In conclusion, it may be noted that the recleanable prefilter can 
extend the HEPA filter operating life about 10 times. 
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DISCUSSION 

H. KRAUSE, KfK Karlsruhe 

Can the catalyst used to treat the NO gases be poisoned in operation? 

W. HEBEL, CEC Brussels 

The only information available in this respect is that the flue gas must 
not contain more than 60% water vapour in volume. 

A. DONATO, ENEA Casaccia 

Action of water vapour on the catalyst does not result from a poisoning 
effect but from the mass action since water is a byproduct of the reac
tion between NO and ammonia. However, after a certain time of operation 

χ 
a change of colour of the catalyst has been observed, which occured along 
with a decreasing of its efficiency. This resulted from carrying over of 
waste droplets into the mordenite catalyst entailing a progressive ex
change of its acidic form to the much less efficient sodic form. 



CAPTURE AND IMMOBILIZATION OF KRYPTON-8 5 

D.S. WHITMELL*, L. GEENS+, R.D. PENZHORN* and M.J .S . SMITH* 
*UKAEA, AERE Harwel l , England 

+SCK/CEN, Mol, Belgium 
KfK, K a r l s r u h e , Germany 

Summary 
I t may become n e c e s s a r y t o c o n t a i n the k ryp ton-85 r e l e a s e d from nuc lea r 
fue l du r ing r e p r o c e s s i n g in o rde r to reduce t h e exposure to t h e l o c a l 
p o p u l a t i o n and the r a d i o a c t i v e background throughout the wor ld . 

A b r i e f d e s c r i p t i o n w i l l be g iven of s t u d i e s be ing c a r r i e d out in 
t h e I n d i r e c t Act ion Programme. The s e p a r a t i o n of k ryp ton from o the r 
o f f - g a s e s by c r y o g e n i c d i s t i l l a t i o n in the p resence of oxygen i s be ing 
s t ud i ed a t SCK/CEN Mol, t o g e t h e r with the behaviour of ozone in the 
d i s t i l l a t i o n column. 

Two p r o c e s s e s for the immob i l i z a t i on of k ryp ton in s o l i d forms 
have been s u c c e s s f u l l y developed and demons t r a t ed . At KfK K a r l s r u h e , 
k ryp ton i s encapsu l a t ed in v i t r i f i e d z e o l i t e s ; a t AERE Harwel l , k r y p t o n 
i s immobilized wi th in a m e t a l l i c m a t r i x . These p r o c e s s e s o f f e r 
e x c e l l e n t gas r e t e n t i o n and e i t h e r could be adopted for a r e p r o c e s s i n g 
p l a n t . 

1. I n t r o d u c t i o n 
At some time i t may become n e c e s s a r y to c o n t a i n the k ryp ton-85 a r i s i n g 

from t h e r e p r o c e s s i n g of n u c l e a r fue l i n o rde r t o l i m i t t h e exposure to t h e 
l o c a l p o p u l a t i o n and the background r a d i a t i o n around the wor ld . Krypton-85 
i s produced a s a f i s s i o n product a t a r a t e of approx imate ly 10 TBq (o r 4 
10 Cur i e s ) per GW(e) year and normal ly remains in the fuel u n t i l r e l e a s e d 
dur ing r e p r o c e s s i n g when i t forms p a r t of t h e gaseous waste s t ream t o g e t h e r 
wi th l a r g e r q u a n t i t i e s of xenon and s t a b l e k ryp ton i s o t o p e s . Since i t i s a 
b e t a and gamma e m i t t e r wi th a ha l f l i f e of 10 .8 yea r s i t needs to be s t o r e d 
for a t l e a s t 100 y e a r s . Containment poses p a r t i c u l a r problems s i n c e i t i s 
an i n e r t g a s , not forming s t a b l e s o l i d compounds, and I t s decay product 
rubidium may cause c o r r o s i o n of the c o n t a i n e r du r ing s t o r a g e . S torage a s a 
gas in a p r e s s u r i z e d c y l i n d e r i s not i d e a l , s i n c e r u p t u r e of t h e c y l i n d e r 
dur ing s t o r a g e would r e s u l t in the r e l e a s e of a l a r g e q u a n t i t y of 
a c t i v i t y . 

The envisaged method of t r e a t i n g k ryp ton i s t h e r e f o r e to s e p a r a t e i t 
from o t h e r g a s e s and then to immobil ize i t in a s o l i d form. Sepa ra t i on 
r educes the volume of gas t o be s t o r e d s i n c e k ryp ton r e p r e s e n t s on ly about 
60 ppra of the waste gas s t r eam. Cryogenic d i s t i l l a t i o n methods a re 
normal ly used to s e p a r a t e the krypton ^ 1 _ J · ' . In the pas t t h e e l i m i n a t i o n 
of oxygen was cons ide red to be a n e c e s s a r y p r e t r e a t m e n t s t e p ( i n a d d i t i o n 
to t h e removal of o t h e r c o n s t i t u e n t s such a s i o d i n e , NO , CO2 and wate r ) i n 
o rder to p revent the format ion of ozone in t h e c ryogen ic u n i t by r a d i o l y s i s 
Induced by the be t a i r r a d i a t i o n from the k r y p t o n - 8 5 . Oxygen can be 
e l im ina t ed by c a t a l y t i c r e d u c t i o n with hydrogen , but hydrogen c r e a t e s a 
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serious safety problem and the cost of the plant i s increased 
considerably. 

A new operation mode i s being investigated at SCK/CEN Mol in which the 
oxygen i s allowed to remain in the feed gas , since recent work*- ' has 
indicated that the accumulation of ozone in the c r y o d i s t i l l a t l o n unit can 
be reduced or even prevented under the correct conditions provided the NO 
i s removed f i r s t . The work on the removal of the n i t r i c oxides by 
ca ta ly t i c reduction with ammonia i s described in another paper^ . The 
experience with oxygen and ozone in the feed gas to the cryogenic 
d i s t i l l a t i o n column i s discussed below. 

Two methods for the containment of krypton are being studied in 
programmes supported by the Indirect Action programme: at KfK Karlsruhe the 
krypton i s encapsulated in v i t r i f i e d z e o l i t e s , while at AERE Harwell i t i s 
immobilized in a metal l ic matrix. Both promise to offer s u i t a b l e , economic 
methods for containing radioactive krypton. 

2. Separation of Krypton from Feed Gas in the Presence of Oxygen 
The system developed at Mol to invest igate the separation of krypton 

from feed gas in the presence of oxygen i s shown schematically in Figure 1. 
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Fig. 1 Scheme of experimental cryogenic d i s t i l l a t i o n equipment. 

J 

Air or a mixture of a i r and nitrogen i s fed at a pressure of 0.42 MPa and a 
flow ra te of 20 Nm .h into a drying un i t , which consis ts of 3 columns 
packed with an acid r e s i s t an t z e o l i t e , in order to prepurify the gas stream 
by removing water vapour and carbon dioxide before entering the cryogenic 
d i s t i l l a t i o n uni t . The pressure of the feed gas i s then increased to 0.7 
MPa by a membrane compressor and the gas stream loaded with krypton, xenon, 
and oxygen (or ozone). 

The d i s t i l l a t i o n unit consis ts es sen t i a l l y of two para l le l heat 
exchangers, where the feed gas i s cooled; a f i r s t continuously operating 
r e c t i f i c a t i o n column in which the krypton and xenon are separated from the 
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feed gas; and a second batch operated d i s t i l l a t i o n column where the krypton 
and xenon are separated. The unit i s shown in more de t a i l in Figure 2. 

VENTILATION 

(jp® > (Ş) 

<~\ 

Fig. 2 Cryogenic d i s t i l l a t i o n u n i t . 

The main operating cha rac t e r i s t i c s of the f i r s t column*· ' ; are given in 
Table 1. 

Table 1 : Main Character i s t ics of the Rect i f ica t ion Column 

Gas flow ra te 
Operating pressure 
Inle t temperature 
Reflux ra t io 
Packing 
Upper section 
Lower section 

25 NM3.h-1 

0. 70 MPa 
124 Κ 
0.3-1.0 
3 χ 3 χ 0.4 mm spring Raschig r ings 
h = 0.80 m, d = 0. 10 m 
h = 0.72 m, d = 0.07 m 
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2.1 Experimental Results with Oxygen 
Experiments were carried out with three dif ferent oxygen 

concentrations in the feed gas: 6%, 12%, and 21% volume, (the l a t t e r being 
a i r ) . The recording of the temperature profi le in the r e c t i f i c a t i o n column 
was l imited to six thermo-resistances spaced at 7.5 cm in te rva ls in the 
lower packing, as shown in Figure 3. The thermal balance of the column was 
controlled so that the krypton layer always reached the point [18]. 

The equilibrium temperature profi le for the experiment with 6% oxygen 
i s shown in Figure 3a. A temperature of 153K was measured between tes t 
points [18] to [20] which corresponds to a pure krypton layer . In the 
k e t t l e , temperatures higher than or equal to 153K were recorded, depending 
on the xenon content of the mixture. The temperature of 116K measured at 
[17] above the krypton layer corresponds to a very oxygen-rich l ayer . At 
[16] and [15] the temperature i s decreasing with the oxygen content. In 
the upper packing, 103K was recorded at the single measuring point . The 
equlibrium profi le was established in 1.5 to 2 hours. 

OUT TEMPERATURE PROFILES IN THE RECTIFICATION COLUMN 

FEED 

BOTTOM ■ 100 120 HO 

( a ) 

160 T(K) 

( b ) 

Fig. 3 Temperature prof i les in the r e c t i f i c a t i o n column, 
(a) 
(b) 

6% vol . CU in feed. 
12% or 21% vol . C>2 in feed. 

Figure 3b shows the temperature profi les for oxygen concentrations of 
12% and 21% which gave similar d i s t r i b u t i o n s . The temperature prof i le i s 
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iden t ica l below [18]· However, a constant temperature of 116K was now 
measured at the three points above [18]. When the krypton layer was 
lowered i t was observed that the oxygenrich l aye r , which contained 85% 
oxygen, extended over a l l s ix measuring poin t s , so that in normal operat ion 
i t extended from [17] almost to the i n l e t sect ion of the column. In the 
upper packing 105K was recorded. The profi le was establ ished in about 60 
minutes with 12% oxygen and in 30 minutes with 21% oxygen. 

The oxygen analyses were l imited to a few sampling poin t s , summarized 
in Table 2 where the gas phase compositions are given. In the bottom 
product the oxygen concentrations were lower than the detect ion l imi t of 
the oxygen monitor, (0.1 ppm volume). The table also gives the duration of 
the three experiments. 

Table 2 : Oxygen Concentrations in the Rect i f icat ion Column 

Experiment number 

Feed 
Discharge 
A 
Β 
C 
Bo t tom 
Duration 

According to the temperature prof i les recorded, even with a i r , no 
changes in any se t point of the d i f f e r en t i a l control and alarm systems had 
to be made with dif ferent oxygen feeds. Furthermore, the very low oxygen 
concentration of 0.1 ppm volume in the bottom product means t h a t , i f ozone 
accumulation can be avoided, no oxygen will be t ransferred to the second 
batch d i s t i l l a t i o n column together with the 9:1 xenonkrypton mixture. 

2.2 Experimental Results with Ozone 
A preliminary experiment has been made to study the behaviour of ozone 

in the cryogenic d i s t i l l a t i o n column. When ozone was fed in concentrations 
ranging from 50 to 100 ppm volume, no ozone was detected in the upper part 
of the column or in the out le t stream. The ozone accumulated in the bottom 
product of the r e c t i f i c a t i o n column at a concentration of 1 vol . %. The 
temperature remained unchanged at th is point. This ozone concentration did 
not affect the t ransfer to or operation of the second batch d i s t i l l a t i o n 
column. 

3. Encapsulation of Krypton in Zeol i tes 
Recently i t has been shown at KfK Karlsruhe that noble gases can be 

trapped e f f i c i en t ly and stably in a var ie ty of type A zeol i tes as well as 
in Η or Na zeolons, when the or ig ina l c rys t a l l i ne s t ruc ture i s 

( 7 ft Ì 
hydrothermally destroyed in the presence of a densified gas^ » '. This 
laboratory observation led to the development of a technology for the 
longterm storage of radioact ive krypton released during reprocessing of 
i r radia ted fuel from commercial nuclear r e a c t o r s ' ' . 

6.0 
6 .2 
7.0 
7.9 
0.1 
0. 1 
312 

12.0 
12.1 
13.0 
15.6 

0.1 
0.1 

528 

20.9% volume 
20.9% volume 
22.8% volume 
25. 7% volume 

0.1 ppm volume 
0. 1 ppm volume 

720 hours 
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Briefly, the f ixat ion process envisaged for disposal of Kr-85 from a 
reprocessing plant involves a one-way autoclave f i l led with zeol i te 5A 
p e l l e t s . For gas f ixat ion the zeol i te i s f i r s t dehydrated under vacuum. 
The amount of gas needed for the immobilization i s then introduced into the 
autoclave by adsorption on the zeol i te a t a temperature a few degrees below 
0°C (under these conditions the zeol i te has a high sorption capacity for 
krypton) . Next, the autoclave i s closed by a valve and heated up to the 
fixation temperature. This causes gas desorption with a concomitant r i s e 
in pressure . At the f ixat ion temperature the zeol i te c rys ta l s t ruc ture 
v i t r i f i e s and noble gas i s trapped. After completion of the v i t r i f i c a t i o n 
the autoclave i s cooled and the non-immobilized gas expanded into a large 
vesse l . F inal ly , the autoclave i s closed by pressing and welding the 
access tube. It i s now ready for t ransport and interim or long-term 
disposal . The equipment i s shown schematically in Figure 4. 

3.1 Fixation Mechanisms 
The mechanism of gas f ixat ion has been examined systematically by 

electron and X-ray di f f ract ion analysis^ ' . With the l a t t e r method i t was 
observed that with slow isobaric water desorpt ion, c ry s t a l l i ne zeol i te 5 A 
transforms i r r evers ib ly at about 850°C into nepheline and anor th i t e . When 
amorphous z e o l i t e s , which had been loaded with noble gas a t e i ther 430 or 
650°C, were slowly heated by the same procedure, r ec rys t a l l i za t ion into the 
same products took place at the same temperature, regardless of the 
v i t r i f i c a t i o n condit ions. This observation, as well as electron 
microscopical pic tures are in excel lent agreement with r e su l t s from gas 
leakage experiments. Thoroughly v i t r i f i e d samples only l i be r a t e the 
trapped gas a t the phase transformation temperature (850°C), and below th i s 
temperature the leakage ra te i s small. However, incompletely v i t r i f i e d 
samples are characterized by a s ignif icant leakage a t temperatures below 
the transformation point . 

The crystalline/amorphous t r a n s i t i o n in zeo l i t e s can also be followed 
29< 

(MAS-NMR): a technique primarily sens i t ive to short-range order 1 · l ¿ > . When 
by high-resolut ion so l id - s t a t e Si NMR with magic angle spinning 

: i ly sens i t ive to short-range order^ ' 
the phase t r ans i t i on occurring during gas f ixat ion in zeo l i tes i s examined, 
a spectrum i s obtained which i s very different from that of the parent 
z e o l i t e . The chemical shift i s now cha rac t e r i s t i c of Si surrounded 
tetrahedrically by four Al-centred te t rahedra . The large change in 
chemical shift shows that the s t ruc tu ra l iden t i ty of zeol i te A has been 
l o s t , even at the unit ce l l l e v e l . This observation is subs tant ia t ied by 
IR spectroscopy which reveals a spectrum analogous to amorphous alumino 
s i l i c a t e s such as g l a s se s . 

Zeolite samples loaded with noble gases have been characterized by a 
number of physical methods^ ' . Samples loaded with Kr as well as Ar/Xe and 
Kr/Xe mixtures were examined by microprobe analysis^ . Comparison of the 
secondary e lectron images with corresponding X-ray images of unloaded, 
loaded and deloaded 2 mm pe l l e t s indicate that the densi ty of the noble gas 
follows exactly the densi ty of the aluminosil icate framework. Thus most of 
the noble gas i s present in small uni ts the s ize of zeo l i t e c rys t a l s (about 
2 um or l e s s ) , and not as bubbles in a sintered p e l l e t . 

I t i s concluded that hydrothermally immobilized gas i s not trapped in 
the i n t e r c ry s t a l l i ne space inside a sintered pe l le t but trapped in a 
thermally very s t ab le way in a t ru ly amorphous s o l i d . This i s not only 
demonstrated by the microprobe ana lys i s , but also by the fact that 
e s sen t i a l ly no gas i s released when a loaded pe l le t i s ground. 
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3.2 Thermal Release Measurements 
The ra te of release of noble gases such as Ar, Kr and Xe out of 

v i t r i f i e d type A zeol i te containing the cations Mg, Ca and Sr has been 
carefully measured in a large number of experiments. The leakage data , 
obtained within the temperature range 450700°C, demonstrate that gas 
evolution i s well described by the / t law. In general , the ac t iva t ion 
energies for gas diffusion through v i t r i f i e d zeol i te were found to be 
subs tan t i a l ly higher than those through c rys t a l l i ne z e o l i t e . The estimated 
act ivat ion energies for the diffusion of Kr out of vitreous MgA, CaA and 
SrA were found to be 191.6 + 17.2, 210.3 + 22.2 and 202.2 + 7 . 6 kJ/mol 
respect ive ly . The act ivat ion energy obtained for the Kr/CaA system i s in 
good agreement with previously reported values of 197 kJ/mol^1 .) a n ( j 209 
kJ/mol1· ' . The estimated diffusion coeff ic ients for Kr diffusion out of 
v i t r i f i e d 5A zeo l i t e are 3 χ IO  2 0 cm2/s at 500°C and 5 χ IO  1 9 cm2/s at 
600°C. 

3.3 Demonstration with Active Gases 
The equipment employed for the f ixat ion of radioact ive noble gases in 

zeol i tes cons is t s es sen t i a l l y of a 40 Ci Kr85 vesse l , a lead shielded 2 SL 
3 » Q 

storage vesse l , a 4 cm pressurizat ion t rap and a 1 cm autoclave 
containing the z e o l i t e . The pressur izat ion trap together with the 
autoclave cons t i tu te the actual fixation uni t . The pressurizat ion trap can 
be ei ther heated external ly up to 350°C with an oven or cooled with l iquid 
N2, fed into the glove box through a vacuum i sola ted f i t t i n g to trap the 
krypton. The autoclave i s connected to the pressur izat ion t rap via a metal 
to metal seal provided with a s t a in le s s s t ee l gasket. This arrangement 
permits easy recovery of the radioact ive zeol i te after completion of each 
run. The pressure i s regis tered with two externally water cooled 
transducer sensors . All heating and cooling steps were controlled from 
outside the glove box with a temperature programmer uni t . Information 
concerning the gas densi ty ins ide the f ixat ion unit could also be derived 
from a r ad ioac t iv i ty measurement. For th is purpose a s c i n t i l l a t i o n 
detector provided with a p las t i c s c i n t i l l a t o r , was placed p a r t i a l l y ins ide 
the lead shielding around the autoclave. 

In a typical run approximately 1080 GBq (30 Ci) of gaseous Kr/Kr85 
was kept in the fixation unit for several hours at pressures up to 300 bar. 
During v i t r i f i c a t i o n the temperature of the pressur izat ion t r ap , the metal 
to metal seal and the autoclave reached 350, 150 and 520°C respec t ive ly . 
Since under these conditions no rad ioac t iv i ty was detected ei ther in the 
stack or in the glove box, the employed metal to meal seal provides 
adequate gas containment. Several experiments with several hundred curies 
of Xe133 ac t i v i t y subs tant ia te t h i s conclusion. After completion of each 
run the autoclave was opened and i t s radioact ive contents t ransferred into 
small glass bulbs. This operat ion, which was carried out without any 
special precautions, occurred without measurable contamination of the glove 
box by radioact ive aeroso l s . 

Krypton from a reprocessing plant has a specific ac t i v i t y of the order 
of 3700 GBq/A, which, when trapped in a z e o l i t e , wil l give r i se to a 
specif ic a c t i v i t y of about 93 GBq/g. The hot tes t Kr85 samples prepared so 
far have about 20% of that a c t i v i t y (some Xe133/5A samples are perhaps 
more than 5 times as h o t ) . They may thus be considered representat ive for 
longterm charac te r iza t ion , which will be carried out in closed loops with 
mass spectrometric ana lys i s . So far a l l Kr85 and Xe133 samples have been 
kept under a lab hood for a period of up to two years , without 
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morphological changes or l i be r a t i on of radioact ive gas becoming apparent. 
The rad ia t ion dose of the highly radioact ive Kr-85/5A samples (1 cm 
volume), measured behind 1.3 mm g la s s , has remained unchanged at about 1 
rem/h for a period of up to 9months. 

3.4 Trapping of Other Gases 
When gaseous mixtures such as Xe:Ar = 1:1 or Xe:Kr = 1 : 1 were trapped 

in zeo l i t e 5 A an enrichment of the species with highest sorption a f f i n i t y 
was observed. Impurities such as N~, 0«, noble gases , C0„, H -j e t c . are 
trapped together with Kr. 

An appreciable fract ion of the C-14 produced in nuclear reac tors i s 
converted to gaseous eff luents during fuel reprocessing. The typica l 
composition of the off-gas of a HTGR fuel reprocessing plant i s 95% C-14 
contaminated CC^, with ppm concentrations of Xe and Kr-85. In a 350 
tU/year LWR reprocessing p lan t , handling fuel with burn-up of 33000 Mwd/t, 
an annual CO2 ar i s ing of about 210 Ci i s expected. If the dissolver 
atmosphere i s a i r , a production of about 187 kg of CO2/ CO5 can be 
est imated. Since CO2 has been ident i f ied as a potent ia l biohazard 
because of i t s long h a l f - l i f e and the ease with which i t i s incorporated 
into l iv ing matter , processes based on i r r eve r s ib l e sol id /gas react ions 
have been proposed to remove the gas from the off-gas*· ' ^ . However, 
a r i s ing problems have not been adequately solved. 

Experimentally i t has been shown that CO, and CH, can be incorporated 
in high yield in hydrothermally v i t r i f i e d 3A, 4A and 5A z e o l i t e s , as well 
as in Na zeolon, H zeolon and c l i n o p t i l o l i t e , employing r e l a t i ve ly mild 
f ixat ion condi t ions. For ins tance , at 490°C and 200 bar CO2 a loading of 
35 cm STP/g was obtained in zeol i te 4A employing a 5 A one-way autoclave. 
At an i n i t i a l CO2 pressure of 1 bar suf f ic ien t gas was adsorbed by the 
zeo l i t e to yield a pressure of 200 bar upon desorption when the autoclave 
was isolated and heated up to 490°C (sorbopressur iza t ion) . Further 
optimization of the f ixat ion parameters appears poss ib le . Short and long-
term leakage t e s t s carried out with loaded samples containing CO2 or CH¿ 
have demonstrated the high thermal s t a b i l i t y of the encapsulates. In view 
of the above i t appears possible to dispose radioact ive CO2 and CH/ in 
v i t r i f i e d zeol i te together with Kr-85 in one single process, without 
necessi ta t ing a hydrocarbon oxidation s t ep . 

3.5 Demonstration Fac i l i ty 
A f a c i l i t y has now been designed, constructed and demonstrated which 

includes several 5 I thick-walled external ly heated one-way autoclaves 
(length 1000 mm and i . d . 80 mm) provided with a quick connector, a 7 kw 
oven, several pumps, a compressor, temperature and pressure r eg i s t r a t i on 
devices, two 50 X s torage cy l inders , e t c . Two kinds of safety devices 
guarantee the i n t eg r i t y of the autoclave: on one hand three thermocouples 
touching the outer surface of the autoclave, which shut off the power 
supply when a preset temperature of 550°C i s exceeded; on the o ther , two 
pressure r e l i e f va lves , which expand the gas into a 50 I vessel when a 
pressure of 300 bar i s exceeded. 

From measured temperature prof i les i t i s concluded that a f te r about 
two and a half hours a homogeneous temperature d i s t r i bu t ion in the 
autoclave i s a t t a ined . Altogether 14 runs, completed so far with zeol i te 
4A and 5A and the gases Ar, Kr and CO2, have demonstrated that previously 
obtained laboratory r e s u l t s can be reproduced on a technical sca le . 
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lhe main advantage of the one-way autoclave concept i s seen in the 
s impl ic i ty of the process Fixation i s carried out without a high pressure 
compressor, complex e lec t ron ics , employing exclusively commercially 
available technology. No transfer of radioactive zeol i te pe l l e t s i s 
needed. Since the one-way autoclave i s used only once, metal fatigue i s 
unl ikely. The one-way autoclave can be considered a true second bar r i e r 
for t ransport and final s torage, because of i t s inherent res is tance towards 
corrosion, high pressures, high temperatures and mechanical impact. 
Equipment and operation costs are estimated to be comparatively low. 

4. Immobilization in a Metal Matrix 

4.1 Process 
(\ 9 ?0i 

The process*· ' ' developed at Harwell i s shown schematically in 
Figure 5. A glow discharge i s generated between the cyl indr ica l electrodes 

During Operation 
V /Water 

Cooling 

Coolant ' 
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on for 
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Coolant in During Storage 

Fig. 5 Scheme of process to immobilize krypton in a meta l l ic matrix. 

by applying a negative potent ial of 3-5 kV in the presence of krypton gas 
at a pressure of about 10 Pa. Ions produced in the discharge bombard the 
negative electrode causing both ion implantation and sput ter ing of the 
e lec t rode . When the negative potent ia l i s applied to the outer e lec t rode , 
gas i s implanted into i t s surface. The polar i ty of the discharge i s then 
reversed so that the implanted gas i s coated with a fresh layer of metal 
sputtered from the central e lectrode. The process i s repeated typ ica l ly a 
few times per second so that a thick layer of matrix containing gas a t a 
concentration of 170 A (at STP) per l i t r e of metal i s bu i l t up. When a 
layer 20 mm thick has been laid down, the vessel i s sealed and removed 
without dismantling to provide a secondary conta iner . 

The process has been demonstrated using a ha l f - s ca l e , 50 kW inac t ive 
pi lot plant to prepare a copper matrix 22 mm th ick , weighing 23 kg and 
containing over 300 l i t r e s of krypton in a vessel 0. 3 m long and 0. 26 m 
diameter The gas incorporation rate exceeded the design figure of 
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0.3 l i t r e s / h o u r , the vessel was operated at powers up to 30 kW, which 
corresponds to the power densi ty envisaged for an indus t r i a l plan t , and the 
power consumption was l e s s than 100 kWh/l i t re . The eff iciency remained 
unchanged at fu l l power even when the matrix reached the maximum th ickness . 
The process was tested using a gas mixture containing 15% of argon, 
ni t rogen, xenon and hydrogen which were incorporated at the same r a t e . A 
vessel 1 m long has also been tested at low power dens i t i e s and an 
automatic process cont ro l l e r developed. 

Samples of copper, n icke l , i ron , aluminium, s t a i n l e s s s t e e l , incaloy, 
monel, and the glassy a l loy , nickel10% lanthanum have been prepared and 
tested to determine the long term re tent ion of the krypton by the matrix 
and i t s leach, corrosion and temperature r e s i s t ance . Nickel showed the 
highest process eff ic iency: about 70% greater than copper, which represents 
a s ignif icant saving in running costs for an indus t r i a l plant*· . 

4.2 Proper t ies of Metal Matrix 
Corrosion t e s t s were carried out on copper and nickel in water and 

brine1· ' . The weight losses of the copper and nickel in d i s t i l l e d water 
at 100°C were found to be only 0.003% and 0.03% per year respect ive ly . The 
corrosion r a t e s in brine at 90°C in the presence of oxygen were 1% and 0.1% 
per year respect ive ly . 

The re lease of gas from thick samples of copper and nickel has been 
measured for periods over 1 year. The gas release follows a diffusion 
controlled dependence after an i n i t i a l incubation period, with the t o t a l 
amount increasing with the square root of time. The act ivat ion for copper 
i s about 2.2 eV (212 kJ/mole). The amount predicted to be released from 
copper during storage for 100 years at a temperature of 150°C i s l e ss than 
0.05%. Even at 300°C the amount released will be l e s s than 1%. The 
thermal s t a b i l i t y of krypton in nickel i s even greater and the equivalent 
temperature for a given amount of re lease will be at l eas t 100°C higher . 

Metallurgical examination*· » ' showed that the matrix contains a 
very high densi ty of minute bubbles (1 to 2 nm diameter) in grains of 
typical size 0.5 μπι. When the matrix i s heated the gas bubbles in the 
grain boundary grow, agglomerate and form long pipes of gas which f ina l ly 
in te rsec t the surface. Recently i t has been shown ̂  ' that the pressure in 
the bubbles i s so high that the krypton i s solid and gives a c h a r a c t e r i s t i c 
electron dif f ract ion spot pat te rn . When heated beyond 600K the krypton 
turns to gas and the di f f rac t ion spots disappear, only to return when the 
matrix i s cooled. 

No gas was released when the matrix was i r r ad ia ted with 1 MeV beta or 
by gamma i r r ad ia t ion to doses up to those expected during storage for 100 
years . The matrix i s therefore r e s i s t a n t to the effec ts of rad ia t ion 
emitted by Kr85. 

The physical propert ies of the matrix have been studied*· ' since the 
matrix material i s unique. The dens i t i e s of gas  f i l l ed matrices are 
typica l ly 95% of the bulk parent mater ia l ; Xray di f f rac t ion gave 
broadened peaks and l a t t i c e parameters about 0.5% greater than the bulk 
mater ia l . The matrices were i n i t i a l l y very hard (copper 330 VHN and nickel 
700 VHN) but the hardness decreased on annealing. When gas was not 
implanted the hardness of the nickel was only 140 VHN. The thermal 
conductivi ty of the copper was about 20% of tha t for pure copper, and 
nickel about 30%, which are similar to the thermal conduct iv i t ies found in 
conventional a l loys . The thermal expansion coeff ic ient was measured as a 
function of annealing temperature since i t i s possible tha t changes in 
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also been carried out using the matrix material which has 
st su i tab le gas- f i l l ed material for these s tud ies , 
selected as the best material for the matrix since i t 
um combination of process eff iciency and gas re tent ion 

A complete vessel containing a nickel matrix i s now being 
as release r a t e s measured as a function of temperature. 

4.3 Tests with Active Gas 
Tests have been carried out to demonstrate that the process works 

equally well in the rad ia t ion levels which will develop in a ful ly active 
plan t . Calculations showed that the beta radia t ion level inside the vessel 
r i s e s rapidly as the Kr-85 i s incorporated in the matrix but sa tura tes at 
80,000 R/hour when the layer i s about 0.1 mm th ick . The gamma dose 
continues to increase to give a maximum of about 4000 R/hour i n t e rna l ly 
when the matrix i s 20 mm th ick . 

Since the supply of Kr-85 i s l imi ted , 100 curies of Kr-85 were used, 
enabling the in ternal beta levels to reach about 95% of the saturat ion 
l e v e l . The r i g , shown schematically in Figure 6, consis ts of a small 
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vesse l , (0.2 m long, 0.2 m diameter) , within a 50 mm lead shield and 
mounted upon a t r o l l e y . A heater i s wound around the vessel so that the 
vessel can be stored afterwards a t a temperature of 150°C. A layer of 
nickel 3 mm thick containing ine r t gas was deposited and then the gas 
changed to the fully ac t ive gas (6% Kr-85) and an ac t ive layer 0.1 mm thick 
deposited. A surface closure layer was then la id down by changing back to 
ine r t gas . The experiment was completely successful , no effluent was 
produced, and there was no detec table exposure to the opera to rs , 
demonstrating that the ac t ive gas could be safely handled in an open 
laboratory without any addit ional safety precautions such as glove boxes. 

The vessel has been sealed, a cap placed over the insu la tors to 
provide addit ional protect ion, and the vessel moved to a s tore where i t 
wil l stay for up to 5 years a t 150°C. Samples of the gas taken from the 
vessel do not show any leakage of gas from the matrix. Subsequently 
samples of the nickel containing the act ive gas and i t s decay product, 
rubidium can be examined to determine the effect of decay. 

Tests into the effects of gamma have also been carr ied out by placing 
gamma sources around the vessel to give a field of 7000 R/h. No ef fec ts 
were found. 

4.4 The Design of a Ful l-Scale Plant 
Previous conceptual designs for a plant have considered process 

vessels 1 m long, 0.26 m diameter with a nominal volume of 50 l i t r e s so 
that comparisons can be made with a l t e r n a t i v e storage methods. A vessel of 
t h i s size has been tested at powers up to 50 kW in order to determine i t s 
e l e c t r i c a l c h a r a c t e r i s t i c s . Since i t s performance was sa t i s fac to ry even 
la rger vessels are l i ke ly to be feasible so reducing the number of vesse ls 
required to be on l ine a t a large reprocessing p lan t . A 800 tonne/year 
plant would need only 3 vesse l s , 0.4 ra diameter, 1.6 m long, on l i n e . 
These would be changed every 60 days. The costs of the process are 
expected to be about US $ 0.5/kg U due mainly to cap i t a l and energy c o s t s ; 
labour costs are low since the process can be controlled automatically and 
handling requirements are minimal. 

The metal matrix process offers an ideal method for the immobilization 
of radioact ive krypton. Operation of the pi lo t plant has shown that the 
process i s su i tab le for act ive gas , th ick matrices can be prepared, 
impurit ies are incorporated and no effluent i s produced in a sub-
atmospheric process operated at ambient temperatures. The matrix can be 
formed from a wide range of materials to give a product which re t a ins the 
gas well under normal storage and accident conditions and the process 
vessel i t s e l f provides addit ional protect ion. The cost of the process 
i s small compared with other waste management c o s t s . 

5. Discussion and Conclusions 
The aim of the CEC programme i s to encourage the development of 

krypton waste management technologies so that they are available when 
required. Although separation of krypton by cryogenic d i s t i l l a t i o n has 
already been carried out , steps to avoid the prior removal of oxygen would 
make i t eas ier to meet safety s tandards , lead to simplified plant design 
and lower c o s t s . 

Within the programme, two methods for immobilization of krypton have 
been taken successfully from laboratory to pi lo t plant sca le . Both have 
been shown to be su i tab le for act ive gas and they have been developed 
further towards indus t r i a l use than a l te rna t ive processes elsewhere. The 
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produc t s possess e x c e l l e n t gas r e t e n t i o n p r o p e r t i e s both in s t o r a g e and 
p o t e n t i a l a c c i d e n t c o n d i t i o n s . 

Although d e t a i l e d c o s t i n g s have not ye t been p r e p a r e d , t he c o s t s w i l l 
be r e l a t i v e l y s i m i l a r and small compared wi th o t h e r waste management c o s t s . 
The cos t i s l i k e l y to be s i g n i f i c a n t l y s m a l l e r than t h a t of s t o r i n g krypton 
a s a gas in c y l i n d e r s wi th in a s p e c i a l s t o r e des igned to p r o t e c t the 
c y l i n d e r s . The c h o i c e of p r o c e s s w i l l depend on the p l a n t o p e r a t o r and 
r e g u l a t o r y r e q u i r e m e n t s : the z e o l i t e p roces s i s a high th roughput b a t c h 
p roces s c a r r i e d out a t an e l e v a t e d t empera tu re and p r e s s u r e , whereas the 
me ta l ma t r ix p roces s r e q u i r e s s e v e r a l u n i t s o p e r a t i n g c o n t i n u o u s l y in 
p a r a l l e l a t nea r ambient t empera tu re and a t sub-a tmospher ic p r e s s u r e . 

Both p rocesses have been demonst ra ted a t near f u l l s c a l e and with 
l i m i t e d q u a n t i t i e s of a c t i v e g a s . The nex t s t a g e w i l l be o p e r a t i o n a t an 
a c t i v e krypton s e p a r a t i o n p l a n t . 
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DISCUSSION 

H. KRAUSE, KfK Karlsruhe 

I was very much surprised about your statement that the implantation of 
krypton in metal has a comparable management cost - or is even cheaper -
to storage in bottles. Could you comment on that? 

D.S. WHITMELL, UKAEA Harwell 

This results from the safety requirements imposed on the storage facili
ties for the disposal of pressure vessels in shallow land burial. This 
has been extensively discussed in the CEC report (EUR 8464) on management 
of Krypton-85. 



PANEL SESSION 

TREATMENT AND CONDITIONING OPTIONS FOR LOW AND INTERMEDIATE LEVEL WASTE 

Chairman: R. Kroebel (KfK) 
Secretary: G. Bertozzi (CEC Ispra) 
Panel Members: A. Duncan (UKDOE) 

W. Goossens (CEN/SCK) 
G. Baudin (CEA) 
R. Simon (CEC) 
G. Grossi (ENEA) 

R. KROEBEL, KfK Karlsruhe 

We have decided to structurate the discussion so that my colleagues and 
myself can talk about medium and low level waste. We will talk about the 
EEC programme on this score. We will endeavour, independently of our 
countries, to discuss things in a European way and we will each tackle a 
particular field. Then, depending on the way time goes, we will discuss 
and we will have contributions from you. 
Now, for what concerns categorizing waste in types, we have just mentioned 
some of them, but it is not an exhaustive definition for medium and low 
level. There is not such a bible yet, even if the IAEA has already sug
gested a categorization. 
Now, let me give you the following examples. Nuclear wastes always pile up 
from fuel rod reprocessing plants, except for the first cycle raffinâtes; 
for example structural parts of fuel rods and scraps. Then, the category 
of solid non-burnable and the possible burnable residues; then, other 
process solutions and aqueous contaminants, alpha, beta gamma waste. 
Then, the organic extractante, organic liquids, organic combustible 
solids, ion exchangers, off-gases and off-gas components, such as filters 
and liquefied or bottled-up gas and tritium waste, tritiated water, for 
example. 
For all these varieties there are operational procedures, tried and tested 
now for 20 years in some cases, or longer. More than 20 procedures exist 
for hulls and could be described. Now, it is impossible to define which 
one of these is really the best; this depends on many parameters, for 
example whether you should have a near-field effect or not, in any connec
tion with their costs or adequate safety, and with the amount of room, 
shielding, transport, gas-release on the long term and so on. On top of 
that you have possible damage during transport from the intermediate to 
the final storage. An expensive sophisticated reprocessing may in the end 
be cheaper than a simple cheap one, because of transport and repository 
costs. 

G. BAUDIN, CEA Fontenay-aux-Roses 

Today's papers have shown us that there is never a single solution to a 
problem, and that researchers have lots of ideas to help find better solu
tions. Today we heard about what performances have to be obtained to come 
up with a solution which is satisfactory in a given storage situation; 
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that you have possible damage during transport from the intermediate to 
the final storage. An expensive sophisticated reprocessing may in the end 
be cheaper than a simple cheap one, because of transport and repository 
costs. 

G. BAUDIN, CEA Fontenay-aux-Roses 

Today's papers have shown us that there is never a single solution to a 
problem, and that researchers have lots of ideas to help find better solu
tions. Today we heard about what performances have to be obtained to come 
up with a solution which is satisfactory in a given storage situation; 
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what the impact of one or the other process or procedure is, given that 
economics should not prevail over safety. The researcher who is a perfec
tionist per sé, cannot always answer all these questions in a field where 
he is very committed and sometimes looses sight of the end-objectives. We 
have had the opportunity in France of being judged on a basis of our choice 
of objectives and the quality of our research, by a committee set up by the 
Minister of Industry and chaired by Prof. CASTAING. This committee included 
scientists, civil servants and trade unionists. They were to give an opi
nion on the well-foundedness of the various treatment and management 
procedures; I think it is important that I give you an idea of the opinion 
of someone who is not so directly involved in research. The first comment 
made by this committee was that it took note of the industrial mastering of 
the situation, including the management of waste, outside geological repo
sitories. This committee also clearly recommended that progress be made in 
three main sectors. First of all: to increase the knowledge into the me
dium and long-term behaviour of conditioned waste forms. In order to assess 
the reliability of the source term, you have to carry out this kind of 
studies, unless you want to end up with unsatisfactory solutions in the 
long run. Further, to have better knowledge of the behaviour of the alpha-
emitters; it has been suggested that we look into the possibilities of 
separation and specific confinement, or transmutation; but in these fields 
we are led to examine, in particular for the high level waste, whether 
there is really better safety both in the long and the short term. 
Third, the recommendation was made to reduce the volume of waste to be 
stored, but this should not have an impact on safety at all. Now, at the 
present state of research, the procedures - as our chairman said - have 
reached such an industrial stage that we should still make progress with 
the actual processes or procedures which we are already using. 

A.G. DUNCAN, UK DOE London 

I would like to support Mr. VERKERK's suggestion of yesterday that we 
should take this opportunity to look forward as well as back over the last 
five years. And I particularly want to encourage the new systems analysis 
task, because I think this will have a significant influence on the stu
dies of treatment processes and on how the results are applied. 
Mr. DWORSCHAK reminded us this morning that the "optimization" principle, 
recommended by ICRP, has been embraced by the CEC and, of course, we are 
encouraged in all discussions to optimize over the complete waste manage
ment systems, including disposal. 
I think that looking at proposals for waste treatment in the context of a 
total waste management system will raise questions which may be already 
overdue, and I will give you a few examples. 
1) Mr. CECILLE described a chemical precipitation process for treating 
reprocessing concentrates, with a view to incorporating the precipitated 
residue in high-level waste. In answer to my question about direct calci
nation and vitrification, he said that this would increase the volume of 
the glass. The important question which follows and which can only be 
answered by system analysis, is: How much extra glass is it worth genera
ting in order to avoid introduction of an extra process step with its addi
tional complexity, its secondary waste, its decommissioning waste and its 
operator exposure, etc? 
2) Another example follows from the suggestion that we remove actinides 
from alpha-contaminated wastes and incorporate them into HLW. What is the 
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benefit of this in the context of a total waste management system? It may 
be of environmental benefit, but there are disposal scenarios for which 
it may be of no benefit, and it may even be a positive disadvantage. 
Again, this emerges only in the context of system analysis. 
3) Then we have the question of selecting a matrix for encapsulation of 
hulls, where - as Mr. KROEBEL has said - there are many possible choices. 
I believe we ought to look to system analysis in order to justify selection 
of any one. But we must be under no illusions that system analysis is an 
easy task. To be effective, it requires evaluation of total systems against 
some sets of properties or attributes. However, the question is: what 
properties and what attributes? And who will advise on which shall be 
included? 
I wonder if help might be sought from the Art. 37 group of experts which 
advises the Commission on waste management plans which may impact on the 
water-, soil- or airspace of other member states. This Art. 37 expert group 
might be even a customer for the results of the work. 
Finally, I have spoken about analysis in the context of the total waste 
management system, including disposal, but there remains one critical 
question which I leave you to consider: How do we carry out such analysis and 
justify choice of treatment processes if we do not know what the disposal 
routes are going to be? 

W. GOOSSENS, SCK/CEN Mol 

Treating a more specific topic, I would first like to mention the general 
characteristics of the gaseous waste. These properties are: 1) the gaseous 
waste occurs as airborne waste in any type of nuclear installation; 2) the 
treatment of the gaseous waste has to be done on the spot in line with the 
process, since transport is not feasible; 3) technical measures against 
gaseous release have to be taken immediately, since buffer storage is in 
practice very limited; 4) the total hazard of the gaseous waste is often 
conditioned by the process, the process equipment in use, and by the 
working conditions. 
In this way, the gaseous waste is a matter of concern mainly during the 
design stage and the safety procedure. During the operation, the gaseous 
waste is transformed into a secondary liquid or solid waste. Accident 
conditions disturb the performance of on-line treatment systems for air
borne waste. The operation of the gas-cleaning equipment available becomes 
crucial under accidental circumstances in nuclear installations as well as 
in any industrial activity handling hazardous compounds. 
An accident provokes a challenge which is important since the potentially 
poor performance of the gas-cleaning equipment at the moment of even a 
simple accident implies the survival chances of the process, which in 
itself is good; it might even imply the degree of public confidence in the 
industrial community and more specifically in the nuclear business. The 
technical possibilities of existing and new systems for treating gaseous 
effluents from nuclear installations under routine operation conditions, 
and under accidental conditions, will be discussed during the European 
Conference on Gaseous Effluent Treatment in Nuclear Installations, next 
October here in Luxembourg. 
As a first specific subject on gaseous waste, I would like to mention the 
aerosol-trapping item. Aerosols, either in a liquid or solid state, are 
entrained by carrier gases in any type of nuclear installation. Although 
the HEPA-filters in use perform well, a lot remains to be done to extend 
their operation time, by installing proper pre-filters. 
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Furthermore, the aerosol trapping of condensating isotopes after a high-
temperature process, or after a high temperature waste conditioning facility 
is open for further experimental investigation, even up to the point of 
identification and qualification of the aerosols. 
For the retention of iodine isotopes further research is needed on the 
deterioration of stand-by active-carbon filters, on the optimal iodine 
retention step in reprocessing plants and on the confirmation of the dispo
sal route of the long-living iodine isotopes. 
The tritium problem is still not totally solved for in-land reprocessing 
plants which are foreseen in Europe. Alternative tritium trapping or con
centration processes are still to be investigated on a technical scale, 
permitting a scaling-up to the industrial stage. 
Furthermore, the issue of noble gases and more specifically of krypton, 
also needs more technical development with real off-gases. 
Finally, there is a general need for a data base on the treatment and 
disposal of gaseous waste, compiling the knowledge acquired in this field. 
Moreover, the technical feasibility of different gas-treating systems 
should be evaluated using technical process analyses, process engineering 
and systems analysis, from trapping to final disposal. 
In addition, an environmental and economic assessment within the European 
programme is most desirable on the different routes possible for the 
gaseous waste trapping and disposal. In this way it should perhaps become 
possible to identify the best gas-treatment system that could potentially 
fulfill the ALARA principle under technical, economical and ecological 
conditions. 

G. GROSSI, ENEA Casaccia 

Radioactive wastes with low and medium activity, although in qualitative 
terms are not the most harmful, are the most abundant. Most of these low 
and medium activity types of waste are produced in nuclear power stations. 
Their management and in particular the procedures for their treatment and 
conditioning have become industrially mature. I think, however, that it 
is necessary to recall the IAEA conclusion at the end of the international 
conference on the management of radioactive waste, held in Seattle in 1983. 
The resolution says: "The management of low and medium activity waste must 
be the object of continuous efforts and attention. The criteria for the 
acceptability of conditioned wastes and their economic factors urge us to 
improve our treatment and conditioning processes in view of temporary or 
final storage." 
What improvements have to be made to the management of this waste? I would 
now like to mention two types of improvements, legislative improvements 
and technical improvements. As for the legislation side of it, it is ne
cessary to clearly define the following points: First of all, the limit 
below which a waste is no longer to be considered as being radioactive, 
in order to avoid collection and management of materials which now - in 
the absence of clear legislation - are considered as radioactive, and are 
treated as such. Secondly, the limit below which waste containing long-
lived radionuclides - I am thinking of the transuranium elements - should 
not be considered an alpha-waste. Thirdly, the characteristics that a final 
product of our processes should respect in order to be considered accept
able. 
Now, the situation in this legislative sector at European and world level 
is, if not lacking, very different and very heterogeneous. So, I can re
commend that a special effort be made to fill the gaps, but also to make 
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legislation as uniform as possible, although, of course, in the latter 
case there are obstacles not only of a political nature, but also of a 
technical nature. 
Now, coming to the technical managerial improvements, I think that the al
ready quoted quantitative aspects of the low and medium activity waste 
should lead us to try to reduce its volume. Amongst the various possibili
ties that have been proposed and analysed, the ones which try to isolate 
the truly radioactive component in the waste (which is usually quite small) 
from matrices which may be of large volume, are - in my opinion - the most 
interesting aspects. It does not seem rational, even though at the first 
glance it may seem more economical, to produce products to immobilise 
inactive matrices, rather than to immobilise the radionuclides we want to 
isolate. An example of this are the borate solutions which are produced 
as radioactive waste from power stations. 
In this context, the development of systems for the selective separation 
of the radioactive elements from the waste is indeed the path to be em
barked upon very carefully. 
Finally, I recall the need already mentioned in the IAEA recommendation, 
that is: to take into account a greater severity in acceptability criteria 
for the final product. I want to stress that it will be necessary to 
introduce improvements also in the processes and techniques for the con
ditioning of the materials, both by introducing new waste-matrix combi
nations which will offer better guarantees from the point of view of the 
physical, chemical and mechanical properties, and by developing more ad
vanced matrices, for example cements of better quality or polymer-containing 
concretes. Also in this case, the quality control for the final product 
is very important. Research has to be focused on the development of non
destructive methods to measure the quantity of the alpha-, beta- and 
gamma-radioactivity present in both the waste before treatment and in the 
waste after treatment. 

R. SIMON, CEC Brussels 

Mr. GROSSI has already given a short introduction to the theme I wanted 
to speak about here and which is the quality of waste products. 
In the discussion about the safety of disposal, we frequently refer to the 
favourable characteristics of the one or other waste form or the long-
term integrity of the waste package. Indeed, the risk analyses, carried 
out in Europe and in the USA, agree that the disposal of medium and low 
level waste will present at most an insignificant risk on present or 
future society if carried out according to some underlying hypotheses. 
This confidence is based on the 20-30 year experience accumulated with 
LLW disposal and confirmed by experiments. To implement our disposal con
cept we must make sure that the wastes and barriers will broadly follow 
the models laid down in the risk analysis. This is the objective of quality 
assurance. 
Normally, the first approach to confirm that a product meets a requirement 
is to test its performance in the "as delivered" state. This, however, is 
obviously not the right method, if the task is to confirm that a 2-ton 
block of reinforced concrete satisfies the requirements such as: 
- It shall not contain more than 100 mCi alpha activity per m3; 
- It shall not swell when saturated with water; 
- It shall not contain free liquids; 
- It shall not release more than 1/100 of its nuclide inventory per year. 
The only way to check all these characteristics on the existing block 
would be by extensive destructive testing - clearly an absurd solution. 
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We must, therefore, find reliable nondestructive methods to implement 
our quality criteria. This can be achieved if the producer of the waste 
blocks has: 
a) a complete understanding of the manufacturing process; 
b) full knowledge and control of the process input; 
c) control of all process operating conditions affecting product proper

ties; and 
d) meaningful output controls and nondestructive tests. 
All this will be performed by the producer of a waste package if things 
are done following the specifications. But some external postmanufacturing 
tests are at least desirable if not necessary. We should only think of our 
present situation where many waste packages are being produced and most of 
them are probably quite satisfactory, but they will be stored perhaps 10 
or 12 years before they will ever see an acceptance test at the entrance 
to a repository. In the meanwhile they could be dropped on their way from 
the railway station to the lorry and so it is quite desirable to introduce 
some external controls to the ones imposed on the producer at the outlet 
of his production line. 
On the other hand, the good quality of a product is one of the liabilities 
of the producer to the public; the representative of the public is in this 
case the licensing authority or the nuclear inspectorate. These people 
have the right and the duty to verify and to make sure that the producer 
conforms in an adequate way to his liability. So we should have a system 
in which there are satisfactory controls on behalf of the producer; we 
should provide all the means to the producer to measure and to certify in 
good confidence that his product is in compliance with the criteria which 
are set by either the licensing authorities or by the operator of the 
disposal facilities. But there will be independent controls from the 
outside, be it by audits through the inspectorates or by simple inspec
tions of the packages when they arrive at the site of the disposal facili
ty. I think this is the only way to make sure that our confinement 
system, as it is presently conceived and designed, is really not only so 
good on the paper. It must be as perfect and as safe in reality. The 
translation from our concept to the reality has to pass through a severe 
quality control. 

R. KROEBEL, Kf Κ Karlsruhe 

I am going to sum up in three sentences. The most important is that we 
have lots of procedures in Europe and beyond Europe. And now we must tie 
them all up in accordance with standards, and test them out. The proce
dures have to be looked at. Another important issue is that quality 
guarantees must be defined and implemented, putting the best and most 
promising procedures into practice. This applies to power stations and 
reprocessors. Do not forget that to date our present technology is in 
infants shoes! And if things go ahead as we think, we will have to don 
our running shoes, and we will have to condition our waste accordingly. I 
will close now and I would ask you to put your questions and ask for 
answers. 

H. KRAUSE, KfK Karlsruhe 

Let me add: I do think now we are at a crossroad. We do not need just 
technical demonstrations of new products. We need more; we must stream
line what we already have, and I think here the EEC in its new programme 
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could contribute by setting goals and standards and defining them. We 
should define our targets and then move towards them firmly. This is not 
easy. Mr. DUNCAN already raised the question of sytems analysis and 
certainly it is an important component of such thinking. We must decide 
what we want, what we need and how much money we are going to spend. 
Then, at the right stage we can get to the target, do something and 
dissipate the fog which exists, and the doubs over a broad front. 
T. MARZULLO, ENEL Rome 

This afternoon in this panel, I have received two flashes of information 
which are rather satisfactory. The frist came from Mr. GROSSI, who gave us 
a way of talking about the future five-year programme of the Community; 
and I also agree with Dr. KRAUSE, who actually took the words out of my 
mouth, because this panel should be the point in which we try to work out 
what to do in the future. I think this is high time to materialise and 
assemble all our experiences and pool them so that we can come up with 
single solutions. Italy needs to have guidance or orientation from the 
European Community, and I am talking on behalf of the energy-producing 
body in Italy. We use nuclear power and we will be using even more between 
now and 1990. Our national programme envisages a considerable increase, so 
these needs and requirements are Italian ones, but I should imagine that 
they are shared by many other countries, which are in the same conditions 
as Italy. 
These proposals for legislation are welcome. I think this is a logical 
final step; as GROSSI was saying, the IAEA resolution would be materialis
ed if we were to do this. The European Community should give us guidance 
as to temporary and final repositories, which are much simpler than the 
so-called back-end of the fuel. 
The last five-year programme has been focused on this back-end, but now 
the fuel is irradiated because it has been used in a nuclear power sta
tion. Therefore, it produced not only power but also waste, and we cannot 
forget it. 
Everything we have heard today, the medium and low activity question, 
seems to be a settled matter, and this is not the case. 
Finally, I think I understood that in the repository of high activity 
waste, somebody is envisaging to store also low and medium activity waste. 
I did not quite understand here wether there is disposal which would 
cover both. I think that it would be ludicrous to put such products to
gether in one single repository. 

G. GROSSI, ENEA Casaccia 

We must recall that the EC programme covers R&D activities, not into 
processes that have already been developed at industrial level, but rather 
on areas that should be at least an optimisation of processes and tech
niques that already exist, if not actually through innovation. I think 
that in any case the treating and conditioning of the power station waste 
has already been worked on; these types of radioactive waste may have been 
slightly neglected by researchers. But I think that the resolution of the 
IAEA at the end of the Seattle conference should be taken into account; 
already in the next European Community programme there are clear guide
lines which will allow us to meet the concerns you mentioned. 
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K. KUEHN, GSF Braunschweig 

I agree entirely with what Mr. KRAUSE said. But there is another question, 
that is in the opposite direction. Mr. DUNCAN said that we need systems 
analysis and Mr. BAUDIN also mentioned results of the CASTAING report. In 
both statements there was a note of uncertainty about whether our range of 
instruments was complete; in the CASTAING report there were shades of 
criticism about consolidation procedures. I would like to ask the brains 
trust now, whether is satisfied with what has been done so far. If I may 
simplify, there are three major categories of conditioning matrices: 
concrete, bitumen and polymers. Does the panel agree that these are good 
enough, or is more R&D necessary to come up with better answers for 
conditioning than the materials we have at this moment? 

G. BAUDIN, CEA Fontenay-aux-Roses 

I think actually the three matrices you mentioned have been worked on 
sufficiently. We are not putting those into question. What we are asking 
you to do, is look into the process of their evolution, rather than 
thinking of more and new matrices. The knowledge of the evolution of 
these matrices, in particular under storage conditions, is where we still 
have a lot to do. 

H. KRAUSE, KfK Karlsruhe 

I did not want to say that we do not need new processes anymore. I said 
we must set ourselves clear targets and march firmly towards them. 

J. LEWI, CEA Fontenay-aux-Roses 

It may seem possible to establish criteria, if you look at the parameters 
characterising the waste when it is formed or in the very short term. But 
if you take into account the long-term evolution of the matrices, is it 
then possible to define criteria? 

R. SIMON, CEC Brussels 

For long-lived wastes we have to assume, that the waste form is not the 
only barrier. In a geological repository the natural barriers, taking 
into account their enormous depth and durability, can be relied upon to 
remain in place and, essentially, intact as long or longer than the 
critical nuclides. In defining waste acceptance criteria, our prime 
concern for the long- term evolution must therefore be to avoid any risk 
to the geological barriers, which may arise from placing the waste into 
them. In certain repositories, this also applies to the engineered 
barriers such as to buffer materials, linings and seals provided to 
prevent water flow. The waste form criteria to assure long-term safety 
against release must therefore protect the other barriers against possible 
damage by heat, gas release, swelling or subsidence, corrosion and, if 
necessary, radiation. 
Leachability is not the critical issue, as long as the other barriers are 
only affected by natural evolution. It only becomes important if disrup-
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tive events like major earthquakes or human intrusion breach those other 
barriers. The probability of such events must be minimized by repository 
siting and design criteria. 

P. GERONTOPOULOS, AGIP Bologna 

Mr. DUNCAN said that taking away the alpha-waste and putting it into glass 
might not be worth the trouble. From the other side we have the CASTAING 
report which makes a recommendation in this sense. I would like to find at 
least a clear indication of whether it is useful or not. 

A.G. DUNCAN, Dept. of Env., Romney House, London 

This morning, Mr. CECILLE had said that the amount of glass can be reduced 
by treating the reprocessing concentrate by chemical precipitation and in
corporate in the high level waste only the removed residue. That involves 
a fairly complex precipitation process with undoubtedly the generation of 
secondary wastes, with more decommissioning wastes and with more operator 
exposure. 
I was suggesting that within the total waste management system, there is a 
point where it is worth producing more glass in order to avoid the addi
tional complexity, cost and operator exposure, and beyond which it is then 
worth introducing additional process steps. The only way you can do that is 
by looking at the system as a whole. 
The second point I picked up from Mr. ORLOWSKY's statement yesterday, 
where he spoke about the work that had been done in the Commission, which 
shows that the proposal to remove actinides and treat them by transmutation 
is questionable at least. He said that what we could look at as a practi
cal proposition is the removal of actinides from alpha-contaminated waste 
for inclusion in high level waste. That may be fine in certain disposal 
scenarios, but I can think of certain disposal scenarios where what you 
are doing in effect is just moving the actinides from one drum to another 
one. You are just changing the waste from your one stream to another, with 
no benefit. Furthermore, there is a scenario which, in fact, would give 
you a net disbenefit, where doing that would actually be of detriment to 
the environment. 

G. BAUDIN, CEA Fontenay-aux-Roses 

In the report of the CASTAING committee you should not confuse suggestions 
for research and improvement of processes with the conclusions of the re
port. The CASTAING committee suggests that alternative processes be exa
mined, but it is not condemning the existing ones, so do not confuse the 
suggestions for research with the conclusions of the report! 
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Summary 
The estimation of the risk connected with the storage of radioactive 
waste in geological formations asks for reliable extrapolation of the 
data for leaching and corrosion of glasses to very long times. As a 
consequence the knowledge of the physico-chemical mechanisms which 
dominate the leaching phenomena can be very useful. 
In the corrosion due to aqueous solution three main mechanisms can be 
identified: ion exchange, matrix dissolution and formation of a surface 
layer. 
The work performed in the different laboratories has allowed to evaluate 
the relative importance of the various mechanism. The alkali ion exchange 
does not seems to be predominant in defining the release of the various 
elements, the matrix dissolution being the most important. The surface 
composition is important as the compounds present could dominate the 
matrix dissolution kinetic. Besides the surface layer could form an 
impervious layer, which, if stable in time, could protect effectively the 
glass. 

1.- INTRODUCTION 
The main option of storage of high level wastes (HLtf) assumes that the 
radioactive wastes are conditioned in a matrix composed by borosilicate 
glasses and stored in a suitable geological formation. In these 
conditions leaching and corrosion of the glass by the ground water are 
the only way which could allow a release of the radioactive nuclides 
towards the biosphere. 
The estimation of the risk connected with the repository of radioactive 
waste in geological formations asks for an evaluation of the resistance 
to leaching of the vitrified matrix for very long times so that the 
possibility of the normal experimentation can be exceeded. As a 
consequence the knowledge of the physico-chemical mechanisms which 
determines leaching and corrosion phenomena can be very useful for 
obtaining reliable extrapolations. 
In the specific literature there is a certain tendency to abuse the term 
leaching. In this report it will be used in its more precise meaning, 
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that is selective extraction of one element or of one class of elements. 
For the general phenomena of attack and alteration of the surface the 
term corrosion will be used. Moreover to take into account not only that 
part of the glass which goes into solution but also that which is altered 
forming the surface layer, the term glass degradation will be used. 
In the corrosion due to aqueous solutions three main mechanisms can be 
identified, namely: 
- alteration of a region below the surface of the residual glass by ion 
exchange ; 

- dissolution of the glass network; 
- formation of a reaction layer on top of the surface of the residual 
glass. 

In order to summarize the work performed in the different laboratories 
this scheme of presentation will be followed. 

2.- ALKALI ION EXCHANGE 
One of the most commonly observed mechanism of leaching is the ionic 
exchange between Na (or other alkali) and H (or H 0 ) ions which gives 
rise to a progressive depletion of Na in the subsurface layer and a 
release of Na to the solution. 
At the FhG, investigations have been performed on the glass SM 58 LW 11. 
Its detailed composition is reported in ref. (1). The leachant has the 
composition of the invariant point Q in the system NaCl-KCl-MgCl -MgSO -H 0 
at 55°C according to d'Ans. Additional amounts of NaCl are added in order 
to achieve salt saturation at higher temperatures. The initial pH at room 
temperature is pH = 5.4 + 0.3. The respective final values, even after 
long corrosion times, are 5.8 + 0.4 in this system. The experiments are 
carried out, in a closed system, at temperatures from 80 to 200°C and at 
a ratio of the sample surface area SA to the leachant volume V (SA/V) of 
0.034 cm . 
After the leach tests, the samples appear to be covered with a layer of 
reaction products which is removed by a "rubber policeman". The 
subsurface zone has been examined by two different surface analytical 
methods: sodium and calcium profiles (2) have been obtained with the ESCA 
method coupled with Ar sputtering (fig.l) while hydrogen profiles have 
been obtained using the Ν resonant nuclear reaction technique (fig.2) 
made available by Rauch at the Frankfurt University. 
It can be seen that the surface zone which is altered by ion exchange 
process is very thin due, probably to the complex composition of the 
glass. Besides, it appears clearly that the ion exchange depth reaches 
rapidly, a value which stays constant in time, at each temperature. 
Typical ion exchange depths range from 0.06 urn at 80°C to 0.2 pm at 
200°C, whereas the depths of dissolved glass after 30 d are 0.2 pm at 
80°C and 31 urn at 200°C. Figure 2 demonstrates that the ion exchange 
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zones do not grow with time: the amounts of incorporated protons remain 
nearly constant . 

0.1 0.15 

Profile depth (fim} 

Fig. 1: Ion exchange profiles of Na in the residual glass in samples leached 
in quinary salt brine for 8 d at 80°C (curve a) and 200°C (curve b). 

120 360 

Corrosion time t 

Fig. 2 amount qH of protons in the residual glass of samples leached in quina
ry salt brine at 160°C as a function of time (days). 
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It has to be noted that simultaneously to the Na  H interdiffusion is 
acting matrix dissolution is also occurring. The constant value of the 
hydrogen which has been observed can then be considered as a value 
corresponding to an equilibrium between these two different mechanisms. 
Such equilibrium is obtained so rapidly that only the influence of 
temperature on penetration is apparent. 
Taking into account the very low thickness of the zone in which ion 
exchange is occurring, and the competition with the matrix dissolution, 
it can be assumed that the glass degrades congruently. 
Tests were performed at Harwell on glasses UK 189 and UK 209 (3) in a 
closed system using distilled water at 20°C. It was noted that at the 
beginning of the leaching operation Na and Li were released in proportion 
to γ/ΐθ~ρΗ.t' in the whole pH range which implies a predominantly 
diffusioncontrolled mechanism. For longer times however the alkali are 
removed proportionally to time due to the influence of matrix dissolu
tion. It is interesting to note that boron leaches diffusively and 
congruently with the alkali at all values of pH. A similar effect was 
noted at FhG. An analysis of the boron content of the subsurface layer 
showed a depth profile similar to that of sodium. 
A mathematical model of the leaching of alkali has been proposed by 
Harwell considering leaching as a threestage process: 

(a) Diffusion of some reactive species, A, from the leachant into the glass; 
(b) Reaction of A with the particular element or group containing the ele

ment, M, in the glass structure to give a reaction product, P, and an 
altered glass structure, G; 

(c) Diffusion of the reaction product, P, outward into the leachant. 

In the simplest case, that is the interdiffusion of uncharged species 
with constant d: 
the process are: 
with constant diffusion coefficients D and D , the equations describing 

A ρ 

Q [A] = D Ί2[Α] 
^ t Ό χ2 

2 . 

k [A] [M] (1) 

Ο [ρ] = D M P ] r , Γ , 

οΤ
 ρ -fè

 + k W M ( 2 ) 

where [AJ , [Μ] , etc. are the concentrations of A, M, etc. with initial 
values [A J , [M j and k is the reaction constant. Equation 1 was solved 
numerically for |_Mj, concentration of unreacted species remaining in the 
glass and for Q, the total quantity of M released. This was found to be 
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/[A0] DAt 
Q = 2 [M0] V (3) 

[Mo] π 

which is in agreement with the experimental data for Lithium (3). The 
shape of the profile for M is governed by the parameter k[M ]/D . Figure 

o A 
1 shows the sodium profile data obtained by Conradt et al (2) together 
with computed profile curves. The total alkali in this glass, |M0I, was 
0.0126 mole cm and the leachant pH was ca. 5, so that [A ]  10 mole 
cm . The profiles shown in Figure 1 were calculted using the constants 
shown in Table 1 and assuming (4) that protons are consumed only by 
alkali ion exchange. 

TABLE 1 

Constants used in computing the curves in Figure 2 

D k 
A , 3  1  1 , 

TEST CONDITIONS , 2  1 (cm mole s ) 
(cm s J 

12 
80°C, 62 days 1.3x10 120 

12 
200°C, 8 days 2.5x10 1800 

These calculations are only intended to illustrate how the model can be 
used to interpret such depth profiles. The actual values obtained are 
unlikely to be meaningful because in this particular case the original 
glass surface has receded and the depth of matrix dissolution is not 
taken into account in this model. 
The model described thus far assumes a constant D, and does not take 
account of effects due to potential gradients generated by the ion 
exchange process of alkali leaching. 
Ion exchange theory is well understood and will not be repeated here. 
Briefly, the ion fluxes generate a potential gradient across the 
interdiffusion zone, the effect of which is to accelerate the slowermov
ing species and retard the fastermoving. A frequentlyquoted equation 
is: 

DH+ DM+ ([H+] + [M+]) 
D  (A) 

DM+ [H+] + DH+ [M+] 
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If, as is probable, D is much larger than D then equation (4) reduces H+ M+ to 

[H+] 
D = DM+ (1 + ) (5) 

[M+] 

There is also an effect caused by the dependence of D on the structural 
alterations taking place as leaching proceeds. The bulk diffusion 
coefficient for alkali ions in an unleached glass (UK189), obtained from 
electrical resistivity measurements, is ca. 10 cm s at 25°C which is 
ca. 7 orders of magnitude lower than the effective diffusion coefficient 
for alkali leaching. 
One effect of this structural dependence is that the released alkali ions 
are barred from diffusing inwards into the unaltered glass and are forced 
to diffuse outwards into the leachate. 

3.- MATRIX DISSOLUTION 

A second important mechanism is network dissolution. Following this 
mechanism there is a direct attack of the Si - 0 - Si bond by the OH 
presents in the solution. 
A large number of laboratories have investigated the kinetic of this 
dissolution in closed systems, using different glasses. Tests have been 
performed in distilled water (5, 6), concentrated NaCl solution (7), and 
quinary brine (2) solution. The corrosion phenomena have been followed by 
the analysis of the leaching solution and/or by the weight loss 
measurements of the samples. 
The results in general when disposed in a log-log diagram plotted vs. 
time can be fitted by straight lines. As a consequence the matrix 
dissolution is discussed in terms of a power relation as 

Kt" (6) 

The value of the t exponent can be indicative of the corrosion process. A 
power factor of 1 is typical of a dissolution process while a power 
factor of 0.5 can be indicative of corrosion dominated by diffusion, or 
by a corrosion kinetic dominated by the reprecipitation of various 
compounds. 
In the discussion of matrix dissolution it is necessary to separate the 
phenomena which occur in pure water, from those which occur in 
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concentrated NaCl solution or in Q brines. In pure water, indeed due to 
leaching of alkalis, pH variations are possible giving, as a consequence, 
changes in the phenomenon of matrix dissolution. In the other two 
solutions, on the contrary, it has been verified that only negligible pH 
variations were occurring even at high SA/V values. 
In distilled water various conditions were explored and dissolution was 
found under conditions which gave rise to the lowest concentration of SiO 
in the water. In fact, in the Ispra work (6), which uses a value of SA/V in 
between 0,22 and 0,5 cm , dissolution is verified at 40°C. At 90°C on the 
contrary, a power factor of 0,5 was obtained. 
At SCK/CEN an extensive study (5) was peformed on five different European 
glasses. Three of them (UK209, S0N58 and S0N64) were already studied to 
some extent during the previous joint CEC programme (8). SAN60 and SM58 
were introduced during the second Joint CEC programme (5). Glass 
compositions can be found in the cited references. Most of the tests were 
performed at 90°C. When a value of SA/V of 0.1 cm was used direct 
dissolution was obtained. At SA/V of 1 cm diffusion conditions or 
intermediate ones were encountered. 
Table 2 presents the results obtained on the five selected glasses for the 
main constituents of the glass for a SA/V ratio of 1 cm (5). 

TABLE 2 
Slopes in the elemental (log NSWL. vs log t) 

plots during corrosion in distilled water at 90°C, SA/V = 1 cm 
SAN60 UK209 SM58 S0N58 S0N64 

Si 0.5(2' 4d) 0.5(2'—80d) 0.5(2'—27d) 0.65(10'—Id) 0.65(10'—Id) 
Na 0.3(2'—3d) 0.5(2'— Id) 0.5(2'—Id) 0.65(10—27d) 0.65(10'—27d) 

1.0(ld—9d) 1.0(1—27d) 
Li 0.5(2'—240d) 0.5(2'—Id) 0.5(2'—Id) 

1.0 (Id—27d) 1.0(1—27d) 
B 0.5(8h—4d) 0.5(8h—Id) 0.5(8h—Id) 0.65(40'—9d) 0.65(40'—9d) 

1.0(1—80d) 1.0(1—27d) 
It can be seen that in most cases a slope of 0.5 is obtained. In order to 
determine if such a slope is due to diffusion of alkalis in the glass an 
attempt has been made to calculate the diffusion coefficient of Na using 
the following formula |10|: 

71 V
S 9 

D = — (—Γ m2 (7) 
A SA 

where V is the volume of the sample and m the slope of the plot of the 
normalized weight losses against the square root of time. For glasses UK209 
and SM58 values of 2 and 5 ·10 cm /s respectively were obtained which 

—13 2 
compare favourably with the value of 5-10 cm /s of measured at 100°C for 
high silica glass (11). Alkali diffusion in the bulk glass as the rate 
controlling process in an alkali ion exchange leching mechanisms, therefore 
could be responsible for the observed slope. 
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When tests are conducted for longer periods of time the η power factor 
appears to decrease or even to have reached a zero value as it corrosion 
has stopped. However, in one case, in which corrosion was continued for a 
longer period it appeared to have assumed again a slope of 1 typical of 
direct dissolution. 
The SA/V ratio strongly influences the corrosion rate. However the use of 
SA/V as an accelerating parameter is hampered by the observation that the 
change of the SA/V ratio can also induce the change of the pH of the 
leachate. For instance, at 90°C for large SA/V values (ca. 7 cm ) the 
equilibrium pH, in case of SAN60,is about 10, while at a lower SA/V (1 cm ) 
a pH value of about 8.75 is reached (5). Therefore the influence of SA/V 
might not only be to accelerate the corrosion, by accelerating the 
accumulation of dissolved species in the leachate, but also to alter the 
corrosion processes. 
In the quinary brine, tests were performed at temperatures from 80°C to 
200°C at FhG. The network dissolution was followed determining the mass 
losses of the treated samples after having removed the surface layer. It 
has to be noted that the mass losses of the residual glass samples agree 
very well with boron or lithium release data. Only minor pH changes of the 
brines are observed. The final values are pH = 5.8 + 0.4. The mass losses 
(per surface area), plotted vs. time, exhibit straight lines in a double 
logarithmic plot. The correlation is well obeyed during the observation 
time. The intercepts at t = 1 d and the slopes of the fitted straight lines 
(calculated under a minimum condition for the standard deviation) are shown 
in Table 3. 

Table 3: Intercepts K at t = 1 d and slopes η of the fit W = Kt for the 
normalized mass loss W from static leach tests and the time t in a 
double logarithmic scale; 0C is the standard deviation of the 
individual values and i the number of data points 

T in °C 

80 

120 

160 

200 

Time interval 

8 to 360 d 

60 to 360 d 

6 to 360 d 

6 to 120 d 

K 
-2 

in mg-cm 

0.01 

0.03 

0.12 

0.55 

(X% 

0.48 17 11 

0.60 9 13 

0.70 19 25 

0.79 22 25 
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The slope increases markedly with temperature. No reduction of η with 
time towards smaller values is observed. 
In concentrated NaCl solution, tests have been performed at HMI with a 
surface to volume ratio of 0.014 cm at 200°C up to 1000 days. Time 
dependence of leaching was derived from weight loss measurements, after 
removal of the surface layer, and quantitative ICP analysis of solutions. 
The mass loss values show that the leaching process slows down with time. 
Boron, lithium, calcium and strontium follow the same trend of the 
measured mass loss. Magnesium, silicon and aluminium show rapidly a value 
which is constant or increases slowly. 
The surface was covered with a layer of crystals of various types. 
Assuming that the largest crystals (analcime) have a protective effect 
then the surface exposed to the corrosion will decrease in time using 
these assumption. Experimental mean losses and solution concentrations 
were fitted by a first order reaction kinetic. 
The limit of solubility of SiO in the solution depends strongly on the 
pH. At neutral pH, or better for pH lower than 9, SiO tends to be 
dissolved in a nonionic form Η SiO , the solubility of amorphous silica 

4 4 
being higher than that of quartz by a large factor. For higher pH silica 
also dissolves in a ionic form so that its theoretical solubility limit 
increases. Solutions of high ionic strength on the contrary tend to 
decrease this limit. 
In general it has been found that when the SiO content in the leachate 
has reached a pseudosaturation value, such a value is lower than that 
corresponding to the solubility limit of the amorphous silica. 
Such an effect could be due to either a low kinetic of dissolution of SiO 

2 
or to the formation of equilibria due to precipitation of complex 
silicate. 
Saturation tests were performed at Harwell using distilled water on three 
British glasses (189, 209, MW) at 45°C for up to 400 days, 90°C for up to 
120 days and 150°C for 30 days. Glass samples were in the form of crushed 
and sieved granules of a narrow size range. These were leached in Teflon 
containers with just sufficient water to fill the interstices in the 
granule bed and cover the sample, giving a SA/V of ca. 200 cm . Solids 
precipitates from the leachate were filtered off and analyzed. Precipi
tates of hydrous magnesium aluminium silicates formed in the leachates in 
varying amounts and compositions according to the test conditions and 
glass composition. Xray diffraction patterns agreed with sepiolite 
(2Mg0, 3Si0 , 2H 0) or pilolite (Al 0 , 4MgO, lOSiO ), these two 
minerals presenting very similar Xray diffraction patterns. Precipit
ation begins at silicon concentrations well below the saturation limit, 
so that there is no possibility that leaching will cease as the leachate 
becomes saturated in silicon. 
It has to be noted that the level of concentration of pseudosaturation 
depends also on the presence in the glass of other . elements. For 
instance, at SCK/CEN it was noted that during the leaching of TRUW 
silicate glasses (12), when the content of Al 0 in the glass was ̂ . 5 
mol%, the pseudosaturation concentration of Si was lowered by a factor of 
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ten. 
If we assume that the level of silicon is controlled by the formation of 
some new silicate phases then we must accept as a possibility that the 
dependence of the mass losses from the square root of time is not due to 
diffusion phenomena but to reprecipitation equilibria. 
A mathematical model which describes the consequences of such an 
assumption has been developed at HMI for NaCl concentrated solution (7). 
It is assumed firstly that the disintegration of the borosilicate is a 
congruent process (if the surface layer is taken as leached material), 
secondly that the hydrolysis of the Si bonds is the rate determining step 
of glass dissolution and finally that a certain number of solid phases 
reprecipitate. 
Following Grambow (13) it is considered that the glass degradation can be 
expressed as 
dm ^si 

Sk+ (1 ) (8) 
dt C s a t 

where C is the equilibrium concentration of silicon in respect to glass 
and k is the forward reaction rate. Both coefficients depend on the pH of 
the leaching solution. However, as mentioned previously, in concentrated 
NaCl solution pH changes are negligible so that these two parameters can 
be considered constant. Assuming that no reprecipitation of phases occurs 
the integral of the equation is 

m C s a t Wsi K+T 
ζ = — = (1  exp ) (9) 

v w s i c s a t 
where V is the volume of the leachant, W . the weight fraction of silicon 
in the glass and τ = (S/V)t is a reduced time scale which takes into 
account the accelerating effect due to the surface to volume ratio. 
If we take into account the precipitation of phases containing silicon, 
the following relationship between the concentration, C^ of various 
elements of the precipitating compounds needs to be added to equation (9): 

π c n±J = Κ (10 
1 i j 

where n.¡ .¡ are the stochiometric coefficients of the different elements and 
K. the equilibrium concentration products. 
A numerical calculation has been performed using for Κ and C empirical 

Saţ 
data obtained from a tests performed at 200°C up to a maximum time of 1000 
days (fig. 3). 
Three phases have been taken into consideration: Analcime, Phyllosilicate 
and Willemite. It appears that Analcime already precipitates after about 
4 days keeping the silicon and aluminium concentrations almost constant. 
After about 60 days it is followed by the phyllosilicate causing a small 
but significant temporary decrease in the silicon concentration, not to 
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be seen in fig. 3 due to the poor resolution of the drawing, and 
resulting in an increase in the leach rate between 60 and 120 days. 
Finally the willemite is saturated after about 400 days. A comparison 
with the experimental data shows that the model is in good agreement with 
the experiment. 

4.- FORMATION AND COMPOSITION OF THE SURFACE LAYER 

The borosilicate glasses which have been studied have a very complex 
composition. As a consequence of the dissolution of the SiO matrix a 
surface layer is formed containing a large number of elements. As 
numerous radionuclides will be concentrated on the surface layer, a large 
number of investigations have been performed concerning its composition. 
X-ray analysis and surface techniques such as ESCA, direct observation of 
resonant nuclear reaction, Rutherford backscattering spectrometry and 
electron or nuclear microprobe have been utilized for these studies. When 
the corrosion of the glass is performed at high temperatures, crystalline 
forms can be identified on the surface, the type of crystals being 
dependent not only on the glass composition but also on the solution 
composition. 
In distilled water in a test conducted at SCK/CEN using the glass SAN 60 
on both monolithic (SA/V = 1 cm ) or powdered samples, extensive surface 
crystallization occurred when corroding at 150 or 190°C (5). Powdered 
samples were even completely altered at 190°C. The crystalline phases 
generated at both temperatures are not identical. At 150°C cubic analcime 
(NaAlSi 0 .HO) and a tetragonal zeolite (Na Al Si 0 .6H 0) crystals 

2 6 2 3 3 5 16 2 
were observed; at 190°C three crystal types could be detected: analcime, orthorhombic eucriptite (LiAlSiO .2H 0), and a needle-shaped, 
presently undetermined Ca, Si based crystal. 
This surface crystallization was found to have a large impact on the 
corrosion of the glass. Monolithic glass samples corroded in preconcen-
trated solutions (resulting^ from a 28 d interaction of powdered 
SAN 60 with SA/V = 42 cm ) at 150 and 190°C, show about 25 χ larger 
weight losses (excluding the surface layer) than samples treated in 
distilled water. 
An extensive study has been performed at the HMI on surface morphology of 
samples at the glass C-31 - 3 - EC - SPF - Na corroded in concentrated 
NaCl solutions at 200°C. (7) 
On the surface of the samples it was possible to identify cubic crystals 
of analcime. The morphology of the surface and subsurface layer around 
these crystals suggests that analcime may form a protective rim. 
Semi-quantitative electron microprobe analyses on crystal faces indicate 
that this phase has variable Si:Al ratio. Factors which control the 
composition of analcime are not yet defined, but high reaction rates 
appear to correspond to high Si : Al ratios. It also appears that the Si : Al 
ratio of analcime is a reflection of the Si:Al ratio of the parent glass. 
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An accelerated test using glass powder was conducted at 200°C for 20 
days. In these conditions, beside analcime, it was possible to identify 
crystals of zinc silicate, barium and calcium molybdate, barium Chromate 

oo 
a calcium arsenic phase and a 12 A phyllosilicate. 
At CEN, Saclay two simple glasses containing uranium and thorium 
respectively were leached in distilled water at 20°C up to 14 days. The 
uranium shows a release in the solution higher than thorium. However both 
elements were enriched at the surface (fig. 4). An analysis of the 

Fig. 3: Measured and calculated normalized elemental and total mass losses 
of leaching C-31-3 glass in saturated NaCl brine at 200°C. 

6000 
:(A) 

Fig. 4: Depth profile of Th and U concentrations in the surface layer 
of simple glasses corroded at 20°C for 14 days in distilled water. 
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silicon content in the surface layer obtained using the resonant nuclear 
reaction Si revealed an accumulation of Si in the layer. It seems 
reasonable then that uranium is fixed in the gel layer in the form of a 
uranium silicate, as for instance coffinite (U(SiO ) (OH) ). An 4 1-x 4x analysis of Na and Si in a complex borosilicate glass shows that the 
surface layer presents a double structure with a peak near the glass, 
suggesting that under such conditions a cyclic mechanism of formation of 
the surface layer cannot be discarded. 
Other mechanisms can influence the surface composition beside the 
formation of crystals or compounds: viz. ionic exchange, formation of 
insoluble hydroxide and chemisorption of ions on the silica gel. 
Competition between these mechanisms will depend mainly upon the valency 
of the various elements. Monovalent cation contents will be defined by 
ionic exchange with H (or H 0 ) and will then be strongly influenced by 
the pH of the solution. For bivalent ions hydrolysis is more probable for 
Zn and Sr but less probable for Mn, Fe, Co, UO . For trivalent ions 
chemisorption is more probable for Al, Fe, Co, La and Ce. For tetravalent 
ions chemisorption is the dominant mechanism. 
The composition of the layer is not only influenced by the pH of the 
solution but also by the Eh which, determing the valency state of the 
multivalent elements, can influence their solubilities. Surface analysis 
has been conducted on samples leached in a Soxhlet apparatus at 100°C in 
the presence and absence of air (14). The XPS and RBS techniques were 
applied to analyse the content of the silicon, iron and uranium while the 
nuclear reaction method was utilized to analyse the hydrogen content. 
A larger amount of iron and the smaller amount of uranium observed after 
leaching in the presence of air confirm what was expected, namely, a 
larger solubility of the lower valences of iron and the higher valences 
of uranium. The iron present in the glass matrix, as it appears from the 
peak position of the XPS spectra, is in the bivalent form. 
The formation of less soluble iron hydrates would justify the larger 
amount of hydrogen in the samples surface layer leached in the presence 
of air compared with those leached in an argon atmosphere. 

5.- CONCLUSIONS 
+ + + The analysis of the interdiffusion between Na and H (or H O ) shows 

that the amount of alkali released by diffusion becomes rapidly 
negligible in time with respect to the amount released due to matrix 
dissolution. As a consequence the degradation of the glass can be 
considered congruent. 
The studies on matrix dissolution have been concentrated on the analysis 
of the corrosion in closed systems. This phenomenon can be described with 
a power function of time. For conditions which give rise to small 
concentrations of SiO in the solution a corrosion increasing linearly 
with time was observed. In other conditions the corrosion could depend, 
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either on diffusion, or on the kinetic of reprecipitation of complex 
silicate. In some cases the corrosion increased linearly even under 
conditions close to saturation, though at a smaller rate than under 
conditions far from saturation. In every case it is apparent that no 
equilibrium conditions are possible and that the glass will continue to 
degrade. 
The analysis of the surface has made it possible to identify various 
crystalline compounds which could dominate the degradation kinetic. The 
composition of the layer depends on the glass composition, on the leaching 
solution composition and particularly on its pH and Eh. The corrosion in 
concentrated NaCl solution has indicated that analcime crystals could have 
a protective action on the glass. The question whether there could exist a 
surface layer stable in time protecting effectively the glass, is still 
open. 
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DISCUSSION 

C. McCOMBIE, NAGRA Baden 

Is it realistic to speak about protective layers considering the period of 
time of 10 to 10 years the longlived radionuclides should be safe
guarded? 

F. LANZA, JRC Ispra 

The protective function of the reaction layer, even on the longterm, is 
an assumption of predominant importance, for it constitutes the only 
condition under which the leach rate is reduced. HMI observed the protec
tive property of analcime crystals formed on the surface under certain 
circumstances, but whether these crystals resist for periods of time as 
you stated or whether they remain protective on the longterm and under 
other conditions has still to be demonstrated. 

H. GRAMBOW, HMI Berlin 

Referring to the power factor (n) of the time (t) dependency of the leach 
rate, giving an indication of the underlying mechanism, may I ask whether 
you could recommend an ηfactor for longterm predictions? 

F. LANZA, JRC Ispra 

Since there is no evidence that the kinetics do not resume initial values 
the exponent of (t) should be assumed to be 1 for longterm extrapola
tions. A better, even if still conservative approach, is to take the 
power factor resulting from the evaluation of the kinetics of reprecipi
tating species. 
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Abstract 

Vitrified radioactive waste products, designed either for the incor
poration of high activity fission product wastes from reprocessing 
plants or for the conditioning of a contaminated wastes through slagging 
incineration, have been tested to investigate their behaviour under 
simulated repository conditions. Three types of deep geological formation 
have been considered: rocksalt, hard rock and clay. Both inactive and 
lightly doped materials were studied. Information has been obtained 
about the alteration of the waste forms (crystallization, surface layer 
formation) and about the diffusion of the radionuclides in some of the 
geological materials. This type of information is needed to validate 
modelling codes which have been proposed for describing the long term 
behaviour of vitrified waste in repository surroundings and which are 
based on geochemical thermodynamic data concerning the system under 
consideration. The results obtained so far indicate that the behaviour 
of a waste form in a repository will depend on essentially all system 
components and may drastically differ under different circumstances. 

1. Introduction 

One of the main objectives pursued during the 19801984 programme of 
the European Atomic Energy Community on "Management and Storage of Radio
active Waste" was the investigation of the behaviour of solidified radio
active waste forms in conditions relevant for the envisaged repository 
environment. In the present paper the work related to vitrified waste 
forms is reviewed. Vitrification is considered worldwide a viable option 
for solidification of liquid reprocessing wastes containing the bulk of 
the high activity fission products (1); slagging high temperature incine
ration is another technology producing a vitreous waste form which is a 
candidate for the conditioning of αcontaminated wastes (2). The most 
likely disposal route presently conceived for these types of waste form is 
in a deep geological formation. Within the European Community, rocksalt, 
hard rock and clay are the three types of geology which are being studied. 
To evaluate the suitability of such geological environments for containing 
conditioned high activity and/or longlived radioactive waste forms, an 
extensive date base is required concerning the physicochemical behaviour 
of vitrified waste forms in contact with the geological medium. Since the 
most likely pathway for the radioisotopes into the biosphere is via the 
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water percolating through the geological formation, data about the leaching 
behaviour in the presence of a geological environment are of prime impor
tance. Consequently, the EC joint research programme on characterization 
of vitrified waste forms was conceived both to continue the study and 
modelling of the basic leaching mechanisms in wellcontrolled conditions 
(3) and to investigate the effects of the presence of a geological environ
ment on the leaching of the waste forms. The experimental difficulties 
associated with large scale testing in underground laboratories precluding 
extensive parametric test programmes being carried out insitu, the 
experimental results to be discussed in this paper are obtained from 
laboratory scale experiments using simulated repository conditions. 

2. Waste forms 

As mentioned already, essentially two types of vitrified waste are 
being investigated. The slagging hightemperature incinerator developped 
at S.C.K./C.E.N, for the treatment of αcontaminated waste yields an 
almost completely amorphous granulate fairly rich in silica and in ferrous 
oxide. Based on the average composition obtained for these slags, a 
reference glass has been determined for laboratory experiments. Its 
composition is given in Table I as WG124. To further evaluate the influence 
of iron oxides on the behaviour of this glass, a number of simplified base 
glasses have also been included in the experimental programme (Table I, 
WG119, 122, 123). Finally, granulate from actual incinerator runs has been 
hot compacted into monolithic form to compare with the base and reference 
glasses. The laboratory glasses have also been prepared with the addition 
of a small amount of U0„ and/or PuO.. 

The second type of vitrified waste form considered in this programme 
is the borosilicate glass devised for the incorporation of the high 
activity reprocessing wastes. Based on the experience of the preceding EC 
fiveyear programme, a number of reference HL waste forms have been 
selected for further study in several of the laboratories participating in 
the joint characterization effort. These reference waste forms are: UK189 
and 209 (designed for vitrification of the waste from Magnox fuel repro
cessing in the UK), Bl/3 and C31/3 (the glass ceramic designed by HMI; 
also included in the programme is the parent glass from which the glass 
ceramic is prepared), S0N58 and SON64/G3 (two of the glasses prepared in 
the French waste vitrification programme at Marcoule). Other glass formu
lations have also been investigated to a lesser extent. Among these one 
can mention various other French glasses as well as two glasses designed 
for the vitrification of the LEWC and the HEWC (l̂ ow, high enriched waste 
concentrates) stored at the Belgoprocess plant at Dessel (Belgium). These 
two glass formulations are, respectively, the SM58 and the SAN60. Simplified 
compositions of the most representative of these glasses are also given in 
Table I. 

3. Geological formations 

As mentioned before the three types of geological formation considered 
as candidates for a disposal site in the European Community are rocksalt, 
hard rock and clay. Within the frame of the presently discussed fiveyear 
programme, studies concerning rocksalt have been performed in the FRG by 
both the HahnMeitnerInstitut and the Fraunhofer Institut. These labo
ratories have investigated the compatibility between various vitrified 
waste forms and up to ten types of brines; three of the more widely 
studied solutions are given in Table II (see also (A)). 

Hard rock effects have been studied in France (CEA) and at the UKAEA 
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Table I . P r i n c i p a l components of waste forms ( i n wt %). 

SiO 
B O 
NaO 
Li^O 
AIO 
CaO 
BaO 
TiO 
MgO

Z 

Fe203 
FP oxides 

SiO 
Na 6 
K Ó 
AIO 
CaO 
BaO 
TiO 
MgO

Z 

Fe
2°3 

FeO 

A. Borosilicate 

UK189 UK209 

41.5 50.9 
21.9 11.1 
7.7 8.3 
3.7 4.0 
5.0 5.1 

6.2 6.3 
2.7 2.7 
9.6 9.7 

B. Incinerator 

WG119 WG122 

56.0 57.2 
5.3 5.4 
8.0 8.2 

4.7 4.9 

3.4 3.5 
22.6 

20.8 

glasses 

Bl/3 

28.0 
6.4 
1.6 
2.4 
12.8 
4.0 
14.8 
4.6 
1.2 
1.5 
14.6 

C31/3 

34.7 
4.1 
1.1 
1.0 
10.3 
3.8 
14.5 
2.8 
1.4 
1.5 
15.2 

slag simulants 

WG123 

59.1 
5.5 
8.5 
7.6 
5.0 

3.6 

10.7 

WG 124 

60.7 
3.6 
1.3 
2.9 
4.1 
4.4 
1.1 
2.9 

12.5 

S0N58 

43.6 
19.0 
9.4 

0.1 

0.6 
22.7 

SON64 

47.2 
18.4 
12.5 

1.7 

5.1 
13.1 

SM58 

56.9 
12.3 
4.6 
3.7 
1.2 
3.8 

4.4 
2.1 
1.2 
6.1 

SAN60 

43.4 
17.0 
10.7 
5.0 
18.1 
3.5 

0.3 
1.2 

1117 

48.0 
15.0 
18.5 

5.0 

0.3 

3.3 
10.0 

Table I I . Composit ion of s a l t s o l u t i o n s (25°C), 

Type of brine Salt content 
(mole/1) 

NaCl KCl MgCl, 
(in mole Z) 

MgS0; 

NaCl 
Q 
Ζ 

6.2 
5.2 
6.1 

11.1 
0.68 
0.12 

1.28 
0.18 

6.83 
10.2 

0.53 
0.55 

by investigating the leaching behaviour of waste glasses in contact with 
either several kinds of geological well waters or a water equilibrated 
with a column of crushed granite. As a matter of fact, other water types 
were also included in the French experimental programme , namely sea water 
and synthetic interstitial clay water. The analysis of these waters is 
presented in Table III. 

More detailed experiments related to clay have been performed at JRC, 
Ispra and at S.C.K./C.E.N., Mol. The interest in clay-waste form 
interaction processes derives not only from the possibility of using a 
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Table III. Analysis of the leachants used (ppm). 

PH 

Dry residue 
at 110°C 

SiO 
Ca 
Mg 
Na 
K 
Fe 
Al 
HCO 
CI 
SO, 
NO;! 
B total 

Tap 
water 
(Vulcain) 

8.29 

285 

3 
77 
8 
10 
2 

0.0 
0.4 
201 
30 
47 
4 

0.2 

Silica 
water 
(Mont Dore) 

8.58 

1150 

182 
55 
34 
350 
48 
0.1 
0.2 
915 
197 
88 
0 

0.1 

Granite 
water 
(Charrier) 

6.46 

34 

4 
5 
1 
3 
0.4 
0.01 
0.01 
12 
5 
4 
4 
0.1 

Sea 
water 
(Toulon) 

8.04 

31850 

0 
480 

2020 
8255 
432 

0.01 
5 

159 
17200 
3700 

0 
5 

Clay 
water 
(Synthetic) 

7.31 

18500 

5 
380 
1878 
4335 
532 
0.1 
0.3 
213 
130 

15900 
0 
0 

This interstitial clay water composition corresponds with oxidizing 
conditions. 

deep clay formation as a repository site (5), but also from the fact that 
clay has a very high retention capacity for radionuclides and hence can be 
expected to be a useful backfill material. The construction of an under
ground laboratory in the Boom clay formation beneath the Mol nuclear site 
has allowed the use in the compatibility experiments of clay excavated 
during the construction period. Some of the characteristics of this clay 
are given in Table IV. The presence of pyrite in the clay explains its 
strongly reducing redox potential (=  200 mV). Exposure to ambient air, 
however, rapidly results in oxidizing conditions in the clay and also in 
drastic changes in the composition of the interstitial clay water. 

4. Experimental approaches 

The evaluation of the behaviour of vitrified radioactive waste in 
repository conditions is based on the assumption that leaching of radio
activity through contact with an aqueous environment is the critical 
factor to be examined. In the experimental approaches considered for this 
research programme, various configurations can be and have been used, 
going from very simple and wellcharacterized to extremely complex systems 
which are hence more difficult to define precisely. As a direct sequel of 
the parametric studies in pure water, such as described e.g. in the 
preceding contribution (3), experiments have been performed in which glass 
specimens are brought in contact with an aqueous environment representative 
of the geological formation. Effects of temperature, pressure, loading of 
the water with geological material, pH and Ε , specimen surface area to 
leachant volume ratio, water flow rate etc. can all be studied in this 
type of experiment. In another type of laboratory experiment, an attempt 
is made at investigating the synergistic effects of having different 
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Table IV. Main properties of Boom clay from Mol site. 

Mineralogical composition (%) illite 25, smectite 20, vermicullite 
30, illite-montmorillonite interstra-
tified 15, chlorite + chlorite-vermi-
cullite interstratified 10. 

Chemical composition of dry SiO 64; Al 0 14; Fe 0 5.9; K O 2.2; 
material (wt %) Na 6 1.4; CaO 0.6; TiO 0.5; MgO 0.7. 

Water content (wt %) 26 

Ion exchange capacity 20 meq/100 g 

Composition of interstitial clay Na SO 1.207; NaCl 0.058; Κ SO 0.187; 
water prepared under anoxic MgSO 0.021; Na CO 0.339; NaHCO 1.529; 
conditions (g/1) CaCO saturated (= 7.5) 

Anionic composition of the clay S0~~ 10-100; P 0 ~ 70-140; N0~ 0.3-2 
water mixture (100 g/lH 0) 
(in ppm) 

classes of material present in the same environment. Repository conditions 
are thus simulated by setting up hydrothermal conditions in a system 
containing not only glass but also solid host rock material, container 
material with its corrosion products, backfill material, etc. As a final 
step in this hierarchy of repository simulation tests one may conceive of 
in-situ experiments performed in an actual geological environment. Variation 
of the temperature (to simulate the effect of the heat load accompanying 
introduction of the radioactive waste in the repository) is to be included 
as a parameter in the experiment. 

A further very important aspect in the evaluation of a repository 
site is the radioactivity of the waste glass to be disposed of. In the 
case of high-level waste forms, experimentation with the fully active 
materials poses serious technical problems and has to be restricted to a 
relatively small number of tests. Therefore, most of the experiments are 
performed using either simulated, non-radioactive material or materials 
doped with small concentrations of specific radioisotopes. The use of 
spiked waste glasses allows one to attempt a complete mass balance of the 
radioactive material and so to obtain very valuable information about the 
ultimate fate of the various radioelements incorporated in the glass: they 
can be retained in the surface layers of the glass matrix, they can remain 
in solution in the aqueous medium (in ionic or in colloidal form), they 
can be precipitated as an insoluble solid, they can be immobilized in the 
geological host rock material, etc. 

Clearly, the radiation emanating from the radioisotopes can also be 
expected to influence the interaction processes governing the behaviour of 
the waste products in the disposal environment. This aspect is discussed 
in contribution IV.3. (6). 

For the interpretation of the experimental results, data about the 
overall mass changes of the glass specimens have to be completed with a 
detailed chemical (and possibly radiochemical) analysis of the leachate, 
with an analysis of the solid precipitates when present in the leaching 
vessel or on the specimen surface (both composition and crystal structure 
are needed) and with an analysis of the surface layers generated on the 
glass specimen during leaching. 

Of course, the ultimate aim of this exercise is the modelling over 
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very long time periods of the behaviour of the radioactivity which is 
introduced in the repository. Applying geochemical codes adapted to the 
conditions used in the experiments, it has been possible to model fairly 
accurately the observed time dependence during hydrothermal leach tests in 
salt brine (7). 

5. Rocksalt-waste form interaction experiments 

The German final repository concept foresees disposal of the waste in 
salt formations. Model calculations of heat release from HLW glass blocks 
yield temperatures up to 200°C at the canister/salt interface (8,9). 

The composition of the glass C31/3 and the preparation of samples are 
described elsewhere (4, see also Table I). Glass beads, chips and powder 
were used for static hydrothermal leaching experiments in Teflon lined 
autoclaves at a leaching temperature of 200°C. Compositions of the brines 
are given in Table II. The pressure was about 15 bar, corresponding to the 
equilibrium pressure of the salt solutions. The ratios.of sample surface 
area (S) to solution volume (V) were between 0.013 cm and 10 cm 
Samples were leached between 3 and 1000 days (12). 

The weight losses of the glass beads and chips were measured and the 
solutions were quantitatively analysed by ICP optical spectroscopy. The 
surface layers on the glass samples were mechanically removed and used for 
quantitative analysis. In parallel experiments the layers were not removed 
but prepared for investigation by scanning electron microscopy (SEM), 
electron microprobe analysis (EMPA) and X-ray diffraction (XRD). Some 
leaching experiments were carried out with glass powder of a grain size 
< 60 um (11,12). 

5.1. Specific mass loss 

The results of preliminary leaching experiments in various salt 
solutions showed no obvious dependence upon chemical composition of the 
leachants and values of the specific weight loss are within one order of 
magnitude (4). NaCl-, Q- and Z-solutions were selected for a more detailed 
investigation of the leaching process (10-14). 

The time dependence of leaching in NaCl-brine was derived from weight 
measurements and solution analysis. The experiments were carried out with 
beads giving a S : V ratio of 0.014 cm . The specific mass loss NL was 
derived from the weight difference of the sample before leaching and after 
removing the surface layer. The leachates were analyzed by ICP. Based on 
the behaviour of the components "i" the normalized elemental weight losses 
NL were calculated. The curves are given in (11,12) and show that the 
leaching process slows down with time. During the first 30 days NL had 
the largest increase. For the elements Al, Si, Mg and Zn the curves show a 
maximum at about 30 to 90 days. After about 100 days NL and NL .. are 
constant or increase slightly. After 90 days the normalized specific 
weight losses of these elements are considerably smaller than NL and the 
NL values of B, Li, Ca, Sr, Ba and Mo. The leachates were also analyzed 
for Zr, Ti, Fe, Nd, Ni, Ce and U. Their concentrations were below the 
detection limits. Some semi-quantitative analyses (10,13,14) of the 
surface layers revealed enrichments of these elements and other elements 
whose NL values do not fit into the NL curve. Constant or decreasing NL 
values mean constant or decreasing ion concentrations in the leachates, 
due to saturation and oversaturation effects, respectively. In the leaching 
process solubility limits were obviously reached for some elements within 
10 days. As a consequence, concentrations of those elements were controlled 
by solid phases formed upon leaching. It has been shown that leachate 
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concentrations for various elements can be interpreted with thermodynamic 
data if one assumes the presence of appropriate solid phases (14,7). 

5.2. Sample surface analysis 

5.2.1. Relative composition of surface layers (10,12) 
Fig. la exhibits an SEM photomicrograph of a sectioned glass bead 

after 10 d leaching in NaCl. The leached surface consists of two different 
layers. The inner layer is about 15 um thick and looks like a typical gel 
layer with drying cracks, whereas the outer one appears more dense and is 
relatively thin with a thickness of about 1.5 μτη. 

Fig. lb to ρ show EMPA concentration profiles in the form of X-ray 
line scans obtained at the white line marked in Fig. la. Elements such as 
Ca, Ba, Cs are nearly completely leached from the layers, whereas Mo and 
Zn are strongly depleted in the inner layer, but their concentration 
increases again in the outer layer. Si, Al, Mg are also depleted in the 
inner layer but again have a higher concentration in the outer layer, 
whereas U, Ni, Fe are enriched in the outer layer when compared with the 
pristine glass. The elements Ti, Zr, La, Ce are enriched in both layers. 

The results from semiquantitative wavelength dispersive EMPA of the 
surface layers are given in Table V. The elements Ca, Ba, Cs, Mo and Zn 
are strongly depleted in the layers leached in salt solutions, whereas Zn 
is strongly enriched in the outer scale of the water leached surface. Al 
and Mg are enriched in the. Q- and Z-leached surfaces and also in samples 
leached 30 d in NaCl, whereas the samples leached in water are higher in 
Al and Mg after 3 d. Ti and Zr concentrations were high in layers formed 
from all solutions. La, Ce, Nd and Pr are enriched only in the layers 
leached in NaCl and are strongly depleted in Q- and Z-leached surfaces. It 
thus appears that more elements are enriched in the H 0-leached surface 
and that enrichment is least in Q- and Z-leached surfaces. This means that 
the tendency toward selective leaching decreases and congruent dissolution 
increases in the following order: H_0, NaCl, Q, Z. 

Fig. 1. 
SEM photomicrograph and 
X-ray line scans of a 
glass bead leached 10 d 
at 200°C in saturated 
NaCl-solution. 
(a) SE-micrograph with 
line scan position; 
(b)-(p) line scans of 
elements as indicated 
(10,13). 
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Table V. Relative compositions of surface layers on glass, 
formed during leaching at 200°C in various solutions (10,13). 

Element 

Ca 
Ba 
Cs 
Mo 
Zn 
Si 
Al 
Mg 
υ 
Fe 
Ni 
Ti 
Zr 
La 
Ce 
Nd 
Pr 
Cr 
Cl 
S 
Κ 

NaCl-sol 
10 

inner 

-
-
-

-

0 
-

+ 
+ 
+ 
+ 
+ 

+ 

d. 
/ 

outer 
scale 

-
-

-

+ 
+ 
+ 
+ 
+ 

-
-
o 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

NaCl-sol. 
30 

inner 
d. 

/ 
outer 

scale 

- -
-
-

-

-

-

+ + 
-

+ + 
-

+ + 
+ + 
0 

o 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-

+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

+ 

Q-sol 
10 

inner 

/ 
d. 
outer 

scale 

-
+ 
+ + 
-

+ + 
+ + 
+ + 
- -

+ + 
+ + 
+ 
+ 

+ 
+ 
-

+ 
+ 
+ 
-

+ 
+ 
+ 
o 

+ 
+ 

+ 
+ 
+ 
-

+ 
+ 
+ 

Z-sol 
10 

inner 

/ 
d. 
outer 

scale 

o 
+ + 
- -
-
0 
+ 

+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
- -
0 
+ + 
+ + 
- -

+ + 
+ + 
+ + 
+ 

H
2 o 
3 

inner 

-

-
-
0 
o 
-

+ 
-

+ 
-

+ 
+ 
0 

+ 

+ 

/ 
d. 
outer 

scale 

+ 
-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-

+ 
+ 
0 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

- - strongly depleted: 
- depleted: 
o unchanged: 
+ enriched: 
+ + strongly enriched: 

0.5 < 

1.5 > 

/c < 0.5 

g 

!/c
6 < 1 

\
/ c

l -
 l 

/c
8 > 1 

*/c
g > 1.5 

concentration of element in the surface layer 
concentration of element in the unleached glass. 

In all types of surface layers, independent of the salt brine, CI was 
present; also S and Κ are found in layers leached in Q and Z. When comparing 
the concentrations of Si and Mg in the layers it was found that the Q 
leached layers contained 1.6 w/o Si and 13 w/o Mg in contrast to 16 w/o Si 
and 0.8 w/o Mg in the unleached glass. This means that only 10 % of the 
original silicon amount is in the layer, but that the Mg-content was 
increased about a factor of 10. In terms of the glass structure then only 
every 10 SiO.-tetrahedron, the main network former, is still present and 
this is certainly insufficient to preserve the glass structure. Therefore, 
when leaching in Q, the glass network is nearly completely destroyed and 
the layer formed on the surface has no longer any structural connection 
with the original glass structure. This conclusion is further supported by 
the fact that the surface layers are partly crystalline and do not appear 
to be homogeneous. 

5.2.2. Surface morphology and phase identification (11,14) 
In addition to the concentration profiles which were measured on 

sectioned beads, surface morphology was also investigated by SEM, using 
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samples as removed from the autoclaves without further preparation. The 
surface was covered with a layer of various crystal types, which were 
qualitatively analysed by EDS. Figs. 2 and 3 show the surface after 10 and 
30 days. The cubes in Fig. 2 and 3 could be identified as analcime, 
Na(AlSi_0¿).H 0. Furthermore two different crystalline phases can be seen: 
light clusters in the middle of Fig. 2b and light small needles in the 
foreground of Figs. 2d and 3d. Qualitative EDS analyses yielded the 
following elements with decreasing intensities: 

clusters Si, Al, Mg, Fe, Ti, Mn 
needles U, Ti, Si, Na, Fe, Zn, Ca 

Fig. 2c shows the cross section of the surface layer after 10 days. The 
bottom is pristine glass. Next is the amorphous "gel" layer detached from 
the glass and cracked as a result of drying. The uppermost layer is mostly 
crystalline with large analcime crystals on top. The presence of crystals 
after 5 h leaching shows that solubility limits are reached shortly after 
the process has begun (14). In the course of the leaching process, the 
layer grows but the amorphous gel does not grow around the crystals (4), 
indicating that the amorphous layer is growing only inwards, replacing the 
glass phase. 

The crystal phases in Figs. 2 and 3 are visible already after three 
days but they are small and continue to grow as leaching continues. Xray 
patterns and semiquantitative analyses of the crystalline species were 
obtained, but it was not possible to identify the crystalline phases 
except for analcime. Chips and spheres yielded insufficient amounts of 
surface layer material for the powder Xray diffraction technique. To get 
more corroded glass material in short times, glass powder with a grain 
size < 60 μιη was used in addition to chips. In these experiments approxi
mately 10 g glass per liter leachant was decomposed. Surface layer morpho
logies suggest that analcime may form a protective rim (11,12,3). On the 
basis of these experimental results a reaction kinetics model has been 
developed (11,12,3), describing leaching in the presence of solid phases. 
Phases controlling the concentrations in the leachate of Si, Mg, Al, Mo, 
Zn, Cr and Fe were identified in the surface layers (3). 

5.3. Leaching of actinides 

UK209 and C31/3 glasses were doped with americium and leached in 
saturated NaCl and Qbrine at 200CC for 3 to 47 days. In NaCl the initial 
leach rate is very high, but it decreases significantly already after 3 
days. Total mass losses in Qbrine are smaller than in NaCl and the leach 
rates of the glass UK209 are always smaller than those measured for the 
glass C31/3 (13). 

The Amcontents of the solutions and of the surface layers were 
measured by gammaspectroscopy. After leaching in NaCl more than 99 % of 
the Am corresponding to the total mass loss was detected in the surface 
layers. After leaching in Qbrine the opposite was the case. Only a few 
percent of the total Am remained in the surface layer, more than 90 % was 
in solution for glass C31/3 and more than 98 % for the glass UK209 (12). 

Alphaspectra of the surface layers were also recorded. In layers 
grown during leaching in Qbrine almost no Am could be detected, in 
agreement with the observation that most of the americium is in solution. 

6. Hard rock  waste form interaction experiments 

To examine the likely effect of disposal in hard rock, two series of 
experiments have been carried out. The first, at Marcoule, examined the 
effect of different waters at relatively high flow rates. The second, at 
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Fig. 2. 
SEMmicrographs of C31/3 glass 
surface leached 10 days at 200°C 
in saturated NaCl solution. 

Fig. 3. 
SEMmicrographs of C31/3 glass 
surface leached 30 days at 200CC 
in saturated NaCl solution. 

Harwell, endeavoured to mimic a repository, holding glass samples in a 
small chamber above a column of granite. 

6.1. The effect of the nature of the water 

An active glass block of SON622024F3 was leached by the Marcoule 
method where water is pumped into the specimen chamber for 30 seconds, 
held for 30 seconds and drained out for 30 seconds. The 1,5 minute cycle 
is then repeated continuously but the leachate is changed and radio
chemically analysed every 24 hours. The leach rates for the main radio
isotopes and for total 6 were calculated from the results. 

Marcoule tap water was the reference leachant for these experiments, 
being used for an initial 5 month period and for 10 day periods between 
each of the geological waters (ca. 1 month each). The analyses of the 
waters are given in Table III. 

During the two year experiment, variations occurred in the leachrate 
both due to changing the leachate and to changes in temperature with the 
latter effect being rather larger. However, the effect of the leachate was 
separated out and is given below as the ratio between the leachrate in 
each natural water and that in the reference tapwater. 

Element Silica rich Granite Sea Clay 
water water water water 
(Mont Dore) (Charrier) 

β 
Cs 
Sr 
Ce 
Sb 

0.5 
0.5 
0.5 
< 1 
< 0 . 25 

1.6 
1.3 
1.7 
2.2 
1.5 

2 
2 
3 

1.8 
2 

0.5 
0 .4 
0 .6 

-
0 .3 
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Although these results are somewhat uncertain for the reason noted above, 
the leach-rate does not seem to be affected by: 
(a) The total salt concentration - compare the high leach-rates in 

granite water (least salts) and sea water (most salts). 
(b) The sum of the alkali and alkaline-earth concentrations - these are 

similar in sea and clay waters but the Cs and Sr leach rates are 
different by a factor of 5. 

(c) The pH - the leach rates of the granite water and the sea water are 
higher than those of the clay water and the silicious water. 

(d) Sulphate - compare the leach rates in sea water and clay water which 
are high in sulphate with the others. 

Additional experiments at various pressures have shown that at room 
temperature the effect of pressure can be neglected up to 200 bars. 

6.2. Leaching in a repository simulation 

Samples of glass were made containing a full spectrum of inactive 
isotopes of the fission products in the correct proportions and were then 
doped separately with Sr-90, Tc-99, Cs-137, Np-237, Pu-239 and -240 and 
Am-241. For Cs and Sr the dopant levels were selected arbitrarily, but for 
Te, Pu and Am the levels were those expected to occur in the real vitrified 
waste while for Np-237, in order to achieve a sufficient count-rate in the 
leachates, the level was ten times this, even assuming that all the Np 
produced in the fuel will become concentrated in the high level waste 
stream. 

Discs of these glasses with a surface area of about 3.5 cm were 
positioned in a small chamber (volume 1.5 ml) at the top of a column of 
crushed granite saturated with water. There was no water flow through the 
chamber but at about monthly intervals 1 ml samples of water were withdrawn 
from the chamber, evaporated to dryness and counted to determine their 
radioactivity content. The flow past the specimen could thus be said to be 
1 ml per month: before reaching the specimen chamber the water to replace 
the sample had been in contact with granite for many months. In this 
apparatus, there was nothing to prevent the activity leached from the 
glass diffusing back down the column and indeed, as will be shown below, 
this did occur. 

The leach rate was calculated by dividing the activity in each 
monthly leachate sample by the specific activity of the specimen, the 
specimen surface area and the time since the last sample was taken, to 
give a leach rate expressed in grams (of glass) per cm per day. 

Four glass compositions have been tested by this technique: UK189, 
UK209 and Bl/3, both as the parent glass and as a glass ceramic after heat 
treating at 610°C (3 hours: nucleation) and 800°C (10 hours: crystal 
growth). As an example, the leach rates for the Bl/3 parent glass are 
shown in Fig. 4 for a period of a year. The "leach rates" obtained in this 
way when the system had reached equilibrium are given in Table VI. These 
values are reduced from the "true" ones because of adsorption on the 
granite and on the rest of the apparatus; a similar phenomenon will also 
occur in a full scale repository. 

After about a year the apparatus was dismantled and the granite 
columns cut into thick slices. The apparatus was rinsed with acid (HN0_/HF) 
to take the adsorbed radionuclides into solution and the granite powder in 
each slice was similarly treated. Aliquots from each solution were then 
dried and "counted" and divided by the specific activity to give a notional 
weight of glass adsorbed in each location, this method being used for 
easier intercomparison between the isotopes. The glass samples were dried 
and weighed and the overall leach rate calculated both before and after 



De Batist et al. : Behaviour of vitr i f ied radioactive waste 223 

Table VI. Apparent leach rates.at 60°C in granite repository 
simulation (in g.cm day ). 

Isotope 

Sr90 
Tc99 
Cs137 
Np237 
Pu 
Am241 
Weight loss 

UK189 

8 
3x10 

2.5x10 ° 
8 

1.5x10 ° 
9 

8x10 
6x10 ° 

8 
6x10 , 

6
6x10 + 

UK209 

8 
1.3x10 
1.7x10 ' 

8 
2x10 ° 

8 
2.5x10 ° 
2x10 " 

10 
2x10 

X 

Bl/3 
glass 

9 
5x108 
4x10 ° 

9 
7x10 „ 

9 
4x10 Ζ 
2x10 ,„ 

10 
8x10 , 

6 
1.6±0.6xlO 

Bl/3 
glass ceramic 

7 
2x10 ' 

9 
8x10 i 
2x10 „ 

9 
2x10 , 

6 
6.0±2.0xlO 

+ 2 specimens gained weight 
κ all specimens gained weight 

2 io 

Fig. 4. Leach rate at 60°C of German glass Bl/3 in repository 
simulation. 
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the gel-layer had been removed. 
The results are given in Table VII, and the distribution of activity 

down the columns for each isotope is shown in Fig. 5. The recovery of the 
activity from the system is not good: the "weight loss" calculated from 
the activity measurements is smaller than that obtained by direct weighing 
by about a factor of 4 to 7. The leach rates calculated from weight losses 
should have been the same for each specimen because the amount of dopant 
added was not sufficient to affect the leach rate: the differences are in 
fact not very great. 

Table VII. Leach rates and mass balance for German glass Bl/3 after 
a year at 60°C in a simulated granite repository. 

Dopant Isotope 

Weight loss 
(mg) 
Layer weight 
(mg) 
Total loss 
(mg) 

Leach rates (g 

From weight 
loss 

From weight 
loss including 
layer 
From counting 

Weight loss 
deduced from 
activity meas. 

Sr-90 

1.84 

0.25 

2.09 

"
2 A -.cm day 

1.5x10" 

1.6x10" 

-9 
5x10 

0.3 

(mg) 

% Activity found: 

in leachate 
on container 
in water 
on granite 
in layer 

2 
10 
5 
76 
7 

-6 

-6 

Tc-99 

1.52 

0.35 

1.87 

' ) : 
1.2xlO

-6 

1.5xlO~
6 

4xlO
_8 

0.5 

15 
30 
5 
36 
13 

Cs-137 

1.25 

0.65 

1.90 

l.Oxlo" 

1.6x10" 

-9 
7x10 

0.5 

2 
17 
8 
33 
40 

-6 

-6 

Np-237 

3.62 

0.45 

4.07 

2.9xlO
_6 

Average 1 
3.3xlO

_6 

Average 2 
-9 

4x10 

0.6 

18 
2 
46 
1 

33 

Pu 

1.35 

0.50 

1.85 

1.1x10 
.6±0.6x 
1.5x10 
.0±0.6x 

-9 
2x10 
0.4 

2 
8 
2 
5 
83 

-6 
10" 
-6 

10" 

Am-241 

2.26 

0.60 

2.86 

1.8xl0~
6 

-6 

2.3xlO
-6 

-6 

8xl0-
10 

0.8 

0.1 
2 
5 
5 
88 

From the weight loss measurements and the amount of each isotope 
retained in the gel layer on the surface, leach rates can be calculated 
using the amount of each isotope released from the specimen, i.e. including 
the amounts adsorbed on the granite etc.: 

. , total weight loss ., 
leach rate = 2

—: χ (1 
area χ time ε) 

(with e the fraction retained in the layer). 
These values are given in Table VIII and are those which should be used in 
safety assessments where allowance is made for adsorption on the backfill 
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and other components of the near field. 

Table VIII. True leach rates at 60°C in repository simulation 
(in g.cm day ) . 

225 

Isotope 

Sr90 
Tc99 
Cs137 
Np237 
Pu 
Am241 

UK189 

6 
1.8x10 ° 

5 
1.2x10 n 

7 
5.5x10 ' 

6 
3.2x10 
6x10 ' 

7 
4x10 

UK209 

6 
1.2x10 , 

6 
1.0x10 ° 

7 
3.2x10 ' 
. , 7 
4.6x10 ' 
4.6x10 ' 

7 
1.1x10 

Bl/3 
glass 

6 
1.5x10 , 

6 
1.3x10 ° 

7 
9x10 ' 

6 
2.2x10 
2.5x10 ' 

7 
2.8x10 

Bl/3 
glass ceramic 

. . 6 
4.4x10 ° 

7 
8.5x10 ' 
3.4x10 , 

6 
6.0x10 

1 3 4 5 6 7 θ 9 10 

Disiane» trom top of column (cms) 

Fig. 5. 
German glass (Bl/3) in simulated 
granite repository at 60°C: 
distribution of isotopes down 
the granite column. 

7. Claywaste form interaction experiments 

For the investigation of the interaction between vitrified waste 
forms and argilloaqueous media, static laboratory experiments have been 
set up under constant conditions of temperature, pressure and specimen 
surface area to water volume ratio (S:V). For the study of the Boom clay, 
the main experimental parameters were the characteristics of the claywater 
medium and the temperature. In the equipment designed by JRC Ispra (15,16), 
a number of porous materials were also studied in interaction with a 
laboratory glass simulant; in addition to information about glass 
alteration, this experiment also yields data on the diffusion properties 
of the porous medium, which could be either a backfill material or a 
geological formation. 

7.1. Influence of claywater characteristics 

Using an MCC1 type experimental set up (17), the interaction between 
some of the waste forms given in Table I and various claywater media has 



226 De Batist et al. : Behaviour of vitr i f ied radioactive waste 

been studied as a function of the duration of contact at 90°C and for an 
initial S:V of 1 cm . The effect of variations in S:V has been studied in 
detail with distilled water as leachant (3). Except for a rather limited 
number of tests with synthetic interstitial clay water (cfr. Table IV), 
most of the experiments were performed using either solid, wet clay (WC) 
or clay mixed with water (claywater mixture, CWM: 100 g clay in 1 1 H O , 
Table IV; diluted claywater mixture, DCWM: 10 g 1 ; concentrated clay
water mixture, CCWM: 500 g l ). Both the incineratorslag reference 
glasses and the HLW simulants yield the same variation in leach rate with 
respect to the clay concentration in the leachant. This is illustrated in 
Fig. 6., which shows the specific weight loss (SWL) gradually increases 
from leaching in distilled water (DW) over DCWM, CWM to CCWM and WC. The 
time dependence of SWL also changes with the leaching medium, reflecting 
changes in the leaching mechanism. The saturation effects which play an 
important role during leaching in relatively small volumes of DW (3) are 
gradually suppressed in the presence of clay, leading to essentially 
constant leach rates. Fig. 7 illustrates furthermore that the relatively 
large differences observed between the different HLW glass simulants in DW 
are considerably reduced in argillaceous leachants. 

The Boom clay formation in situ is characterized by a strongly 
reducing redox potential. This negative redox potential can be preserved 
in the laboratory only under controlled atmosphere. The effect of the 
redox conditions on the leaching behaviour is shown in Fig. 8., where SWL 
data are shown for leaching in CWM and in WC under either oxidizing or 
reducing conditions. Whereas in wet clay there is hardly any effect of the 
redox potential (+ 460 mV or about  150 mV with respect to a AgCl/KCl 
reference electrode), in CWM the SWL's are larger in reducing than in 
oxidizing conditions. 

To complement the information obtained from the overall SWL data, 
surface layer observations using infrared reflection spectroscopy (IRRS) 
(18) as well as SEM coupled with energy dispersive Xray analysis (EDAX) 
and (EMPA) techniques were also performed. Except for glass SAN60, surface 
layers having a fairly uniform thickness between 15 and 70 um are found on 
the HLW simulants following eight months of corrosion in WC or one year in 
CWM. These altered glass layers adhere fairly strongly to the bulk glass, 
which is usually strongly corroded, and correspond with several times (up 

ε 
υ 
σ 

IO"* _ 

105 

°6 « 

100 101 102_ 
days 

103 

F i g . 6. 
Effect of claywater ratio on 
SWL for SAN60 
(90°C; S:V = 1 cm ). 
+ DW; X DCWM; 0 CWM; Δ CCWM; 
π WC. 
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Fig 8. Effect of redox conditions on SWL for SM58 and SAN60 in 
CWM (a) and in WC (b) (90°C, S:V = 1 cm" ) 
Squares: SM58; triangles: SAN60; open symbols: oxidizing 
conditions; filled symbols: reducing conditions. 

to five times) the measured weight losses. The composition of these 
surface layers reveals that alteration of the glass is not a congruent 
process. In the HLW simulants, elements such as Cs, Mo, Zn and Mg are 
found in smaller concentrations in the surface layers than in the pristine 
glass, whereas the surface layers are enriched in elements such as Zr, Al, 
Ti, Fe, Nd. In the incineratorslag simulants, on the other hand, Mg is 
frequently also observed in the outer layer, and the total layer thickness 
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rarely exceeds 40 urn. Also elements from the clay (S,K) are frequently 
incorporated in the surface layers. Finally, it is to be noticed that the 
layers are often complex, consisting of a succession of layers with 
varying concentrations of the different components. 

7.2. Effect of temperature 

In addition to the experiments at 90°C, other temperatures were also 
studied, ranging from 40°C to 200°C. For temperatures above 90°C, 
autoclaves were used to maintain the leachant at the equilibrium pressure. 
In general, no single thermally activated process appears to be able to 
describe the leaching, as can be seen from the Arrheniustype 
representation of the results (Fig. 9 ) . Data taken after various leaching 
times further indicate in some cases the occurrence of different processes 
in sequence; the effective activation energy is. found to increase with 
increasing corrosion time in DW and in CWM, whereas it remains constant in 
WC. 

The analysis of the surface layers formed during exposure at elevated 
temperatures confirms that it is dangerous to draw very general conclusions 
irrespective of the glass composition. In terms of glass components, it 
appears nevertheless that for a specific glass, the elements retained 
within the surface layer are independent of the leachant (of course, in 
clay media, elements from the clay are often incorporated in the surface 
layer). After one month at 200C

C, the specific weight losses in WC and CWM 
are rather similar for the WG type glasses, whereas WC is at least 5 times 
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as aggressive as CWM for the HLW glasses SM58 and S0N60. Yet, layer 
thicknesses are comparable. Maybe the most remarkable difference between 
high temperature leaching in either DW or clay media is the very pronounced 
surface crystallization observed in DW (3) as opposed to its absence (at 
least for times up to one month) in CWM or in WC. 

7.3. Leaching in wet porous media 

At JRC Ispra, the leaching behaviour of a HLW glass simulant (1117, 
see Table I), was investigated in contact with different types of wet 
porous media: montmorillonite mixed with sand or mixed with sand and 
Fe 0.; sand; clay; sea sediments. Both simple capsule tests yielding SWL 
vs time data as well as more involved column tests, allowing also the 
determination of the diffusion coefficient of various elements through the 
porous medium, have been performed. The time dependence in both geometries 
is very nearly linear, in general agreement with the results obtained at 
S.CK./C.E.N. Mol. The degradation rates determined from these static 
degradation experiments at 80°C and 75°C are about (5-10) 10 g cm d . 
The suppression of leachate saturation effects, which lead to a decrease 
in leach rates, is ascribed to the adsorption by the porous medium of SiO. 
released from the glass. Only after longer leaching times could it be 
expected that saturation of the surrounding porous medium might lead to 
diffusion within this medium being rate determining for the continuation 
of glass degradation. Since SiO is the main constituent of the waste 
glasses, one may distinguish between elements which are less soluble in 
the leachate than SiO and those which are at least as soluble. Clearly, 
solubility restraints will influence only the low solubility elements 
(such as the actinides), for which the release from the glass will be 
governed by the solubility limit of the migrating species and by its 
diffusion coefficient. This will lead in many cases to retention of such 
elements in the surface layers of the glass or in the contact layers of 
the surrounding porous media. Using the column type experiments, diffusion 
profiles in solid Boom clay have been determined using neutron activation 
analysis. The diffusion coefficients (at 75°C) derived in this manner for 
a number of elements are given in Table IX. 

Table IX. Diffusion coefficients in clay. 

Element D (cm Is) Element D(cm /s) 

Cs 
U 
Co 
Fe 

5.2.10 
1.2.10 
4.8.10 
2.10" 

-7 

-9 
La 
Ce 
Eu 
Hf 

1.8.10 
1. 

3.9, 
7.6. 

10 
IO" 
IO" 

10 
11 

8. Conclusions 

The laboratory scale experiments performed during this 5 year research 
effort have produced valuable data which will be useful in the safety 
analysis and feasibility assessment of radioactive waste repositories in 
the three types of deep geological formations considered in the EC. The 
cooperative effort of the various contributing laboratories has allowed 
the scanning of a relative wide scope in terms of waste forms and geological 
formations as well as in terms of experimental parameters and approaches. 
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Further modelling of the phenomena will require more information about the 
thermodynamics of the interaction processes in the complete system, 
including all components which will conceivably be present in a real 
repository. A logical extension of the research effort will have to 
explore these interaction effects by carrying out experiments involving 
more and more components. Of course, a judicious design of the experiments 
will be absolutely essential to avoid unnecessary multiplication of 
experimental conditions and parameters. Clearly, a coordinated effort 
within the frame of the EC can strongly contribute to the efficiency of 
such a programme. 
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DISCUSSION 

R. KOSTER, Kf K Karlsruhe 

On the transparency (Fig. 23) from Harwell, showing isotope specific leach 
rates at 60°C of the German glass Bl/3 under repository simulation, there 
was .a peak for Np over three orders of magnitude (from 10 to 10 
g/cm d). Is there any explanation for this behaviour? 

J.A.C. MARFLES, AERE Harwell 

The most probable explanation is that a small piece of gel-layer came 
loose and was taken out with the leachate sample for counting. 

C. COPLEY, US/DOE 

Could you comment on the solubility limits controlling your leach rates? 

R. DE BATIST, SCK/CEN Mol 

Solubility limits are not constant and depend strongly on the chemistry of 
the system. Since in the joint EC-action we investigate different reposi
tory environments, the resulting kinetics vary considerably and conse
quently also the corresponding solubility limits. 

M.S.T. PRICE, AEE Winfrith 

Have repository barrier materials, such as cement, been taken into account 
in the characterization programme? 

R. DE BATIST, CEN/SCK Mol 

Tracing back the joint EC efforts in this field, we started some ten years 
ago with comparative studies of different glasses in water. During the 
second five-year programme, emphasis was placed on testing under simulated 
repository conditions, in particular under the presence of the various 
candidate host rock materials. The next step will be to concentrate on the 
engineered barrier materials and first experiments in this field have 
already been launched. It is, however, too early to draw any conclusions. 
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1 Radiation Effects 

1.1 Pu238 doped sammples 
It has been pointed out by various authors that the most likely cause 

of any radiation effects in the vitrified waste is the αdecay of the in
corporated actinides. The αparticles displace some atoms from their posi
tions in the glass network whilst the recoiling actinide nuclei lose vir
tually all their energy in this way. Assuming a displacement energy of 
25 eV each αparticle will displace c 150 atoms and each recoiling nucle
us c 1500, the latter being concentrated in a 'spike', somewhat akin to a 
fission spike. 

To test the longterm effect of this on the glass, the most realistic 
if rather laborious way, is to dope them with a short halflife «emitter 
(Cm244 or Pu238) so that as many αdecays will occur in the glass in a 
few years as will occur in the real waste in many raillenia. 

Accordingly, as part of the first CEC sponsored programme (1), some 
samples of glass, with compositions suggested by the collaborating labora
tories, were doped with 2 1/2 wt.J Pu238 at AERE, Harwell. Initially the 
densities, leach rates, stored energies and helium release were investi
gasted (1) to see if the radiation produced any effects. The stored ener
gies were small and released over a wide temperature range such that no 
self sustaining temperature rise could occur. Most of the helium from the 
αparticles was retained in the glass and this also was not seen as a prob
lem. Changes in leach rate and density have continued to be monitored. 

After storage at room temperature for almost 6.5 years, the Pu238 
doped samples had reached a dose of about 2.8x10+ αdisintegrations per 
gram. This is approximately equivalent to the following times for the real 
waste (assuming 0.1$ of the Pu and all the Am and Cm are incorporated in 
the glass): Glasses 189 and 209 (Magnox waste) 1.5M; glass ceramic B1/3 
and glass VG 98/3 (LWR waste) 70K; glass SON 58.30.20 (LWR waste) 10K. 

The much longer equivalent times for the glasses containing magnox 
waste are because of the smaller amount of fission products in the glass 
and the much lower fuel burnup, leading primarily to a smaller amount 
of Am in the waste. 

1.1.1 Leach rates 
The leach rates of samples of all six glasses, stored at room tempe

rature have been measured at intervals using the Soxhlet technique to de
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teet whether any changes had occurred. The results are plotted in Fig. 1 
and show increases of about xl for SON 58, x2 for VG 98/3 and 189 and no 
effect on the others. It seems to be the softer glasses that are more af
fected by radiation but it is not known why this should be so. 

1.1.2 Densities 
The densities of these glass and glass ceramic samples were also 

measured at intervals and the values fitted to the equation 

Δρ /p 0 = AOexp(aD)) 

where Apis the change in density, ρ is the original density. A is the 
saturation value of Δρ/ρ . D is the dose and α is a constant. 

The values of A and α that give the best fits to the data are given 
in Table 1 and an example in Fig. 2: the data obey the exponential equa
tion very closely. The borosilicate glass SON 58.30.20 and the phosphate 
glass have continued to contract with increasing dose whilst the other bo
rosilicate glasses and the glassceramic expand. 

Since the radiation damage to glasses by«cdecays is almost entirely 
in the form of heavily damaged zones round the track of the recoil nuclei, 
the build up of damage consists essentially of the increase in the number 
of such zones within the glass. 

Let r = rate of damage (»¿decays cm' sec ), ν = volume of damaged 
zone (cm ) and F = fraction of sample volume occupied by damaged zones. 

In the absence of any recovery: 

dF/dt = vr(1F) (1) 

Integrating we nave: 

F = 1  exp(vrt) (2) 

If we assume that the density change Û.P is proportional to the volume 
fraction damaged we have 

Δρ =Δρ sat(1exp (vrt)) (3) 

The dose at time t is rt/j decays/gram. However, there is the possibi
lity that recovery is occurring simultaneously. For simplicity this is 
assumed to be first order so that equation (1) becomes: 

dF/dt = vr(1F)  kF (U) 

On integration: 

F = (^^) (1exp((vr+k)t); (5) 

Thus similar exponentially saturating behaviour is predicted as before but 
with the saturation value reduced by a factor vr/(vr+k). 

Again assuming the recovery is first order, the irradiation induced 
density change Δρ which is assumed to be proportional to F should recover 
exponentially with time: 

Δρ = Δρο exp (kt) (6) 
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18 
The samples were annealed isochronally after a dose of 2.8x10 α 

decays per gram. In this technique, the samples were heated to successive
ly higher temperatures, spaced at about 25 C intervals for a constant 
time (here, 15 hours) and the densities measured (at room temperature) 
between each annealing: the results are given in Figure 3· 

In radiation damage studies of metals, for example, this technique 
sometimes reveals the presence of different types of defect in the struc
ture when they anneal out at different temperatures. When this does occur, 
the isochronal annealing curve will have 'steps' in it. However, there is 
no sign of this in the present case. The annealing therefore shows either 
a single broad annealing stage or, perhaps more probably, the superposi
tion of a large number of overlapping stages. 

At each temperature, k was determined from equation (6) and is shown 
as an Arrhenius plot in Figure 4. The lines drawn through the points in 
this figure extrapolate to values of k at 20°C as follows (in units of 
sec" ): 

189 209 VG98/3 CELSIAN SON 58.30.20 

1.2x10
7 1.2x10~

7 5.8x10~
8 2.6x10~

8 2x10"
11 

Using ionbombardment techniques, Dran et al. (2) found a large in
crease in leach rate in some glasses after a critical ion dose. This has 
been attributed to a doserate effect (3). Equation (5) shows that if 
recovery is fairly rapid, i.e. the recovery constant k > vr then the 
fraction, F, damaged will always be small since its maximum value is 

F
max = v r / ( v r + k ) 

Table II gives values of this fraction for various values of k and 
for values of vr appropriate to the real waste disposal case, to the pre
sent Pu238 doped glass and to the ionbombardment experiments. 

For the values of k found from the isochronal annealing experiments, 
tabulated above, in the real situation, damage will only build up to a 
small extent in the French glass and hardly at all in the other substan
ces. Partial annealing will occur in the Pu238 doped samples and little 
annealing will occur in the ion bombardment experiments. Thus, on this 
simple theory, the ion bombardment experiments are likely to give mis
leading results and any changes observed in the doped glasses should be 
regarded with caution. 

There are, however, various observations that suggest that the real 
situation is more complicated. 

(a) At higher temperatures, the Arrhenius plots of k for some of the 
glasses appeared to show a second stage with a much higher activation 
energy. 

(b) When some of the glass samples were annealed isothermally, i.e. 
when these were held at a constant temperature for a longer period, the 
densities only followed an exponential decay curve for a short period be
fore becoming constant, i.e. there was a proportion of the radiation in
duced density change that was stable at each temperature (4). 

(c) After annealing, the Pu238 doped sample of glass VG98/3 has been 
held at 130 C. The density changes compared to those found during the 
original hold at room temperature are shown in Fig. 2. 

The version of equation (5) that applies to density changes is: 

Δρ = Δρ° ^ ν τ . (1  exp((vr+k)t)) (5a) 
sat vr+k 
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where Δρ° is the saturation value of Δρ at low temperatures where the 
recovery constant k is small compared to vr. Using values of k for 130 C 
and for 20 C taken from Fig. 4 suggests that the density changes at 130°C 
should be much smaller compared to those at 20 C than were actually found 
and also that the density changes at 130 C should approach saturation 
much more quickly than at 20 C: again this is not borne out by experiment 
as may be seen by comparing the observed values at 130 C with the calculat
ed curve in Fig. 2. Because of the complicated structure of glasses it 
seems most likely that many types of defects will occur. Each will have 
its own relaxation constant, with different activation energies and will 
affect the density to a different extent. 

The equations are difficult to deal with, and separating out the vari
ous terms may well prove impossible. 

1.2 Ion bomb arded _şamp_les 
Experiments with silicate glasses were performed at JRC, Ispra, to 

investigate the basic damage mechanisms in terms of production, satura
tion and annealing of atomic defects and to analyse some effects of radia
tion damage on the structural stability of glasses (i.e. microstructural 
changes and etching rate variations) and possibly to relate them to atom
istic aspects. Main techniques used were optical absorption and electron 
microscopy. Optical absorption was used as a means of monitoring the for
mation and annealing of the different types of point defects as a function 
of dose, mass and energy of damaging particles; electron microscopy to ob
serve microstructural changes during in situ irradiation. 

Etching rate measurements of samples irradiated with particles of 
different mass and energy have also been performed before and after an
nealing at different temperatures. A correlation between the annealing of 
excess etching rate and the annealing of some types of defects was at
tempted. 

Samples used were pure silica and borosilicate glasses with differ
ent content of sodium. Sources of irradiation were electron, proton, <x
particles, neon and nickel ions. 

1.2.1 Point defects 
Spectrophotometry measurements were performed in the UV up to 

10 eV. Colour centers were used (5, 6, 7) to monitor defects which were 
already present before irradiation as well as new defects created during 
particle bombardment. It was found that all types of particles introduced 
atomic defects. Their concentration attained saturation. However, differ
ent masses and energies gave rise to different saturation levels. Typical 
results obtained in amorphous silica irradiated with Ni, Ne, He, H ions 
and electrons are shown in Fig. 5. From the observation of these data, 
it appeared that the general dependence of the saturation level on the 
mass of the impinging particles was very similar for the major absorption 
bands at 5.05 eV (Bycentre); 5.80 eV (Encentre) and 7.15 eV (not ob
served with electrons and protons). In particular, one notices the ten
dency to reach a constant value when the impinging mass is higher than 
that of neon. An exception is represented by the high efficiency of pro
tons in producing E centres: this has already been explained in terms of 
H0 interactions, causing the rupture of oxygen bonding and an increase of 
dangling bonds and silicon sites. 

In order to clarify the general pattern of damage produced by differ
ent particles, we measured the optical spectra of silica glass bombarded 
with heavy and light ions, sequentially applied to the sample. The promi
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nent effects are illustrated in Figs. 6 and 7, showing the colouration of 
samples after single or combined irradiations. In both figures the results 
concerning B_ and E' bands were obtained from spectral fitting, details 
of minor bands have been omitted for the sake of clarity. The optical den
sity values in each case were recalculated to take into account the differ
ent ranges related to different particles, so as to illustrate the net ef
fect introduced by the second irradiation. In all cases saturating condi
tions were realized. One may notice that in the proton reirradiated 
sample the B? band is drastically reduced, in agreement with what was 
reported by Arnold (8) after Xenon implantation. However, He+ ions are 
also seen to reduce the amplitude of the B_ band. Therefore we are prone 
to attribute some importance to radiation annealing mechanisms, in addi
tion to chemical annealing postulated by Arnold for the proton case. 

1.2.2 Etching rate 
The production of stable, isolated defects after irradiation with 

sufficient heavy ions was found to correlate with an increase of etchabi
lity: The increase of the etching rate is larger when the concentration 
of point defects at saturation is larger (7,9). The results of etching 
experiments after proton, neon and nickel irradiation are shown in Fig. 8. 
In all cases it was found that the etching was linear with time. The 
etching rate of the irradiated part is higher than that of the unirra
diated part. Heavy particles produced a substantially larger effect than 
light particles: for instance, the enhancement of the etching rate was 
about 2 with protons, but nearly 4 with Ne or Ni ions (with an almost iden
tical value in the latter two cases). Finally, the etching rate enhance
ment disappeared when the damaged layer was consumed; this is demonstrated 
in Fig. 8 by the knee appearing in the etching characteristics of Neirra
diated samples (for the proton case a similar effect was observed at a 
depth of 16.5 |um, as expected from range calculations). 

A series of experiments was also devoted to the study of the anneal
ing behaviour of the enhanced etching rate and its relation to that of 
colour centres. For this purpose, irradiated samples were subjected to 
isochronal annealing at increasing temperatures, the etching rate was 
measured after each step. Fig. 9 shows the etching rate to decrease with 
temperature up to 650 C for a Ni irradiated sample. Apparently, the an
nealing curve does not correlate with thermal bleaching of any of the 
colour centres. Typical temperatures for the reduction of the enhanced 
etching rate were between 450°C and 650°C, 200°C above thermal bleaching, 
but rather close to the region where a major peak of thermal release 
was observed in calorimetrie measurements. 

1.2.3 Microstructural changes 
Radiation damage to borosilicate glasses of different compositions 

have been studied using a High Voltage (1.0 MV) Electron Microscope (10, 
11,12), to concurrently generate and observe microstructural changes. 
Electron fluxes during irradiation ranged from 1.10 to 310 em" s" . 
Glass discs were cooled to 100K or heated up to 1000K. In pure silica 
samples, observations failed to reveal any visible clustering effect be
tween RT and 750K, up to a dose of 7x10 e/m . In sodium borosilicate 
glasses containing about 15 at.$ of Na, low intensity irradiation 
generated planar crystalline regions. High intensity irradiation almost 
immediately nucleated a high density, ~10 m~ , of spherical pores, 
each of which grew progressively with increasing dose. The sequence incu
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bation, nucleation and linear swelling was evident for a wide range of ir
radiation temperature and damage rates, however, fluxes below a critical 
value, depending on temperature, failed to nucleate pores. These features 
are similar to those observed during void swelling of irradiated metals. 
We interprete the observed pores as gasfilled bubbles similar to what 
has been established in metals. 

Since local alkali depletion under irradiation is a well known 
effect in alkali silicate glasses, a more detailed study was performed 
to investigate the role of Na in conjunction with the bubble swelling 
effect. Glasses containing Na 0 between 3.5 and 25$ (SiOp/BO../ 
Na 0/A1 0 /Κ 0 = 80/12,9/3,6/2,1/1,5 and 75/15/10// and 70/15/15//
and 65/157207/ and 53/16,3/25/5,7/) were irradiated and observed 
under the microscope. The results showed that sodium atoms moved during 
irradiation from the center of the irradiated volume towards the 
periphery, where they probably concentrated in colloidal form. The 
concentration of Na in the irradiated region was measured with the help 
of an EDAX spectrometer attached to the electron microscope and local 
enrichments were detected. Even before bubble nucleation, it was discov
ered that the concentration of Na decreased in the center of the irradi
ated volume by a factor of about 3· 

The influence of sodium on the critical flux Φ for bubble nuclea
tion, on the swelling rate dS/άφ ,and on the maximum swelling is shown in 
Fig. 10. On the basis of the experimental results, the following model can 
be outlined to combine ionization and displacement damage in these alkali 
borosilicate glasses. 

A local intense electric field (% 10 V/m) is generated by seconda
ry electrons as a consequence of a gradient in the primary electron beam 
density within the irradiated volume. Under the influence of this driving 
force, displaced alkali ions and related vacancies are subjected to en
hanced diffusion in opposite directions. The high vacancy concentration 
present in the irradiated volume is responsible, together with the conco
mitent oxygen displacements for bubble nucleation and growth, leading to 
a swelling behaviour similar to that of a metal. This model explains the 
absence of any microstructural changes in irradiated pure silica. 

2. Thermal .effects 

It is well known that most glasses are crystallized to a small extent 
(13,14). Crystallization may be enhanced upon postconditioning (14,15) or 
due to accidental conditions. The waste glass processing itself will not 
induce crystallization, since cooling from the melting temperature to tem
peratures beneath the glass transformation range occurs sufficiently rap
idly. There is experimental evidence that partial devitrification has no 
(16,17) a positive (18), a negative (16) or no influence on the waste 
form durability  depending on waste form composition. 

The crystallization behaviour of some reference and base borosilicate 
HLW and TRUWglasses, and its influence on the corrosion stability have 
been evaluated at S.C.K./C.E.N., Mol. The HLW borosilicate glasses refer 
to those designed to incorporate the HLW stored at the BELG0PR0CESS plant 
in Belgium (glasses SM58  actually a precurser of the glass SM513LW11 
which will be used in the PAMELA process  and SAN60). The TRUW silicate 
glasses (WG119, 123 and 124) refer to the basaltic slag produced by the 
prototypeFLK incinerator (19). 

Information on the glass preparation may be found elsewhere (4,19). 
The TRUW silicate glasses were either inactive or contained 2 wt.$U0„ 
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(denoted UWG). Prior to the thermal annealing experiments, characteristic 
glass temperatures were determined by thermal analysis. DTA (differential 
thermal analsis) and DSC (differential scanning calorimetry) were per
formed with a DuPont 990 Thermal Analyser. 

Isothermal heat treatment in the present study was identical to that 
applied in a previous investigation by AERE Harwell and HMI Berlin (16). 
All glasses were heated at 500, 600, 700 or 800°C for 2 h, 1, 10 and 
100 d. 

The corrosion stability of the partially devitrified glasses was 
studied either under flowing (Soxhlet test: 14 d exposure at 99°C to 
distilled water with a flow rate of about 1 ml min ) or under static 
conditions. The static experiments run over long times (2 years is in pro
gress), in different media: distilled water (DW), a mixture of Boom clay 
with water (100 g 1~ ; CWM) or wet clay (WC). The test temperature was 
either 90 or 200 C. For 90 C, DW, two surface area to solution volume 
ratios were used (SA.V = 1 and 0.1 cm ). All experiments were con
ducted in an oxidizing atmosphere. 

The thermal analysis data are listed in Table III. They reveal 
a wide spread in Τ (glass transition temperature, determined by DSC), 
from 465 (SAN60) t§ 645°C (ÜWG124). The M (dilatometrie softening point) 
and T^ (crystallization temperature) data, determined by DSC (M )or 
DTA (T ) also exhibit large differences. 

Heat treatment confirmed the different thermal behaviour suggested by 
thermal analysis. At 500  600 C, no crystallization could be measured for 
both SAN60  SM58. Strongest crystallization occurred at 700°C (SAN60), 
700  800°C (SM58; WG119), 800  900°C (WG123) and 800  1000°C (WG124). 
The identity of the crystals formed is listed in Table IV, see also (20). 

Partial crystallization did influence the corrosion stability of the 
waste forms. In general, considering all test conditions (different flow 
rates, different temperatures and different media) the corrosion of WG119 
and 124 decreases, of SAN60 and WG123 did not vary and of SM58 increased 
upon partial crystallization. Table V summarizes results obtained in a 
Soxhlet experiment (16) and in the presence of clay (similar tests were 
performed on other reference glasses. The deterioration (SM58) or im
provement (UWG119) 124) of the corrosion resistance is within a factor 
5. The changes in corrosion resistance can probably be related to changes 
in glass composition upon crystallization (SM58: substraction of Si0_; 
UWG glasses: removal of relatively more network modifiers such as Na, 
Fe, Ca, Mg). The resistance of the residual glass matrix seems to do
minate corrosion bevahiour. 

3. Mechanical Effects 

At AERE, Harwell, in an investigation of the amount of cracking oc
curring when glass cylinders are cooled, glass frit was melted in 18/9/1 
stainless steel canisters, 0.25 m diameter, 0.75 m long with a wall thick
ness of 5 mm. The melt was 0.6 m deep and weighed about 80 kg and was al
lowed to stand at 950 C for at least 24 hours to clear any bubbles. The 
furnace power was then switched off and the glass cooled following the ex
ponential equation: 

Δ Τ =Δ To exp (0.0184 t) (7) 

where Λ T is the excess temperature above ambient ( C) and t is in hours. 
Above T (446 C) the glass is soft and no stress occurs. Below this 
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temperature, stresses (and hence fracture) only occur due to interaction 
with the canister or change in temperature profile. 

After cooling, the canisters were cut away from the glass, the frag
ments were examined and their total surface area estimated by laborious 
measurement assisted by computer programme. In the first instance, the 
glass adhered extensively to the cylinder and this had apparently caused 
much of the cracking. The surface area had increased from 0.57 m for 
an intact cylinder to 5.6 m , an increase by a factor of 10. For the 
second run, the cylinder was lined with a graphite mat and this decreased 
the adhesion except near the top of the cylinder where it had oxidised 
away. The surface area had decreased to 2.9 m , a worthwhile improvement 
of about a factor of two. 

Unless cooling times of several months are applied, there will re
main thermoelastic stresses in the glass. Additional stresses will arise 
from the decrease of the heat production rate due to the radioactive de
cay. Although these stresses are probably not able to initialize spontane
ous failure of the glass block, the possibility of stress release by slow 
crack propagation has to be considered  a phenomenon well known in glass
es, where velocities as little as 10 m/s were observed. This is a value 
still high enough to destroy an initially intact glass cylinder of the di
mensions envisaged. Therefore, it is not only necessary to quantify the 
remaining stresses in a nuclear waste glass after cooling, but also to 
characterize the flaws in the surface of the waste form as they act as 
initial cracks. The velocity of the propagation of a crack tip has to 
be determined also. 

Work performed at HMI, Berlin, will be reported here. At low stresses 
the velocity can be described by an empirical law (21) 

v 4 = A K ° (8) 
at l 

the socalled K_vcurve. KT is the stress intensity factor and connected 
to the stress field σ by (22) 

Kj. = o c 1 / 2 f (9) 

where c is the length of the crack and f a correction factor depending on 
the geometry of the material and the crack itself. A and η in equation (8) 
are material constants which may depend on the chemical environment (gas, 
liquid). From the combination of equations (8) and (9) a maximum stress 
can be calculated which will not increase the crack surface by more than 
a factor c„/c. (cf = final crack length, c. = initial crack length) 
within the time t: 

1 2 ,1/n (2n)/2n , . c¿ >(2n)/2 ,1/n 
σ = τ TT—vTT J e . I  Η  J (10) 
max f t(n2)A i c¿ 
The parameters A and η of the K_vcurve (equation (8)) were measured 

by means of the doubletorsionmethod using different simulated waste 
glasses. The method and the apparatus used are describedin (23). Results of 
the complete curve are given in Fig. 11 for the glass SM513 used in the 
PAMELA plant/Mol and in Fig. 12 for the German reference glass C313 and 
the glass ceramic Β13· There are three regions in the curve easy to dis
tinguish. The first region  probably above a fatigue limit  is at low 
values of the stress intensity factor corresponding to the exponential law 
of equation (8), the second region where a plateau is reached, and when 
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the velocity might be determined by transport processes in the neighbour
hood of the crack tip, the third region is the socalled vacuum curve, 
which is independent of the chemical environment. The vacuum curve is only 
determined by the binding forces in the material and ends at a velocity 
leading to spontaneous failure. The corresponding KŢvalue is the so
called fracture toughness Κ In Table VI measured values of the frac
ture toughness (v = 10 m/sj are given together with the parameters of 
the Κ vcurve. Generally, the properties of the nuclear waste glasses 
are between those of commercial glass and ceramic materials. The high 
values of η  typical of brittle materials  lead to high changes in the 
velocity for only a small increase of the stress intensity factor. This 
is the reason why glasses fail almost instantaneous if a crack length 
reaches a critical value. 

To determine a typical initial crack length c. it is necessary to 
characterize the surface of the waste form. As 'real' surfaces were not 
available and experimental methods usually ask for a plane surface, 
samples were prepared from simulated nuclear waste glasses using differ
ent surface treatments. The initial crack was calculated from equation (8) 
using the fracture toughness Κ for the stress intensity factor and the 
fracture stress σ which is necessary to initiate spontaneous propaga
tion of a failure flaw. For the data presented it was determined by means 
of the Hertzian indentation method. The method and the apparatus used are 
described in (23). Typical results are shown in Fig. 13 for the glass 
UKI89 and different surface treatments. The data of the fracture stress 
follow in most cases a Weibulldistribution. 50$ values of all materials 
investigated are given in Fig. 14 for mechanically polished (7μ), fire 
polished and fractured surfaces. The differences are not very significant, 
however, mechanically polished surfaces yielded always the smallest, 
i.e., most unfavorable value. The values are given in Table VII. They 
were used together with the fracture toughness (Tab. VI) to calculate 
an initial crack length on the surface (f = 2 was used as an upper limit 
and corresponds to a scratch on a large surface). The results are given 
in Table VIII and are typically in the order of magnitude of several 
microns which was expected due to the polishing procedure. 

Finally, equation (10) was used to calculate maximum allowable 
stresses if an increase of the surface area of a crack by more than a 
factor of cf/c. = 10 is not desired within 100 and 1000 years resp. 
(Tab. VIII). Due to the high values of η the calculated values for one 
material are not very different, but they are significantly less than 
the fracture stress. Stresses in the material of the same order of magni
tude will lead to almost instantaneous failure if a certain crack length 
is reached. Therefore, it is necessary to estimate a reliable value of 
the maximum remaining stress in a nuclear waste form after complete 
cooling taking the decay heat into account. 
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Table I : 

Lutze et al. : Effects in HLW glass 

Fitted values of the constants for the density/dose curves 

Glass 

M5 
M22 
F SON 
58.30.20.U2 
G. Celsian 
B1/3 
VG98/3 
Phosphate 

(p po)/po at 

0.0039? ± 
0.0075 ± 

+0.0061, ± 

0.00484 ± 
0.0078 ± 
+0.0058 ± 

saturation 

0.0001 
0.0004 

0.0002 

0.00006 
0.0002 
0.0006 

α χ 10 (g ) 

0.15 ± 
0.051 ± 

0.061 ± 

0.118 ± 
0.110 ± 
0.052 ± 

0.01 
0.005 

0.004 

0.004 
0.007 
0.011 

Table II: Values of vr/(vr+k) for various values of k and vr in sec 

Real waste 
Pu238 
doped 
glasses 
Ion bom
bardment 
(Dran et 
al. (2)) 

vr 

10"
12 

3x10
8 

IO"
5 

t0
1 

10 ' 

k=10"
11 

IO"
1 

0.9997 

1 

1 

vr/(vr+k) 
k= =10"10 

io"
2 

0.997 

1 

1 

9 
k=10 

IO"
3 

0.97 

0.9999 

1 

k=10~
8 

IO"
4 

0.75 

0.999 

1 

k=10
 7 

IO"
5 

0.23 

0.99 

1 

Table III: Characteristic temperatures (in C) 

Glass 

SAN602519L3C2 
SM58LW1 1 
UWG119 
UWG123 
UWG124 

T 
g 
465 
505 
535 
575 
645 

M 
g 
495 
535 
570 
600 
670 

T 
c 

655 


850 
870 
775;815 
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Table IV: Crysta l l ine phases 

243 

Glass 

SAN602519L3C2 

SM58LW11 
UWG119 

UWG123 

UWG124 

T(°C) 

700 

800 
700 800 

700 900 

7001000 

Main phase 

0.7NaAlSi,0Q, 0.3CaAl„Si„0o 
 . J o . z z o 
(plagioclase) 
SiO„ (tridymite) 
(NaFe3+) (Ca,Mg)2_2xSi206 
(pyroxene; 
(NaFe

3+
) (Ca,Mg)„ „ SiO. 

, x. 22x 2 6 
(pyroxene; 
(FeNi)(Fe,Cr)204 
(spinel) 

Additional phases 

(Ca.Al.Si) rich 

U02; Krich 

U02; Krich 

UO 
(Si.Fe)rich 
(Si,Ba)rich 

Table V: Corrosion data for different glasses showing the effect 
of heat treatment (based on weight loss) 
(amorphous = before, part.cryst. = after) 

Glass 

SAN60 

SM58 

UWG119 

UWG123 

UWG124 

Physical 
state 

amorphous 
part.cryst. 
amorphous 
part.cryst. 
amorphous 
part.cryst. 
amorphous 
part.cryst. 
amorphous 
part.cryst. 

Soxhlet 
(14d) 
(gm d ) 

5.7 
5.2 
4.2 
12.6 
5.0 
1.1 
0.36 
0.45 
1.4 
0.32 

Static claywater 
mixture (182d) 
(gm ) 

18.3 
28.4 
20.6 
39.6 
21.9 
10.5 
13.1 
8.2 
14.3 

Clay 

(gm ) 

76.1 
53.9 
130 
260 
251 
40.2 
47.1 
24.3 
118 
12.3 

(240d) 
(182d) 
(240d) 
(182d) 
(365d) 
(182d) 
(365d) 
(182d) 
(365d) 
(182d) 
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Table VI; Fracture toughness Κχ and parameters of the Kjvcurve 
of nuclear waste glasses, a sodalimesilica glass and 
two ceramic materials 

Material 

Sodalimesilica glass 
UK209 
C313 
GP98/12 
SM513 
B13 
Eurcryptite 
+) for v/lO_6

ms
_1 

Data from references (23, 

fracture toughness 

24 

Kl 

and 

/Nmm 
c 
24 
22 
25 
27 
31 
42 
50 

25) 

1/2 
Kjvcurve 
η 

18 
113 
66 
13 
29 
76 
129 

parameters 
 logA + ) 

21 
149 
87 
16 
36 
112 
189 

Table VII: Fracture stresses (50%value) of nuclear waste glasses mea
sured by the Hertzian indentation method on polished surfaces 

Material 

Sodalimesilica glass 
SM513 
UK189 
UK209 
SON58 
C313 
GP98/12 
B13 

Data from references (23, 24 and 25) 

fracture stress 
σ /Nmm 
c 
323 
363 
396 
397 
428 
447 
454 
558 

Table VIII: Maximum stresses yielding a tenfold crack surface after 
100 resp. 1000 years (f = 2) 

Material 

Sodalimesilica glass 
GP98/12 
SM513 
C313 
B13 
UK209 

Data from reference (25) 

initial crac 
V10

3.1 
2.4 
5.0 
2.1 
3.8 
2.1 

k size 
3 J
mm 

maximum 
σ
ΜΑΧ

/Ν 
t=100y 
61 
50 
93 
256 
287 
300 

stress 
mm 2 

t= 1000y 
54 
42 
86 
247 
279 
294 
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1.2 Heavu ion onlu 
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Fig. 6: Effects of double irradiation on vitreous SiO„. Left: after 
Niion irradiation. Right: after further proton irradiation. 
The optical density scale is recalculated in each case with 
reference to 1 1 ,um of heavyion penetration. 
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Fig. 7: Effects of double irradiation on vitreous SiO„. Left: after 
Niion irradiation. Right: after further alphairradiation. 
The otpical density scale is recalculated in each case with 
reference to 4.5,um of alpha penetration. 



248 Lutze et al. : Effects ¡η Η LW glass 

(Λ 
Ζ 
O 
cu 
υ 

E 14 

Q. 
UI 
O 

A: unirriadioted side 
B: 1 MeV protons  0.1 dpa 
C: 20.5 MeV Ne  0.1&0.2 dpa 

46 MeV Ni  0.2&1.0 dpa 

Fig. 8: 

υ 
Η 
ÜJ 

0 κ ^ ι 1 
0 1 2 3 4 5 6 

ETCHING TIME (MIN) 
Effect of various irradiations on the etching/time characteri
stics of vitreous Si0~. Experiments refer to the same standard 
treatment in HF acid solution. 

CO 
ζ 

o 
1.0 

g 0.5 

ETCHED DEPTH 

\ 
■ » 

\ 

\ 
\ 

< 
PEAK ABS0RPT 

X 

4 ^ \ ETC Η Π) DEPTH 
V 

til
 R E r LEVEL FOR 

8 
CO 
ζ 
o 
u 

■ 4 

O 
LU 
Χ 
U 

0 200 400 600 
TEMPERATURE(C) 

■ E BAND 

x 7.15 EV BAND 

• B BAND 

Fig. 9: Isochronal annealing for the excess etching (right scale) 
and for intrinsic colour centres (left scale) in Ni
irradiated vitreous SiO„ 



Lutze et al. : Effects ¡π Η LW glass 249 

Χ 
< 

ÍS) 

Ε 
•Ü1 

Ε 
ν. 

\& 

80 
60 
40 
20 
4 
3 
2 
1 

15 
10 
5 

■ 

 χΙΟ"20 

: / 

" ■ ^ ■ ^ 
" \ 

"χΙΟ
24 

^Β
■ 

Ο 

■—■" 

D) 

0) 

■ ̂  
ΛΓ 

5 15 25 

Na CONCENTRATION % 

Fig. Influence of alkali content upon damage production at different 
stages: a) incubationnucleation; b) bubble growth; c) swelling 
saturation. 

3r 

^ 2 

o 
L 

U 
O 

l 

VACUUM CURVE 

FATIGUE LIMIT 

SM513 7 
II 

29 

2 
3/2 , 

~ 3 

Log (Stress I n tens i ty Kj/Nmm ) 

 2 

C31-3 

ce 
o o 

B l  3 

Log (Stress I n t e n s i t y Κ /Nmm"
3/Z ) 

Fig. 11 : KŢvcurves of the glass SM513 Fig. 
(two runs on the same specimen) 

12: Comparison of the 
Κ vcurves of the 
glass C313 and the 
glass ceramic B13 



250 Lutze et al. : Effects ¡η Η LW glass 

> 9 9 h 

CD 

I 50 
ce 
Q. 

CC 

^! 10 
< 

UK 189 

' . # ' 

■ o 
o 

200 

■ polished 
° fracturo surface 
• steel contact 

500 1000 MPa 
FRACTURE STRESS 

Fig. 13: Weibullstatistic of fracture stresses for the glass UK 189 
measured after different surface treatments 

600 r 

300 

ρ 

mirror VG98/3 S0N5B ÜK189 UK209 C313 Bl 3 

EODas received Eüü po 11 »hed Qfracturo Ö f t r e pol i ehed E steel contoct 

Fig. 14: 50%values of fracture stresses for different nuclear waste 
glasses and surface treatments 



Lutzeef a/. : Effects in HLW glass 251 

DISCUSSION 

C. McCOMBIE, ΝAGRA Baden 

It seems that neither irradiation, nor thermal or mechanical effects have 
a great influence on the stability of the glass. With this in mind, can we 
consider research in this field as being concluded or, otherwise, how are 
the prospects for future activities? 

W. LUTZE, HMI Berlin 

With regard to crystallisation it could be presumed that we are now in 
position to recommend glass compositions which, in conjunction with the 
respective wastes, are not leading to any significant effect on the 
release mechanisms. In view of radiation damage, Dran et al. reported a 
considerable increase of glass corrosion due to irradiation. This could 
later on be explained as a dose-rate effect. However, in this field some 
phenomena have still to be clarified, even though there is no evidence of 
significant influence on the leach resistance, i.e. not more than an 
increase by a factor of 2 to 5. 



BEHAVIOUR OF iDSlTERMEDIATE-LEVEL WASTE FORMS IN AN AQUEOUS ENVIRONMENT 

S. AMARANTOS (NRC); R. DE BATIST (SCK/CEN); K. BRODERSEN (NRL); 
F.P. GLASSER (Aberdeen U); P.E. POTTIER (CEN Cadarache); 

R. VEJMELKA (KfK); E. ZAMORANI (JRC) 

Summary 

Under Action 1 of the Second Cormiunity Programme (1980-1984), 
study continued of the behaviour of low and medium activity waste 
matrices using 10 reference waste forms (RWFs) representative of 
the main waste packages produced in the Community. The aim of this 
paper is to outline the main results for three types of matrix : 
cement and derived forms, organic polymers and bitumens. The 
results include data on diffusion coefficients, leach rates and 
waste form volume changes and mass losses. They constitute a 
considerable advance in knowledge of confinement properties but 
bring to light the need for further study of radionuclide release 
mechanisms for the purpose of constructing long-term models of 
waste form behaviour in the presence of water. 

1. INTRODUCTION 

From the outset of the Second Community Five-Year Programme, it was 
decided that work under Action 1 should deal exclusively with the 
characterization of low and medium-level waste forms. Ten types of ref
erence waste form (RWF) were selected, representing the main types of 
waste produced in the Member States. The aim of the action was to con
centrate the research effort, standardize the materials for study and 
allow the exchange of samples. The waste forms are produced by immobi
lizing PWR and BWR wastes (ion exchange resins, evaporator concentrates, 
pond sludges etc.) and fuel-reprocessing-plant wastes (concentrates and 
chemical coprecipitation sludges) in matrices such as cement, organic 
polymers and bitumens. Some of the results from the studies have already 
been published (cf. (1), (2), (3) and (4) in the bibliography). The 
characterization of behaviour in hte presence of water, which is almost 
always found at disposal sites, is one of the most important safety 
criteria. All the behaviour studies include data on waste-form leach 
rates and dimensional stability. The division of the studies among Com
munity Laboratories is shown in Table I. 



Amarantos et al. : Waste forms ¡η an aqueous environment 

Table I 

Division of work to study wasteform behaviour 
in the presence of water 

253 

Aspect studied 

Leaching mechanisms 

Swell ing in the presence of water 

Ful l sca le leach tes ts 

Leaching under disposal condi t ions 

Cement 

A.D.F.R. 



F.K 

K.C 

Polymers 

D.F 

D.C 

F 

C 

Bitumen 

F.R 

M.R 

F 

Κ.F.M.R 

A: University of Aberdeen (UK); C: ENA, Casaccia (I); D: NRC 
Demokritos (Gr); F: CEA (F); Κ: 'KFK Karlsruhe (GER); 
M: SCK/CEN Mol (Β); R: RNL Risei (DK). 

The nost representative or salient results of the studies carried 
out in the past five years are sunmarized below. It has not been poss
ible to show the results of each laboratory separately, but this will be 
done in the final report. 

2. BEHAVIOUR OF CEMENTBASED WASTE FORMS 

The reference waste forms in question are the following : 
F3"/F 1 : BWR evaporator concentrates. Body responsible : ENEA/l. 
RWF 2 : PWR evaporator concentrates. Body responsible : CEA/F. 
RWF 6 : Magnox fuel pond sludge. Body responsible : UKAEA/UK. 
RWF 8 : Reprocessing concentrates. Body responsible : KFK/GER. 

The four main fields of study were the following : 
 diffusion and leaching mechanisms; 
 effect of modifiers on these mechanisms; 
 laboratoryscale and fullscale leaching of radionuclides and of the 

inactive constituents of the waste forms ; 
 postleaching examination of waste form core samples. 

2.1 Study of leaching and diffusion mechanisms 

These studies were conducted on small samples (20 to 70 nm in 
diameter), at temperatures ranging from ambient to 90°C, primarily with 
waste forms RWF 1 and 8. They concentrated on the release of caesium, 
strontium, sodium and calcium. Portland cement was used. The samples 
were cured in a humid atmosphere prior to the tests ( > 30 days). 
Leaching conditions were varied as follows : with and without frequent 
renewal of the leachant, different thicknesses of water film, stirring 
of the leachant, exposure to or protection from atmospheric CX>2 etc. 

Cs (and Na) is released at relatively high leach rates which would 
appear to be little affected by the frequency with which the leachant is 
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renewed or agitated, or by the presence or absence of atmospheric CO2. 
It has been demonstrated relatively clearly that during the initial 
phase (1030 days) leaching of alkaline ions can be represented by a 
straightline function of ,/t. This would seem to indicate that release 
during this phase is governed by Fick's diffusion law. The activation 
energy for caesium diffusion in the waste form is calculated at 8 to 11 
Kcal.mole


!. If one compares this figure with that for diffusion in pure 

water (4 to 5 Kcal.mole!), it becomes evident that diffusion is not the 
only process at work. This would suggest that the microstructure can be 
affected by two factors : the reduction in the number of pores that 
remain accessible to the leachant, and the gradual blockage of the other 
pores as leaching progresses. 

As already reported during fullscale leach tests (3 ), the release 
of strontium (and calcium) is far more affected by atmospheric CO2 (see 
Figs 1 and 2 ). One of the explanations most frequently put forward is 
that deposits frcm the reaction between Ca++ and HCO3 form in the pores 
and internal channels of the waste form and obstruct the pores, thereby 
permitting local coprecipitation of Sr"11" ions with the Ca"11" ions. Table 
II shows the effect of different leaching conditions on the diffusion 
coefficients. 

Table II 
12 2 1 

Effective diffusion coefficients (De χ 10 cm .S ) 
for Cs and Sr leached from cement waste forms (RWF 1)" 

Cements used : Portland (OPC) and pozzolan (Pz) 

Cement 

OPC 
OPC 
Pz 
Pz 
Pz 
Pz 

Isotope 

134
Cs 

134
Cs 

134
Cs 

134
Cs 

85 Sr 
85
Sr 

co2 

Yes 
No 
Yes 
No 
Yes 
No 

Wat 
0,54 

1 500 
2 100 








er flow 
0,09 

2 500 
1 700 
440 
400 

0.024 
0.800 

cm.d"
1
) 

0,009 

2 000 
1 500 
130 
310 

0.002 
0.100 

Zero 

2 100 
1 400 








Other diffusion coefficient measurements were carried out on simu
lated wasteform samples with CEN evaporator concentrate waste in ni
trate form (90% by weight of trie dry extract, together with 1 to 2% of 
the following sodium salts : chloride, sulphate, phosphate, oxalate and 
EDTA). 
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Table I I I 
2 1 

Diffusion coefficients (De χ cm .s ) 
measured for cement only and for nitrate + various salt waste forms 

Constituent 

Ca 
so4 

N03 

Cement 
at 70°C 

2.1xl0"
14 

only 
at 90°C 

2.2xlO"
11 

Waste form ( *"nf~ °·20
) v

cement 
at 70°C at 90°C 

1.6xl0
11 

2.7xl0"
9 

4.3xl0"
8 

2.5xlO"
U 

7.7xl0"
9 

2.8xl0"
8 

2.2 Effect of modifiers on leaching mechanisms 

The effect of fume silica (fine particles of S1O2 of the order of 
0.lfm) was studied with different tupes of cement, notably Portland and 
SRPC, which is resistant to sulphates. The effective diffusion coeffi
cient for ceasium, which is 1 to 5 χ 10~9 cm^ x s~l for a mixture of 
Portland cement and sand, was improved to 1.5 χ IO·''' cm^ χ s~1, with 
microsilica accounting for seme 20% by weight of the mixture.The micro
structure is improved by lower porosity, and particularly by a very high 
proportion of very small diameter sealed pores (closed porosity). One of 
the effects of this modifier is that the structure obtained attains 
maximum quality after several months (3 to 6). A similar effect was also 
obtained in the laboratory using pulverized fly ash (Ρϊ7\). Improved per
formance was also achieved by replacing between 40% and 80% of the Port
land cement by blastfurnaceslag cement (BFS). 

The addition of microsilica and slag cement alters the overall 
chemistry and mineralogy of the cement and allows the development of 
mechanisms whereby the caesium is incorporated in the solid phase. In
itially, these materials with a high specific surface area absorb the Cs 
in alkaline solution for a longer period. When these materials are con
sumed by reaction with Ca (OH) 2, the product obtained in tests with opti
mum mixtures is a calcium silicate hydrogel with a Ca0/Si02 ratio ap
proaching 1. The caesium sorption properties of this silicate are su
perior to those of Portland cement, which has a Ca0/Si02 ratio approach
ing 1.7. Table IV shows the effect of modifiers designed to remove Cs 
from pore fluids. 
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Table IV 

Analysis of pore fluids in blast furnace slag (BFS) and 
"ordinary" portland cement (OPC) mixed in various proportions 

Composition (% weight) 
BFS 
0 
15 
25 
40 
60 
90 

OPC 
100 
85 
75 
60 
40 
10 

Residual caesium found 
in pore fluid (mg/1) 

306 
321 
270 
138 
78 
42 

The immobilization of strontium by cement is much more complex. 
Etoring normal hydration, without CO2, strontium is not incorporated 
either into the gel phase or the lime but is incorporated to a more 
significant degree into the crystallized, hydrated sulphoaluminate 
structures (AFm and AF^ phases). 

The duration of these phases during leaching is not known, nor the 
effect on their existence of variations in pH and the addition of chlor
ides, sulphates and carbonates. However, with a quinary brine leachant 
(a concentrated solution of Na, Mg and Ca chlorides and sulphates), the 
presence of ettringite has never been established. 
Clinoptilolite and other zeolites are often used to improve Cs retention 
in cement. They react with the constituents of the waste form (cement 
and waste) in various stages : first, there is a rapid ion exchange 
reaction betwen the Cs and Sr and the K, Na and Ca found in the cement. 
There then follows a slower, pozzolanic reaction between the Ca(OH)2
rich components of the cement and the zeolite which results in the 
dissolution of the zeolite (cf. Fig. 3). 

2.3 Fullscale and laboratoryscale waste form leach tests 

In addition to the tests designed to study leach mechanisms and the 
improvement of composites, laboratory tests were carried out for the 
purpose of determining radionuclide release under simulated final dis
posal conditions .Waste forms Fï«7F 1, 2 and 8 were tested at temperatures 
of 40 and 50° C with leachants in the form of a concentrated solution of 
NaCl or quinary brine (Mg, Na, K and Ca chlorides and sulphates, 32% 
salts, major constituent Mg/Cl2)· The results obtained after one year of 
leaching with KWF 1 and 2/2 are summarized in Fig. 4. One can see that 
the annual caesium fraction released exceeds 1%, that the behaviour of 
composite RWF 2/2 is superior to that of FWF 1, and that leaching is 
slower in quinary solution. 

Tests on laboratoryscale and fullscale samples were carried out 
on FWF 8 at 40°C, using quinary brine. The caesium releases are compared 
in Fig. 5. There is a relatively close correlation between the annual 
fractions released by the laboratoryscale samples with the t adjusted 
to 0.096 cnf"l) and the fullscale samples. Here again, Cs release ex
ceeds 1% per year. Another laboratory, using fullscale FWF 2 and FWF 8 
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samples at 2023 °C and water froti a drinkingwater supply system, ob
tained the following results : 

Table V 

Annual fractions released by fullscale packages leached 
in drinking water at 2023 C 

Type of 
waste form 

 RWF 2 
(V100 1) 

 RWF 8 
(V200 1) 

Isotope 

137
Cs 

90
Sr 

137
Cs 

90
Sr 

239
Pu 

241
Am 

Initial activity 
(Ao and Ci) 

6xl0"
3 

6xl0"
3 

2.04 
0.26 
0.16 
0.81 

Duration of 
test (days) 

1 215 
1 215 

1 500 
1 500 
1 500 
1 500 

Σ an 
Ao per year 

1.5xl0"
2 

lxlO"
4 

lxlO"
2 

lxlO"
3 

lxlO
6 

2xl0
6 

In the case of α emitters, the fraction released includes deposits 
on the walls of the equipment and at the bottom of the leaching con
tainer. The α activity deposited in this way was 5 to 7 times higher 
than that remaining soluble or in suspension in the leachate. Another 
series of complementary tests using quinary brine was carried out on RWF 
8 at 40, 55 and 90°C, at 1 and 130 bars, using Portland and blast
furnaceslag cements. One of the major conclusions of this study is that 
corrosion of the waste forms by quinary brine results in the formarion 
of Friedel salt (C3A  CaCl2  lOHoO) (Mg2(OH)3Cl, 4HoO) and of several 
phases of CaSC>4 2Η2ρ, which partially obstruct the cement pores, with a 
concomitant increase in volume which can destroy the samples. 

Efforts are currently being made to determine the Pu equilibrium 
concentration using waste form samples similar to RWF 8. The samples 
have been prepared with a Pu content of 0.3% by weight, the Pu having 
first been mixed with the concentrate in the form of Pu (1̂ 03)4 in an 
acid environment. The leach tests were conducted on 0.5 to 1 ran granules 
obtained by crushing after curing, the leachants being distilled water, 
concentrated NaCl solution and quinary brine at ambient temperature and 
at 50°C. Table VI summarizes the results to date. 
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Table VI 

Static leaching of 0.51 mm RWF 8 granules 
(10 % salts, Portland 35 F cement, 0.3 wt % Pu, wãter/cement 

ratio : 0.4  4 g granules/40 ml leachant) — 

Leachant 
Concentration Pu mg/1 

Ambient 
temperature 50°C 

Distilled water 
NaCl solution 
Quinary brine 

0.1 
0.4 
2.6 

0.2 
0.1 
2.4 

2.4 Examination of core samples of fullscale blocks after leaching 

In order to measure directly changes in the concentrations of c 
emitting isotopes after leaching, samples were taken of fullscale 
blocks of RWF 2 and RWF 8. Figure 6 shows the results obtained with a 
GeLi detector set at 20 and 2 mm and reveals the very great influence 
exerted by this setting. The depth leached was some 6 mm in the case of 
60 Co and 30 mm in the case of 137 Cs. The results also confirmed the 
good homogeneity of the waste form. 

In the case of RWF 8, the sample obtained proved to be very friable 
in the area close to the surface of the block where it had been corroded 
by leaching. It was therefore impossible to make ganmametric measure
ments. The reasons for this loss of mechanical strength are the subject 
of an additional study which includes chemical and radiochemical 
analysis. 

3. BEHAVIOUR OF WASTE FORMS PREPARED WITH POLYMER MATRICES 

3.1 Study of release from a cellulose acetate matrix 

A study of the leaching mechanisms of soluble (NaCl) and insoluble 
salts (Ca/S04 and SrS04.) was undertaken to study elution of cations 
simulating isotopes incorporated in polymer matrices. Even if the matrix 
studied, cellulose acetate, is not one of the matrices planned for use 
in RWFs, the results obtained can certainly be usefully compared with 
those for other polymers. The tests comprised the preparation of cellu
lose acetate film ranging in thickness from 0.15 to 0.30 mm containing 
10 to 70% by weight of salts. Samples with a surface area of 3 χ 3 = 9 
cm2 were mounted on agitators (250 to 300 rpm) and placed in 200 ml of 
distilled water at 25°C. Releases were measured at different intervals 
and the whole test lasted between 1 and 2 days. 

In the case of the insoluble salts (Ca/S04 and SrS04), the total 
concentration C¿ of the salt, (including the concentration of the pore 
fluid and the absorbed fraction at equilibrium) is much lower than Co, 
the initial concentration of the salt in the membrane. One can therefore 
assume that the release process is governed by Higuchi's equation : 
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Σ*η =S\2 DCo C¿ t, 
where S is the apparent surface area and D, the diffusion coefficient. 
In this case, there is a substantial difference between D and the dif
fusion coefficient Efc, of the salt in the leachant. The relationship τ = 
D° . representing the tortuosity of the pores, was established; this 
Oratio falls very rapidly as Co increases. In the case of the soluble 
salts (NaCl), progress of release shows a clear departure from the 
time law, probably as a result of the impregnation of the samples by 

the leachant retained by the waste form salts. 

3.2. Measurement of diffusion in polymers by laser probe mass spectro
metry (LPMSl 

This method of measurement offers the advantage of measuring con
centration profiles up to a depth of tens of^/m. Sample preparation time 
is also reduced, since the polymer samples need spend only a short time 
(several days to several weeks) in the aqueous environment containing 
the ions being tested. The diffusion tests were conducted with inactive 
samples, the diffusion measurements, lasting several hours, being made 
during the transitory stage of element diffusion. 
The detection limits were determined using calibration samples with con
centrations between 200 and 2 000 ppm. The detection levels depend on 
the operating conditions of the LPMS spectrometer and the nature of the 
elements studied, the usual limits being : Co : 150 ppm; Cs : 100 ppm; 
Sr : 800 ppm. 

The vertical concentration profiles are obtained following dif
fusion of electrolyte solutions in polymermembrane pellets, with sub
sequent freezedrying. An operating method has been developed which 
allows reduction of the background created by carbonized fragments 
during each laser shot. The vertical diffusion profiles are established 
from the calibration curves obtained for each element. The validity of 
the method was checked using epoxide membranes 150 μ m thick. One can 
obtain up to three profiles (Co, Sr and Cs) at the same time in a single 
membrane. Figure 7 shows the theoretical diffusion profiles of caesium 
in an epoxide membrane. 

The diffusion coefficient of an element is calculated from a con
centration profile obtained experimentally which is then compared in 
graph form with a theoretical profile. Using the Fick diffusion models, 
values were obtained which generally correspond to the currently ac
cepted diffusion coefficient (D) values. 

D Cs : between 3 χ IO13 and 3 χ IO14 cm2 χ s1
; 

D CO : ~4 χ 10~16 cm2 χ s1
; 

D Sr : of the order of 3 χ IO16 cm2 χ s1
. 

HDwever, these measurements remain imprecise and efforts are being made 
to improve precision by altering calibration and LPMS analysis para
meters . 

3.3 Leaching studies of fullscale packages and laboratory samples 

Leaching tests were carried out on samples (V < 1 1) and fullscale 
packages (V from 100 to 200 1) of FWF 3 (PWR concentrate in polyester or 
epoxide matrix) and FWF 5 (ion exchange resin polyester or epoxide 
matrix). Drinking water (fullscale package) and demineneralized water 
(laboratory samples) were used as leachants. The results are summarized 
in table VTI. 
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Table VII 

RWF 3 and RWF 5 : annual fractions leached 

(values adjusted to ^ΕρΐΓν S = ° · 0 9 6 c m _ 1
) 

ISOTOPE 

1 3 7
Cs 

6 0
Co 

LEACHANT 

DeW 

DrW 

DeW 

DrW 

Concentr< 
Polyester 

F u l l 

scale 

l x l O "
2 

5x l0 "
3 

Lab.
scale 

l x l O "
4 

4x l0 "
3 

ïtes (RWF 3) 
Epoxide 

F u l l 

scale 

2x l0 "
3 

1.5xl0"
2 

Lab.
scale 

2x l0"
3 

5x l0 "
3 

Ion exchange 
Polyester 

F u l l 
scale 

l x lO"
2 

1.5x l0"
2 

Lab.
scale 

6x l0 "
3 

3x l0 "
2 

esin (RWF 5) 
Epoxide 

F u l l 
scale 

l x lO "
2 

3x l0 "
3 

Lab.
scale 

3x l0"
3 

2x l0 "
4 

(DeW = demineralized water; DrW = drinking water) 

The results show a relatively wide spread in the values of the 
annual fractions released (from 3 χ 10~2 to 1 χ IO

 4
), although the 

effect of scale (&■ sample) was taken into account. The wide spread and 
the orders of magnitude of the releases were confirmed in another lab
oratory. The method of preparation of the samples may have played a 
part, but the type of leachant (demineralized water or drinking water) 
would appear to be of little importance. The variations in weight and 
volume (slight increases) were minor (a few percent). Epoxide compo
sites having recently been improved to allow immobilization of waste 
containing free water (ion exchange resin suspensions), new leach tests 
are being carried out, in particular to study the effects of Y irradi
ation. 

4. BEHAVIOUR OF WASTE FORMS USING A BITUMEN MATRIX 

4.1 Swelling in the presence of water 

When cast, the bitumen waste forms have a very low water content 
(generally less than 1%, with a maximum of 4% in the case of ion ex
change resin waste forms). Water uptake by bitumen waste forms inevi
tably occurs prior to leaching and can give rise to difficulties as 
regards the volume stability of the waste form. A major laboratory study 
was carried out on various simulated RWF 7 and RWF 9 waste forms, and on 
waste forms containing BWR concentrates and ion exchange resin. A paral
lel laboratory study was carried out on active waste form samples from 
the Eurobitume installation at Mol (RWF 79). 

The simulated wastes were prepared with Na/N03 crystals of con
trolled granular size, chemical precipitation sludges and Mexphalte 
40/50 bitumen in different proportions. 
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The real waste forms are from Eurochemic waste in the form of de
cladding and decontamination effluents and various concentrates. They 
contain approximately (by weight) 25% NatK^, 15% salts and insoluble 
compounds and 60% Mexphalte R 85/40. Their average activity is 2 χ 10~3 
Ci a/kg and 0.13 Ci/} Ρ/tag

lile water uptake speed of a waste form depends on three factors : 
 the driving force accounting for the transfer of water in the ma

terial ; 
 the thickness and quality of the bitumen film surrounding the waste 

particles; 
 the diffusion coefficient and the solubility of the water in the 

bitumen. 
The driving force accounting for the transfer of water may be 

defined as the difference between the water vapour pressure in the waste 
particles and in the leachant or surrounding air. This suggests that the 
water uptake mechanism may be hydration (ion exchange resin), the forma
tion of hydrated salts (t^SO/i, Na2H PO4) and the formation of saline 
inclusions (Na NO3). This also explains the low rate of water uptake 
from concentrated saline solutions. 

The thickness of the bitumen film decreases as a function of the % 
of the salts encapsulated and also depends on the size and form of the 
waste particles. 

The water diffusion coefficient in pure bitumen was measured at 3 χ 
108 cm2 χ s

! in the case of Danish Mexphalte 40/50 and 2 χ ÌO^ cm^ χ 
s

l in the case of French bitumen R 90/40. The test method used combined 

the measurement of the transfer of tritiated water through a fine bitu
men membrane and measurement of weight gain by samples stored under 
water. During the tests, the solubility of the water in the bitumen was 
found to be 0.2 to 0.5% by weight. 

In theory, knowledge of these three parameters should be sufficient 
for the preparation of a water uptake model, but the reality is much 
more complex. The danger of waste particles touching increases the 
higher the percentage of dry extract and is accompanied by a higher 
water uptake rate than that accounted for by diffusion alone. Another 
reason is thought to be that the swelling of the rehydrated particles 
imposes stress on the bitumen film, causing microfissures which reduce 
the protective properties of the film. Experimental studies of ion 
migration have shown that this is a very variable and complex phenom
enon. Depending probably on the faults and microfissures in the waste 
form, ion transfer may be quicker or slower than water diffusion. An 
example is given in Fig. 8, which compares Cs and Co migration with that 
of tritiated water. 

It has been demonstrated, in the study of the effect of Na NO3 
particle size (from < 0.1 to 1 mm), that finegrain waste forms have 
rapid water uptake and a low Na+ release rate; conversely, large

particle waste forms have a rapid Na+ release rate and a slower water 
uptake rate. This may be due to the fact that the structure of the waste 
form is better adapted to the presence of numerous small inclusions than 
to a few large vacuoles. Table VIII shows the relationship between dif
fusion coefficients, Na+ leach rate and type of waste form. 
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T a b l e V I I I 

Effective diffusion coefficients for water uptake and Na leaching 
for various waste forms based on Mexphalte 40/50 

Waste form (% wei ght) 

Sludges : Ba S0^, Fe Cy Ni 

Na NO, : (a) < 0.1 mm 
J (b) 0.5/1 mm 

Bitumen 100 

Bitumen 80 
Sludges 20 

Bitumen 60 
Sludges 20 
Na N03 (a) 20 

Bitumen 40 
Sludges 20 
Na N03 (a) 40 

Bitumen 80 
Na N03 (a) 20 

Bitumen 60 
Na N03 (a) 40 

Bitumen 40 
Na N03 (a) 60 

Bitumen 60 
Na N03 (b) 40 

Effect ive 

Water 

Saturated 
humid a i r 

0.1 

0.7 

210 

10,000* 

15 

150* 

650* 

0.6 

d i f f u s i o n coe f f i c i en ts 

IO"
1 2 cm

2 s"
1
) 

uptake 

Water 

0.5 

1.4 

240 

360* 

60 

80 

220 

3* 

Leaching of 
Na 
Water 





11 

1,500 

1.3 

10 

9 

0.8 

(*) Water uptake rate higher than f / t . 

Samples of actual Eurobitume waste forms were subjected to static 
leach tests in demineralized water (DeW) and clay water (CW) at 49° and 
23°C. The clay water was prepared by mixing 100 g of clay from the for
mation level below the site at Mol (which is currently being assessed as 
a potential final repository) with 1 litre of degassed demineralized 
water. This operation was conducted in a glove box in a nitrogen atmos
phere in order to preserve the reducing conditions that exist in the 
clay formation itself. This suspension has a pH of 9.4 and an Eh of 135 
mV (ECS). 

The results (Fig. 9) show a high degree of swelling, particularly 
at 40°C, combined with high releases of Na NO3 (measured Na NO3 particle 
size was some 40 μ m). 



Amarantos et al. : Waste forms in an aqueous environment 263 
c 

Tests conducted with samples with different — ratios showed less swell
ing after 200 days at 23°C : V 
^ = 25% wheni = 1.4 αιΗ,Α* = 135% when | = 3.3 cnrl and M. = 200% 
Vo » V VO V Vn 
when A = 6.5 curl. u 

There would appear to be an almost linear relationship between the y
ratio and the swelling for any given waste form. Extrapolating for a 
volume of 200 1, equivalent to a fullscale drum, one obtains a swelling 
of 2 to 5% in one year, when + = 0 . 1 arri. I n order to try to assess 
the potential for pressure build up in the waste form as a result of 
water uptake and swelling, an experimental device was tested on samples 
of inactive waste forms based on nitrates or ion exchange resin + 
Mexphalte 40/50. The results are presented in Fig. 10 and show pressures 
between 20 and 40 bars after the same period of induction as in Fig. 8. 

One of the conclusions that can be drawn from results to date from 
studies of the swelling of bitumen waste forms can be summarized as 
follows : tests conducted with samples of different sizes „have shown 
that water uptake decreases in direct proportion to the γ ratio. As
suming an effective diffusion coefficient of 2.4 χ 10~"10 cm2

 x sl / 
extrapolation shows that swelling after one year is of the order of 1% 
for a fullscale package, with Ji =0.1 cm~l. 

4.2 Leaching studies of laboratoryscale and fullscale samples 
Laboratory tests were conducted on the abovementioned Eurobitume 

samples and on inactive samples comprising 60 wt% bitumen Β 15 and 40 
wt% Na NO3. 

With samples of waste forms of the Eurobitume type, rapid leaching 
of Na NO3 was observed, with a higher leach rate in the clay mixture 
(CM) than in demineralized water (cf. Fig. 11). Nitrate ion releases can 
be described and shown graphically by means of the expression 

£= 1  e e
t. 

Co 
The test results obtained (both at 23°C and 40°C) are : α = 0.006 d~l 
for demineralized water and oc = 0.0115 d~l for clay water. Sulphate ion 
releases (from Ca 304, the coprecipitation agent of Sr"^) are markedly 
different : after 90 days at 23 °C, approximately 20% of the SO42

 has 
been leached out in the demineralized water and 40% in the clay water. 
The release of α emitters is relatively low at 0.003% at 23°C in distil
led water and 0.06% in clay water at 40°C (measured over 360 days). The 
same is not true of uranium, with 0.025% released at 23°C in demineral
ized water and approximately 7% released at 40°C in clay water during 
one year of leaching. No clear timedependence could be established for 
the leaching of eternitters. The release of 3γ isotopes is largely propor
tional to leaching time. The main results are shown in Table IX. 
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Table IX 

Leach rates (R) for ßY emitters in 
Eurobitume samples (g cm d ) 

Leaching condi t ions 

Clay water 

23°C 

40°C 

Demineralized water 

23°C 

40°C 

β Total 

2x l0"
4 

2x l0 "
4 

** 

7x l0"
5 

Sr 

** 

2x l0 "
4 

* * 

5x l0"
5 

Co 

5x l0"
5 

5x l0"
5 

3x l0"
5 

2xlO"
5 

Cs 

* 

* 

* 

* 

* The R values for caesium, made inso luble by nickel fer rocyanide, 

are < 1 χ 10" g χ cm d . 
* * The i n i t i a l re lease, at 23°C, would appear to fo l low the 

law f ( v T t ) . 

The results shown in Table IX were calculated by including in the 
leached fraction the total activity measured in the leachate, on the 
walls of the container and on the clay particles in the claywater sus
pension . 

Tests on inactive waste forms containing 60% bitumen BF15 and 40% 
Na NO3 were carried out using the concentrated NaCl solution and quinary 
brine leachants already mentioned in Chapter 2 at pressures of 1 and 130 
bars and a temperature of 40°C. After a year, Cs leaching proved more 
rapid (1 χ 10~3 cm day!) in quinary brine than in the concentrated NaCl 
solution ( < 3 χ 10~5 cm day~l). Pressure seems to have no notable effect 
on leach rate. 

Leach tests on fullscale blocks were carried out with FMF 7 and 
RWF 9. In addition, numerous water resistance and leaching tests were 
carried out in the laboratory on active and inactive waste forms and on 
a fullscale inactive sample of FWF 9 containing > 10 wt% nitrate. 
Active waste forms RWF 7 and RMF 9, which underwent longterm leach 
tests ( >3 years), had been manufactured industrially and had had their 
metal packaging removed prior to leaching. PMF 7 contained both Na NO3 
(35 to 37 wt%) and coprecipitation sludges (2 to 3%). EWF 9, prepared at 
Marcoule, had a dry extract content of 40/42 wt%, with a Na NO3 content 
of 4 to 5%. These percentages relate to the finished waste form. The 
results of the leach tests are surrmarized in Table X below. 
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Table X 
265 

Type of 
waste form 
and volume 

RWF 7 

(V = 170 1) 

RWF 9 

(V = 110 1) 

Annual fractions 
of RWF 

(2023°C 

Isotope 

239
Pu 

241
Am 

239
Pu 

241
Ah/

238
Pu 

137
Cs 

90
Sr 

released during leaching 
7 and RWF 9 
Drinking wat 

Initi al 
activity 
A0 (Ci) 

0.27 

0.20 

0.013 

0.013 

0.8 
0.026 

er) 

Duration 
of test 
(days) 

1245 

1245 

1600 

1600 

1600 

1600 

fraction(ñ—) 
released o 

1.6xl0"
4 

1.5xlO"
5 

1.7xl0"
5 

2xl0"
5 

lxlO"
4 

2xl0"
3 

(The annual fractions released include the deposits and sludges formed). 
Tests carried out on inactive blocks of RWF 9, containing 10 to 15% 
nitrates and 20 to 25% dry sludge precipitation extract, showed a very 
low degree of swelling (waste form | ratio :  0.1 cm~l) . The bitumen 
used was type R 9040. After 360 'days immersion in water, swelling 
varied from 0 to 1.25%. 

Other laboratory tests were carried out on RWF 9 consisting of R 
9040 bitumen and 40% dry extract, 1/3 of which was sodium nitrate and 
2/3 coprecipitation sludges to which β emitters (90 Sr) and emitters 
(137 Cs, 106 Ru etc.) had been added. Specific activity varied frcm 3 to 
30 Ci χ kg~l. The samples had a diameter of 50 inn and a height of 50 imi. 
After 360 days of leaching in drinking water at ambient temperature 
there was no trace of swelling, with leach rates (g χ cm2 χ d1

) from 1 
to 2 χ 10~5 in the case of Pu and Am, and 5 χ IO5 in the case of 
uranium. 

4.3 Behaviour of bitumen waste forms when exposed to microorganisms 

Behaviour of bitumen waste forms was tested in order to try to 
evaluate the risks of corrosion by microorganisms in the soil. Two main 
types of test were conducted : simulation of burial conditions and 
measurement of bacterial metabolism. 

RWF 9 samples of approximately 1 litre were placed for a period of 
almost three years in watersaturated soil in conditions simulating 
those at a surface disposal centre. The samples were inactive and some 
of them had been subjected to external y irradiation of 2.8 χ IO6 rad χ 
h

l, with a cumulative dose of 1 χ IO9 rad. The main conclusions of the 

study were the following : 
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~~ In the presence of bitumen waste forms, whether in an aerobic or 
anaerobic condition, there is a marked increase in the biological 
activity of the soil. Ammonifying and nitrogenfixing bacteria pre
dominate, and one also finds fungi and actincmycins. 

 Samples examined after over 32 months in watersaturated soil re
vealed surface deterioration (microfissures, fine cracks etc.) 

 Water uptake by the waste forms (from 1 to 3 wt%) was also found, 
together with a reduction in sodium nitrate concentration of up to 
50% on the periphery of the blocks. 
However, these conclusions, which partially confirm the data in 4.1 

and 4.2, are not sufficient to allow quantification of the effect of 
microorganisms on the waste forms. Such quantification is made all the 
more difficult by the fact that 100 to 200 1 blocks of RWF 9 were recov
ered without apparent damage after being buried for approximately 10 
years in topsoil. 

Other laboratory tests were conducted in order to attempt to quan
tify the effect of microorganisins on bitumen and polymer organic 
matrices. After a number of fruitless tests based on the detection of 
ATP (adenosine triphosphate) to indicate biological activity, various 
tests were carried out involving the detection and measurement of gases 
released (CO2, N2O etc.) and the consumption of oxygen by various sys
tems (pure bitumen on an inert medium (bitumen + sand or silica gel), 
bitumen fractions (maltene) on an inert medium, and waste forms in 
powder or pieces) in aerobic and anaerobic environments and at soil pH 
and higher pH levels in order to take into account OH ion release by the 
cement. 

The results to date (the tests are continuing) show that (Fig. 12): 
 Microorganic activity does exist which metabolizes the bitumen hydro

carbons in the form of CO2 both in an aerobic and in an anaerobic 
environment (measurements made by respirometry and gas chromato
graphy) . In the case of anaerobios is, the formation of N2O was 
detected by gas chromatography. 

 With thermosetting polymers, the constituents of the polymer have 
varying degrees of inhibiting effect (total in the case of hardeners 
containing aromatic amines), but the polymer itself loses this inhi
biting property. Epoxy resins, on the other hand, show little cor
rosion. 

5. CONCLUSIONS AND PROGRESS OF TEÎE CHARACTERIZATION STUDIES 

The study of the behaviour of the different types of reference 
waste form in the presence of water has yielded a great many results, 
both positive and negative, that it is impossible to cover fully at this 
type of conference. The summary report that will be published at a later 
date will go into the work of each laboratory in more detail. We should 
also point out that the Commission was the joint organizer of a seminar 
on the problems caused by the behaviour of coated wastes in the presence 
of water held at Cadarache in November 1984. This seminar, which was 
open to experts from outside the EEC (USA, Canada, Sweden, Switzerland 
and Japan) also provided numerous data which is to be published half way 
through 1985. 

If the ultimate aim is to have models that allow extrapolation of 
the longterm behaviour of waste forms, the Third Programme (198589) 
must continue the work already started on the effect on waste forms of 
the action of water and the soluble salts and gases they contain. We 
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already appreciate the full importance of wastematrix reactions, the 
effect of β α irradiation or internal α irradiation (Dr Philips will dis
cuss this aspect in the following paper), and of the reactions between 
the waste form and the container, the concrete and the clay. The Third 
Programme must also seek to achieve data quantification, if possible by 
the standardization of test methods, since, as we have seen on several 
occasions, the results are within a broad range, sometimes because of 
the imprecision of the detection levels (transuranic emitters) and some
times because of the way in which samples are prepared. Lastly, although 
we have had neither the time or the opportunity to discuss the subject, 
we must continue efforts to identify the radionuclides released, since 
the base data for safety studies depend primarily on identification of 
tlie physicochemical form of these radionuclides. 
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DISCUSSION 

T. MARZULLO, ENEL Roma 

Have the effects of borate, originating from PWR evaporator concentrates, 
on the duration of cement being investigated? We know that borate retards 
the hydration process in case of cement and leads to swelling in case of 
polymer resins, but whether this has any effect on the properties of the 
product is questionable. 
In general, is it possible at this stage, after having characterized the 
products of the various immobilization processes, to give an indication, 
which type of matrix is best suited for which type of reactor waste? 

P. POTTIER, CEA Cadarache 

Although not mentioned in this presentation the retardation effect of 
borate on the hydration of cement was extensively studied. Detailed 
information on this subject can be found in the respective annual and 
final reports of the EC. The compatibility of the waste with the matrix 
material was examined for borate, sulphate and nitrate solutions as well 
as for ion exchange resins. For the latter it apparently proved difficult 
to obtain a satisfactory product. 
What concerns the second question, it should be stressed that a few 
immobilization processes e.g. cementation, bituminization and incorpora
tion into polymer resins have reached the industrial scale, in some 
countries. For certain wastes, certain matrices are favoured, e.g. cement 
for evaporator concentrates and thermosetting polymers for ion exchange 
resins. On the other hand, there is certainly a need to improve the cement 
matrix, in particular its retention capacity for radionuclides like Cs. 

R. ATABEK, CEA FontenayauxRoses 

A study to improve cement matrices for the solidification of evaporator 
concentrates is under way and first results indicate that the release of 
Cs can be decreased by a factor of 10 if pozzolana is being added (40%) to 
the ordinary Portland cement. 



RADIATION, THERMAL AND MECHANICAL EFFECTS ON LOW AND MEDIUM ACTIVE 
CONDITIONED WASTE 

D.C. PHILLIPS UKAEA H a r w e l l , U n i t e d Kingdom 
R. KOESTER KfK, K a r l s r u h e , F e d e r a l R e p u b l i c of Germany 
G. DE ANGELIS ENEA, C a s a c c i a , I t a l y 

SUMMARY 

I r r a d i a t i o n e x p e r i m e n t s h a v e b e e n c a r r i e d o u t on a w i d e r a n g e o f 
s i m u l a t e d , E u r o p e a n w a s t e fo rms b a s e d on b i t u m e n s , p o l y m e r s , 
c e m e n t s and p o l y m e r m o d i f i e d c e m e n t s . The ma in e f f e c t on 
b i t u m e n i s a t e s i s a s w e l l i n g of up t o 10 vo lume % a t 1 MGy. Alpha 
i r r a d i a t i o n i s more s e v e r e t h a n gamma i r r a d i a t i o n . T h e r e i s no 
s i g n i f i c a n t e f f e c t on l e a c h r a t e s a t 10 MGy. The b e h a v i o u r of 
p o l y m e r w a s t e fo rms i s more c o m p l i c a t e d and t h e s e can e i t h e r 
s w e l l o r s h r i n k by a m o u n t s w h i c h d e p e n d on t h e t y p e o f p o l y m e r 
and t h e amount of w a t e r p r e s e n t i n t h e w a s t e , b u t w h i c h a r e 
t y p i c a l l y b e t w e e n 2% s w e l l i n g and 8% s h r i n k a g e a t 10 MGy. Cement 
w a s t e fo rms a r e l e s s a f f e c t e d by r a d i a t i o n and show no c h a n g e s i n 
s t r e n g t h o r d i m e n s i o n s wh ich can b e a t t r i b u t e d t o r a d i a t i o n , 
a l t h o u g h one w a s t e form d i s i n t e g r a t e s u n d e r h i g h d o s e r a t e 
r a d i a t i o n . L a b o r a t o r y t e c h n i q u e s f o r c h a r a c t e r i s i n g t h e 
m e c h a n i c a l and t h e r m a l p r o p e r t i e s of c e m e n t and p o l y m e r w a s t e 
fo rms a r e d e s c r i b e d . F u l l - s c a l e d r o p and f i r e t e s t s on 200 l i t r e 
d rums of c e m e n t e d w a s t e s i m u l a t e h a v e b e e n c a r r i e d o u t and t h e 
q u a n t i t i e s of a c t i v i t y wh ich would be r e l e a s e d from r e a l w a s t e 
fo rms i n f e r r e d . 

1 INTRODUCTION 

C o n d i t i o n e d , i m m o b i l i s e d w a s t e i n i t s c o n t a i n e r w i l l be s u b j e c t t o 
a g i n g p r o c e s s e s , w h i c h may a l t e r i t s p r o p e r t i e s . I t may a l s o b e a t r i s k 
from a c c i d e n t s , p a r t i c u l a r l y p r i o r t o i t s u l t i m a t e d i s p o s a l t o a 
r e p o s i t o r y , w h i c h a g a i n may a f f e c t i t s p r o p e r t i e s and r e l e a s e r a d i o n u c l i d e s 
t o t h e i m m e d i a t e e n v i r o n m e n t . 

Aging p r o c e s s e s c o u l d i n c l u d e : 
S e l f - i r r a d i a t i o n from t h e c o n t a i n e d r a d i o n u c l i d e s . 
W a s t e - m a t r i x c h e m i c a l i n t e r a c t i o n s . 
C o n t i n u e d c h e m i c a l r e a c t i o n of t h e m a t r i x c o m p o n e n t s and t h e 
e n v i r o n m e n t . 
B i o d e g r a d a t i o n . 

A c c i d e n t s c o u l d i n c l u d e : 
M e c h a n i c a l damage due t o i m p a c t . 
T h e r m a l damage a s a r e s u l t of f i r e . 
I m m e r s i o n i n w a t e r . 

T h i s p a p e r d e s c r i b e s work a imed a t o b t a i n i n g an u n d e r s t a n d i n g of t h e 
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consequences of s e l f - i r r a d i a t i o n , mechanical impact and thermal damage, 
while t he consequences of water immersion and b iodeg rada t i on are addressed 
in p a r a l l e l work desc r ibed in the paper by P o t t i e r et a l ( 1 ) . The e x t e n t 
of the programmes was such t h a t only a b r i e f summary can be given h e r e . 

2 RADIATION EFFECTS 

The work, which has been c a r r i e d out at Harwel l , has had two o v e r a l l 
o b j e c t i v e s . An immediate o b j e c t i v e of providing comparat ive data on the 
e f f e c t s of r a d i a t i o n on p r o p e r t i e s through a c c e l e r a t e d r a d i a t i o n t e s t i n g ; 
and the l onge r - t e rm o b j e c t i v e of improving the conf idence with which the 
e f f e c t s of l o n g - t e r m , low d o s e - r a t e r a d i a t i o n can be pred i c t ed from high 
d o s e - r a t e , a c c e l e r a t e d l a b o r a t o r y e x p e r i m e n t s . 

I r r a d i a t i o n of the waste forms i s i n e v i t a b l e . Table 1 shows the waste 
forms s tud ied and t h e i r approximate l e v e l s of a c t i v i t y ( 2 , 3 ) . The highes t 
l e v e l s imply approximate i n t e g r a t e d doses of t he o r d e r of 7 MGy a t 
100 y e a r s , and ~ 20 MGy a t 1000 y e a r s ( 4 ) , with c o r r e s p o n d i n g l y lower doses 
for t h e l e s s a c t i v e m a t e r i a l s . The t o t a l dose and dose r a t e s which w i l l be 
rece ived by d i f f e r e n t types of waste forms vary widely depending on the 
r a d i o n u c l i d e i n v e n t o r y , and i t cannot be assumed t h a t a low a c t i v i t y waste 
form w i l l r e c e ive a low d o s e , u n l e s s i t can be guaranteed t h a t i t wi l l be 
sh ie lded from n e i g h b o u r i n g , higher a c t i v i t y , waste forms. 

Table 1 Waste Forms Stud ied in R a d i a t i o n C h a r a c t e r i s a t i o n Programme ( 2 , 3 ) 

No. 

RWF1 

RWF2 

RWF3 

RWF4 

RWF5 

RWF6 

RWF7 

RWF8 

RWF9 

RWF10 

WF17 

Waste/Matr ix 

BWR e v a p o r a t o r c o n c e n t r a t e s / c e m e n t or 
pozzolana cement 

PWR e v a p o r a t o r c o n c e n t r a t e s / c e m e n t or 
pozzolana cement 

PWR e v a p o r a t o r c o n c e n t r a t e s / p o l y e s t e r or 
epoxide 

Ion exchange r e s i n / p o l y s t y r e n e 

Ion exchange r e s i n / p o l y e s t e r or epoxide 

Magnox fue l pond water s ludge/cement 

Reprocessing c o n c e n t r a t e s / b i t u m e n 

Reprocessing c o n c e n t r a t e s / c e m e n t 

Reprocessing s ludges /b i tumen 

I n c i n e r a t o r s l a g s 

Ion exchange r e s i n / p o l y e s t e r or v i n y l 
e s t e r 

Typica l 
A c t i v i t y Ci m 

β γ 

0.55 

0.5-50 

0.5-50 

<103 

5-500 

35-70 

60 

10-40 

70-850 

α 

-

<10"3 

<10"3 

<5 χ 10" 

< 1 0 - 6 

1-2 

2 

approx. 

0 .3 -0 .8 

6 

1 
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Two types of r ad i a t i on -damag ing processes can occur in encapsu la t ed 
ILW's: atomic d i s p l a c e m e n t s r e s u l t i n g from α p a r t i c l e i n t e r a c t i o n s , and 
chemical e f f e c t s r e s u l t i n g from r a d i o l y s i s of l o o s e l y bound m o l e c u l e s . Of 
t he se atomic d i sp lacement i s u n l i k e l y to be of impor tance over t i m e s c a l e s 
of i n t e r e s t because of the low c o n c e n t r a t i o n of α e m i t t e r s p r e s e n t in 
ILW's. In g e n e r a l , waste forms based on polymers and bitumens a re more 
a f f e c t e d by r a d i a t i o n than those based on cement because of the 
s u s c e p t i b i l i t y of o r g a n i c m a t e r i a l s to damage by i o n i s i n g r a d i a t i o n s . 
However, the hydrated i no rgan i c compounds in cement con t inue to r e a c t for a 
very long time and the a d d i t i o n of waste adds a f u r t h e r s e t of r e a c t a n t s to 
an a l r e a d y complex sys tem. R a d i a t i o n can a f f e c t the c h e m i s t r y of the 
cement/waste i n t e r a c t i o n s and t h i s needs to be unders tood to p r e d i c t the 
r a d i a t i o n s t a b i l i t y of the waste forms. 

Research has been c a r r i e d out on a l l ten r e f e r e n c e waste forms, 
t o g e t h e r with some o t h e r waste forms, under the Sheet 1 c h a r a c t e r i s a t i o n 
programme; and measurements have a l s o been made on the polymer modified 
cement systems developed under the Sheet 3 p r o c e s s i n g programme. Only 
l i m i t e d r e s u l t s were obta ined on RWF10, the i n c i n e r a t o r s l a g , and t hose 
d a t a a r e not r epo r t ed h e r e . R a d i a t i o n exper iments have a l s o been c a r r i e d 
out on t h e m a t r i x m a t e r i a l s a l o n e . 

Most of the work has been c a r r i e d out on i n a c t i v e or t r a c e r e d 
s imula t e s using an e x t e r n a l gamma r a d i a t i o n s o u r c e , but in a d d i t i o n high 
dose r a t e alpha damage has been s tud ied in the b i t u m e n i s a t e s through the 
i n c o r p o r a t i o n of Am, and some i r r a d i a t i o n s have been c a r r i e d out on 
f u l l y a c t i v e b i t u m e n i s a t e s . The e f f e c t s of i r r a d i a t i o n have been measured 
on dimens iona l s t a b i l i t y , mechanical p r o p e r t i e s , gas e v o l u t i o n and 
l e a c h i n g . 

2.1 Bitumens 

Bitumens and b i t u m e n i s a t e s can d i s p l a y s u b s t a n t i a l s w e l l i n g when 
sub jec t ed to high dose r a t e s of gamma or alpha i r r a d i a t i o n . This i s due to 
t he n u c l e a t i o n and growth of bubbles of r a d i o l y t i c g a s , p r i m a r i l y 
hydrogen ( 5 ) . For any given m a t e r i a l the r a t e and amount of s w e l l i n g 
i n c r e a s e s as e i t h e r t h e dose r a t e or the sample s i z e i n c r e a s e s . P r e d i c t i o n 
of t h i s swe l l i ng under long term, low dose r a t e c o n d i t i o n s , i s n e c e s s a r y 
both to ensure t h a t t h e c o n t a i n e r i s not a t r i s k and a l s o to enable t h e 
l a b o r a t o r y p r e p a r a t i o n of r a d i a t i on -aged specimens for r a d i o n u c l i d e r e l e a s e 
measurements . 

For gamma i r r a d i a t i o n i t has been shown t h a t , over a wide range of 
c o n d i t i o n s , s i m i l a r amounts of s w e l l i n g w i l l occur in samples of the same 
b i t u m e n i s a t e of d i f f e r e n t s i z e s , in c y l i n d r i c a l c o n t a i n e r s of depth L, 
i r r a d i a t e d a t d i f f e r e n t dose r a t e s I , provided IL i s c o n s t a n t . Thus by 
i r r a d i a t i n g small samples a t high dose r a t e s in the l a b o r a t o r y , s i m i l a r 
s w e l l i n g e f f e c t s should be obtained as under t h e l a r g e c o n t a i n e r , low dose 
r a t e , s t o r a g e c o n d i t i o n s , provided the IL va lue for s t o r a g e c o n d i t i o n s i s 
used ( 5 ) . Figure 1 shows da ta obta ined from RWF7 and i t s mat r ix bitumen 
R85/40 a t an IL value cor responding to an a c t i v i t y ~ ICiJI . The 
behaviour of a l l t he bitumens and b i t u m e n i s a t e s s tud ied was s i m i l a r , 
swel l ing commencing a t around 50 kGy and s a t u r a t i n g somewhere in the range 
0 . 2 - 1 . 0 MCy. The maximum amount of s w e l l i n g depends on the type of bitumen 
and the n a t u r e and q u a n t i t y of the w a s t e . The s o f t e r grades of bitumen 
with low q u a n t i t i e s of added waste can swel l s e v e r a l t ens of p e r c e n t . 
However the swe l l ing of RWF7 and RWF9 i s much l e s s a t around 10% for the 
former and l e s s than 8% for t h e l a t t e r . This s w e l l i n g can be accommodated 
e a s i l y wi th in a c o n t a i n e r and does not pre sen t a haza rd . An anomaly which 
has been observed i s t h a t RWF9 appeared to e x h i b i t two t ypes of s w e l l i n g 
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behaviour. This may be a reflection of the sensitivity of swelling to the 
presence of bubble nucleation sites, this in turn depending on the exact 
processing procedures used in manufacturing the bitumenisate. The swelling 
which occurs on alpha irradiation is more pronounced than at the same dose 
of gamma radiation and again is very geometry dependent. 

Gamma irradiation experiments to 10 MGy have shown no significant 
effects of radiation on leach rates for Cs. The nature of these 
experiments, however, was such that the specimens did not swell under 
irradiation. A more accurate experiment would require samples to be cut 
from swollen blocks. Leaching experiments are currently under way on 
alpha-irradiated materials which have swollen and these will provide more 
insight into the relationship between swelling and leaching. Measurements 
on fully active materials are broadly in agreement with those on 
simulates. 

2.2 Polymers 

Polymer matrix waste forms behave differently to bitumen waste forms 
because of their different intrinsic properties, and the different nature 
of the encapsulated wastes (6). In the bitumenisation process most of the 
water associated with wet wastes is driven off and there is little free 
water in the final waste form. Most of the polymer matrix waste forms 
contain substantial quantities of water, and this affects their properties. 
Waste forms of this type are RWF4, RWF5 and WF17, wet ion exchangers 
immobilised in epoxide, polyester and vinyl ester resins and in 
polystyrene. 

When exposed to the atmosphere these waste forms slowly lose water at 
rates which are similar whether irradiated or unirradiated, depend on the 
sample size, and are lowest for the epoxide resin system. Typical values 
of water loss from open containers at room temperature over one year are 
between 1% and 5% although much higher values have been observed. 

When irradiated, the epoxide resin waste forms, either containing 
water or dry, undergo a slight swelling, typically up to 1% at an 
accumulated dose of around 4 MGy. Preliminary work indicates that this 
swelling can be described theoretically by an extension of the bubble 
growth model developed for bitumenisates (9). 

The polyester, vinyl ester and polystyrene wet waste forms behave 
differently, all shrinking. Shrinkage occurs whether irradiated or 
unirradiated, but is substantially greater under irradiation. The amount 
of shrinkage varies from material to material and the maximum observed 
value is around 8 volume % at 10 MGy. It is attributed to a combination of 
water loss and cross-linking of the polymer during irradiation (6). 

Figure 2 shows typical swelling data for some polymer matrix waste 
forms. These dimensional changes do not present a problem to the 
container, although it is necessary to understand these effects in order to 
be able to obtain accurately radiation-aged materials for, for example, 
leaching measurements. The complicated swelling behaviour is believed due 
to a combination of mechanisms including bubble growth, cross-linking and 
water loss, and there has been some success in modelling aspects of these. 

Large shrinkage could cause cracking of the waste form but this has 
been observed only in specimens undergoing the largest shrinkage. In 
general the mechanical strengths of polyester and vinyl ester waste forms 
irradiated to 10 MGy are reduced to about 60% of their unirradiated 
strengths, while the epoxide resin waste forms are less affected. 

RWF3, a simulated PWR evaporator concentrate in epoxide or polyester 
resin, contains dry waste. However the polyester version of this too has 
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Fig. 2 VOLUME CHANGES FOR WASTE SIMULATES WITH POLYESTER AND EPOXIDE 
MATRICES DURING )' IRRADIATION 
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been observed to lose weight and to shrink whether i r radiated or 
unirradia ted, the shrinkage effect again being greater under i r r a d i a t i o n . 
In addition some, but not a l l , samples of the polyester version exuded 
waste under i r r ad ia t ion . It i s believed that th i s effect may be a 
consequence of the development of a poor s ta te of cure of the system, 
indicating the need for qual i ty control . The epoxide resin waste form 
displayed none of these e f f ec t s . 

2.3 Cements 

The reactions which occur during rad io lys is of cement matrix waste 
forms depend in de ta i l on the waste form composition and i t i s not yet 
possible to predict the behaviour of any new waste form. However, t h i s , 
and other, research have identif ied trends which allow some general 
conclusions to be drawn and a d i s t inc t ion can be made between processes 
which affect waste form s t a b i l i t y and those which do not (7 ) . 

Waste forms were manufactured according to the waste form 
spec i f i ca t ion , using inactive simulates of the wastes and cured for 28 days 
at 20°C and 100% RH before t e s t ing . Leach samples contained t racer 
isotopes of the required radionuclides. I r radia t ion was carried out by an 
external γ source at a dose r a t e of 10 kGy h , in in te rva ls of 3 MGy up to 
the required dose. At t h i s dose ra te the samples reached a steady s ta te 
temperature of 50°C. Batches of samples were divided so that for each set 
of samples i r rad ia ted a corresponding number of controls were maintained at 
20°C and 50°C. Leaching tes ts were carried out using 2 samples in 150 ml 
d i s t i l l e d water, contained in a boros i l ica te glass vesse l , i r radia ted 
during the t e s t at a dose ra te of 10 kGy h which again gave a steady 
s ta te temperature of 50°C. Duplicate control experiments were maintained 
at th i s temperature for an equivalent time. The leachate was analysed and 
changed at dose in te rva ls of 1 MGy. In addition to i r r ad ia t ion of 
simulated waste forms, samples of hydrated ordinary Portland cement paste 
were included to provide baseline data . These samples were prepared in the 
same form as described above, but allowed to cure at 20°C for times ranging 
from zero to 28 days before i r r a d i a t i o n . In addit ion, control samples were 
stored at a range of temperatures from 50-56°C. 

I r rad ia t ion produces no systematic var ia t ion in waste form dimensions. 
This may indicate that the s i l i c a t e hydrate gel structure i s not affected 
by rad io lys is since other processes which do have an effect on i t , such as 
drying are reflected by dimensional changes. However, expansion of the 
material due to growth of exist ing or new c rys t a l l i ne phases might not be 
detectable by macroscopic measurements as the tens i le s t ra in to fai lure in 
cement pastes i s of the order of 0.02% and expansions of t h i s order are 
below the l imi t of detect ion of the measurements. Thus cracking would 
become evident before the expansion could be measured. 

No changes in compression strength which can be a t t r ibu ted to 
radia t ion have been observed for doses up to 9 MGy. However some waste 
forms have exhibited cracking, chipping or complete dis in tegra t ion during 
i r r ad i a t i on although t h i s was not preceded by any warning such as loss of 
s t rength . 

Small changes in strength of cement are d i f f i cu l t to identify because 
of the sca t ter in data , and no s t a t i s t i c a l l y s ignif icant differences have 
been observed between i r radiated specimens and controls held at 50°C. 
There i s some evidence that i r radia ted material does show a s l igh t ly higher 
degree of hydration, as indicated by the calcium hydroxide contents , as 
shown in Table 2. However, comparison with controls held at s l i gh t l y 
higher temperatures shows tha t the small discrepancy could easi ly be 
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accounted for by the small t empera tu re f l u c t u a t i o n s which occur dur ing 
i r r a d i a t i o n . 

Table 2 E f f e c t of R a d i a t i o n on the Hydra t ion of Ordinary P o r t l a n d Cement 

Curing Period 
( d a y s ) ( a ) 

0 
3 
7 

28 

3 
3 
3 
3 

I r r a d i a t e d 
50 °C Contro l 
52 °C Contro l 
56°C Control 

R e l a t i v e 
H y d r a t i o n ^ ' 

1.01 
1.12 
1.06 
1.16 

1.12 
1.00 
1.29 
1.11 

*- a · ' Curing period a t 20°C p r i o r to i r r a d i a t i o n (or s t o r a g e for c o n t r o l s ) . 
( b ) R e l a t i v e h y d r a t i o n = Ca(0H)2 con ten t i· Ca(0H)2 con ten t in 50°C c o n t r o l 

sample. 

An example of a waste form which damages dur ing i r r a d i a t i o n i s RWF2, 
PWR e v a p o r a t o r c o n c e n t r a t e bora t e s o l u t i o n s in cement . Samples of t h i s 
waste form d i s i n t e g r a t e d a t doses between 6 and 9 MGy. The e f f e c t was 
r e p r o d u c i b l e and no dec rease in s t r e n g t h , nor dimensional change was 
observed in t h e dose i n t e r v a l s p r i o r to f a i l u r e . Microscopic , X-ray and 
thermal ana ly se s have not r evea led any new phases in the I r r a d i a t e d 
m a t e r i a l and no s a t i s f a c t o r y e x p l a n a t i o n has yet been found. 

During γ i r r a d i a t i o n , hydrogen i s evo lved , and oxygen absorbed for the 
m a j o r i t y of waste forms. The q u a n t i t y of hydrogen evolved appears t o be a 
l i n e a r func t ion of absorbed dose up to the maximum of 9 MCy. G(Ho) va lues 
(molecu les /100 eV) for t h e r e f e r e n c e waste forms tend t o l i e between 0.05 
and 0 . 1 3 , a l though for RWF8 a re as low as 0 . 0 1 . All of t he se a r e l e s s than 
the publ i shed Gil·^) for pure water of 0 . 4 - 0 . 5 molecules per 100 eV. I t i s 
no t easy to q u a n t i f y the oxygen a b s o r p t i o n as only a small amount was 
a v a i l a b l e in the specimen c o n t a i n e r dur ing each dose i n t e r v a l and t h i s was 
comple te ly consumed. Except ions to t h i s a r e cemented wastes c o n t a i n i n g 
n i t r a t e s , for example RWF8. These tend to have lower G(Ho) v a l u e s and 
n o t i c e a b l y reduced oxygen a b s o r p t i o n . Carbon d iox ide i s a l so pre sen t in 
the sample c o n t a i n e r in s i g n i f i c a n t c o n c e n t r a t i o n s a f t e r i r r a d i a t i o n . The 
r e l a t i v e c o n c e n t r a t i o n s of oxygen and carbon d i o x i d e vary but adding 
t oge the r the molecular oxygen and t h a t p r e s e n t in carbon d i o x i d e , shows 
t h a t t h i s waste form g e n e r a t e s a net i n c r e a s e of oxygen in the h ighe r dose 
i n t e r v a l s . Complex r a d i o l y t i c gas e v o l u t i o n with n i t r a t e bea r ing wastes in 
cement has been r epo r t ed in t he l i t e r a t u r e ( 1 0 ) . 

A p r e l i m i n a r y exper imen ta l survey of the e f f e c t of r a d i a t i o n on the 
l each ing of r a d i o n u c l i d e s from t he r e f e r e n c e waste forms i s not ye t 
comple te . At pre sen t data a r e a v a i l a b l e on only a r e s t r i c t e d number of 
waste forms. Although d i f f e r e n c e s in behaviour between i r r a d i a t e d and 
c o n t r o l exper iments a r e not found in a l l c a s e s , some have been d e t e c t e d . 
These d i f f e r e n c e s are g e n e r a l l y small but to da te they have each shown a 
tendency towards lower l each r a t e s dur ing i r r a d i a t i o n . This i s i l l u s t r a t e d 
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in Figure 3 , which shows the e q u i v a l e n t d e p l e t i o n dep ths for Cs and Sr 
l each ing from RWF1/2. This waste form e x i s t s as RWF1/1 and RWF1/2, the 
former using OPC and the l a t t e r OPC and a pozzo lana . It i s i n t e r e s t i n g to 
note t h a t e q u i v a l e n t d e p l e t i o n dep ths for Cs and Sr are i d e n t i c a l in t h i s 
m a t e r i a l for which an e f f e c t of r a d i a t i o n may be e v i d e n t . This e q u i v a l e n c e 
i s not observed dur ing the l each ing of o t h e r waste forms. 

2.4 Polymer Modified Cements 

Polymer modified cements are hybr id m a t e r i a l s obtained by 
i n c o r p o r a t i n g s u b s t a n t i a l q u a n t i t i e s of polymer a d d i t i v e in to a hyd rau l i c 
cement a t t he mixing s t a g e . Their p r i n c i p a l advantages are a higher s t r a i n 
to f a i l u r e and toughness than unmodified cement, and a somewhat lower 
p e r m e a b i l i t y . They are not widely used for the immobi l i sa t ion of ILW 
o u t s i d e France , where bitumen modified cement has been used for some y e a r s , 
but have been i n v e s t i g a t e d under a Sheet 3 programme and some of the 
r e s u l t s a r e summarised h e r e . 

The polymer a d d i t i v e s s tud ied were s t y r e n e - b u t a d i e n e and bitumen 
emul s ions , and po lyure thane r e s i n s . A polymer to cement weight r a t i o of a t 
l e a s t 0.2 i s r equ i r ed to g ive c o n s i s t e n t , s i g n i f i c a n t improvements in 
s t r a i n to f a i l u r e over unmodified cement. The po lyure thane modified cement 
system conta ined a ve ry high volume of polymer. I r r a d i a t i o n of these 
m a t e r i a l s was c a r r i e d out a t high dose r a t e s ~ 10 kGy h in a spent f ue l 
pond f a c i l i t y and the t empera tu res rose to 50°C-60°C. At t h a t t e m p e r a t u r e , 
t empera tu re - induced e f f e c t s as well as r a d i a t i o n e f f e c t s occur and 
t h e r e f o r e u n i r r a d i a t e d c o n t r o l s were held at 50°C. Table 3 shows the 
r e s u l t s for t e n s i l e f a i l u r e s t r a i n in f l e x u r e . 

Table 3 E f f e c t s of I r r a d i a t i o n on T e n s i l e F a i l u r e S t r a i n (% ) of 
Polymer Modified Cements (Standard Dev ia t i on in B r a c k e t s ) 

Addi t ive 
Type 

OPC 

Sty rene -
Butadiene 

Bitumen 

Epoxide 

P o l y 
u re thane 

Polymer: 
Cement 
Ra t io 

None 

0 .2 

0 .22 

0 . 2 

1 .0 

Wa t er : 
Cement 
Rat io 

0 . 3 

0 . 2 

0 . 5 

0 . 3 

0.22 

R a d i a t i o n Dose (MGy) 

3 

Control 

0 .048 
(0 .005) 

0.243 
(0 .027 ) 

0.052 
(0 .009) 

0.0 93 
(0 .008 ) 

2.511 
(0 .542) 

IR 

0.04 5 
(0 .005) 

0.090 
(0 .007) 

0.042 
(0 .004) 

0.077 
(0 .007) 

1.093 
(0 .141) 

10 

Control 

0.032 
(0 .004) 

0.141 
(0 .008 ) 

0.050 
(0 .002) 

0.0 72 
(0 .006) 

2. 191 
(0 .25) 

IR 

0.032 
(0 .004) 

0.064 
(0 .015) 

0.044 
(0 .002) 

0.0 75 
(0 .013) 

1. 181 
(0 .085) 

30 

Control 

0 .03 5 
(0 .010) 

0.150 
(0 .015 ) 

0 .035 
(0 .004) 

0.081 
(0 .008 ) 

1.336 
(0 .205) 

IR 

0.018 
(0 .007) 

0.051 
(0 .018 ) 

0 .045 
(0 .003) 

0.078 
(0 .008 ) 

0 .608 
(0 .057) 
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• Irradiated 
o Control 
* Irradiated 
Û Control 

Time (days) 

F i g . 3 LEACHING OF C s AND Sr FROM RWF 1/2 

0.40 
Waste/cement 

F i g . 4 COMPRESSIVE STRENGTH OF CEMENTED EVAPORATOR CONCENTRATES FROM 
BWR (SULPHATES): AFTER 28 DAYS CURING ( · ) ; AFTER A PERIOD 
(1 MONTH) OF IMMERSION IN WATER (*)■; AFTER A FURTHER PERIOD 
(7 DAYS) OF HEATING AT 110°C (■) 

O D D 

Unfilled polyester resin 



2 S 2 



□ D 

Filled polyester 

8 8 

1 1 

D 

resin 

o 

Waste/binder 

F i g . 5 COMPRESSIVE STRENGTH OF SAMPLES OF FILLED AND UNFILLED POLYESTER 
RESIN EMBEDDING BEAD ION  EXCHANGE RESINS; AFTER NORMAL CURING 
( o ) ; AFTER A PERIOD (1 MONTH) OF IMMERSION IN WATER ( ¿ ) ; AFTER A 
FURTHER PERIOD (7 DAYS) OF HEATING AT 110°C (□ ) . 
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T h e r e i s much s c a t t e r in t h e d a t a and some u n c e r t a i n t y i n t he r e s u l t s 
b u t i n g e n e r a l t h e s e , and o t h e r , r e s u l t s show t h a t t h e s t r a i n c a p a b i l i t y of 
t h e po lymer m o d i f i e d s y s t e m s r e m a i n s i g n i f i c a n t l y h i g h e r t h a n t h a t of 
u n m o d i f i e d OPC even a f t e r a d o s e of 30 MGy. The p o l y u r e t h a n e r e s i n 
m o d i f i e d s y s t e m r e m a i n s t h e b e s t s y s t e m f o r use w i t h d i m e n s i o n a l l y u n s t a b l e 
w a s t e s a s t h e s t r a i n b e a r i n g c a p a c i t y a f t e r 30 MGy i s s t i l l an o r d e r o f 
m a g n i t u d e h i g h e r t h a n t h a t o f t h e e p o x i d e r e s i n m o d i f i e d s y s t e m or t h e 
s t y r e n e - b u t a d i e n e m o d i f i e d s y s t e m , b u t i t p r e s e n t s f o r m i d a b l e p r o c e s s i n g 
p r o b l e m s . 

C o m p r e s s i o n s t r e n g t h s o f p o l y m e r m o d i f i e d c e m e n t s i n c r e a s e a s t h e 
i r r a d i a t i o n d o s e i n c r e a s e s , c o m p r e s s i o n s t r e n g t h o f t h e c o n t r o l s a l s o seems 
t o i n c r e a s e s l i g h t l y w i t h t i m e a t h i g h t e m p e r a t u r e e x c e p t f o r t h e 
p o l y u r e t h a n e m o d i f i e d s a m p l e s . I r r a d i a t i o n t o 30 MGy h a s o n l y a s m a l l 
e f f e c t on t h e c o m p r e s s i o n s t r e n g t h of u n m o d i f i e d OPC and b i t u m e n o r e p o x i d e 
r e s i n m o d i f i e d OPC. The c o m p r e s s i o n s t r e n g t h s o f t h e i r r a d i a t e d s a m p l e s o f 
t h e s t y r e n e - b u t a d i e n e and p o l y u r e t h a n e r e s i n m o d i f i e d OPC s y s t e m s a r e 
s u b s t a n t i a l l y h i g h e r t h a n f o r t h e e q u i v a l e n t c o n t r o l s . T h i s i n c r e a s e i n 
c o m p r e s s i o n s t r e n g t h i s p r o b a b l y d u e , a t l e a s t i n p a r t , t o i r r a d i a t i o n 
i n d u c e d c r o s s - l i n k i n g o f t h e p o l y m e r c o m p o n e n t . 

3 MECHANICAL AND THERMAL EFFECTS 

The u l t i m a t e o b j e c t i v e of m e c h a n i c a l and t h e r m a l t e s t i n g i s t o 
p r e d i c t t h e c o n s e q u e n c e s of c r e d i b l e a c c i d e n t s . T h i s i n c l u d e s p r o v i d i n g 
i n f o r m a t i o n a b o u t t h e c o n s e q u e n t h a n d l e a b i l i t y of t h e w a s t e f o r m , and a 
r a d i o n u c l i d e - r e l e a s e s o u r c e term f o r a s s e s s i n g t h e e f f e c t on t h e 
e n v i r o n m e n t . 

C o m p a r a t i v e s m a l l - s c a l e l a b o r a t o r y t e s t s h a v e b e e n c a r r i e d ou t on 
c e m e n t - b a s e d and p o l y m e r - b a s e d w a s t e fo rms a t ENEA C a s a c c i a , and f u l l -
s c a l e t e s t s t o g e t h e r w i t h l a b o r a t o r y s c a l e t e s t s h a v e b e e n c a r r i e d out on 
c e m e n t and b i t u m e n b a s e d w a s t e fo rms a t KfK K a r l s r u h e . 

3 .1 S m a l l - s c a l e T e s t s 

T a b l e A l i s t s t h e l a b o r a t o r y t e s t s used by ENEA, w h i c h a r e t y p i c a l of 
t e s t s used by l a b o r a t o r i e s f o r c h a r a c t e r i s i n g and c o m p a r i n g w a s t e fo rms 
d u r i n g t h e d e v e l o p m e n t s t a g e . They have two o b j e c t i v e s : t o e n s u r e t h a t t h e 
w a s t e form i s o f a c c e p t a b l e q u a l i t y ; and to g i v e an i n i t i a l a s s e s s m e n t of 
t h e e f f e c t s of a h a z a r d o u s e n v i r o n m e n t a l i m p a c t by i n d i c a t i n g t h e b e h a v i o u r 
o f w a s t e forms u n d e r d e g r a d a t i o n c o n d i t i o n s r a n g i n g from modes t t o 
s e v e r e ( 1 1 ) . T h u s , f o r e x a m p l e , t h e c o m p r e s s i v e s t r e n g t h i s e v a l u a t e d n o t 
o n l y a f t e r t h e n o r m a l c u r i n g , b u t a l s o a f t e r a p e r i o d of i m m e r s i o n in w a t e r 
and a f u r t h e r p e r i o d o f h e a t e x p o s u r e , F i g u r e s 4 and 5 . 

T e n s i l e , f l e x u r a l and c o m p r e s s i v e t e s t s a r e p e r f o r m e d in o r d e r to 
c h a r a c t e r i s e t h e w a s t e forms f u l l y . T h e s e d a t a a r e not used i n 
s p e c i f i c a t i o n s of w a s t e fo rms b u t can b e u s e f u l in c o m p a r i n g t h e q u a l i t y of 
p r o d u c t s . The b e h a v i o u r o f a w a s t e form d e p e n d s on t h e n a t u r e of t h e 
i n c o r p o r a t i n g m a t r i x . For e x a m p l e an i n c r e a s i n g load a p p l i e d t o cemen t 
p r o d u c t s c a u s e s c r a c k i n g f o l l o w e d by f r a g m e n t a t i o n , w h i l e po lymer p r o d u c t s 
a r e p r o g r e s s i v e l y , i r r e v e r s i b l y de fo rmed and a s c r a c k s a p p e a r t h e 
e n c a p s u l a t e d w a t e r f l o w s o u t . In b o t h c a s e s t h e c o m p r e s s i v e s t r e n g t h 
d e p e n d s on t h e w a s t e l o a d i n g , and f o r c e m e n t p r o d u c t s a l s o on t h e 
w a t e r / c e m e n t r a t i o and t h e c u r i n g t i m e . T h e s e d i f f e r e n c e s i n b e h a v i o u r c a n 
make t h e c o m p a r i s o n of w a s t e forms w i t h d i f f e r e n t m a t r i c e s d i f f i c u l t . 
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Table 4 Mechanical and Thermal Tests Employed at ENEA, Casaccia on 
Solidif ied Waste Forms 

T e s t 

C o m p r e s s i v e s t r e n g t h 

Drop t e s t 

T e n s i l e s t r e n g t h 

F l e x u r a l s t r e n g t h 

I m p a c t r e s i s t a n c e 

A b r a s i o n r e s i s t a n c e 

Hea t r e s i s t a n c e 

Fl ame t e s t 

Hea t d e f l e c t i o n t e m p e r a t u r e 

V i c a t s o f t e n i n g t e m p e r a t u r e 

B r i t t l e n e s s t e m p e r a t u r e 

F r e e z e - t h a w c y c l e s 

S t a n d a r d 

UNI 6132-727 

ASTM Cl 90-77 
ASTM D638-8U 

ASTM C348-80 
ASTM D790-80 

ASTM D256-81 

ASTM CI 31 -81 

ASTM D635-81 

ASTM D 6 4 8 - 7 2 ( 7 8 ) 

ASTM Dl 525 -76 

ASTM D746-79 

C o n c r e t e d 1 
Wa s t e s 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

J 
P o l y m e r i z e d 

P r o d u c t s 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

A range of t e s t s simulate accident condit ions. For mechanical impact 
there are the drop tes t and the impact t e s t . The drop tes t i s usually 
survived by p l a s t i c mate r ia l s , which rebound af ter the impact onto a 
t a rge t while cemented wastes often break. More important i s the impact 
t e s t , which i s carried out by means of a pendulum-type hammer mounted in a 
standardised machine. However the impact behaviour i s bet ter evaluated on 
fu l l - sca le samples (12). A f la t c i rcu lar end of a 3.2 cm diameter s tee l 
rod weighing 6 kg is dropped through the distance of 1 m; the sample must 
not break, crumble or sha t t e r . Abrasion res is tance can be measured (13) 
using the Los Angeles Abrasion Machine, which i s more commonly used for 
measuring the abrasion cha rac t e r i s t i c s of gravel . Normally a standard 
specimen is rotated up to 1000 revolutions in the machine with a charge of 
six standard s teel b a l l s . All cement pieces whose diameter are greater 
than one inch af ter the test are weighed and compared with the or ig inal 
sample and the r e s u l t s are expressed as weight loss per revolut ion. The 
reproducib i l i ty of t h i s tes t can be assured only for cemented waste forms. 

Thermal ef fec ts are assessed on the basis of the damage they cause to 
the final products, i . e . weight l o s s , progressive degradation, burning, and 
of changes in the mechanical proper t ies . The thermal tes t i s performed by 
heating at 800°C in a muffle furnace for 10 minutes; the sample should not 
melt , subline or i g n i t e . 
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Thermogravimetr ic a n a l y s i s (TGA) i s he lp fu l for i n t e r p r e t i n g the 
phenomena which take p lace dur ing hea t ing from room t empera ture to 1000°C. 
With cement produc ts the fol lowing main s teps a r e r e c o r d e d , Figure 6: 

25200°C : l o s s of so rbed , c a p i l l a r y and c r y s t a l l i s a t i o n wate r . 
200250°C : water removal from hydrated i ron oxide (FenO,. χ H?0 >■ 

F e 2 0 3 + xH 2 0) . 
350450°C : decomposi t ion of calcium hydroxide (Ca(0H)2 »■ CaO + HoO). 
500800°C : decomposi t ion of calcium ca rbona t e (CaCOj ■+ CaO + C 0 2 ) . 

Water i s removed a lso from polymerised w a s t e s , which are combusted t o 
gaseous p r o d u c t s , Figure 6, t y p i c a l l y a t l e s s than about 550°C for 
p o l y e s t e r r e s i n s . Fur ther phenomena a s s o c i a t e d with the presence of a 
f i l l e r can occur such as o x i d a t i o n with weight i n c r e a s e or decompos i t ion . 
In Figure 6 the weight i n c r e a s e i s due to o x i d a t i o n of i ron f i l l e r to i ron 
o x i d e . 

The f i r e t e s t i s more severe for organ ic compounds. These e x h i b i t a 
v a r i e t y of behaviour and can be c l a s s i f i e d as inf lammable , nonflammable, 
or s e l f  e x t i n g u i s h i n g . However, s e r i o u s damage can be suffered by cemented 
wastes as w e l l . Some crack ing with l o s s of mechanical i n t e g r i t y can o c c u r , 
f u r t h e r calcium oxide formed dur ing hea t ing can r é h y d r a t e to calcium 
hydroxide with d e l e t e r i o u s e f f e c t s . In some case s r e a c t i o n between waste 
and cement can occur and cause c o n f l a g r a t i o n of the waste form even when 
t he matr ix i s cement. Heat and f r o s t a f f e c t t he mechanical p r o p e r t i e s of 
a l l m a t e r i a l s . Various t e s t s have been designed for e v a l u a t i n g the 
behaviour of p l a s t i c s under well s t a n d a r d i s e d c o n d i t i o n s . The t empera ture 
a t which a f l a t  e n d e d needle of 1 mm c i r c u l a r c r o s s s e c t i o n w i l l p e n e t r a t e 
1 mm i n s i d e a sample with a s p e c i f i c load app l ied on i t i s c a l l e d Vicat 
s o f t e n i n g t e m p e r a t u r e . The heat d e f l e c t i o n t empera ture i s the one a t which 
a p l a s t i c bar of r e c t a n g u l a r c r o s s s e c t i o n d e f l e c t s 0.25 mm with a load 
a p p l i e d at i t s c e n t r e . The b r i t t l e n e s s t empera tu re i s the t empera ture 
below zero a t which 50% of ( a t l e a s t ) 10 s tandard specimens e x h i b i t b r i t t l e 
f a i l u r e under impact . 

Also very s i g n i f i c a n t i s f r eeze  thaw c y c l i n g , u s u a l l y between 40CC 
and +70°C with a r e l a t i v e humidi ty of more than 95%. The mois ture which 
p e n e t r a t e s i n s i d e m a t e r i a l s i n c r e a s e s in volume by f r e e z i n g , thus caus ing 
mechanical s t r e s s . Due to t h e i r phys i ca l n a t u r e , being l e s s porous and 
more e l a s t i c , p l a s t i c s a r e far more r e s i s t a n t than cements , for whose 
f a i l u r e a number of d i f f e r e n t t h e o r i e s have been formulated ( 1 4 ) . 

Tes t s of t he se types a t the l a b o r a t o r y s c a l e a re p o t e n t i a l l y use fu l 
because t hey show t h a t modifying the waste form, for example the a d d i t i o n 
of f i l l e r s , can help in improving some c h a r a c t e r i s t i c s , but c a r e should be 
taken in choosing f i l l e r s , because of the p o t e n t i a l d i s a d v a n t a g e s of 
d e g r a d a t i o n of o t h e r p r o p e r t i e s , an i nc r ea se of c o s t s , or a compl i ca t ion in 
the p r o c e s s . 

3.2 F u l l  s c a l e T e s t s 

Normally t r a n s p o r t of r a d i o a c t i v e waste packages i s r e g u l a t e d by the 
IAEA t r a n s p o r t r e g u l a t i o n s (12) which i n c l u d e s a c o n s i d e r a t i o n of impact 
and f i r e h a z a r d s . The presen t s t a t e of des ign of an underground r e p o s i t o r y 
in the FRG i n c l u d e s the p o s s i b i l i t y of the waste package being subjec ted to 
more severe impact than contemplated by the IAEA t r a n s p o r t r e g u l a t i o n s . 
Accordingly f u l l  s c a l e t e s t s have been c a r r i e d out a t KfK to a s s e s s the 
e f f e c t s of impact from l a r g e h e i g h t s on a c t i v i t y r e l e a s e from waste 
packages ( 8 , 1 5 ) . In a d d i t i o n f u l l  s c a l e f i r e t e s t s have been c a r r i e d 
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F i g . 6 TGA OF CEMENTED WASTE FORM (SULPHATE WASTE) AND POLYESTER WASTE 
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F i g . 7 SCHEME OF THE EXPERIMENTAL SET UP FOR THE COLLECTION OF AIRBORNE 
FINES FROM THE WASTE PACKAGE AFTER MECHANICAL IMPACT 
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out ( 8 , 1 5 ) . The waste form corresponded to RWF8, a cemented waste form 
c o n t a i n i n g evapo ra to r c o n c e n t r a t e s from r e p r o c e s s i n g of LWR-fuel e l emen t s , 
main component NaNO-i. 

3 .2 . 1 Mechanical Impact 

Mechanical impact of waste packages dur ing t he o p e r a t i o n a l phase of 
the underground r e p o s i t o r y in p r i n c i p l e could lead to r e l e a s e of s m a l l , 
contaminated p a r t i c l e s which are ap t to hecome d i s p e r s e d by t he v e n t i l a t i o n 
and thus c r e a t e an a i r b o r n e haza rd . To t h a t problem, up t i l l now, no 
q u a n t i t a t i v e i n v e s t i g a t i o n s with f u l l - s c a l e waste packages have been 
performed. T h e r e f o r e , exper iments were s t a r t e d with the aim of de te rmin ing 
q u a n t i t a t i v e l y the amount and the p a r t i c l e s i z e d i s t r i b u t i o n of the d u s t 
r e l e a s e d from packaged, i n a c t i v e , s i m u l a t e d , cemented waste form by 
mechanical impact . A poin t of s p e c i a l importance was t he d e t e r m i n a t i o n of 
the r e l e a s e of f i n e s with a p a r t i c l e s i ze < 10 μπι because the p a r t i c l e s 
could be inhaled and t hus c r e a t e i n t e r n a l r a d i a t i o n exposu re . 

The exper imenta l arrangement i s shown s c h e m a t i c a l l y in Figure 7 ( 8 ) . 
Drums were dropped from 65 m cor responding to a mechanical impact energy of 
3 χ 10 J . On impact drums were damaged and the l i d s came off . Sieve 
ana ly se s of t he r e l e a s e d m a t e r i a l showed a good r e p r o d u c i b i l i t y . The 
f r a c t i o n of the crushed m a t e r i a l c o l l e c t e d from the t a r g e t with a p a r t i c l e 
s i z e < 0.125 mm amounted to 518-608 g , the f r a c t i o n < 0.063 mm amounted to 
82-202 g. 

The f r a c t i o n of the m a t e r i a l with p a r t i c l e s i z e s < 10 μπι, c a r r i e d by 
a i r and c o l l e c t e d on the i n s t a l l e d micro f i l t e r u n i t s , amounted to < 1.0 g 
which i s equal to 10 to 10 of the t o t a l i n v e n t o r y . Hence, for a 
homogeneous p r o d u c t , the f r a c t i o n of r a d i o n u c l i d e r e l e a s e d cor responds a l so 
to 10 -10 of the i n v e n t o r y . Measurements using Tyndallometer equipment 
r e s u l t e d in the same orde r of magni tude . 

3 . 2 . 2 Fire Testing 

To determine the a c t i v i t y r e l e a s e from cemented waste forms c o n t a i n i n g 
NaNOj, l a b o r a t o r y exper iments with i n a c t i v e s imulated and t r a ce r ed samples 
a s well as exper iments with i n a c t i v e s imulated f u l l - s c a l e samples were 
performed. The s m a l l - s c a l e exper iments included Thermogravimetric and 
D i f f e r e n t i a l Thermal Analyses on i n a c t i v e m a t e r i a l s , and measurements of 
the t empera ture dependence of a c t i v i t y r e l e a s e from samples t r ace red with 

Cs, Sr , Ce and Co. T h i s , and o t h e r , work has shown t h a t the way 
a waste form behaves when exposed to f i r e depends on the p o s s i b l e 
was te -ma t r ix r e a c t i o n s as well as the i n t r i n s i c f l ammabi l i ty of the m a t r i x . 
By combining t h e r e s u l t s obta ined from d i f f e r e n t exper iments i t should be 
p o s s i b l e to cover a wide range of c o n d i t i o n s for which the a c t i v i t y r e l e a s e 
could be p r e d i c t e d . 

F u l l - s c a l e f i r e t e s t i n g has been c a r r i e d out on bitumen (RWF7) and 
cement (RWF8) waste forms. The r e s u l t s of the work on bitumen have been 
repor ted elsewhere (16) and only the work on cement i s r epor t ed in d e t a i l 
h e r e . Twohundred l i t r e s t e e l drums c o n t a i n i n g s imulated cemented waste 
forms were exposed to an o i l f i r e of 30-60 minutes d u r a t i o n at 800 °C flame 
t empe ra tu re . Several d i f f e r e n t t ypes of experiments were performed. 
F i r s t , the p r i n c i p a l behaviour of the waste packages in an o i l f i r e of 
about 40 minutes was t e s t e d by s u b j e c t i n g closed and open drums to the 
f i r e . After the t e s t , the weight l o s s of the package and the s t a t e of the 
waste forms were de te rmined . This showed t h a t a weight l o s s of only about 
10 kg occured , whether the s t e e l drum was open or c l o s e d . This i s equal to 
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10% of the t o t a l water c o n t e n t of the package . The l i d s e a l i n g of the 
closed drum leaked due to the i n t e r n a l p r e s s u r e b u i l d - u p when two to t h r e e 
b a r s were r e a c h e d . After the t e s t , the waste forms showed only a few 
r a d i a l c racks . 

In a second s e r i e s of expe r imen t s the d e t a i l e d t empera tu re p r o f i l e in 
the waste form was de te rmined . For t h i s purpose 30 thermocouples were 
i n c o r p o r a t e d in to the waste form so t h a t the time dependence of the 
tempera ture p r o f i l e from the o u t s i d e to t h e c e n t r e of the drum could be 
measured a t each of t h r e e l e v e l s , 1 , i and ì from the top s u r f a c e ( 8 ) . In 
a 40 minute o i l f i r e , a t the h i g h e s t l e v e l t h e maximum tempera ture achieved 
a t the drum su r f ace was about 550CC. A l a r g e t empera tu re g r a d i e n t 
developed and the tempera ture in t h e c e n t r e of the waste form reached a 
maximum of on ly 80°C. This maximum occurred 10 hours a f t e r the end of the 
f i r e . At t h e o t h e r measurement l e v e l s the tempera ture a t t h e drum s u r f a c e 
reached a maximum of 700°-800°C. These r e s u l t s i n d i c a t e d t h a t water i s 
r e l e a s e d only from t h e o u t e r p a r t s of the waste form and t h a t in the 
t empera tu re range which has to be cons ide red most of the water r e l e a s e d i s 
free pore w a t e r . 

The next s t a g e in the expe r imen ta l s e r i e s was the q u a n t i t a t i v e 
c o l l e c t i o n of the r e l e a s e d water using d i s t i l l a t i o n equipment to de t e rmine 
the time dependence of water r e l e a s e as well as the cumula t ive water 
r e l e a s e dur ing the t e s t . I n a c t i v e s imula ted waste forms (OPC, W/C = 0.35) 
c o n t a i n i n g 10 weight % NaNOo and 1 weight % CsNOn were used for these 
t e s t s . The c o l l e c t e d f r a c t i o n s of the condensa te were analysed for t h e i r 
Na and Cs c o n t e n t and the pH-value was measured. The r e s u l t s i n d i c a t e d a 
very s t r ong connec t ion between water r e l e a s e and Na/Cs r e l e a s e and suggest 
t h a t under t h e exper imenta l c o n d i t i o n s t h e obta ined Na/Cs r e l e a s e i s caused 
on ly through mechanical c a r r y - o v e r by evapora ted w a t e r . The t o t a l amount 
of t h e condensa te amounted to 9.8 1 , in good agreement with the weight l o s s 
of the f i r s t s e r i e s of e x p e r i m e n t s , and the pH-value of a l l condensate 
f r a c t i o n s was uniformly 9 . 5 . 

From the a n a l y s e s of condensa te f r a c t i o n s a cumula t ive Cs r e l e a s e of 
37 mg and a cumula t ive N a - r e l e a s e of 120 mg was c a l c u l a t e d . As the t o t a l 
Cs c o n t e n t in the waste form i s 2,727 g and the Na c o n t e n t 9,700 g, the Cs 
and Na r e l e a s e amounts to about 0.01 p a r t s per thousand of the 
Na/Cs c o n t e n t . The Na/Cs r a t i o of 3.2 in the condensa te co r re sponds ve ry 
well with the Na/Cs r a t i o of 3.6 in the waste form. 

Based on these r e s u l t s and because of the low t e m p e r a t u r e s a r i s i n g in 
the waste form dur ing t h e exper iments the Na/Cs r e l e a s e i s caused only by 
the water r e l e a s e . C l e a r l y , i f t r i t i a t e d w a t e r . i s a l s o p r e s e n t t h i s too 
would be r e l e a s e d in p ropor t i on to the f r a c t i o n of water r e l e a s e d . 

The r e s u l t s of the expe r imen t s g i v e a c l e a r i n d i c a t i o n t h a t any 
a c t i v i t y r e l e a s e from cemented waste forms under thermal impact i s ve ry 
low. 

4 FURTHER HORK 

Over t h e l a s t f ive yea r s c o n s i d e r a b l e p rog re s s has been made through 
t h e s e , and o the r European programmes, in unde r s t and ing the s i g n i f i c a n c e of 
seve re mechanical impacts and f i r e s on f u l l - s c a l e , drummed, waste forms; on 
the r e l e v a n c e and u s e f u l n e s s of the v a r i o u s s m a l l - s c a l e l a b o r a t o r y t e s t s ; 
and on the e f f e c t s of r a d i a t i o n . 

Of the t h r e e a s p e c t s cons idered in t h i s pape r , i . e . r a d i a t i o n , thermal 
and m e c h a n i c a l , t h e r a d i a t i o n damage problem d i f f e r s from t h e o t h e r s in 
t h a t i t i s a ve ry long- te rm p r o c e s s . Although s h o r t - t e r m , h igh dose r a t e , 
a c c e l e r a t e d t e s t s can prov ide much usefu l i n f o r m a t i o n , t h e r e i s a r e a l need 
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FIG. 8. FLOW DIAGRAM OF IRRADIATION PROGRAMME 
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f o r t h e d e v e l o p m e n t o f an u n d e r s t a n d i n g , a d e q u a t e t o e n a b l e l o n g - t e r m , l ow 
d o s e r a t e e f f e c t s t o be p r e d i c t e d w i t h c o n f i d e n c e . Of n e c e s s i t y t h e 
r a d i a t i o n damage programme h a s t o be i t e r a t i v e a s shown in F i g u r e 8 w h i c h 
o u t l i n e s a f l o w d i a g r a m f o r t h e p r o g r a m m e . Most of t h e a c t i v i t i e s i n t h e 
programme h a v e been a c c o m p l i s h e d to some e x t e n t f o r b i t u m e n i s a t e s b u t f o r 
c e m e n t s , t h e r m o s e t s and p o l y m e r m o d i f i e d c e m e n t s t h e programme h a s o n l y 
r e a c h e d l e v e l 3 o r 4 and t h e r e a r e d e f i c i e n c i e s i n t h e t h e o r e t i c a l 
m o d e l l i n g . More s p e c i f i c a l l y t h e work t o d a t e h a s a l s o shown some 
a n o m a l i e s and u n e x p l a i n e d p h e n o m e n a , s u c h a s a n o m a l o u s s w e l l i n g b e h a v i o u r 
of some b i t u m e n i s a t e s ; d i s i n t e g r a t i o n of a c e m e n t e d b o r a t e w a s t e f o r m ; and 
e x u d a t i o n of w a s t e from a p o l y e s t e r w a s t e f o r m . F u r t h e r work i s n e e d e d to 
e x p l a i n t h e s e phenomena and t o c o m p l e t e t h e programme o u t l i n e d i n F i g u r e 8 
f o r i m p o r t a n t w a s t e f o r m s . 

The K a r l s r u h e f u l l - s c a l e t e s t s h a v e shown t h a t a c t i v i t y r e l e a s e from 
s i n g l e d rums o f c e m e n t e d w a s t e u n d e r v e r y s e v e r e d r o p i m p a c t c o n d i t i o n s i s 
s m a l l . F u t u r e p l a n s e n v i s a g e s e v e r a l d rums b e i n g c o n t a i n e d in more r o b u s t 
c o n t a i n e r s and t h e r e f o r e t h a t a c t i v i t y r e l e a s e w i l l be e v e n l o w e r i n 
p r a c t i c e . C o n s e q u e n t l y , KfK r e g a r d t h e f u l l - s c a l e d r o p t e s t i n g a s b e i n g 
v i r t u a l l y c o m p l e t e d . On a more g e n e r a l n o t e , h o w e v e r , t h e v a r i o u s w a s t e 
t r e a t m e n t and d i s p o s a l o r g a n i s a t i o n s i n Europe h a v e t o c o n s i d e r t h e 
c o n s e q u e n c e s o f a c c i d e n t s i n v o l v i n g f i r e a n d / o r m e c h a n i c a l i m p a c t , and 
f u l L - s c a l e t e s t s wh ich r e p r e s e n t s u c h a c c i d e n t s a r e g o i n g to form an 
i m p o r t a n t a s p e c t o f t h e i r p r o g r a m m e s . The t e c h n i q u e s and d a t a d e v e l o p e d by 
KfK a r e c l e a r l y o f h e l p i n t h i s r e s p e c t . 

As f a r a s l a b o r a t o r y - s c a l e t e s t i n g i s c o n c e r n e d , new w a s t e fo rms a r e 
b e i n g d e v e l o p e d a s a d d i t i o n a l w a s t e s t r e a m s a r e c o n s i d e r e d . C o n t i n u e d 
l a b o r a t o r y s c a l e t e s t i n g , e m p l o y i n g t e c h n i q u e s of t h e t y p e used a t 
C a s a c c i a , i s i m p o r t a n t i n c h o o s i n g t h e most a p p r o p r i a t e m a t r i x and 
a s s e s s i n g t h e p r o p e r t i e s o f t h e w a s t e form p r i o r t o e m b a r k i n g on more 
e x p e n s i v e f u l l - s c a l e t e s t s . T h e r e i s a need h e r e t o o f o r t he d e v e l o p m e n t 
o f t h e o r e t i c a l m o d e l l i n g t e c h n i q u e s t o r e l a t e t h e l a b o r a t o r y - s c a l e t e s t s t o 
p o t e n t i a l f u l l - s c a l e i n c i d e n t s . 
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DISCUSSION 

T. MARZULLO, ENEL Roma 

Is there any technical reason why cylindrical drums are preferred to cubic 
containers, although the latter would be less space consuming in the 
repository? 

R. KOSTER, KfK Karlsruhe 

The dropping tests at scale 1:1 with 200 1 cylindrical drums obtained 
different results in dust evolution and Cs-release depending on whether 
the drum fell on its front or its side or on the edge. Based on this, a 
geometry effect on the activity release can be derived leading to a re
lease increase in case of cubic containers of approximately one order of 
magnitude. 

M. VANDORFE, Belgonuclëaire Brussels 

Has the test programme also included fire tests with thermosetting resins 
or polymer modified cements? 

P.C. PHILLIPS, AERE Harwell 

The fire tests carried out at KFK were restricted to cement and bitumen, 
but outside^this programme fire tests have been conducted also with poly
mer resins 

B. VERKERK, ECN Petten 

There was one cemented waste form which desintegrated under irradiation. 
Did it contain borate solution and, if so, is it possible that boron gives 
rise to a /n-reaction? 

P.C. PHILLIPS, AERE Harwell 

It was not necessarily the boron which caused desintegration. It should be 
remembered that as borate retards the cement setting it is necessary to 
use an accelerator. We experienced similar effects of accelerators with 
other waste forms, outside this programme. This suggests that we have to 
investigate accelerator reactions more thoroughly. 

* See report EUR 7415 FR 



THE CHALLENGE OF QUALITY ASSURANCE 

R. SIMON, Commission of the European Communities, Brussels 
M.S.T. PRICE, Atomic Energy Establishment, Winfrith 
W. KRISCHER, Commission of the European Communities, Brussels 

Summary 

The safe terminal containment of hazardous wastes cannot onlv relv 
upon the geographic remoteness and the arid climates of the reposi
tory sites. Radioactive and permanently toxic chemical wastes must be 
prevented from returning to the human environment by natural and 
engineered barriers. The longterm integrity of these barriers and 
the safety of waste emplacement operation will be controlled by 
systematic actions under the common obiective of Quality Assurance 
(QA). 
The following paper presents the aims of QA in the design and produc
tion of waste packages. Tt lists the most relevant acceptance 
criteria and regulatory requirements, investigates the institutional 
and technical problems of carrying out Quality Assurance and presents 
suggestions for establishing suitable organisational structures and 
technical programmes to provide adequate confidence in the safe 
nature and the performance of waste packages. In view of the techni
cal difficulties of verifying the compliance of industrially produced 
waste forms with the acceptance criteria, the CEC has laid emphasis 
on the development of appropriate test methods in its last R&D 
programme. First results of the work are reviewed in the context of 
international progress in this field. 

1. Introduction 
There are several senses in which the word 'quality' can be em

ployed. The term Quality Assurance (QA) as used in this paper comprises 
all planned or systematic actions necessary to provide adequate confidence 
that a structure, system or component will perform satisfactorily in 
service. Within this context therefore the term is used to denote 'fitness 
for purpose'. 

Quality Control is a part of Quality Assurance; it refers to those 
actions related to the physical characterization or the chemical nature of 
a finished product which provide a means to control its quality to prede
termined standards. 

2. Quality Assurance in Management and Disposal of Radioactive Waste 
The purpose of disposing radioactive waste by such elaborate means 

as discussed at this conference is to protect mankind from the effects of 
radioactivity. The materials and components of waste isolation systems 
must therefore perform their albeit static task for long periods of time 
ranging from hundreds to thousands of years, depending upon the radioac
tive decay characteristics and toxicity of the particular radionuclides. 
It should also be borne in mind, that geological repositories, after an 
operational period of construction and filling, will be sealed definitely. 
Therefore any component failure will be irreparable ετά all releases of 
radioactivity to the human environment will be irreversible. 
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It is necessary therefore not only to provide highly redundant 
safety features, but also to assure, that they are faithfully implemented 
in design, construction and operation of the real disposal facility. In 
the sense of providing a product, which is fit for its purpose, the 
requirement of quality management for radioactive waste disposal systems 
is no different from that for any other product such as household appli
ance, a motor car or a control rod drive for a reactor. In fact the long 
time scales involved and the irreparable nature of a geological repository 
for radioactive waste provide a much stronger argument for QA than in the 
case of consumer goods. Regrettably, however, it is not always recognized, 
that these same arguments must also be applied to the management of other 
(non-decaying) toxic or otherwise harmful substances as well as to other 
human activities which can damage the human environment permanently e.g. 
mining, regulating rivers or deforestation. 

3. The Multibarrier System 
With the possible exception of low level waste, all categories of 

radioactive waste will eventually be disposed in a solid, stable form 
which will generally be monolithic i.e. free-standing. 

The combination of primary container and the waste form, which can 
be termed the package, acts as the first series of barriers against 
radionuclide release. 

In addition further engineered barriers, the backfill and the liner 
of the cavern, as well as, for the case of an underground repository, a 
formidable geological barrier will constitute successive lines of defence 
for the protection of the human environment. 

The nature and number of engineered barriers designed around the 
waste package varies in the different concepts. The requirement for 
Quality Assurance extends to all engineered barriers and, to some extent, 
to the choice and layout of the geological barrier. Although most reposi
tories are still at the conceptual stage, radioactive waste is accumulat
ing. It has therefore become rather urgent to define specifications for 
waste packages which will be acceptable for the future disposal facili
ties . 

This paper concentrates on the waste package, which is a main 
component of the 'near-field' part in the multibarrier disposal system. 

A. Waste Acceptance Criteria 
Waste acceptance criteria are those technical requirements which 

will have to be met by a waste package to qualify for final disposal in a 
repository. They will be drawn up by the licensing authority or the agency 
responsible for the disposal facility and constitute the basis for the 
producers specification of the waste. Compliance with the waste acceptance 
criteria is the primary objective of QA. 

Waste acceptance criteria will be defined for each of the major waste 
categories. Criteria presently found in the literature are established for 
particular facilities or repository projects. In this section only a few 
more or less common criteria are quoted to discuss the aims and means of 
QA. 

The first general requirement for each waste package is that it can 
be clearly assigned to one of the authorized waste categories. Waste 
categories are distinguished primarily by the level of radioactivity. 

Overall radioactivity cannot however be directly related to hazard 
and therefore most often separate alpha and beta/gamma limits are defined, 
or a derived parameter such as radiotoxicity is applied. 
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In the US, extensive lists of radionuclides figure in the classifi
cation criteria. 
For comparison of some national criteria, only limits of alphaacti
vity are listed in Table I. 

Table 1: Segregation Criteria: Solid Waste Categories 
and Disposal Routes 

Country 

F
 l 

U K
2 

D
 3 

USA
 A
'
5 

 Activity limits for 
.01 0.1 1 

1 

I 
Shallow land 
burial 

LLW 

Shallow trench 
burial (Drigg) 

II 
? 

conditioned waste (Ci/t) 
10 100 1000 

III 
deep repository 

ILW HLW 
no heat 

Trench removal deep repository 
or mine after 

** ** Λ* ** 

Cat.l Cat. 2 «waste HLW 

Mines: Konrad, Asse deep repository: Gorleben 
A, B C 

intruder 
Land disposal 

TRU HLW 

deep repository (WIPP for defence w.) 

> 0,5 Ci/t : Trench disposal only as exception 
Classification by origin, activity and matrix. 

A second major condition for disposal of waste packages is, that all 
mechanisms leading to a breach of the other isolation barriers must be 
excluded. Such a general rule has to be made applicable by formulating 
specific criteria on the composition of the waste. Table II lists the 
most common restrictions on waste constituents. 
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Table II : Criteria Protecting the Barrier System against Damaging 

Effects Originating in the Waste 

Hazardous 
Component 
Effect 

Explosives 
Compressed 
gas 

Pyrophoric 
substances 

Flammable 
material 

Corrosive 

Gas release 

Swelling 

trenches 

free 
liquid 

a) Required precaution or 
b) Limitation (example) 

a) Complete exclusion 

a) transformation to inert form 

b) in cement waste form: 
< 25 vol% organics 

a) complete neutralization 
corrosion protected container 
(for sludges) 

a) overall organic content: 
< 220 kg/m3 waste (5) 

or 
b) gas release: < 10 M/ 3 5 

IT. 

< 0,3 cm /g 

a) allow void in package for 
expansion 

b) in bitumen: .. 
< 20 vol% water induced ( (RFS) 
< 10 vol% radiolysis K ' (RFS) 

a) add twice water volume of 
absorbent 

b) interstitial water < 4 vol% 

Relevant 
disposal route, 
phase 

all repositories 

all repositories 

mainly shallow 
land burial and 
preclosure phase 

storage + 
retrievable 
emplacement 

less stringent 
in porous 
host rock 

hard rock 
cavities 
and 
concrete 

saline 
host 
rock 

The third, but very important group of criteria aims at minimizing 
the release of radionuclides from the waste package. So far attention and 
research effort has largely focused on release in aqueous media, but the 
less complex airborne dispersion must not be neglected in defining 
acceptance criteria. Examples of criteria related to nuclide release are 
given in Table III. 

The criteria and quantitative limits are only presented here to 
illustrate the nature and sensitivity of tests required to prove 
compliance with the criteria. 
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Table III: Example of Quantitative Criteria Related to Nuclide Release 

Requirement 

Release limit 

Absence of 
chelating 
agents 

Indispersible 
(monolithic) 

*** 
waste form 

Example of Limitation 

France/Cat. I : Leach rate : 5x10 cm/d 
: 5xl0"5 C m / d 

US/Cat. A+B v ' : Leaching index LI < 6 
US/HLW ( 6 ) : Annual release fraction < 10~5 

US/HLW ( 5 ) : Criteria discounted for WIPP 

(4) 
US/LLW : < 0.1% chelating agents in waste 

US/WIPP ( ' : < 1 wt % particles below 10 u 

< 15 wt % particles below 200 u 

ANS 16.1 leach test 
10 CFR 60: 1/100000 of each nuclide present 1000 yrs after emplacement 
for low level solid wastes, this requirement can be accepted, if high 
integrity containers are used. 

The fourth important set of prescriptions concerns the mechanical 
strength and resistance of waste packages. These criteria will primarily 
cover transport and handling requirements, i.e. that a package must 
retain its integrity after a drop test and that it must support a com
pressive load when stacked in storage. Whether a high compressive 
strength is required in a sealed geological repository, depends upon the 
concept and the characteristics of the host formation. Whereas high 
level glass packages must resist the lithostatic pressure in all known 
concepts, low and medium level waste packages must only remain incom
pressible in hard rock formations and shallow land burial, where subsi
dence may create water pathways into and out of the waste. In plastic 
host formations like salt and clay, fracturing of the waste package will 
not lead to a breach of the geological barrier. 

There are, however, two further reasons for requiring mechanical 
strength of waste packages. Firstly, to discourage human intrusion and 
secondly to keep the waste retrievable at least for a few decades. 

Finally, some of the most elementary and well known waste package 
criteria concern the safety and the practical implementation of trans
port, handling and storage operations: 

- surface dose rates 
- surface contamination levels 
- exclusion of toxic substances 
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as w e l l a s : 
 provision of slinging or lifting accessories 
 maximum size and weight 
 correct colourcoding and labelling 
 comprehensive and meaningful handover documents. 
This last point, the papers that certify the origin and nature of 

the waste as well as work tests, the treatment processes and the licenses 
of the producer must be the main evidence on which waste packages will be 
admitted to a repository. 

The long list of criteria compiled from regulatory or preregulatory 
literature probably contains all the important plus a few trivial require
ments for making waste packages safe and compatible with most land dis
posal routes. 

In all but a few cases the question remains, as to how to assure, 
that these conditions are satisfied. Although compliance with the 
criteria can, in most cases, be controlled during the management and 
treatment phase, checking the contents of the waste in a sealed waste 
package by nondestructive methods will be a very difficult task. 

To render quality checking for alphawaste possible a further series 
of new criteria is suggested, e.g.: 

 waste packages as delivered should be cylindrical and not exceed 
dimensions permitting alpha assaying and other NDT methods 

 wherever practicable, waste packages should allow visual inspec
tion of waste. 

5. Statutory Requirements and Regulatory Guidance 
A comprehensive and well known example of regulatory requirements 

covering QA in nuclear energy is contained in Appendix Β of the US Code of 
Federal Regulations 10 CFR 50. Most of the 18 criteria listed therein 
apply to the production of radioactive waste packages. In essence the 
producer should be responsible for establishing and executing a clearly 
defined QA programme. This programme will, inter alia, cover control of 
design, procurement, operating procedures, processes, tests, test equip
ment and records. Although 10 CFR 50 does not specify the role of regula
tory authorities it must be anticipated that they will be involved in 
periodic audits. 

In the Federal Republic of Germany and in the UK, QA requirements 
for the nuclear sector have been established in the KTArule 1401 and the 
BS 5882L980 respectively. The latter is compatible with the IAEA Code of 
Practice for Quality Assurance 50CQA and is based on a draft standard of 
the ISO on QA principles (DIS 6215). 

The specific application of QA principles to Radioactive Waste 
Management has only recently become a subject of regulations and official 
guidelines. A very comprehensive detailed example is the set of guide
lines and requirements drafted for WIPP Waste Package Qualification and 
QA. 

The UK Dept. of Environment and the French Ministry _of.Industry and 
Research have distributed instructions to waste processes , 

The licensing authority, a government department, will control the 
application of Quality Assurance in the following ways (Fig. 1): Initially 
by making the license i.e. STET to operate the waste processing plant 
conditioned of a satisfactory Quality Assurance Programme and Organisa
tion. The actua] examination of the programme will normally be carried 
out by an official inspectorate like the Nil in Britain, the TUV in 
Germany or the Service Central de Sûreté des Installations Nucléaires in 
France' (SCSIN) . 
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During the operation of the waste conditioning facility, the licens
ing department will be informed of the occurrence of waste packages not 
conforming to the criteria as well as the nature of the non-compliance. 

Finally the licensing authority or the competent inspectorate will 
supervise the testing and inspection procedures to be carried out on 
representative samples of waste packages. 

Tn addition to these checks, which are performed by the waste 
processors own QA department, verification tests could be made in indepen
dent laboratories commissioned by the licensing authority or the agency in 
charge of waste disposal. 

The latter organisation will, in any case, examine not only the 
documents certifying the quality of the waste packages, but will also 
check the containers for dose rate, contamination and signs of damage. 
Random checks of radionuclide content will also be carried out upon 
reception at the disposal facility. 

6. Important Elements of a Quality Assurance Programme 

6.1. The Concept of Total Quality Assurance 
The need for Quality Assurance has many origins and derives from 

consideration of features such as service conditions, implications of 
premature failure as well as investigative reasons following abnormal 
events. With simple manufactured items it is often quite adequate to rely 
on post-manufacture (or output) controls to assure the quality of the 
product. But as processes and products become more complex the required 
range of output controls needs to be increased. The cost and difficulty 
of carrying them out can then become important considerations. Where 
quality has to be assured over an extended time-span, the response time 
for an output control system can be very protracted, unless reliable 
accelerated tests are available. 

There are obvious difficulties in carrying out post-manufacture 
controls when radioactive waste has been immobilised in a matrix such as 
cement. First, any operation involving the preparation of samples by 
destructive techniques, such as trepanning, will require remotely con
trolled operations carried out within a shielded cell. Secondly, the 
waste is at that stage in its final form for disposal and remedial or 
corrective action, although possible, is difficult. Thirdly, as has been 
touched upon above, any field trials such as leaching or lysimeter tests 
will take a significant time to carry out, posing a problem of what to do 
with the production line during the period it takes to carry out the field 
trials. 

A complex radioactive waste immobilisation process with the need for 
comprehensive safeguards necessitates an alternative approach in which the 
input parameters of the process are controlled and monitored and these 
results are then complemented with a certain level of output control 
(Fig. 2). This is another way of defining the concept of 'Total Quality 
Assurance' in which a picture of quality is built up from a compilation of 
data throughout all stages of the manufacturing process from raw materials 
to the finished product. 

The availability of modern computerised systems to operate and check 
the performance of processes and accumulate a data base on a particular 
batch or package is a powerful aid to Total Quality Assurance. The object 
is then to evaluate whether, as a result of all the data collected, it is 
reasonable to assume that the product is not significantly different from 
previous batches/packages of product. 
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6.2. Documentation and Records 
It will be necessary to document all the important phases of a waste 

manufacturing campaign from initiation of the project, through process 
design, formulation of manufacturing specifications, materials processing, 
packaging, quality control and acceptance/rejection procedures. 

All Quality Assurance documents need to be controlled by written 
procedures which should cover aspects such as document approval, document 
revision and distribution. The overall approach should be embodied in a 
Quality Assurance Plan which sets out the specific quality practices to be 
employed. 

6.3. Organisation 
Within the organisation of the waste producer the Quality Assurance 

functions are three-fold: 
- establishment and execution of an appropriate QA plan, 
- identification of quality problems, 
- verification that the QA plan is being compiled with correctly. 
These duties can run counter to the functions of the production 

staff who, although responsible for product quality have other constraints 
imposed by cost, resources and programme requirements, to ensure that the 
persons carrying out QA have adequate authority and organisational freedom 
from possible pressures from the production staff. 

6.A. Product Evaluation or Qualification 
The logic of Total Quality Assurance and the long timescales requir

ed to assess the quality of the finished product imply that an extensive 
product evaluation or qualification programme will have to be carried out 
before any waste is sent for disposal. For a land burial site the concept 
will be simplified if a disposal model involving 'near field' and 'far 
field' effects is used. The objective of the product evaluation programme 
is then to show by modelling and experiment that the product complies with 
the near-field requirement. 

Results of the EC product evaluation and characterization studies 
were presented earlier in this session. With wastes containing radio
nuclides with relative short half-lives (for example up to Cs-137) it is 
possible to consider relying on a metallic containment barrier. Such an 
approach orients the qualification programme towards assessment of con
tainment particularly high integrity container corrosion behaviour during 
both storage and disposal for periods up to 10 half-lives, say 300 years. 

The assessment of wastes containing longer half-life materials can 
also benefit from initial containment in a metallic drum. To model beha
viour beyond that time it will be necessary to evaluate the solubility and 
leaching behaviour of the radioactive waste in its matrix. Land disposal 
sites are likely to have been chosen to comply with a variety of technical 
criteria including low water flow rate. Evaluation of radionuclide migra
tion is therefore frequently based on nuclide solubility in a static 
environment consisting of natural wastes or brines, the waste form and the 
barrier materials. 

It will also be necessary to evaluate the irradiation behaviour of 
the consolidated waste. Accelerated tests reported in this session have 
shown that for most of the common low and medium active waste forms, 
radiation damage will only become a critical item for exceedingly high 
dose rates. The product evaluation results will need to be used in a 
radionuclide transport model to demonstrate to the regulatory authority 
that the fatal risk to human beings at any time in the future is 
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adequately low. These risk levels are likely to be ca. 10" /year, signifi
cantly lower than for the majority of other human activities affecting the 
safety of human beings. 

6.5. Control of Test Equipment 
Measurements and tests play a crucial role in the application of 

Total Quality Assurance. The methods and equipment selected to control 
the quality must therefore be evacuated carefully when qualifying the 
process. Their use and characteristics must be identified in the QA 
plan. 

The QA plan will also specify procedures for calibration, adjust
ment and periodic recalibration. 

In the EC research programme, work has so far concentrated on two 
important items: 

Firstly to evaluate the available methods of assaying alpha-acti
vity in solid waste. The present status of an inter-laboratory test 
campaign on identical reference waste containers has been reported 
earlier at this conference by Monsieur Bosser. 

A second action consistent of developing a versatile leach test -
ACL Autoclave Leach Test - for HLW specimens and carrying out a 'Round 
Robin Test' to determine the accuracy and reproducibility of such a test 
by using strictly identical specimens, leaching apparatus and test 
procedures. The tests were carried out by 12 laboratories in nine 
different countries. 

Fig. 3 shows, that reasonably steady results of matrix corrosion 
under static conditions can already be measured after 28 days, which is 
quite appropriate for Quality Control. 

Fig. 4 compares the results of elemental measurements: whereas the 
reproducibility limits and inter-lab standard deviation remained in 
single figure percentages for glassformer (Si, B) and Cs divergence in 
the analysis of Sr and Nd reached 50%: concentrations of these elements 
in the leachate were too close to detection limits to allow any high 
precision. 

The new (1985-89) EC research programme has given high priority to 
QA-related research. In the field of testing, some of the intended 
actions are: 

- application of the autoclave leach test to active specimens, 
- development of standard tests for radiation damage and 
radiolysis , 

- improvement of alpha-assaying techniques for conditioned waste, 
- evaluation of tomographic inspection methods, 
- establishment of model product testing procedures and test 
protocols, 

- demonstration and evaluation of an operative QA programme on LLW 
and MLW conditioning plants. 

6.6. Quality Control 
Quality Control is the operational arm of QA. It includes those 

actions related to physical and chemical characteristics which provide a 
means to control quality to predetermined standards. It follows from the 
concept of Total Quality Assurance, stated earlier, that quality controls 
are applied at all stages of the process. Process controls are insti
tuted as an aid to the satisfactory operation of the process; those which 
relate to quality become part of the set of quality controls. 
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For a radioactive waste immobilisation process, such as cementation, 
the controls fall into three categories: 

- purchasing controls 
- quality-related controls during processing 
- output controls. 

Purchasing Controls 
The scope of QA must inevitably include control of the purchase of 

raw materials. In the case of a cemented waste in a high integrity drum 
this calls for control of the supplv of: 

- drums and lids 
. material specification(s) 
. manufacturing specification(s) 
. number of drums 
. sampling and testing to assess compliance with specification 

It is also necessary to ensure that the raw materials arrive at the 
processing site in a satisfactory state and that they are correctly 
received and stored. As an example, if the strategy involves radioactive 
decay of the waste in a high integrity drum for, say 300 years, special 
care must be taken to avoid damage to the drum before use. 

Quality-Related Controls 
Processes for the immobilisation of radioactive waste will be 

operated as a series of stages at each of which it will be necessary to 
carry out a range of checks to confirm that the process is proceeding 
satisfactorily. Some of these checks are related to the ability to 
operate subsequent stages of the process (e.g. availability of raw mate
rials) and are not related to the achievement of quality. However, other 
checks are quality-related and information on these becomes part of the 
data base. Modern computer-assisted control techniques can be used to 
operate the processess and check or log the quality-related information. 

The quality-related controls can be considered under the following 
headings: 

(i) process preliminaries 
(ii) quality-related controls of the process 
(iii) output control checks. 

Process Preliminaries 
For the cementation process cited earlier the process 
preliminaries might include checks on: 
- drum identification 
- cleanliness (radioactive contamination level) of plant 

correct functioning of weighing apparatus 
- water temperature 
- availability of sufficient raw materials to complete 

the process 
availability of all equipment needed to complete the 
process. 

Quality-Related Controls of the Process 
The most important controls on waste immobilization proces
ses are those on nuclide inventory and chemical composition. 
Radiochemical and chemical analysis of the raw waste will 
determine : 

the amount of waste to be immobilized per package 
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the pretreatment requirements (setting additives, 
pH-adjustment, 

- the operating conditions (dosing rate, mixing 
time, temperature) and pro\'ide essential certification 
data such as nuclide specific 
inventory and the concentrations of organics ard 
chelating agents. 
If pretreatmentis carried out, a further analysis will 

control the operating parameters of the immobilisation 
process itself. In addition to these chemical analyses, 
controls on homogeneity, viscosity, petting characteristics 
as well as DTA will be applied or specimens. 

The controls available at reasonable cost in a remotely 
operated process such as cementation will inevitably be very 
simple and should preferably be non-intrusive or at least 
non-destructive. There will be considerable reliance on 
simple techniques, such as weighing, to provide the initial 
weight of drum (and paddle if a lost paddle mixing syptem is 
being used, as well as the individual weights of cementi-
tious ingredients, water, waste and the total weight. 

It is important to have early warning of any qualitv 
malfunction so that remedial action can be initiated. Work 
at AEE-Winfrith, during the latter part of the first EC 
programme has been aimed particularly at the early stages of 
processing and has concentrated on the measurement of 
electrical impedance and torque. 

The measurement of the torque applied to the paddle in a 
lost paddle mixer can provide useful evidence that the 
process is being operated normally. Different paddles show 
different torque/time behaviour and varying the rate of 
addition of the cement produces a different torque/time 
'signature' (See Figure 5). 

Methods of detecting 'set' of a cemented waste are 
available but difficult to apply. A penetrometer technique 
could be adopted in seme circumstances e.g. if the process 
permits the lidding operation to be carried out at a later 
stage. Another possibility is to measure the electrical 
impedance of the mix using a simple probe at a frequency of 
1 KHz. The impedance/time curve exhibits a characteristic 
form as shown in Figure 3. An advantage of this test is that 
it can be applied from the commencement of mixing or grout
ing. A disadvantage in the case of a mixing process is that 
it will require the insertion of the probe after completion 
of the mixing stage. An acoustic (pulse velocity) technique 
could possibly be used to monitor" setting but there is 
difficulty in locating the probes on the outside of the 
drum. 

Output Quality Control Checks 
In order to be meaningful, Output Quality Control should be carried 

out in two phases: 
- before closing the primary container to verify setting, absence of 

free liquid, absence of surface cracks, gas generation and filling 
level. All this can be done remotely. 

- the second part of the output checks will take place after sealing 
the package. These inspection checks will include: 
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. drum identification 

. surface contamination check 

. surface dose rate check 

. overall weight 

. summation of data covering purchasing controls and quality-
related controls of the process. 

It must be anticipated that from time to time the regulatory autho
rity will wish to take a sample of process output for more detailed 
examination at a national QA laboratory or consultant's facility. Verifi
cation by the operator of the disposal facility is an alternative. The 
destructive and non-destructive tests which will be applied are likely to 
include: 

- verification of actinide contents and fission product activity 
- radiography or tomography (i.e. spatial distribution/homogeneity 
by high energy X-ray or linear accelerator) 

- solubility of radionuclides (static equilibrium tests) 
- leaching behaviour (although in low flow rate conditions, this 
will mainly relate to solubility) 

- mechanical properties 
- irradiation behaviour. 
Such tests will be expensive and may force producers to set up 

similar facilities. 

6.7. Quality Audits 
In any major Quality Assurance programme an audit procedure is 

required. Because the disposal of radioactive waste concerns the liability 
of the waste producer to the public and because of the long timescales 
involved, the audit function is properly placed under the cortrol of the 
Regulatory Authority. Quality Audit is then defined simply as an indepen
dent verification of quality. A typical arrangement of regulatory autho
rity, waste producer and disposal organisation is illustrated in Figure 6. 
This figure indicates that the audit function of the Regulatory Authority 
may be remitted to other organisations such as a national QA laboratory or 
to an independent consultant firm. Audits will have to be continued 
throughout the operational lifetime of the plant. In practice the type of 
audit will range widely from simple scrutiny of process control records 
and quality control data in relation to the written specifications re
ferred to earlier, all the way to independent assessment of product 
quality e.g. by destructive trepanning of the product. 

Public anxieties and political pressures, might induce regulatory 
authorities to adopt an excessively rigorous approach to quality assu
rance. On the other side, waste producers and disposal operators may be
lieve, that the quality standards of waste management could be modelled on 
the practices applied thirty years ago to chemical wastes and nuclear 
defence wastes. We must be aware of both attitudes. 

Experience indicates that the best results are obtained when the 
audit procedure is seen by the producer as a useful confirmation of 
product quality and not as an additional piece of bureaucracy, in other 
words that the auditor is concerned that the producer is successful. 

6.8. Non-Conformance 
Although it is essential that radioactive waste packaging processes 

aim to deliver a product which is 'right first time' rather than rely on 
post-manufacture controls to sort the good from the unacceptable, it must 
be recognised the non-conformance may happen e.g. due to plant malfunc
tion. The QA plan must establish measures to control such materials, parts 
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or components to prevent their inadvertent use. These measures involve the 
corrective action to be taken with the actual material, part, component or 
finished product, the documentation to be prepared and the procedure for 
notifying the appropriate management level and, where necessary, the re
gulatory authority. 

Technically, there are a number of options to deal with non-con
forming waste packages, e.g.: 

- Cemented waste which fails to set due to decontamination liquors 
can be removed from the original drum and mixed to a lower water/-
cement ratio. 

- Excess porosity in cemented waste due to gas release from 
metal/alkali reactions can be overpacked. 

- Where the activity or the nuclide solubility exceed the 
requirements for a particular waste category, such packages may 
be overpacked and/or emplaced with the next higher category of 
waste, e.g. in a concreted trench instead of a tumulus. 

- Packages damaged during transport or by corrosion must be 
overpacked. 

These examples show that satisfactory pragmatic solutions to offset 
non-conformity can be found. Corrective action may be expensive, but such 
penalties are ultimately necessary for the enforcement of adequate quali
ty. 

7. Conclusions 
The results of risk analysis carried out not only in the CEC, but 

also in Sweden, Switzerland, Canada and the USA agree that disposal of 
HLW, MLW and LLW will place neither the present nor any future society at 
risk, if implemented according to the underlying model assumptions. 
Therefore, although these predictions generally contain comfortable safety 
margins for individual risk, it is essential that the systems, components 
and materials will perform as expected. 

This will require carefully planned and systematically applied 
Quality Assurance. We cannot rely only on visual inspection and available 
non destructive test methods are unable to reveal all possible deviations 
from the acceptance criteria. 

Therefore, confidence in the long-term performance of waste pack
ages can only be based on the concept of 'Total Quality Assurance'. Here 
'total' does not imply that every trivial detail on all waste packages 
will be examined and tested, but rather that the efforts to reliably 
produce and demonstrate the required properties of the waste begin with 
the qualification of the conditioning process and cover the production 
itself as well as the control of input and output. The measurement data 
from each step of the process and from each test performed on the product 
together with the analysis of the waste and the properties of the process 
additives have to be compiled and, like a mosaic, assembled to present a 
coherent description of the product. The properties derived in this way 
can be compared with the the requirements or acceptance criteria derived. 

The compilation, correlation and comparison of the processing data 
can best be handled by an appropriate computer system, which will also 
take care of most documentation requirements. These procedures will all 
be carried out by the operator of the waste conditioning plant, who will 
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also certify the conformity of his products with the regulatory require
ments. The producers QA procedures must be verified periodically by 
independent quality audits and the waste packages themselves should also 
be subjected to an inspection by those, who will take responsibility for 
the safety of disposal. 

This entire procedure will doubtlessly appear verv cumbersome and 
may, if applied in a bureaucratic manner, turn out to be as counterpro
ductive as certain licensing procedures for nuclear power plants. We must 
therefore remember, that unless proven otherwise by safety analysis, the 
long-term safety of a disposal facility does not rely on the performance 
of individual waste packages but rather on their average quality and the 
sum of their nuclide inventories. 

It should also be borne in mind, that not all criteria are of equa] 
importance. Quality control and auality checking should concentrate on 
critical properties taking into account the waste type, the most sensitive 
parameters of the process and the particular requirements of the disposal 
route as identified by waste analysis. Individual acceptance criteria 
should not require waste package performances to be "as high as achiev
able" but should specify quantitative and verifiable thresholds. 

For long-lived wastes some acceptance criteria are so stringent that 
available process control techniques are inadequate so that verification 
of compliance with present measurement methods is imposssible. 

The development of standard tests, process control technology and 
non-destructive product testing methods is amongst the top priorities of 
the European Communities R&D programme. It should also become a principal 
field of international collaboration. 
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DISCUSSION 

A. DONATO, ENEA Casaccia 

You have referred to the US regulatory limits on activity concentrations 
and you have recommended, that precise limits should be set. The US 
limits have been set on the basis of a risk analysis for specific sites. 
How can we establish such limits in Europe, where in many countries the 
sites are not yet identified and site conditions are likely to vary 
considerably from one site to another? 

R. SIMON, CEC Brussels 

The American regulations 10 CFR 61 set out limiting criteria for (shallow) 
land disposal of non-alpha bearing waste regardless of which licensed 
site, Nevada, Henford, Savannah River, etc., will accept them. 
For deep geologic disposal, criteria would have to be less generic, but 
rather formation specific, without having to be tailored to a single site. 
Existing risk analysis shows that gas generation is a much more serious 
problem for an impermeable host formation like salt or soft clay than in a 
hard rock like granite. In a repository confined by hard, brittle mate
rial, swelling of the waste could lead to fracturing and opening water 
pathways. For hard rock caverns or concrete silos as described so nicely 
in the KBS study, swelling of the waste is a critical hazard. 
At least for well defined common waste categories like reactor IX resins 
and concentrates it should be possible to formulate generic acceptance 
criteria either for shallow land burial or for one of the main geological 
formations. 

R. KOSTER, KfK Karlsruhe 

You have stressed the importance of developing non-destructive testing 
methods in the third EC-programme. May I draw your attention to another 
significant issue, the 'pre-production performance tests. Extensive 
investigations and testing of waste forms and packages prior to the actual 
industrial production will normally reduce the amount of quality-related 
processing controls and product testing to some rapid spot-checks. In 
particular for cement waste forms such initial performance testing for 
each conditioning campaign is decisive for the product quality. An 
increased effort in this field will certainly be beneficial. 

R. SIMON, CEC Brussels 

I absolutely agree and I wish to repeat: the qualification tests are of 
vital importance, as we have discussed this morning. Most of the methods 
and to a large degree the results of the characterization studies carried 
out under the last two EC-programmes are also applicable to the perfor
mance testing of industrial products. The establishment of the correct 
formulation and the right processing parameters must be done during these 
tests to determine qualification standards and set points for the produc
tion. 
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T. MARZULLO, ENEL Roma 

I believe the methods for maintaining a reliable production quality should 
be documented and widely published. 

R. SIMON, CEC Brussels 

We will certainly do our best to publish all useful information in this 
field. 
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SUMMARY . 

Two approaches have been identified for producing long lived 
containers for HLW which could act as an engineered barrier in 
geological repositories for radioactive waste. The first is 
based on the use of corrosion resistant metals, and two candidate 
alloys namely Ti-0.2% Pd and Hastelloy C4 are under evaluation. 
The second approach envisages the use of carbon steel containers, 
which have wall thicknesses sufficient to prevent corrosion 
penetration. Present results indicate that Ti-0.2% Pd is 
resistant to general and localised corrosion in all three disposal 
media, but further work is needed to assess its susceptibility to 
hydrogen embrittlement. Hastelloy C4 exhibits good general 
corrosion behaviour but is susceptible to localised corrosion in 
salt brine and granitic water under strongly oxidising conditions 
of the type which could be produced by γ-radiolysis. Consequently 
Hastelloy C4 could be used as a container material if measures 
were taken to avoid strongly oxidising conditions and to reduce 
the γ-radiation dose. The carbon steel corrosion allowance 
concept appears feasible for all three rock formations, although 
further work is needed to define more precisely the thickness of 
metal needed as a corrosion allowance, and to evaluate the long 
term risk of hydrogen embrittlement. Design studies for corrosion 
resistant and corrosion allowance containers are described, and 
recommendations for future studies are given. 

1. INTRODUCTION 

High level nuclear waste (HLW) will inevitably be encapsulated in 
some form of container if only to facilitate handling during storage and 
disposal. Such containers, if made of metal, have the attraction of 
providing a totally impermeable barrier between the waste and the disposal 
environment for as long as they remain intact, Consequently, if it was 
feasible to produce containers having an endurance of a few hundred years, 
these could form a useful component in the multiple system of barriers 
which it is envisaged will provide radiological protection. For example 
containers lasting for about 100 years would keep open the option for 
retrieval during the period of repository operation, while containers 
lasting for the order of 1000 years would permit the waste to pass through 
its high thermal period before contacting the disposal medium, and would 
also allow the more mobile fission products such as Cs and Sr to decay to 
low levels. Additionally, the potential role of containers in winning 
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public acceptance for disposal should also be considered since their 
barrier function is probably more easily perceived than, for example, 
sorption processes. General considerations of the chemical and physical 
conditions likely to prevail in waste repositories has led to the view that 
the main threat to container integrity is corrosion induced by contact with 
any natural waters permeating the host rock. Accordingly several research 
programmes have been mounted in Europe and N. America to study the long-
term behaviour of potential container materials. 

Within the Research Programme of the European Communities, container 
corrosion studies have been undertaken in the Federal Republic of Germany, 
Belgium, France and the United Kingdom. Work in the FRG, carried out at 
KFK Karlsruhe, has concentrated on materials for disposal in salt 
formations, while the Belgian programme at SCK/CEN Mol has been concerned 
with disposal in the clay formations underlying the Mol site. Work in 
France and the UK has focussed on disposal in granite formations, but 
because neither country has identified a specific site, these studies have 
been more generic in nature. The participating laboratories in the latter 
two countries have been CNRS and CEA (France) and AERE Harwell (UK). These 
national programmes have been part financed by the Commission of the 
European Communities, and since 1980 the Commission has coordinated the 
projects and promoted information exchange by forming a working group 
consisting of representatives from the participating laboratories. 

This paper describes progress in the research programmes to December 
1984, and highlights areas of uncertainty requiring further study. The 
results from an engineering study aimed at examining the implications of 
materials selection on container design are also presented. 

2. SELECTION OF CANDIDATE MATERIALS 

Up to end-1982 the bulk of the work done in the participating 
laboratories was concerned with screening a wide range of potential 
container materials. This work has been thoroughly reported 
elsewhere^ * '' ' ' and will not be described here, except to list the 
main results. 
(a) Containers possessing the required endurance can in principle be 

produced either by using metals of higli corrosion resistance, or by 
using metals of lower resistance which can be used equally 
economically in sufficient thickness to make allowance for corrosion 
penetration. These alternative approaches are referred to as the 
Corrosion Resistant and Corrosion Allowance container concepts. 

(b) Despite wide differences in the test environments and techniques used, 
which reflected differences in the geological formations under 
consideration, the test programmes all indicated that the Ti-0.2% Pd 
alloy and the Ni-Cr-Mo alloy Hastelloy C4 were the leading candidates 
for Corrosion Resistant containers. 

(c) On the basis of cost, ease of fabrication and its corrosion 
characteristics carbon-steel is the most appropriate choice as a 
candidate Corrosion Allowance container material. 
In accordance with these findings, a more closely coordinated 

programme was set up early in 1983 aimed at making a detailed evaluation of 
these candidate alloys^ > . Samples of the selected alloys, coming each 
from one melt, were provided by the Commission of the European Communities, 
and reference test conditions were defined facilitating a comparison of the 
results. The following sections describe the results obtained so far from 
these studies. 
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3. EVALUATION OF CANDIDATE MATERIALS 

Because of the wide differences in the physical and geochemical 
conditions pertaining in repositories mined in clay, granite and salt, 
different test techniques and environments are needed to evaluate 
materials. For this reason the results are described separately for each 
rock type. 

3.1 Clay 

The lead laboratory for this programme was SCK/CEN Mol, although CNRS 
have also undertaken studies to aid in characterising the protective 
surface layers formed on the corrosion resistant metals. Design studies 
for a repository in clay envisage that the waste containers will be placed 
in holes drilled from the main galleries, and which will need to be lined 
to prevent creepage of the clay. Under these conditions the most probable 
environment contacting the containers will be humid air contaminated with 
volatile organic and inorganic compounds released from the clay. Studies 
of the pH and chemical composition of the moisture escaping from clay under 
oxidising atmospheres have shown that the main contaminants are chlorides, 
sulphates, fluorides, ammonia, CO2 and hydrocarbons'- '. The release of 
these compounds increases and the pH of the condensate falls as the 
temperature of the clay is increased from 25 to 300°C. On the basis of 
these observations a test method has been developed which involves 
conditioning air with moisture of a similar composition to that in 
equilibrium with clay at 300°C (i.e. 4.9 ppm HCl, 15 ppm H2S04, 0.4 ppm HF, 
8 ppm NaCl, 0.21 ppm CaF2, 0.44 ppm KF, 0.1 ppm MgCl2 and pH 3.5). This 
air is passed at a rate of 14.5 litres/h over specimens heated to 50, 150 
and 300°C. Additionally the corrosion of the metals by direct contact with 
clay has also been investigated with capsule tests at 25, 100, and 150°C. 

The possibility that the containers may contact an aqueous environment 
either due to the release of interstitial water from the clay or due to the 
intrusion of water from overlying aquifers cannot be dismissed. 
Consequently immersion tests have also been conducted in synthetic 
solutions representative of these natural waters (i.e. clay water 
13.9 Na2S0A, 0.87 K2S04, 19.2 MgSO^ 3.6 CaS04; intrusive water 0.0398 
Na2S04 0.015 MgS04, 0.0101 NaF, 0.0742 Na2C03 1.344 NaHC03, 0.394 KCl, 
0.0199 NaCl all in gm/litre) at temperatures of 49 and 98°C. 

3.1.1 Corrosion Resistant Metals 

Tests in the humid clay environment have achieved exposure periods of 
up to 2000 days, and have shown that the rate of corrosion falls with 
temperature. This is because of the influence of temperature on the 
relative humidity of the air contacting the specimens which is the 
principal factor governing corrosion. At 50°C the average general 
corrosion rate over a 35,000 test period was of the order of 0.18 μπι/yr for 
both Ti-0.2% Pd and Hastelloy C-4, and at 300°C the corrosion rates of both 
metals were about 0.01 μιη/yr. Surface analysis has indicated the species 
controlling the corrosion under these conditions are mainly sulphur 
compounds and to a lesser extent CI ions. 
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The capsule tests with specimens in direct contact with clay have 
completed exposure periods of up to 330 days. At the maximum test 
temperature of 150°C the general corrosion rates of both Ti-0.2% Pd and 
Hastelloy C4 have been < 1 μπι/yr. 

The experiments in synthetic groundwater and interstitial clay water 
have achieved exposure times of between 170 and 1400 days. In both 
environments, and at 40 and 98°C, Ti-0.2% Pd and Hastelloy C4 have 
exhibited high resistance to attack with general corrosion rates not 
exceeding 0.5 μιη/yr. 

In addition to plain coupon specimens the experiments in the humid 
clay atmosphere at 50°C, and in the interstitial clay water and groundwater 
at 98°C, contained self-loading stress corrosion test specimens of several 
corrosion resistant metals. Metallurgical inspection of these specimens 
after test periods of up to 1450 days has not detected any indication of 
cracking in commercial purity Ti or Hastelloy C4. However, Type 316 
stainless steel was subject to cracking in the synthetic groundwater while 
sensitised Type 304 steel cracked in the humid clay atmosphere. 

The CEN programme has also included some 'in-situ' tests in a clay 
formation at Terhagen, Boom. Gravimetric analysis of specimens exposed for 
up to 3 years at 13 and 50°C have indicated general corrosion rates for 
Ti-0.2% Pd and Hastelloy C4 of ~ 1 μπι/yr, confirming the high corrosion 
resistance of these alloys. 

3.1.2 Carbon Steel 

Relevant work to assess the carbon steel corrosion allowance concept 
has so far been limited to tests at ambient temperature with direct contact 
with clay for test periods up to 330 days. Under these conditions the 
steel was subject to general corrosion at a rate of 50 μπι/yr, but this 
should be regarded as a pessimistic result because the clay was oxygenated 
when it was packed into the capsules. 

3.2 Salt 

The lead laboratory for this programme was KFK Karlsruhe, but CNRS 
undertook supporting electrochemical and surface analytical studies of the 
corrosion resistant candidate materials. A repository mined in salt should 
be practically dry since the water content of salteriferous formations is 
typically of the order of only 0.05 w/o. However, under certain postulated 
accident conditions water intrusion may occur resulting in the formation of 
brine solutions. It is this condition that the German work has 
concentrated on with tests in a quinary brine consisting of 26.8% MgCl2> 
4.8% KCl, 1.4% MgS04, 1.4% NaCl and 65.7% H20. The tests have been 
conducted at temperatures of 90, 170 and 200°C reflecting the high disposal 
temperatures anticipated in a salt repository. 

3.2.1 Corrosion Resistant Metals 

Tests of up to 560 days have shown that the rate of general 
dissolution of Hastelloy C4 increases with temperature, although even at 
200°C the rate is comparatively low at 0.3 μπι/yr. It is also noteworthy 
that the rate of attack remains fairly constant with time. The metal 
proved resistant to pitting and stress corrosion cracking, but did exhibit 
crevice attack to depths between 20 and 100 μηι in tests exceeding 360 days. 
In tests at 90°C with a γ-radiation dose rate of ~ IO5 Rad/h, Hastelloy C4 
was subject to quite severe pitting and crevice corrosion at pitting rates 
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up to 0.45 mm/yr (i.e. averaged over 606 days)v . These latter 
observations are in line with the results of the electrochemical studies of 
CNRS which indicated that Hastelloy ÇA was susceptible to pitting in brine 
at 90°C under oxidising conditions* '. 

The corrosion behaviour of the Ti0.2% Pd alloy was characterised by 
an initially low rate of general attack which declined even further with 
time to an insignificant level (i.e. < 0.2 μπι/yr after 550 days). The rate 
of attack, was not influenced significantly by test temperatures up to 
200°C, and the alloy also proved resistant to pitting, crevice corrosion 
and stress corrosion cracking. The alloy also proved resistant to 
localised corrosion in tests at 90°C under γirradiation, although the 
average general corrosion rate was increased slightly to 0.7 μπι/yr. 
Electrochemical and surface analysis has shown that the high corrosion 
resistance of the alloy is attributable to the formation of a protective 
TiOo surface film. A similar film was also found on the specimens exposed 
under irradiation, although in this case a second overlayer consisting of 
Mg and 0 was also detected, and the overall film thickness of 600 nip was a 
factor of 10 greater than that formed on the unirradiated specimens . 
Electron diffraction studies of the film formed on Ti0.2% Pd in brine and 
MgCln solution has shown that this has an amorphous structure at 20 and 
90°C and a crystalline structure at 170°C^ \ 

3.2.2 Carbon Steel 

Tests with a fine grained 0.17% C structural steel showed that this 
was susceptible to general dissolution with rates of the order of 35, 100 
and 600 μπι/yr at 90, 170 and 200°C. The rate of attack at 90°C was 
increased further under irradiation to 465 μπι/yr. The rate of corrosion 
without γradiation is determined by the acidity of the brine which 
increases with temperature (e.g. at 90°C pH3.6). The influence of oxygen 
on corrosion over the long test period (i.e. > 70 days) must be small 
because the low oxygen content of the brine (i.e. < 0.1 ppm at 90°C) will 
be consumed by corrosion in the first few days of the test. Finally, since 
carbon does not passivate in brine it has been concluded that it is 
extremely unlikely that corrosion allowance containers will be subject to 
stress corrosion cracking or deep pitting/crevice attack. 

3.3 Granite 

The two lead laboratories in this case have been CEA Fontenayaux
Roses, which has concentrated on Corrosion Resistant metals, and AERE 
Harwell which has worked mainly on the carbon steel Corrosion Allowance 
concept. In considering corrosion in granitic repositories it has been 
assumed that the repository will be below the water table and will 
therefore flood with groundwater transported through fissures in the rock. 
To place the work on a good comparative basis it was agreed that both 
laboratories would test in the same synthetic groundwater the composition 
of which was arbitrarily set at 35 ppm Cl , 24 ppm SO/, 244 ppm HCOT , 1.9 
ppm F , 19 ppm S1O2, 106 ppm Na , 40 ppm Ca and 12 ppm Mg . It was also 
agreed, however, that this composition could be modified if necessary to 
evaluate certain corrosion processes. For example additional NaCl and HCl 
were added for studies of crevice corrosion and stress corrosion cracking. 
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3.3.1 Corrosion Resistant Metals 

Although the CEA study concentrated mainly on the two reference alloys 
tests were also undertaken with commercial purity titanium, Zircaloy 4, 
Types 304L and 316L stainless steel, the high Ni-Cr alloys Inconel 625 and 
Incoloy 825 and Hastelloy C276. France has been particularly interested in 
the possibility of using a single vessel for glass casting and disposal, 
therefore the work with Hastelloy C4 and C276 included tests with specimens 
given aging treatments to simulate the thermal treatments experienced 
during casting and welding* . The experimental programme has consisted of 
long term (3000h) tests to evaluate general corrosion, and shorter term 
mechanical and electrochemical tests to make a comparative assessment of 
the alloys susceptibility to pitting, crevice corrosion and stress 
corrosion cracking. Results from these tests, which are conducted at 80 
and 170°C are given in Table I. 

Main points to note are the excellent general corrosion resistance 
exhibited by Ti-0.2% Pd and commercial purity titanium, although the 
possibility that these metals may be subject to hydrogen embrittlement has 
been raised. Pitting corrosion was evaluated in solutions which were 
enriched in chloride (i.e. 17,700 ppm Cl~ at 80°C and 1900 ppm Cl~ at 
170°C) to take account of possible concentration processes. Even so the 
tests confirmed the good resistance of the Ti alloys at 80 and 170°C. 
Hastelloy C4 and C276 were both resistant to pitting at 80°C but were 
susceptible at 170°C. The Hastelloys also proved susceptible to stress 
corrosion both at 80 and 170°C, in a solution acidified to pH 1.3 and 
containing 17,700 ppm Cl . 

Table I 
Summary of Results from Tests on Corosion Resistant 

Metals in Granite Solutions 

80°C 170°C 

Material 

Type 304L 
Type 316L 
Alloy 825 
Alloy 625 
Zircaloy 4 
Commercial 
Purity Ti 

Hast C276 
Hast C276 (aged) 
Hast C4 
Hast C4 (aged) 
Ti-0.2% Pd 

Gen 
Corr 
μπι/yr 

0.4 
0.03 

0.15 
0.15 

0.15 

0.15 

Pitting 

VS 
VS 
VS 
R 
LS 

R 
R 

R 

R 

Crevice 
Corr 

VS 
VS 
S 
S 

R 
R 
S 
R 
S 
R 

SCC 

S 
C 
R 
S 

Ρ 
S 
S 
S 
S 
Ρ 

Pitting 

S 

R 
S 
S 
S 
S 
R 

Crevice 

VS 

R 
VS 
VS 
VS 
VS 
R 

SCC 

S 
s 
s 
s 

Susceptible, VS = Very Susceptible, LS = Low Susceptibility, 
R = Resistant, Ρ = Possible 
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The Harwell contribution to the work on corrosion resistant metals has 
been restricted to electrochemical tests to assess the effect of 
γ-radiation (10 Rad/h) on the crevice and pitting corrosion of Hastelloy 
CA and Ti-0.2% Pd. These tests, which were conducted in the standard 
synthetic groundwater and in the same water strengthened with 1900 and 
17,700 ppm Cl- all at 90°C have confirmed the susceptibility of 
Hastelloy C4 to crevice corrosion, but significantly only at highly 
oxidising electrode potentials which are unlikely to pertain in practice. 
Furthermore, it is likely that radiation will enhance the probability of 
crevice breakdown by causing an increase in the metals rest potential. 
Ti-0.2% Pd was resistant to localised corrosion both with and without 
radiation

(10)
. 

3.3.2 Carbon Steel 

The aim of the work at Harwell has been to estimate the metal 
thickness required to ensure that carbon steel containers are not 
penetrated by corrosion over the first 1000 years after disposal*· . 
Coupon tests lasting up to 3000h in the synthetic granitic groundwater 
composition given in the previous section have shown that in the absence of 
oxygen the rate of general dissolution is < 0.1 μτη/yr. Similar tests, but 
with a γ-radiation dose of 10 Rad/h, gave a slightly accelerated corrosion 
rate of ~ 1 μηι/yr. Other tests have been set up which seek more closely to 
reproduce conditions in a repository by burying coupons in 10 cm beds of 
either crushed granite or bentonite paste, which are in turn covered by 
aerated groundwater. These tests are still in progress, but polarisation 
resistance monitoring indicates that after test periods of the order of 
500-600 days the corrosion rates have settled at roughly 30, 13 and 5 μπι/yr 
at 90, 50 and 25°C respectively. The tests have included 
electron-beam-weld specimens and there is no evidence to suggest these are 
corroding at a different rate to the parent metal* ' . 

In addition to general corrosion electrochemical studies have shown 
that carbon steels may also be subject to localised corrosion in certain 
groundwaters* '. Accordingly tests have been undertaken to study the rate 
of pit propagation as a function of time for periods of to 400 days. The 
maximum pit depths found in these tests have been adjusted using Extreme 
Value Statistics to take account of the small area of the specimens 
compared to waste containers. These adjusted values fit an empirical 
expression of the form* ' 

Ρ = 8.35 t
0
·
4 6 

which relates the maximum depth of pitting Ρ (in mm) to time Τ in years. 
The expression indicates a maximum pit penetration of 200 mm over 1000 
years. 

Work has also been undertaken to consider what precautions are needed 
to ensure the containers are not subject to stress corrosion cracking. The 
approach adopted here has been to accept that carbon steel could 
conceivably be subject to cracking in the repository environment, and 
therefore to estimate the degree of stress relief needed to reduce 
fabrication stresses etc. below the minimum needed to sustain cracking. 
Preliminary results from stress corrosion tests in 0.5M Na2C0o + IM NaHCOo 
at 90°C have shown that with normal 0.12% carbon steel stress relief to 
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just below the yield stress should be sufficient to prevent cracking. 
However, with extra low carbon steels (e.g. ~ 0.04C) a much greater degree 
of stress relief will be needed^ '. 

One underlying principle of the UK programme is that extrapolation of 
experimental results to periods of up to 1000 years can only be justified 
if it is supported by a good mechanistic understanding of the processes 
involved. A good method for developing such a theoretical understanding 
and testing its validity is to formulate mathematical models for the 
processes and to compare the model's predictions with experimental results. 
If the model proves correct, it can be used to predict behaviour over 
longer periods. Such a model has been developed on a one dimensional basis 
for the general corrosion of carbon steel containers which considers the 
kinetics of surface reactions and the diffusion of reactants and products 
through the backfill surrounding the container^ . The model has shown 
that when transport occurs only by diffusion the corrosion produced by 
reaction with oxygen is low (< 4 μπι/yr at 90°C) and that most corrosion 
should occur by direct reaction with water. At 90°C the overall rate of 
attack is estimated as 59 μπι/yr which is very high compared to the 
experimental dissolution rates measured in deaerated groundwater 
(i.e. < 0.1 μπι/yr). This poor correlation is thought to arise because the 
model does not take account of stifling of the corrosion reaction by the 
accumulation of corrosion products and is being modified accordingly. 

A second mathematical model is now under development to investigate 
the kinetics of pit propagation as a function of time and pit depth. 

CEA Fontenay has recently begun work on carbon steels, and have 
indicated that they believe the possibility of hydrogen embrittlment, 
either in the form of slow crack growth or 'blister' cracking, requires 
evaluation. 

3.4 Generic Studies of Corrosion Resistant Metals 

As well as the applied studies described so far, work has also been 
conducted by CNRS Vitry to gain a more general understanding of the effects 
of environment and alloy composition on the pitting behaviour of corrosion 
resistant metals. Tests with Hastelloy C4 and also Type 304 and 316 
stainless steels, Incoloy 800 and Inconel 625 have shown that the level of 
CI needed to cause susceptibility to pitting corrosion is strongly 
influenced by the presence of other ions (e.g. Figure 2). More 
specifically it was found that CO^-, HCOn- and SO,- had an inhibitive 
effect such that the CI level required to produce susceptibility increased 
in the presence of these ions according to relationships of the fornr · ' 

Log [CI-] = A + Β log [inhibitor] 

With Hastelloy C4 in carbonate solution at 170°C the constants A and Β were 
0.97 and 0.56 respectively. This observation is particularly relevant to 
granite waters which are usually high in CO·,- or HCO·,-. It is also 
noteworthy, however, that in line with the results in section 3.3.1, 
Hastelloy C4 only pitted at strongly oxidising electrode potentials. 

Analysis of the results from all the metals listed above has 
highlighted the strong beneficial effect of Mo and Cr alloy additions on 
resistance to pit breakdown. Linear regression analysis has shown that 
the effect of the main alloy additions on the pit initiation potential E 
can be expressed by the empirical expression 
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E = A + B[Mo%] + C[Cr%] - D[Fe%] - E[Ni%] 

The constants are specific to the test environment, and in deaerateci salt 
brine at 90°C were -165, 20, 15, 7 and 4 respectively. 

Electrochemical studies have also been made of the rate of corrosion 
of the metals in acidic solutions characteristic of those present in active 
pits and crevices. This has shown that the rate of dissolution is enhanced 
by chromium but reduced with increasing concentrations of Mo, Ni and Cu. 
The implication of this observation is that the rate of pit and crevice 
corrosion penetration should be slowest with Hastelloy C4 which contains 
more Mo and Ni and less Cr than the other alloys tested. 

Studies of Ti-0.2% Pd alloy have shown that it is essentially immune 
to pitting corrosion in granitic and clay waters and brine. The alloy does 
exhibit a 'transpassive' type of general breakdown in passivity, but even 
at 90°C the potential associated with this exceeds +1000 mV (SCE) and 
therefore is not likely to occur in practice. It is also significant that 
this breakdown potential increases with increasing chloride 
concentration^ . 

4. CONTAINER DESIGN ASPECTS 

While it is clearly important to identify container materials 
possessing the required corrosion resistance, it is also important to 
consider the implications of such materials selections on container design. 
This aspect of the programme has been conducted by Ove Arup and Partners 
(UK) who have considered the overall design of waste packages for salt, 
clay and granitic repositories using both corrosion resistant and corrosion 
allowance outer containers^ . In making this study it has been assumed 
that fabrication and welding techniques which are currently technically 
feasible (e.g. electron beam welding of thick C-steel sections) will have 
reached the engineering applications stage when repositories become 
operational. Furthermore, when considering mechanical requirements the 
following sources and levels of external pressure have been considered 
based on reference repository designs. 

Table II 
Sources and magnitudes of External Pressure 

Clay Granite Salt 

Ambient Lithostatic Pressure 
Peak Thermal Pressure 
Peak Hydrostatic Pressure 

Total Design Pressure (MPa) 5.0 19.0 28.0 

The study has developed four overall waste package designs as shown in 
figure 3, all of which are based round the COGEMA vitrified waste canister. 
Type I is made from corrosion resistant metal and is filled with lead or 
cement grout to withstand the disposal pressures given above. The 6 mm 
thickness of the outer container is much greater than that needed to 
prevent corrosion penetration, and is specified for robustness and to allow 
for fabrication tolerances. Type II is similar to Type I except that a 
corrosion allowance, arbitrarily set at 75 mm of carbon steel has been 
used. Types III and IV are designed to be 'self-supporting' against 

2.5 
0 
2 .5 

9.0 
0 

10.0 

18.0 
10.0 
0 
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external pressure thus avoiding the need for void filling if so desired. 
Type III uses a 3 mm layer of corrosion resistant metal supported by a 
steel shell which will have a maximum thickness of 70 mm in the case of 
salt. Type IV combines the thicknesses of carbon steel required for 
corrosion allowance and pressure resistance as a single vessel. 

Stress analyses of the above designs have shown that thermally induced 
stresses could be particularly high if lead is used as a filler. It was 
also concluded that although the overall levels of stresses were of an 
acceptable level further studies were required of local areas of potential 
tensile stress to consider the effects of residual fabrication stresses. 

A full costing of these designs was not feasible because it involves 
considerations of the capital cost of plant for filling and sealing the 
outer containers as well as materials and fabrication costs. However, it is 
signifciant that preliminary estimates indicate that there is unlikely to 
be any significant cost benefit to be gained from using the cheaper steel 
material. 

5 DISCUSSION 

The current state of knowledge and the need for further studies of 
Corrosion Resistant and Corrosion Allowance metals will be discussed 
separately. 

5.1 Corrosion Resistant Metals 

One notable feature of the results obtained so far is the high 
resistance to general and localised corrosion exhibited by the Ti-0.2% Pd 
alloy in all three environments under consideration. The question 
remaining to be answered for this alloy are: 
(a) Will it be subject to hydrogen embrittlement? 
(b) Is there any possibility of passive film breakdown over long 

timescales? 
With regard to (a) laboratory tests, in some cases lasting up to 600 

days, have not detected any susceptibility. It is possible, however, that 
hydrogen arising from corrosion and also γ-radiolysis could accumulate in 
the metal over much longer time scales and ultimately result in 
embrittlement. It is the view of the authors that this potential process 
can only be evaluated by the development of a mathematic model to predict 
the build-up of hydrogen with time in Ti-0.2% Pd, and to relate this to the 
level of hydrogen needed to cause embrittlement.. 

With regard to (b) the work at CNRS has shown that if the metal is 
polarised to extremely oxidising potentials general breakdown of the 
passive film can occur. This process, which has also been observed with 
zirconium^ , is generally referred to as 'breakaway corrosion' and is 
associated with the thickening of the passive film to the point that 
cracking occurs. The potentiality for this to occur under more realistic 
oxidising conditions in waste repositories should be addressed by work to 
measure the rate of film thickening with time. Already work at CNRS and 
KFK has shown that the film growth is influenced by ions such as fluoride 
and by irradiation, and this work needs to be extended into a more 
systematic study. 

Turning to Hastelloy CA, this metal has also exhibited excellent 
resistance to general corrosion, but there is some doubt over its localised 
corrosion behaviour, particularly in salt brine in which severe pitting 
occurred under irradiation. Studies at CEA and Harwell have also shown 
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that the alloy may not be totally resistant to pitting corrosion in 
granitic environments, although it should be conceded that the tests were 
conducted under pessimistic conditions, and even then pitting only occurred 
at potentials which were considerably more oxidising than those likely to 
prevail in a repository. The alloy has also been shown to be susceptible 
to stress corrosion cracking, but only in the sort of acid solution that 
could develop in a pit or crevice. Overall therefore there must be some 
doubt about the suitability of Hastelloy CA as a container metal. At this 
stage, however, it would be wrong to reject the alloy, particularly in view 
of the present uncertainty over the possible hydrogen embrittlement of 
Ti-0.2% Pd. It is therefore proposed that future work on Hastelloy should 
concentrate on evaluating what corrosion engineering measures could be 
taken to improve its performance. For example since the alloys main 
problem is localised corrosion induced by high oxidising potentials, it may 
be possible to eliminate the possibility of such potentials by including 
getters such as carbon/steel shot in the backfill. Alternatively the high 
γ-radiation dose rate which could, through water radiolysis, produce high 
oxidising potentials, could be reduced by adopting a container design such 
as Type III which would introduce a thick carbon steel wall and hence 
reduce the radiation dose rate. 

5.2 Carbon Steel Corrosion Allowance 

The use of carbon steel as a corrosion allowance containment material 
depends on there being a limited rate supply of reactant to the container. 
The corrosion studies with carbon steel in brine used a specimen area/ 
corrodent volume ratio of 0.2 cm /ml to investigate the case of excess 
corrodent, and therefore it is not too surprising that high ratios of 
attack were measured. Even so the rates, at least under inactive 
conditions, were not so great that they would preclude the use of carbon 
steel containers in brine. Further work is currently in progress with more 
limited volumes of brine to study the corrosion due to brine migration to 
the containers. In this case it would be anticipated that, due to the 
consumption of acidity in the brine by reaction with the steel, the long 
term corrosion rate would be much reduced. the other significant result to 
come from the work in brine was the great acceleration in the rate of 
corrosion produced by γ-radiation. It should be stressed, however, that 
this too need not preclude the use of carbon steel containers since the 
radiation dose rates used were typical of those at the surface of the glass 
canisters. The high rock pressures operating in salt repositories will 
require the use of thick-walled containers and this means that the 
radiation dose rate may well be reduced to a level which has a negligible 
effect on corrosion. 

In the clay and granitic environments tests have shown that up to 
typical maximum repositories temperatures of 80-90°C rapid corrosion will 
only occur in aerated solutions. Both experimentation and mathematical 
modelling have shown that if transport occurs only by diffusion then 
corrosion due to oxygen should not exceed 5 μπι/yr. Additional corrosion 
will occur due to direct reaction with water, and here the mathematical 
model predicts a maximum rate of ~ 60 μπι/yr while experiments give a much 
lower rate of < 1 μπι/yr. It is thought that this discrepancy arises 
because the model does not consider the partial corrosion protection given 
by accumulations of corrosion products and it is being modified to do this. 
Overall, however, it would appear that quite modest thicknesses of steel 
will be needed to make allowance for general corrosion over 1000 years. 
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The work has also highlighted the possibility that carbon steel may 
passivate in certain groundwater repositories, thus raising the risk that 
the containers could be subject to localised corrosion which could 
penetrate at a much faster rate than the general corrosion discussed above. 
Experimental work to investigate the rate of pit penetration as a function 
of time has indicated that maximum pit depths of the order of 200 mm could 
be produced over 1000 years. Whilst the production and seal welding of 
carbon steel containers of this thickness is quite feasible, it is not 
clear at this stage what reliability should be placed on the above estimate 
since it is based on relatively short term work with shallow (— 3 mm) pits. 
Consequently work has been initiated to develop a mathematical model to 
investigate the growth kinetics of deep pits, and it is proposed to 
continue this in the future along with experimental studies on deep 
artificial pits. 

Another form of localised corrosion which needs to be considered with 
carbon steel containers in clay and granite is stress corrosion cracking. 
The approach currently being pursued is to accept that such a risk exists, 
and to seek an engineering solution by stress relieving the containers so 
that they contain insufficient fabrication stress to support the cracking 
process. However, the design study has shown that the containers may also 
be subject to thermal stresses, and therefore it is important to 
examine whether these can be kept to acceptable levels through suitable 
container design. 

Finally the possibility of hydrogen embrittlement either in the form 
of slow crack growth or 'blister' cracking has also been raised, and this 
too needs further consideration in the future, both with regard to the 
amount of hydrogen likely to be introduced into the steel and the 
possibility of selecting a steel with maximum resistance. 

6. SUMMARY 

(1) Two concepts have been identified for producing waste containers which 
could act as an engineered barrier in the geological disposal of 
nuclear waste. These are based on the use of either Corrosion 
Resistant metals, or by the provision of a Corrosion Allowance by 
using thick walled carbon steel containers. 

(2) The alloys with greatest potential for corrosion resistant containers 
are Ti-0.2% Pd and the Ni-Cr-Mo alloy Hastelloy C4. 

(3) The Ti-0.2% Pd alloy has exhibited a high resistance to general and 
localised corrosion in environments representative of all three rock 
formations (i.e. salt, clay, granite) in tests lasting up to 600 
days. It is recommended that future work should concentrate on 
assessing degradation processes which could occur over prolonged 
periods, and which therefore are not easily investigated by direct 
experimentation. Two such processes have been identified, namely 
hydrogen embrittlement and oxide film breakaway, and it is suggested 
that these could be evaluated by appropriate mathematical models. 

(4) Hastelloy C4 has shown good general corrosion behaviour in all three 
geologic environments, but has proved susceptible to pitting and 
crevice corrosion in salt brine, particularly with irradiation. 
Electrochemical tests have also shown that the alloy may be subject to 
pitting and crevice corrosion in granitic environments, but only at 
potentials which are more oxidising than those likely to prevail in 
repositories. It is suggested that the feasibility of using corrosion 
engineering techniques to improve the performance of Hastelloy should 
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be assessed. For example it may be possible to ensure that the 
environment can never be sufficiently oxidising to induce localised 
corrosion by placing carbon steel shot in the backfill to act as an 
oxygen getter. Also the potentially powerful oxidising effect of 
γ-radiation could be much reduced by adopting a container design which 
provides shielding. 

(5) The study has continued to support the feasibility of using carbon 
steel corrosion allowance containers in all three rock types. It is 
recommended that future work should aim to develop and refine the 
models on general and localised corrosion of carbon steel so that they 
can be used to support the experimental predictions of the thickness 
of metal needed to prevent penetration over long periods. 

(6) Work on carbon steel should also examine whether the risk of stress 
corrosion cracking can be avoided by designing the containers and 
using stress relief heat treatments to ensure that the fabrication and 
thermal stresses do not reach the levels needed to support cracking. 
The likelihood of hydrogen embrittlement which could be manifested in 
the form of slow crack growth or 'blister' cracking also requires 
further evaluation through experimental and modelling studies. 

(7) Designs have been prepared for both corrosion resistant and corrosion 
allowance containers. 
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DISCUSSION 

M.S.T. PRICE, AEE Winfrith 

How is the position on corrosion affected by thermal effects induced 
during welding and also by the presence and properties of weld metal? How 
does it differ for carbon steel compared with the corrosion resistant 
alloys? 

G.P. MARSH, UKAEA Harwell 

No significant differences have been detected in the corrosion behaviour 
of parent and weld metal samples of either Ti-0,2% Pd or Hastelloy C4. In 
general carbon steel welds also exhibited corrosion behaviour similar to 
the parent metal with the exception of Q-brine at 200°C in which there was 
some preferential attack on the weld. However the main concern with carbon 
steel is that the weld heat-affected-zones may possess enhanced suscepti
bility to stress corrosion cracking, and this may necessitate post weld 
heat treatment. 

J. HADERMANN, NAGRA Baden 

For the validation of predictive models on long term corrosion behaviour, 
have possibilities on the basis of archeological findings or even natural 
analogues been investigated? 

G.P. MARSH, UKAEA Harwell 

This is only possible to a limited extent. The difficulty is that we are 
dealing with heat emitting waste, therefore the temperature is rather 
different and the presence of radiation is something rather unique. There 
might be some advantages in applying this approach, however the problem is 
that archeologists never can tell us very precisely what the environmental 
conditions were which the artifacts experienced during their time under 
the ground, under the sea or wherever they may have originated from. 

A. BARTHOUX, ANDRA Paris 

You said that detailed costing assessments of containers have not yet been 
made. Nevertheless I think that cost is an important factor for the 
orientation of further research. If the cost is low you could apply a 
large safety factor and discontinue further research, however in the 
opposite case you have to optimize. 
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G.P. MARSH, UKAEA Harwell 

Costing of containers is very complicated as it is not only a matter of 
costing of the materials used for the fabrication of the containers, but 
also of the filling and remote welding techniques used. This exercise was 
beyond the scope of the design study performed, however 1 agree with the 
sense of your comment. 
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Abstract 

This review deals with experimental results obtained by various 
laboratories working under contract within the CEC actions in 
Radioactive Waste Management Programme. The objective of this research 
is to generate the basic knowledge on the geochemical behaviour of 
actinides and fission products in aqueous systems relevant to real 
ground waters. The subject comprises, therefore, thermodynamic and 
kinetic data evaluation, measurement of solubility in real ground 
waters, speciation of dissolved species, generation of colloids and 
study of primary sorption mechanisms of radionuclides on geomatrices. 
The study should ultimately provide an insight into the migration 
mechanisms and then input data for realistic migration models needed for 
safety assessment over very long time periods. 

1.1 Introduction 

This paper summarizes together experimental results obtained in the 
research area of the Community coordinated project MIRAGE (Migration of 
Radionuclides in the GEosphere) dealing with laboratory studies on 
physicochemical behaviour of longlived radionuclides in geological 
media. 
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The project itself has been described in previous Community reports 

(1,2) which can be referred to for further information. MIRAGE 
concentrates on the study of the transfer of radioactivity from 
conditioned waste through the different barriers up to the interface 
between the geosphere and the biosphere. 

Assuming that a reasonable background knowledge exists of flow 
parameters, rock properties and the geological chemical environment, the 
principal factors required to describe quantitatively the migration 
potential are : 1) the release sourceterm, and 2) the retardation 
processess during the transport. For both phenomena, thermodynamic and 
kinetic data are needed for understanding and predicting the environmental 
behaviour of the released nuclides. This research area considers basic 
chemical studies both in homogeneous (solution) and heterogeneous systems 
(colloids and mineral adsorbing materials). 

The participating laboratories in these studies are : 

CEA, Departement R&D déchets, CEN de FontenayauxRoses (F) 
CEC, Joint Research Centre, Ispra Establishment (I) 
Risø National Laboratory, Chemistry Department (DK) 
Technische Universität, München, Institut für Radiochemie (FRG) 
CEN/SCKMol and Katholieke Universiteit Leuven (B) 
British Geological Survey, Keyworth, Nottingham (U.K.) 

The objective of the research is to generate the basic knowledge on 
the geochemical behaviour of selected actinides (Np, Pu, Am) and fission 
products (Tc, Sr), in aquatic systems relevant to real groundwaters. The 
subject comprises, therefore, 

 determination of thermodynamic and kinetic data 
 measurements of solubility in real groundwaters 
 speciation of dissolved species 
 studies on generation and characterization of colloids 
 study of primary sorption mechanisms on geomatrices 

The results from these studies should ultimately provide an insight 
into the migration mechanisms as well as the knowledge that facilitates 
the prediction and modelling of the transport in a given groundwater 
system. 

Important research successfully carriedout on this first phase 
(198384) of the Mirage project includes the complexaţi on, speciation and 
colloid studies; solubilities in various real aquatic solutions have been 
measured while looking into dissolution mechanisms. As for the sorption 
phenomena, ion exchange in a multionic system has been studied for 
different exchangers; retention of nuclides on halite has also been 
investigated. 

This presentation focuses on progress in common research subjects 
rather than on activities of each laboratory separately. 
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2. Work review 

2.1 Solubility Studies 

The solubility data for actinide oxides, hydroxides and carbonates, 
in geochemical fluids in the Gorleben site are primary quantities for the 
assessment of source terms for migration modelling. For this reason, a 
special effort is being made in this field by the Technical University of 
München, taking account of important geochemical and physical properties, 
e.g. Eh, pH, temperature, radiation dose, pressure, and also colloid 
generation and complexation (3,4). 

Experience has shown that the solubility of actinides in real natural 
fluids cannot be estimated theoretically with a reasonable accuracy. The 
reasons are the following : 
 geochemical characterization of deep groundwaters, being in equilibrium 
with surrounding geomatrices, is hampered by technical difficulties, 
e.g. in situ measurements are possible only for a few parameters, pH, Eh 
etc. and the transport of material to the laboratory disturbs the 
original equilibrium states. 

 thermodynamic quantities, such as solubility products, stability 
constants of complexes etc. are available for some actinides but are 
still insufficient or often inaccurate for describing their important 
geochemical reactions in a given aquifer system 

 colloid generation influences the actinide solubilities drastically 
through formation of either realcolloids and pseudocolloids. All 
groundwaters contain natural colloids which interact with soluble 
actinides and generate pseudocolloids. Quantification of colloid 
generation is still difficult to realize and hence its influence on the 
actinide solubility cannot be assessed easily 

 in the near field, the radiation effect on the actinide solubility is 
considerable, since this provokes many different chemical processes. The 
radiolysis of fluids, especially saline or carbonate containing 
solutions, changes the redox potential (Eh) and pH of the system and 
thus affects the process of dissolution of actinide compounds. The 
autoradiolytic effect, particularly oc radiation, also produces 
microcolloids, which remain stable in solution and can be mobile in many 
aquifer systems. 

A typical example for the solubilities of Pu oxide in different 
solutions as a function of pH is given in figure 1. This figure compares 
a number of large experimental data sets. From these experiments, it is 
observed that the solubility is not only controlled by complexaţi ons, 
hydrolysis and redox reactions but also by colloid generation (real

colloids and pseudocolloids). The radiation effect appears also an 
important factor for the dissolution process of actinides in all solutions 
under investigation, by changing the Eh value of solution. The self

discharging ©¿radiation may generate microcolloids ( < 1 0 A) which are 



334 Avogadro et al. : The MIRAGE project: product behaviour 

inseparable by ultrafiltration. Whereas the complexat ion and hydrolysis 
reactions involved in a solubility equilibrium can be assessed easily by 
relevant thermodynamic functions, the quantification of colloid generation 
and radiation effects in a given system is not easy to realize. 

2.2 Complexation reactions 

Carbonate and organic complexation is considered of major concern due 
to the fact that these natural ligands are ubiquitous in geological 
environments. This subject is being investigated intensively and 
coordinated among five laboratories : CEN-Fontenay-aux-Roses (5,6) 
Technical University of München (3,7), Joint Research Centre of Ispra 
(8,9) CEN/SCK-Mol and Catholic University of Leuven (20,21). The first 
three institutes are mainly involved in actinide carbonate complexation, 
the latter two in reactions with organic material typical of the 
interstitial water of the Boom clay. During the two years of the MIRAGE 
programme the carbonate complexation, in parallel with hydrolysis 
reactions, for Np(V), Pu(IV), Pu(VI), Am(IlI) and Am(V) have been 
investigated, as shown in Table I and II, with considerable successes. 
Based on literature data and available values reported on the Tables, it 
is possible to envisage theoretical speciations of actinide ions in 
groundwater conditions. Further investigation on this subject is, however, 
necessary and beneficial for improving the accuracy of the available data. 

Carbonate complexation reactions are difficult to study, because the 
formation of carbonate complexes is accompanied by hydrolysis reactions in 
neutral and alkaline solutions (7) and also because the functional 
variables, pH and C0 3 , are mutually dependent in the system. 

Carbonate complexation has been studied at the CEN-Fontenay-aux-Roses 
and Technical University of München by solubility experiments and at the 
JRC-Ispra by a solvent extraction procedure. The formation constants from 
the three laboratories are in good agreement with one another. 

Concerning organic complexes: their influence on the observed Kd 
values is presently well established for the sorption of Eu, Am, Pu, Np 
and Tc on Boom clay, as a consequences of the interactions of these 
radionuclides with organic matter. Detailed analysis of the Kd dependence 
on solid/liquid ratios can give a clue to the relative importance of 
organic matter. The water suspension of sediment-originating organic 
matter, appears to be the factor governing the solid-liquid distribution 
of radionuclides. This is confirmed by optical density measurement at 280 
nm on the extracts. 

Table III shows absorbance and Kd values as a function of dilution 
factors for Np. It appears that the total amount of organic matter in the 
extract is constant, irrespective of L/S ratio, as indicated by the 
constancy of the products "absorbance χ dilution factor". This clearly 
suggests that the organic matter distribution is an important factor in 
governing radionuclide behaviour. Such dependence is also clearly 
illustrated in figure 2 showing neptunium liquid/solid distribution versus 
absorbance of the extract. Implicit in this line of thought is that 
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TABLE I : Stabil i ty constants of carbonate complexes of Np(V) and Am( l l l ) 

Species 

Np0?CO5 
Np0 2 (C0 3 )¿

N p 0 2 ( C 0 3 ^ 

log Ksp (NaNp0 2CO 3 ) 
log Ksp (Na 3 Np0 2 (C0 3 ) 2 ) 

AmC05 
Am (C0 3 ) 2 

Am (C03)¿

Am (OH)C0 3 

Am(OH)(C03)¿

Am ( 0 H ) 2 C 0 3 

log Ksp (Am(OH)C03 ) 
log Ksp (NaAm(C03 )2 ) 

TUM 

_ 





5 080 92 (0 1 
9 27 

12 12 
12 15 
16 16 
18 29 

21 03 

2.2 (0 1 
0.85 (0.1 
0 15 (0.1 
0.14 (0 1 
0.17 (0 1 
0.11 

■ 

(0 1 

log/3 lor M
m 

CENFAR 

4 72 (0) 
6 65 (0) 
5 86 (0) 

10.69 (0) 
14 19 (0) 

5 36 (0) 
10.50 (0) 
12.34 (0) 






17 38 (0) 

*· iOH"· ¡ C o ! " ; 

JRClspra 

4 13 0.03 (0 2) 
7 06 .0.05 (0.2) 






11 4 (0.2) 




I5 6 (0 2) 





r M ( O H ) i ( C 0 3 ) 

Literature 

4 49 (1 0) [10]. 
7 11 (1.0) [10], 
854 (1 0) [10], 

5 7 (10) [12] 
9 4 (10) [12] 

ΠΙ J 

5 9 (0 05) [11] 

174 (0 05) [11] 

( ): Ionic strength (M); [ ]: Literature 

TABLE II : Hydrolysis constants of Np(V), Am( l l l ) and Am(V) 

Species 

Np0 2 OH 

N p 0 2 ( 0 H ) 2 

log Ksp (Np0 2OH) 

Pu(OH)'· 
Pu(OH)j· 
Pu(OH)3 

Pu(OH)4 

log Ksp (Pu(OH)4) 

Am(OH) · 
A m l O H l j 
Am(OH)3 

log Ksp (Am(OH)3) 

A m 0 2 0 H * 
log Ksp (Am0 2 OH) 

TUM 

2 30 0 62 (1 0) 

4.89.0 05 (1 0) 
 BB1 005 (1 0) 

12 20 (1 0) 
24 79 (1 0) 
35 42 (1 0) 
43 42 (1 0) 

54.15 (1 0) 

6 44 .0 35 (0) 
13 80 ·0 25 (0) 
1786 0 11 (0) 

28 89 0 11 (0) 

10 0 2 (3 0) 
9 2 0 2 (3 0) 

log β for M 

JRClspra 

4 16 (0 2) 










14 6 (0 2) 







m
*. iOH . =: 

4 93 (0 1 ) 
5 1 (0 02) 

 8 85 (0 1 ) 
 9 0 (0 2 ) 
131 (0) 
25 3 (0) 
36 1 (0) 
45 7 (0) 

53 2 (0) 

M(OH)™"' 

Literature 

|15|. 392 (02) [18] 
[19]. 4 68 (1 0) [10] 

[15],  9.2 (0 1) [16] 
[ IB].  973 (02) [19] 
[14] 
|14] 
[14] 
[14] 
[17], 612 (0) [14] 

' 5 96 (0 003) [13]. 
10 94 (0 003) [13], 

>14 54 (0 003) [13] 
24 62 (0 003) |13| 
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radionuclides are actually present as organic matter complexes in the 
extract. In the case of Tc this can be demonstrated directly, using gel 
permeation chromatography; the association of Eu with organic matter in 
the extract can also be demonstrated by ultrafiltration combined with 
absorbance measurements. No speciation evidence has been obtained up to 
now for Am, Pu, and Np but similar dependence of Kd on L/S ratio and the 

TABLE III . Effect of solidl iquid ratio on absorbance 
(/.  280 nm) of extract and Kd(Np) in Boom clay 
(gallery level) at in situ condit ions, extracting solu
tion is NaHC0 3 : 0 02 M; pH = 99 2 

Liquid/c 
ratio 

2 
5 

10 
25 

lay Absorbance 

12 23 
5 09 
2 65 
1 18 

Kd 

134 
247 
635 

1052 

Absorb, χ dilution 
factor 

26 9 
26 5 
27 0 
29 7 

linear dependence on organic matter content in the extract may be 
considered as sufficient evidence that all radionuclides considered are 
present as organic complexes. 

To study the competition between carbonate and organic ligands in the 
interstitial waters, Europium has been adopted as a test case. Dialysis 
equilibria between organic extracts and NaHCO solutions have been 
performed and the Euorganic matter stability constant was found to be in 
the order of 10 . This allows to make some predictions as to the Eu 
distribution under insitu conditions, which indicates that the organic 
matter fraction will be the sole determining factor and that the Eu 
fraction present as carbonate complexes can be expected to be in the order 
of 0.1%. 

2.3 Generation and characterization of colloids 

Colloids are defined as being of three kinds : realcolloids, 
groundwatercolloids pseudocolloids. Realcolloids are produced by the 
aggregation of hydrolysed metal ions, groundwatercolloid are ubiquitous 
in all groundwaters and pseudocolloids are generated by sorption of 
radionuclides on groundwatercolloids. The size of colloids under 
discussion is defined as being less than 0.45 .urn, which remain suspended 
in groundwater. Those metal ions which tend to hydrolyse will either 
generate realcolloids or pseudocolloids. To this category belong all 
actinide ions; the tendency is strongest with trivalent and tetravalent 
ions, followed by hexavalent ions and least with ions of pentavalent 
state. In near neutral solutions of low salt concentration, the generation 
of realcolloids of tri, tetra and hexavalent actinide ions is 
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prevalent, each to a different extent. Since the solubility of these ions 
in such solutions is generally very low, the quantification of real-
colloids can only be persued by ultrafiltration (22, 23, 24, 25). 

Under its own radiation field (especially alpha-radiation) the size 
of real-colloids becomes smaller with time and can reach dimensions of 
less than 10A. This type of colloid, called "Micro-colloid", is not even 
separable by ultrafiltration with the smallest pore size available and 
remains stable even in saline water of high NaCl concentration. The 
generation of such micro-colloids increases the apparent Pu solubility to 
levels higher than those determined from thermodynamic considerations as 
was shown in figure 1 for the case of Pu. 

The generation of pseudo-colloids increases actinide solubilities in 
natural aquatic solutions, while decreasing their retention on 
geomatrices. The chemistry of actinides in groundwater is largely 
associated with the chemistry of pseudo-colloids. It is, therefore, of 
cardinal importance to clarify whether the migration behaviour of 
actinides in a given aquifer system is typical of pseudo-colloids or not 
and if so, how to quantify it. 

The colloid characterization in natural aquatic solution requires a 
combination of different analytical methods. Much effort in this direction 
has been concentrated by the TU-Miinchen and JRC-Ispra. The particle 
spectrum can be obtained by ultrafiltration or ultracentrifugation, or a 
combination of both. A typical example can be seen in figure 3. 

2.4 Development of speciation methods 

The migration of radionuclides in natural aquatic system is primarily 
governed by the physical and chemical states of elements concerned, which 
determine their interaction processes with surrounding matrices. The 
speciation of physical and chemical states of dissolved species, e.g. 
colloids, charge of species, oxidation states etc. is an important subject 
in the migration study. In the framework of the MIRAGE project three 
different speciation methods are being developed for application to 
natural aquatic systems. These methods are free-liquid electromigration 
(JRC-Ispra), laser-induced thermal lensing spectrometry (joint venture of 
JRC-Ispra and CEA-Fontenay-aux-Roses) and laser photoacoustic spectrometry 
(TU-Miinchen) 

a) Free-liquid electromigration 
This method is based on the electrochemical transport system and 

capable of speciating charge states of dissolved species (26, 27). It 
can eventually be used to diffentiate colloids based on their surface 
charge distributions. 

Experiments with leachates from a simulated HAW-glass spiked with 
Tc, using a synthetic ground-water relevant to the aquifer overlying the 

Boom-Clay in Mol, Belgium, has shown that in the leachate the predominant 
species is the TcO" ion, regardless of whether experiments are carried out 
under aerobic or anaerobic conditions. Further study with the NpO* ion 
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demonstrates that this ion tends to form both cationic and anionic 
species, while the anionic species becomes predominant in carbonate 
solutions of pH = 8-9. The probable anionic species as reported in Table I 
are NpO CO^ and NpO ( C O ^ " (9). 

The applicability of this method is limited to solutions of 
relatively low conductivity. Whether the method is applicable to real 
groundwaters containing a substantial amount of colloids is yet to be 
tested. 

b) Laser-induced thermal lensing spectrometry 
The principle of this method (28, 29) is as follows : a laser beam 

focused into the absorbing medium creates a local temperature gradient and 
hence a gradient refractive index. The spacial distribution of the 
refractive index makes the absorbing medium behave as a thin optical lens. 
This can then be observed and measured by the deflection of the probe 
laser beam or by its defocusing. 

The joint experiment of the JRC-Ispra and CEA-Fontenay-aux-Roses (28) 
has successfully developed a method which is capable of measuring the 
dissolved uranyl ion in nitric acid with a sensitivity of 4x10 M/L. 
Further development is in progress to set up a differential dual-beam 
thermal lensing spectroscopy system, using either pulsed or continuous 
excitation (30). The development to a differential operation will improve 
sensitivity to about 2-3 orders of magnitude better than possible by 
conventional spectrophotometry. 

c) Laser-induced photoacoustic spectrometry 
The difference between photoacoustic and thermal lensing spectrometry 

is in the detection technique. On absorption of photons, the electronic 
states of actinide ions, or their complexes, are raised to excited energy 
levels, which decay by radiation emission or non-radiative relaxation. The 
non-radiative process causes a temperature rise of the solute. In an 
adiabatic and isobaric expansion, the temperature change creates pressure 
waves which are, for the photoacoustic techniques, detected with a 
piezoelectric crystal. The photoacoustic signal thus produced is directly 
proportional to the concentration of the actinide ion in the solution. 

This method developed by the TU-München (31,32) is capable of 
providing spectral information for a wide range of absorption bands of 
actinide ions in liquid samples and hence to speciate their oxidation 
states with the sensitivity an average of 3 orders of magnitude higher 
than attainable by conventional spectrophotometry. 

Further development and improvement of speciation methods are very 
desirable, especially direct methods which provide high speciation 
sensitivity; the above mentioned spectrometric techniques, developed in 
the MIRAGE project, are already capable of speciating not only oxidation 
states but also complex species and colloid generation in very dilute 
solutions. 
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2.5 Sorption phenomena 

The study of sorption phenomena amasses all basic geochemical 
knowledge which has been discussed in the previous chapters. The 
successful geochemical modelling of migration depends largely upon the 
knowledge of basic sorption mechanisms. It is impossible to describe 
sorption mechanisms in a general way which is applicable to a wide variety 
of chemical systems, but it is not impossible to understand important 
primary mechanisms that govern interactions of radionuclides with 
geomatrices less dependent on geochemical surroundings. Such studies are 
being conducted in the Risø, Fontenay-aux-Roses and Nottingham 
laboratories. 

At Risø National Laboratory the mutual influence of a multication 
system towards synthetic and natural exchangers has been investigated. 
Based on the rigorous thermodynamic treatments, taking into consideration 
of thermodynamic quantities for the hydration of each metal ion and the 
electric potential of the exchange system, a semi empi ri cal equation has 
been derived, which facilitates prediction of the behaviour of the Sr 
ion in a given mul ti component solution. 

A second Risø study concerns the sorption of radionuclides on halite 
using column techniques. In the case of pure halite only europium and 
americium are found to be retained on the solid, whereas other ions (Cs, 
Sr, Co, Tc) are eluted with very minor, if any, retention. The retention 
of Eu(III) and Am(III) is interpreted as a surface sorption, which takes 
place on the surface of any material in neutral solution, not necessarily 
only on halite. The effect may not be formulated as simple electrostatic 
attraction, but also as a result of the incorporation of impurities in 
the natural material. 

Exchange isotherms have been determined at the CEA-Fontenay-aux Roses 
(6) for the argil lite, which has the exchange capacity of 36.6 meq/100 g, 
using two different pairs of ions : Ca /Κ and Ca /Η with the total 
concentration of 0.01 and 0.1 N. It is observed that the exchanger 
contains two exchange sites having different capacities and exchange 
constants, thus resulting in a bi-functional exchange process. The results 
are illustrated in figure 4 . Exchange capacities and equilibrium 
constants of the Ca /Κ and Ca /Η pairs, for the two possible exchange 
sites evaluated by mathematical treatment, appear to be considerably 
different. The reason is not elucidated, but it is, however, conceivable 

2+ + 2+ + 
that the pH of the Ca /Κ system, being different from the Ca /Η 
system, may be attributable to the different exchange capacities observed. 
This study is intended to continue for NpO^Ca and the Np0*/K pairs but 
has not yet been completed. 

An understanding of the migration behaviour of the actinides and 
fission products in the geosphere has also been furthered by the British 
Geological Survey on a mul ti-di sci pi i nary front, embracing a wide variety 
of analytical techniques including geomicrobiology (33). Emphasis has been 
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placed on examining the sorption/desorption properties of argillaceous 
sediment by means of quasi-equilibrium batch sorption experiments with the 
aim of addressing the mechanistic processes involved. 

A programme with the Scottish Universities Research and Reactor 
Centre (34) has focussed on the investigation of clay-rich lake sediments 
as a natural analogue of long-term radionuclide migration through 
argillaceous material. The salient feature of the sediment sequence 
studied is a marine band deposited 6900-5400 years ago which has been 
regarded as a source term for the diffusion of elements into the overlying 
freshwater lacustrine deposits. The most striking result has been the 
detection of significant enrichments in the marine horizon of U, Ra-226, 
I, Br, and Sb which correlate positively with the total organic carbon and 
nitrogen contents; this provides strong evidence for organic fixation as a 
mechanism for retardation. 

It must be noted, however, that long-term predictions of radionuclide 
transport based on complementary batch sorption/desorption experiments are 
at variance with these findings. For example iodine-131 and Np-235 both 
showed small but significant uptake onto the marine material (Kd's=3ml/g) 
but similar small values are also measured for the lacustrine sediments. 
Parallel experiments (35) with Lower Oxford Clay containing 4,5% organic 
carbon and 0.13% organic sulfur are being performed in order to control 
the potentially reactive effect of this material towards redox sensitive 
elements such as Tc and Np. 

The study of natural analogues is considered very valuable and needs 
to be promoted further. It is expected that such research will produce 
important information concerning transport mechanisms on a geological time 
scale. 

3. Conclusions and perspectives 

Based on discussions made with the scientific representatives from 
the participating laboratories and also based on the present state of 
knowledge assessed for the subject from the literature, the following 
suggestions are summarized for future studies. These are considered to be 
an indispensable complement to the work described for reaching a better 
understanding of migration mechanisms of actinides and fission products. 

- Colloid generation 
. generation mechanism of pseudocolloids in macro/micro sizes 
. characterization (e.g. composition, stability etc.) 
. quantification (as a RN transport medium) 
. interpretation for modelling 

- Speciation (development of methods) 
. direct methods, e.g. advanced spectroscopic detections 
. indirect methods, e.g. new chemical procedures 
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 Complexation with natural inorganic and organic ligands 

. organics : humic/fulvic acids, citric acid etc. 

. inorganics : hydroxide, carbonate ions etc. 

. effects on sorption of radionuclides 

. effects on colloid generation 

 Sorption phenomena (primary mechanisms) 
. physical or chemical sorption 
. mul ti component competition 
. filtration in different aquifer systems 

 Translation of basic knowledge for the geochemical modelling 
. how to correlate individual experimental results with geological 
variables 

. how to formulate sorption coefficients as functions of geochemical 
variables 

. how to couple the results to modelling 

The intention of the first three subject is to clarify our 
understanding of the chemical behaviour of actinides and fission products 
in natural aquatic systems. This will thus help improve our knowledge of 
sorption phenomena. The ultimate goal of the basic chemical studies is to 
directly support the optimization of geochemical modelling. 
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DISCUSSION 

M. PRINS, RIVM 'Bilthoven 

How do you explain the large dependence of the IL· value on the liquid/-
solid ratio in the batch experiments? 

P. HENRION, CEN/SCK Mol 

The sorption on clay has been studied with synthetic groundwaters which 
did not contain humic acids. Humic acids present came exclusively from the 
clay and were diluted by the synthetic added ground water. Since there 
seems to be a quantitative complexation of the radionuclides with the 
humic acids, you simply get a volume effect. 
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Summary 
Predictions of radionuclide migration through the geosphere must be 
supported by largescale, longterm investigations. Several research 
areas of the MIRAGE Project are devoted to acquiring reliable data for 
developing and validating models. 'Apart from manmade migration 
experiments in boreholes and/or underground galleries, attention is 
paid to natural geological migration systems which have been active 
for very long time spans. The potential rôle of microbial activity, 
either resident or introduced into the host media, is also considered. 
In order to clarify basic mechanisms, smaller scale "integral" migra
tion experiments under fully controlled laboratory conditions are also 
carried out using real waste forms and representative geologica] 
media. All these results will be used to improve the reliability of 
predictive radionuclide migration modelling. 

1. Introduction 
Transport by mobile groundwaters is the most likely process by which 

disposed radionuclides can return to man's environment. On their way 
through the geosphere these radionuclides will interact with geological 
media and be retarded; an effective disposal system will ensure that they 
have decayed to innocuous levels before they enter the biosphere. 

Any reliable prediction of these transport and retardation processes 
must be supported by largescale and longterm investigations; some 
mechanisms must also be clarified by laboratory experiments in fully 
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controlled conditions. The Community MIRAGE Project on Migration of Radio
nuclides in the Geosphere encompasses a wide variety of such investiga
tions (1). The seven research areas identified in this Project are outli
ned in Table I. Those areas concerned with hydrogeology (n°4) , natural 
migration systems (n°5) and micro-organisms (n°6) are mainly devoted to 
in-situ investigations, whereas supporting laboratory experiments are the 
subject of the so-called "integral" simulations (n°2). The complete 
results can be found in Project Progress Reports (2); salient achievements 
are presented in this summary paper. 

Table I 
Research Areas of the MIRAGE Project 

1. Basic actinide and fission product chemistry 
2. Integral simulation experiments 
3. Laboratory studies related to specific sites 
4. Hydrogeology 
5. Natural geological migration systems 
6. Micro-organisms 
7. Modelling studies 

2. Full-scale radionuclide transport investigations 
A reasonable control of experimental conditions may be obtained by 

tests in which radionuclide solutes or tracers are pumped and recovered 
via boreholes drilled into geological formations. However, more reliable 
information can be gained from natural occurences of geological migration 
processes ("natural analogues"). The very long time spans involved are 
comparable with the estimated durations of the processes controlling the 
effectiveness of a disposal system. 

2.1. Experiments in boreholes and underground laboratories 
These tests are being performed for the specific sites identified for 

the MIRAGE Project : Fanay-Augères (F), and Troon (Cornwall, UK) for 
granite. Mention will be made of the in-situ experiment in a sedimentary 
sequence at Drigg (UK). As these investigations are the subject of other 
papers in this conference, only a summary of their most important features 
is given here. 

In an existing haulageway of the French uranium mine at Fanay-Augères 
near Limoges, the Commissariat à l'Energie Atomique (CEA, Fontenay-aux-
Roses) is carrying out a programme of large-scale permeability and tracer 
dispersion measurements in the fractured granite surrounding the gallery 
(3). This research complements the investigations at Troon, Cornwall, and 
at Chalk River, Canada, where single fracture migration experiments using 
tracers are being carried out by the United Kingdom Atomic Energy Authori
ty (UKAEA, Harwell) (4). Similarly, the British Geological Survey (BGS) 
operates a tracer test in shallow glacial deposits at Drigg, UK (5). In 
these latter tests, tracers are injected in one borehole and recovered in 
one or several boreholes at various distances. The groundwater flows and 
retention properties of the geological media can be derived from these 
tests, although the limited time span (maximum some months) may be insuf
ficient for some mechanisms to be completely quantified. 

2.2. Geological evidences of transport processes 
In order to gain reliable information as to the possible distances 

and durations involved in radionuclide migration, the processes involved 
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must be investigated by studying their natural analogues which have 
operated at comparable scales of time and distance. From this point of 
view, natural mineral deposits exhibit several properties common to those 
of disposal sites, such as size, geochemical characteristics and duration 
of emplacement and later evolution. Ko completely analogous model exists 
however. It is therefore necessary to distinguish the various stages in 
the evolution of a disposal site and to study each migration process 
separately. 

It is generally recognized that elements such as rare earths, and 
also uranium, can be considered as useful analogues for the radionuclides 
of interest in the MIRAGE Project (6). 

2.2.1. Hard rock analogues 
The first set of investigations concentrated on granitic analogues of 

disposal sites, and was carried out by the Bureau de Recherches Géologi
ques et Minières (F). The study undertaken revealed two essential stages : 
(a) a hydrothermal stage resulting from the reaction of the radioactive 
waste with its surroundings at "high" temperatures (100° - 200°C); and (b) 
a supergenic stage, related to the lowering of the erosion level and 
associated weathering. 

The behaviour of radioactive elements under conditions of hydrother
mal alteration is still poorly understood. Therefore, it was decided to 
investigate analogous elements such as the lanthanides, whose geochemical 
properties are similar to those of the radioactive elements. Detailed 
studies have been made at two sites. 

The first site is situated in the Vosges (F) on the eastern edge of 
the Ballons granite in the Langenberg. This is a monzogranite of the 
Visean age, enriched in U, Th and lanthanides, and which has been affected 
by two hydrothermal episodes : a late magmatic one at about 250° - 300°C, 
and another at about 150°C during the late Permian. It has been possible 
to characterize this latter system in detail : it resulted from a thermal 
anomaly related to the opening of Permian gråbens, and was marked by the 
formation of quartz-fluorite veins at a depth of about 500 to 1,500 m. The 
fluids responsible were aqueous and slightly saline. 

The late magmatic hydrothermal system provoked pervasive propylitic 
alteration and is evidenced, according to the abundance of carbonates, by 
chlorite-epidote-illite or calcite-albite-illite-leucoxene parageneses. A 
fracture system containing calcite and/or corrensite (regularily interla-
yered) is also associated. Despite the considerable minera! transforma
tions, the geochemical budget remains constant. The lanthanide spectra 
show no significant variations, although there is a slight decrease in the 
total rare earth content. There has therefore been no significant migra
tion of the lanthanides under these conditions. 

The hydrothermal system limited to the fluorite-bearing veins resul
ted in clay mineral - carbonate alteration, in places with metavermiculi-
tes, in other areas with siderite-kaolinite-beidellite-potassic illite, 
and carbonate veins. The alteration was restricted to the proximity of the 
hydrothermal conduits and has affected only 0.5 -1 m either side of the 
mineralization. Geochemically, a lowering of the rare earth fractionation 
was observed, implying differential mobility of the elements under low-
temperature conditions. 

The second site is situated in Brittany, in Cambrian acid volcanic 
rocks enclosed in the syncline of La Telhaie. This has also been affected 
by two hydrothermal episodes : (a) an early one at about 220°C, in which 
fluids of about 9 % NaCl equivt. wt. were active, causing propylitic 
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alteration, and (b) a late alteration at between 80°C and 150°C that 
resulted in argillic alteration and Pb-Ag bearing quartz-carbonate depo
sits. The propylitic alteration is diffuse and accompanied by no signifi
cant trace element variations. The argillic alteration however (kaolinite, 
beidellite-illite-carbonate), caused considerable leaching of the 
lanthanide content over several metres on either side of the mineralized 
zone. 

These two "analogues" thus show increased mobility of these elements 
under low temperature conditions. The higher mobility at La Telhaie could 
have resulted from the more carbonic nature of the hydrothermal fluids 
there, an observation which has been confirmed in various environments at 
higher temperatures (7). 

Apart from their predictive interest, these studies are also useful 
for the choice of criteria upon which the selection of disposal sites 
should be based : pre-existing alteration would in effect allow selective 
absorption of the elements and reduce permeability by sealing fractures. 

Another part of this work, on supergene alteration of analogous 
mineral deposits, was limited to a bibliographic study directed towards 
selection of the best possible "analogues". Apart from uranium deposits, 
two important families of ore deposits can be considered : those associa
ted with highly evolved acid magmatism, enriched in Li, Nb, Ta and the 
lanthanides, such as lithium-bearing pegmatites, and ore bodies associated 
with alkaline magmatism enriched in the lanthanides, Cs, Nb, Zr and Hf. 
Investigation of their alteration is difficult however because of the 
autometasomatism generally affecting them. Nevertheless they do show that 
the mobility of the elements is strongly dependent on the mineralogicai 
characteristics of their host-minerals. 

2.2.2. Sedimentary analogues 
A well characterized series of clay-rich (> 80 %) sediments from Loch 

Lomond (Scotland) and adjacent freshwater lochs have been studied by the 
British Geological Survey (BGS) and the Scottish Universities Research and 
Reactor Centre (8) . These sediments were laid down under oscillating 
freshwater and marine conditions and consequently the pore-water chemistry 
and certain diagenetic reactions were expected to vary from marine to 
freshwater bands. A detailed geochemical profile would reveal which 
elements were mobile in the pore waters since sedimentation occured, or 
which processes may have been responsible for fixing them. The time-scale 
is very well fixed by palynological, palaeomagnetic and radiocarbon 
dating. The marine band of interest is about 1 m thick, lies at 3 m depth, 
and was deposited between 6900 - 5400 years B.P. Core from a neighbouring 
loch which was not subject to marine transgression but which received 
sediments from the same catchment area was used to check whether changes 
in sedimentation during the marine period might confuse the analysis of 
post-depositional element movement. 

Deposition of the Loch Lomond sediments extends from the present day 
back to about 8000 years. In the marine band the original and evolved pore 
water composition was different to that in the under and overlying fresh
water sediments; as sedimentation progressed redistribution of elements 
would occur by diffusion in the pore water and upwards pore water advec-
tion caused by progressive compaction of the sediments. The latter process 
was shown to result in movement about twenty times slower than diffusion. 
The system is analogous to a concentration gradient around a leaking waste 
container surrounded by porous saturated sediments (e.g. a clay formation) 
where diffusion profiles (modified of course by sorption/retardation) 
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which have been established over several thousand years can be compared 
with anticipated profiles for waste elements derived from laboratory 
models. The model takes into account the rate of sedimentation which is 
slower than diffusion and constantly changes the distance to the free-
surface. 

Concentration profiles in the solid-phase were determined for 27 
elements including rare earth elements and natural series radionuclides. 
Laboratory sorption studies provided data on the retention properties of 
the core for Sr, Cs, Co, Ce, I, Tc and Np. A simple diffusion and sorption 
model then assessed how elements may have moved from one band (the marine 
unit in particular) to another. 

The following principal conclusions were drawn : 
(i) Sorption processes on the core were commonly irreversible. The model 

frequently used to assess migration through clays assumes diffusion 
plus instantaneous, reversible sorption. This is clearly not the case 
here, throwing doubt on its ability to predict transport rates in 
sediment sequences, and emphasising the need to study sorption kine
tics in detail, 

(ii)Evidence for post-depositional migration of elements out of the marine 
band was not found (with the possible exception of U) . This is 
very re-assuring with regard to nuclide migration, especially as the 
time-scale involved is several thousand years. 

(iii)Certain elements, some of which (e.g. iodine) were expected to 
migrate quickly, were retained in the thin marine band. There is 
strong evidence for organic fixation of I, Ra and U on biogenic 
particulates in the clay, emphasising the need for a better understan
ding of the rôle of sediment organics in retardation. 
The second analogue study of clays has been focussed on the sedimen

tary sequence at Orte (I) and operated by the Comitato nationale per la 
ricerca e per lo sviluppo dell'energia nucleare e delle energie alterna
tive (EKEA). It involves the study of migration processes which have been 
active in the upper levels of a thick clay sequence, where redox condi
tions have dominated the bulk geochemistry. The clay sequence is overlain 
by a sand unit, in turn covered by a layer of volcanics with a high 
natural series radionuclide content. Groundwaters percolating down through 
these volcanics are expected to have leached rare earths, U, Th, and Ra, 
and transported them down through the sands to the upper part of the clay. 
The whole sequence is less than 10 million years old and the migration 
process can be considered to have been operational since the deposition of 
the volcanic tuffs between 60 and 100 thousand years ago. These tuffs and 
the sands are extensively oxidized, as is the uppermost part of the clay. 
Since oxidizing conditions are known to favour the migration of the 
actinides in particular, the intention is to profile the distribution of 
rare-earth elements and the natural series radionuclides to see hov; far 
they have moved through the sand, permeated into oxidized fractures in the 
clay and then diffused, and presumably have been more strongly retarded, 
in the reducing zone of the main clay body. 

The study could thus be considered as a direct analogue of diffusion 
processes in the far-field (reducing conditions) and in the near-field 
where the possibility exists of a radiolysis-induced oxidation zone sur
rounding leaking waste containers. 

The work has consisted of carrying out a detailed sedimentological 
analysis of the site (a clay pit, la Fornace, at Orte) to determine the 
interrelationship of the various clay and sand units, and to assess the 
present day pattern of groundwater movement. A full palaeo-environmental 
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study has been performed and a stratigraphie scheme set up. This has 
allowed reconnaissance sampling of the site, and eight specimens of clay 
and sand have been analyzed for their major and trace element chemistry 
and Fe II/III and Mn II/IV oxidation ratios. A system for pore-water 
extraction is now available, so that in future the solid phase chemistry 
can be compared to the fluid phase. 

2.2.3. The uranium series disequilibrium method 
The study of groundwater circulation patterns, flow rate and residen

ce time in a given geological setting is one of the central themes in 
assessing the suitability of a disposal site. Should mixing occur, the 
mixing patterns could be described and quantified by characterizing the 
isotopie signatures of different water masses in the region of interest. 
Nuclides of the uranium series provide one of the most sensitive isotopie 
signatures in terms of their specific activities (disintegrations per unit 
mass of water). In particular, uranium content and activity ratios of 
various soluble and insoluble nuclides in the uranium decay series have 
been found very useful in groundwater studies (9). Uranium isotope dise
quilibrium (departure of the U/ U activity ratio from unity) has been 
observed to occur commonly in circulating groundwaters and associated 
rocks, and is known to be related generically to the geological environ
ments through which the waters flow. 

This method has been used to characterize the groundwater flow 
patterns in the sedimentary layers at the Mol site (B) , by the UKAEA-
Harwell. Part of the Belgian programme is a study of the regional hydroge-
ology in north-eastern Belgium. To this end observation wells have been 
drilled to various depths at more than 12 sites, two of which are at Mol. 
The current programme has been enlarged to include a comprehensive study 
of regional hydrochemistry incorporating major and minor ions, some trace 
elements, stable isotopes of hydrogen, carbon and oxygen, and C. The 
measurements of hydrogeologicai parameters such as piezometric heads, 
porosity, transmissivity and storage coefficent are serving to provide the 
data for a hydrologi cal model designed to realistically describe the 
groundwater flow on a regional scale particularly with respect to the Boom 
clay formation. To supplement the modelling effort, hydrochemical and 
isotope data are expected to shed further light on the validity of the 
model findings. The uranium series disequilibrium study was designed to 
supplement the above programme by delineating bodies of water in the 
region in terms of uranium, thorium and radium isotopie content. Specifi
cally, the current programme is expected to yield information on uranium 
series disequilibria in the groundwaters deriving from sand horizons above 
and below the Boom clay formation and establish unambiguously whether 
there is a groundwater movement through Boom clay and at what rate. 
Ultimately, by using this method, the Mol site could be considered as an 
analogue for itself, which is the preferred situation. 

Samples of groundwaters derived from shallow and deep sand layers 
above and below the Boom clay formation at five locations have been 
collected and analysed for uranium, thorium and radium isotopes. The 
younger surface„waters in the sand layers above the clay are characterized 
by low U/ U activity ratios (1 to 2) and variable uranium content 
which is dependent on the amount of leachable uranium locally available on 
the surface of sand particles in the system. An older ̂ pmpqnejit obtained 
mainly at greater depth is characterized by higher U/ U activity 
ratios in the range of 2 to A and again variable amounts of uranium in 
solution. The old end-member waters have not been sampled and analysed to 
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date making the considerations of mixing patterns rather difficult. 
However, recoil/leaching considerations in conjunction with some simple 
aging models have led to the conclusion that the residence times of the 
sampled groundwaters do not exceed greatly 10 χ 10 years. 

The thorium content of these waters is very low reflecting a combi
nation of low thorium mobility and the lowthorium lithology in this 
environment. No discernable trend with depth exists in the radium isotopie 
data obtained so far. 

The radiometric data obtained from the analysis of two sand samples 
at Wuustwezel (one above and the other below the Boom clay layer) and a 
Boom clay sample at Mol indicate uranium precipitation in the sand layers 
at both horizons but no mobility of thorium and radium. In contrast, the 
analysis of bulk clay sample indicates no mobility of any of the uranium, 
thorium and radium isotopes in that material, confirming its potential 
usefulness as a natural barrier to radionuclide migration. However, it has 
been suggested that a detailed analysis of different mineralogical phases 
in the clay may reveal the exchange mechanisms at work between the slowly 
moving water through the clay layer (in either direction) and some minori
ty minerals such as iron oxyhydroxides which may not be detectable in the 
bulk analysis data. 

A more comprehensive sampling and analysis programme both on a 
regional and localised scale would facilitate numerical modelling of the 
disequilibria data and thus, supplement hydrological modelling. The 
present pilot study however has confirmed the value of the uranium series 
disequilibrium methods in validation programmes of potential geological 
formations for radioactive waste disposal. 

2.3. Rôle of microorganisms in radionuclide migration 
The potential for microbiological activity to modify nearfield 

geochemistry (thus affecting rates of corrosion and leaching, nuclide 
speciation, and possibly even migration mechanisms), has been under study 
for about four years in the context of deep repositories. Preliminary 
studies by the British Geological Survey (BGS) / Napier College Edinburgh, 
and the Commissariat à l'Energie Atomique (CEA) at Cadarache have not 
indicated any conclusive evidence for the presence of active microorga
nisms in deep granitic groundwaters (10). The main thrust of the work 
being carried out in the United Kingdom, France and Italy concentrates on 
characterising populations of organisms which will be introduced into an 
active repository, and defining the energy and nutrient requirements and 
potential effects. A preliminary study of microbial populations of disused 
mines in the United Kingdom, and of underground research laboratories and 
potential disposal facilities in the EC countries and Sweden has been made 
by BGS/Napier College and has demonstrated viable populations in a variety 
of environments from granitic rocks to salt mines (11). A parallel study 
of microbial activity in montmorillonite has shown the potential for 
contamination of the canister surface by the backfill, with possibly 
enhanced corrosion (12). A joint project is underway between BGS/Napier 
College and UKAEA to quantify actual rates of corrosion of steel by 
microbial activity. Modelling studies are now attempting to put the role 
of microorganisms on a quantitative footing by assessing repository 
system energetics and attempting mass balance calculations (13). 

In Italy, ENEA is studying the progressive invasion of a new excava
tion in PlioPleistocene clays by microorganisms as part of its under
ground laboratory programme at Pasquasia. In addition studies are being 
made of latent microorganisms (spores) in the same clays in quarries in 
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Lazio and Toscana. 
Having located and characterised populations in the first phase of 

the studies, future work will concentrate on defining long-term viability 
of populations and their geochemical effects. To the first end preliminary 
studies of pressure, temperature and radiation tolerance of selected 
microbes are currently underway at the British Geolocial Survey (BGS). 

3. Control of processes by integral simulation experiments at smaller 
scale 

These experiments can be considered as being small-scale "laboratory 
analogues" of a repository; groundwater is passed over a waste form and 
through columns which contain material typical of the near-field and the 
geosphere in order to obtain direct measurements of the retardation of 
radionuclides and to reveal any mobile species. 

This part of the MIRAGE Project has made use of common samples being 
made available to the laboratories involved : (a) for high level reproces
sing waste, the French doped borosilicate glass R7T7 (CEA-Marcoule); (b) 
for medium level waste, two actual waste forms, mainly a reprocessing 
concentrate in cement (WAK-Karlsruhe) and a reprocessing sludge incorpora
ted in bitumen (CEA-Marcoule). The behaviour of technetium (a long-lived 
fission product) and plutonium, americium and neptunium (representative 
actinides) has been investigated in contact with samples from the specific 
geological media considered in the other areas of the Project. Attention 
was paid to the creation of test conditions similar to those which could 
be found in deep geological formations. Flow-through experiments were 
carried out at ambient temperature. 

3.1. Vitrified high-level waste in sediments and granite 
Experiments being carried out by the CEA at Cadarache and Marcoule 

are divided into two sections, the first dealing with the mobilization of 
nuclides from the source-term followed by speciation of the resulting 
leachates, and the second concerning the percolations of these leachates 
through columns filled with geological material in order to simulate 
radionuclide migration. 

„The source-term consists of a glass spiked with Np, Pu, Pu 
and Am. Solutions to be used for the leaching process are prepared by 
allowing groundwater to come to equilibrium with the geological media 
(granite and glauconitic sand) over a one month period. The leachates are 
subsequently prepared by contacting these solutions with the glass for 28 
days at a temperature of 90°C and under a pressure of 10 MPa. Speciation 
tests consist primarly of the determination of the colloidal-size distri
butions . 
„„„ A first series of results was obtained for the static-^Leaching of 
_Pu with groundwater from the Mol sands. The ]each rate of Pu_was 1.5 

10 g/cm over 28 days, whereas the bulk leach rate was 3.18 10 g/cm', 
again oyer 28 days. The total activity found in the vessel amounted to 
3.15 10 Bq. After leaching, 56 % of the activity was found on the vessel 
itself and the geologic material, and 44 % in the leachate. 20 cm of this 
leachate were sampled for further analysis. The activity could be catego
rized as follows : 4 % fixed on the sampling bottle, 84 % fixed on parti
cles greater than 0.8 urn, 2 % on particles smaller than 0.8 urn and greater 
than 25 nm, and 10 % in solution. After filtration of the fraction greater 
than 0.8 um, the remaining fluid was analysed by alpha-spectrometry. 
Results are given in table ?. 
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Table 2 
Analysis of a Mol groundwater leachate (prior to column experiment) 

3 
Radionuclides Activity iBq/m ) 

?i,Pu +yr,7 Am 2.55.10 
„qU + Np 1 .59. 10^ 
"„Pu 4.45.10, 
238

U 3.4 .102 

The leachates are then passed through columns of length 20 cm filled 
with sitespecific geological material. Samples of granite from Fanay
Augères (F) and Cornwall (UK), weathered granite from Auriat (F) and 
glauconitic sand from Mol (Β) are employed, together with pure quartz as 
reference. Both oxidizing and reducing conditions arc being used for these 
experiments. In addition, parallel experiments involving reference tracer 
solutions are also being carried out. 

In order to compare migration behaviour of statically and dynamically 
obtained leachates, a joint experiment is performed with the JRC Ispra. 
Flowthrough leaching of glass spiked with 241 Am is studied in oxidizing 
and reducing conditions. 

Such columns are also considered as components of a prototype probe 
"FORALAB" now under development, to be used later for insitu migration 
tests in boreholes in which actual Eh and pH conditions will be found. 
Therefore, the effective porosity of the columns is determined by measu
ring the breakthrough curve of tritiated water. Experiments with calibra
ted inactive molecules (DEXTRAN) are also performed in order to define the 
column porosities and the separation limits in the absence of sorption. 
Differential refractometry is used for detection in this case. 

With tritiated water, the column effective porosities were determined 
as follows : 40 % for pure quartz, 41 % for Mol sand, 36 % for granite 
from FanayAugères, 29 % (average) for Cornwall granite, 25 % for Auriat 
granite (all granites crushed). 

3.2. Vitrified highlevel waste in clay and salt environments 
These experiments have been carried out at the JRC Ispra. Conditions 

associated with the Boom clay formation in Belgium and the Gorleben salt 
dome in Northern Germany have been simulated by employing sitespecific 
natural geological material. Results of percolation tests and speciation 
experiments of Am, Np, Pu and Tc in the glass leachates, have been used to 
describe the major mechanisms affecting the distribution and behaviour of 
radionuclides in the selected systems. 

Borosilicate glasses doped with the radionuclide under examination 
were used as the source term. The soil material used in the experiments 
was uniformly packed in glass columns of 20 cm length and 2.5 cm diameter 
and equilibrated with groundwater. The glass leachate was then pumped 
continuously through the column assuring an upward direction of the flow. 
Samples of the effluent were collected and the radionuclide concentration 
measured either directly or after a coprecipitation step with cerium 
hydroxyde. In the case of experiments with saturated brine a small pre
column consisting of salt granules were inserted immediately before the 
inlet of the soil column. At the end of the percolation tests the distri
bution profile of the radioisotope were measured either by cutting the 
column into thin sections or by using a gamma scanning device. 

In groundwater of low ionic strength (representing the clay condì
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tion), most of the Am(III) activity leached from the glass matrix was 
determined by ultrafiltration to be associated with colloïdal material 
(14). After percolation through a glauconitic sand column (from the Mol 
site in Belgium), the column effluent was found to contain only soluble 
anionic species of americium; evidence indicating these to be carbonate 
complexes. The retention of americium was subsequently modelled assuming 
both a filtration effect of the polydispersed colloids released from the 
glass and a sorption saturation mechanism establishing a constant concen
tration of-.americium in the final section of the column (15). Percolation 
tests of *" Np through glauconitic sand columns were performed under oxic 
conditions, simulating the worst situation which could take place in a 
geological repository. Despite reports of a high mobility of Np(V)(the 
main valence state occuring at oxidizing Eh values) , all the activity was 
found to be retained by the soil column. Experiments are currently under 
way in order to account for this behaviour which appears to be a chromato
graphic movement of the cationic neptunyl (V) species (16). 

Americium shows a different behaviour when the leaching solution is a 
saturated brine (from a salt dome). In contrast to freshwater systems, 
colloidal fractions were determined to be negligible, because of the very 
high ionic strength of the brine solution (5.4 M NaCl). Owing to the mass 
action of alkali and alkaline earth metal cations, a saturation of the 
sorption capacity of the soil (collected from the overlying strata of the 
Gorleben salt dome) was also observed. Good agreement was found between 
distribution coefficients determined from batch and column experiments 
suggesting that sorption reactions were at equilibrium in the column. The 
average retention factor R. of americium was found to be 168. The predomi
nating species are soluble cationic chloro-complexes of americium whose 
transport seems to be governed by a simple Langmuir_isotherm (17). Similar 
experiments are being carried out with Pu and Np (18). 

Further work is needed in order to investigate the effect of reducing 
environments on the geochemical behaviour of radionuclides (19). First 
results on the influence of the redox conditions were obtained with 
technetium, which was seen to exhibit a higher retention in glauconitic 
sands (clay condition) when the experiments were operated in the absence 
of oxygen. These tests are being carried out in anaerobic chambers simula
ting conditions representative for the repository. To prevent a pH increa
se, a constant partial pressure of CO is being kept in the nitrogen 
atmosphere. 

The main mechanisms characterizing the migration of radionuclide in 
the geosphere have been identified as follows : 
(i) Tri-and tetra-valent actinides in fresh groundwaters exhibit a strong 

tendency to form colloids which are filtered by the soil column, 
(ii) Colloidal fractions are negligible in groundwaters of high ionic 

strength, only soluble species existing, 
(iii) Complexation with natural ligands is a process competing with 

adsorption sites for dissolved radionuclides. Carbonates are the 
main inorganic complexing agents in fresh groundwaters, 

(iv) Reducing conditions, such as those encountered in geological reposi
tories, lead to higher retardation effects. 

3.3. Intermediate level waste in granite and clay environments 
These series of tests have been carried out by UKAEA Harwell. 
The geological materials for these were Carnmenellis granite (UK), 

Fanay-Augères granite (F) , and Anversian glauconitic sand supplied by 
CEN/SCK, Mol . Groundwater for the experiment was obtained from Fanay-
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Augères, and from the same aquifer as the Anversian sand. 
Concrete, which is used in these experiments to represent a typical 

backfill, was obtained from a 20 to 30 yearold weathered slab from the 
Harwell site. The container for the waste was represented by stainless 
steel (to minimize ferric hydroxide formation) and its corrosion products 
by ferric oxide. The waste forms used were intermediate level concentrates 
from WAK, Karlsruhe, immobilized in cement and intermediate level waste 
from Marcoule, immobilized in bitumen. 

The experiment consists of a source of water, which flowed through a 
redox potential control cell to a chamber where it contacted the waste 
form again with control of the redox potential. The flow was then divided 
between a number of columns (four to each cell, of length 75 cm) which 
contained sequential layers of canister or corrosion products, backfill 
and geological material. The outlet from the column flowed through a 
magnetic valve into a sample bottle. 

The columns themselves consisted of either PTFE (for conditions of 
high Eh) or of acryl (for condition of low Eh). The different construction 
materials were used because PTFE was found to be permeable to oxygen. The 
columns were constructed for upward water flow in order to minimize the 
blocking effects of any fine particulate matter. 

The high redox potential columns were packed with a coarse 250 )im 
polypropylene mesh, 25g of Fe_0 , AOg of concrete and filled with granite. 
The final free volume in the column was 41 % of the total volume for the 
FanayAugères granite and 48 % for the Carnmenellis granite. The low Eh 
columns were packed with a 550 μπι stainless steel mesh, 20g of concrete 
and filled with either sand or granite. The final free volume in the 
columns was 40 % for the FanayAugères granite, 43 % for the Carnmenellis 
granite and 35 % for the Anversian sand. 

The header tanks and the redox control cells were filled with the 
groundwater as supplied and the waste form was loaded into the contactor 
cell. After the water in the header cell had attained the correct redox 
potential (a period of a few days), the columns were then filled, bypas
sing the contactor cell. After some five days the bypass was closed and 
the water from the contactor cell was admitted to the columns. 

The flow through the columns was not continuous but in the form of a 
sample taken with the flow control system; these samples were equivalent 
to approximately 0.01, 0.05 and 0.2 free column volumes. Each sample was 
counted by gross gamma counting and stored for actinide and technetium 
analysis. The sampling was carried out on five days in each week, the 
columns being closed off at weekends. The flow to some of the columns was 
interrupted for longer periods (40 days in an extreme case) when difficul
ties had arisen in the redox control cells. 

Samples were taken of the water leaving the contactor cells. These 
samples were counted for gross gamma activity and were reserved for acti
nide and technetium analysis. 

The column feed and effluent solutions were analysed for actinides by 
alpha spectrometry. The analyses of the feed solutions showed that there 
was an initial release of activity which la.sted for some ten days in which 
the plutonium_ levels reached 0.5 Bq.ml (10 M) and americium 0.2 
Bq.ml (6.10 M). Neptunium was not detected in any of the feed solu
tions at concentrations above 2.10 Bq.ml (3.10 M) . These levels 
were largely independent of the waste form or water chemistry and were 
attributed to surface contamination of the wastes. After this initial 
release the__actinide. level s .dropped rapidly to < 2.10 Bq.ml (4.10 
M) and + 10 Bq.ml (3.10 M) for plutonium and americium respectively 
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from both the cement and the bitumen waste. The analytical procedures 
adopted to detect these concentrations have prevented separation of the 
colloidal fractions. No plutonium has been found at concentrations greater 
than 2.10 Bq.ml in the effluent solutions even after 150 days flow. 

Americium was found inţhe column outlet solutions at concentrations 
of about 10 Bq.ml (3.10 Μ) , i.e. substantially the same concentra
tion as the inlet solution. 

The caesium, in contrast, has been rapidly, and in the case of the 
cement waste, almost totally released from the waste forms. It has passed 
through the geological columns with a velocity almost equal to the water 
front. Such behaviour is not unexpected for a highly soluble and poorly 
sorbed nuclide. 

3.4. Intermediatelevel waste in salt 
Experiments at the Freie Universität, Berlin, have included investi

gations into model actinide reference systems' behaviour as well as those 
of conditioned waste forms (waste simulates containing inactive fission 
products). Four saturated salt solutions (pure NaCl solution, Na3 iţ salt 
solution, Na3 ţ in a Gorleben groundwater, and a quinary solution derived 
from oceanic salt deposits at its equilibrium point Q, the "Qsolution"), 
have been prepared and characterized. 

The equilibrium solubilities of standard americium and plutonium 
hydroxides in these saturated salt solutions have been determined together 
with the tendency towards colloid formation. Results have indicated 
solubility limits for americium to lie between 10 and 10 M.dm 
(2,20). Investigations have also shown that with the exception of a 
freshlyprepared plutonium hydroxide dissolving in strongly acidic solu
tion, little evidence of colloid formation (< 100 nm)., could be observed. 
Experiments into determining the influence of the Fe /Fe couple upon 
these solubilities (in order to simulate the presence of corroded canister 
material), have proven extremely difficult as a result of strong pH 
changes brought about by the hydrolysis of Fe 

Waste leaching experiments have been carried out with a cemented 
simulated waste form. Only very small amounts of activity could be leached 
into rock salt solution (plutonium concentration : 10 M.dm ) although 
for the Q solution the amount of activity which could be leached was found 
to be ca. three orders of magnitude greater. As with inactive cement 
matrix (21), strong changes in pH were observed during the course of these 
experiments. For the rock salt solutions a pH of 12 was attained after a 
period of only hours, whereas the final pH of the quinary solution remai
ned at ca. 6.8 as a result of the system's ability to buffer. This impor
tant difference is held largely responsible for the somewhat extreme 
variation in waste leaching levels. As before, the question as to the 
extent of the influence of the presence of canister corrosion products 
remains open due to problems associated with the hydrolysis and precipi
tation of iron at these pH values. Significantly, the ultrafiltration of 
all leachates have indicated practically the complete absence of colloidal 
material within the sizerange 800 to 1.3 nm (nominal filter porosities). 

For the migration experiments, the column themselves were commercial
ly available chromatographic columns consisting of precision borosilicate 
glass tubing of diameter 2.5 cm. The column packing consisted of either 
pure sodium chloride, or geological material specific to the Gorleben 
site: Na3 x" salt and sand from the overlying strata. This material was 
effectively held between two adaptors allowing columns of various lengths 
to be easily facilited, although the standard length adopted was 10 cm. 
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Column porosities were determining by measuring breakthrough curves for 
saturated salt solutions containing tritiated water as tracer. 

Column migration experiments with the model systems have shown that 
whereas for americium no significant differences between the retention 
properties of pure sodium chloride or rock salt could be observed, there 
were some indications as to this effect in the case of plutonium (22) . 
This may be a result of the somewhat more complex chemistry of plutonium 
in solution (23). Further experimentation has indicated that for both 
americium and plutonium, the extent of actinide recovery in the column 
effluents to be strongly dependent upon the nature of the solution placed 
onto the columns. Thus with actinide nitrate solutions high recovery 
levels could be observed (in some cases close to 100 %) , although for 
solutions derived from the hydroxides very much lower levels were found. 
In.all cases however, the IL· values remained similar (generally below 0.05 
cm .g ). As well as the actinide complexation, solution pH is also 
believed to play an important role in determining sorptive behaviour. 

The results for column migration experiments involving leachates from 
the simulated cement waste form are given in Table 3. These were first 
filtered through membranes of pore size 800 nm in order to remove coarse 
cement particles. Thus, whereas similar IL· values to those determined for 
the model systems were observed, the recovery levels were very much higher 
than those previously seen for the hydroxides. At a pH of 12 therefore, a 
large fraction of the leached activity was able to pass through the 
columns. Ultrafiltration of the column effluents indicated no significant 
amounts of particulate matter of size greater than 1.3 nm. For experiments 
involving sand columns, it may be seen that very little activity could be 
found in the column effluents indicating extensive retention behaviour. 
Furthermore the IL· values are increased when compared to those for salt. 

Finally, the effect of competitive sorption on the mobility characte
ristics of actinides through salt has been investigated, whereby solutions 
have been doped with lanthanides (caesium and samarium) before being 
passed through the columns. Remarkable increases in actinide recoveries 
have been observed (24) , which may assist in the explanation of the 
findings for waste leachates passing through salt. The importance of such 
a result when considering models for radionuclide migration in geological 
systems need not be stressed, especially after consideration of the 
complexities of the waste inventories. 

Table 3 
Results of integral migration experiments with leachates derived from 

simulated ILW in cement 

Column 
material 

NaCl 
NaCl 

RS 
RS 

Sand* 
Sand* 

Effective 
Porosity 

(%) 
36.6 
36.6 

38.7 
38.7 

AO.O 
40.0 

Actinide 
Recovery 

(%) 
33 
68 

88 
72 

0.3 
0.5 

*F 

1.1 
1.2 

1.2 
1.2 

1.4 
1.5 

(cm g ) 
0.02 
0.04 

0.04 
0.06 

0.12 
0.12 

RS : rock salt Na3y 
* : Leachate in RS solution 
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3.5. Supporting investigations 
In the Rijksinstituut voor Volksgezondheid en Milieuhygiëne (NL), the 

influence of the salt concentration on the migration behaviour in samples 
of sandy deposits containing glauconite was investigated. For Am and Pu 
the adsorption may decrease with factors up to 20 when the salt concentra
tion increases from "fresh water" concentrations to 1 molar. For Np such 
an influence is absent. It takes more than 3 weeks before the adsorption 
equilibrium is established. Additionnally, the impact of micro-organisms 
on the solubility of Pu was investigated in closed vessels which allowed 
control of pH, pCO. and growth of bacteria. The pH and E were measured 
continuously. The CO pressure was controlled by the composition of a gas 
mixture supplied to the system. The growth of micro-organisms was control
led by pulse application of glucose. The results suggest that the main 
impact of micro-organisms results from their ability to lower the redox 
potential of the sytem. Probably they are able to reduce PuO„ to Pu or 
PuC03. 

4. Conclusions 
A large body of useful experimental data has been collected for the 

areas of the MIRAGE Project considered here, both in the field and in the 
laboratory. Two main qualitative conclusions can be drawn : 
(i) The examples of natural geological migration systems considered in 

the Project indicate that radionuclide analogues migrate only short 
distances over very long time-spans, 

(ii) The laboratory migration experiments have shown that the amount of 
radioactivity left in groundwater after the leaching of waste forms 
and subsequent percolation through columns of geological materials is 
extremely low. 

Generally speaking, these data indicate that the geological media consi
dered for radioactive waste disposal do act as efficient barriers vis-à-
vis radionuclide migration. 

Furthermore, quantitative estimates of transport and retardation 
processes are now becoming possible. This improvement is accompanied by 
the parallel development of more adequate calculation tools (25) . All 
these results can now be used to improve the reliability of predictive 
radionuclide migration modelling. 
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FIGURE 2 : Column s e t  u p a t JRC ISPRA for i n t e g r a l m i g r a t i o n exper iments 
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DISCUSSION 

J . LEWI, CEA-IPSN-SAED, F r a n c e 

Do you think that natural analogues can be used for validation of models? 

B. COME, CEC Brussels 

Studies on natural analogues may permit a better understanding of proces
ses and consequently improve predictive modelling. However they cannot 
give all the answers, as the environmental conditions are not the same as 
those which will be present in waste repositories. Moreover the radio
nuclides are not the same, as in nature one does not find the radioele
ments of main interest in radioactive waste disposal studies. For example 
the study of Loch Lomond sediments has shown that contrary to what one 
could expect the Iodine has remained fixed in the marine band in which it 
was originally deposited. It is also possible to establish a relation 
between organic matter present in that layer and the retention of Iodine. 
So we are now forced to examine the reasons of the observed phenomena. 

R. KOBAYASHI, JGC Corporation, Tokyo 

You mentioned that in granite the mobility of rare earths decreases with 
temperature increase. How do you explain this? 

P. OUSTRIERE, BRGM Orleans 

We have observed this behaviour of Lanthanides in the laboratory as well 
as at a site at Langenberg. We cannot yet exactly explain the mechanisms 
which make the Lanthanides less mobile at higher temperature, but it has 
to do with the different alteration processes which is of the argillic 
type at low temperatures of about 100°C and of the propylitic type at 
higher temperatures around 200-250°C. 

R. KOBAYASHI, JGC Corporation, Tokyo 

You used crushed granite in your column experiments, but in actual circum
stances you will have granite with some fractures. Do you have some 
relationship between crushed granite and fractured granite? 

B. COME, CEC Brussels 

The column experiments performed with crushed granite are of a preliminary 
nature and are not entirely representative for the real conditions. They 
permit however a better understanding of migration processes, but for the 
moment it is not possible to give a simple relationship between crushed 
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granite and fractured granite. An experiment is planned to be performed 
with core samples presenting a longitudinal fracture. 

J. PELMAS, CEA Cadarache 

At Cadarache a research project has been started in which the crushed 
granite used in column experiments will be replaced by real overcored 
fractured granite samples. This project is part of a programme using the 
FORALAB probe developed by CEA. This probe permits borehole experiments by 
maintaining the water-gas-substrate equilibrium. The programme aims to 
reproduce as realistically as possible a saturated fractured environment 
by replacing the presently used filling materials by clays from the site 
and replacing the materials by real overcored fractured granite. 

K. KUHN, GSF Braunschweig 

Concerning the experiments on sorption of Americium by salt samples from 
the Gorleben site, you said that this was related to impurities in the 
salt. Could you say what kind of impurities were involved and what was the 
ratio between sorption by salt and by impurities. 

B. COME, CEC Brussels 

Experiments performed by the University of Berlin on pure crushed salt 
samples and on crushed salt samples from the Gorleben site have shown 
better retention properties of the latter. The explanation given is that 
the impurities, e.g. clay particles, play a role in better fixing the 
Americium. This effect is even stronger with plutonium. 

A. AVOGADRO, JRC Ispra 

The same observation has been made at experiments performed at RisjS (DK). 
Natural salt samples have better sorption properties with regard to 
trivalent radionuclides than pure salt. 
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Abstract 

Safety analysis of long-lived radioactive waste repositories 
is dependent on natural site evolution scenarios. This is a com
plex problem given that there may be a large number of interde
pendent factors whose occurence probability is usually very diffi
cult to quantify. A major methodological effort has therefore been 
undertaken in this field under the terms of the Community's R & D 
programme. Research teams from the JRC and the BRGM tackled the 
problems by way of two complementary approaches; A critical analy
sis of existing methods was also undertaken at the request of the 
Commission. This paper sets out to summarize the work and, as far 
as possible, make a methodological evaluation. 

Clearly, any safety analysis of high level and long-lived radio
active waste burial sites must take into account what happens to the 
various barriers over the full period of nuclide activity. The evolutive 
behaviour of the geological barrier is particularly important over the 
very long term. 

It is therefore essential to : 
a) define site-specific evolution scenarios and, 
b) evaluate the consequences of site evolution for possible nuclide 

migration conditions. 
The geological medium may be subject either to natural events (i.e. 
gradual phenomena or sudden events) or to the repercussions of human 
activities. This paper considers only natural factors (the effects of 
human activities have not yet been studied to the same degree). A 
variety of approaches are used to tackle the above problems; they may 
roughly be divided into three main types (13) : 

1. Determinist studies based on specific geological containment failure 
hypotheses carried out in terms of what are felt to be the most plaus
ible scenarios; "worst case analysis" studies are a special case. 

2. "Probabilist" studies based on fault tree analysis (FTA) or event 
tree analysis (ETA) based on the hypothesis that the repository/geologi
cal medium system can be broken down into a series of independent 
elementary components behaving according to a binary logic (i.e. fault 
or no fault) quantifiable in terms of occurence probability; the aim 
here is to set out in graphic terms all the possible links in the chain 
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through which geological barrier failure may occur, the fault itself 
being the top event working down to a series of primary events via a 
cascade of intermediate events; it is thus possible to calculate the 
probability of a top event by reference to primary event occurence 
probabilities; in other words, FTA is a deductive process. ETA, on the 
other hand, is an inductive technique starting from primary events and 
progressing logically to their immediate effects and ultimately to 
system failure; studies along these lines have been extensively devel
oped, in particular by research teams from the Ispra JRC, where this 
method has been gradually improved to good effect (4, 16). 

3. "Mixed" studies whereby, in parallel with a probabilist approach, 
some stages in the safety analysis process are tackled in determinist 
terms and an attempt is made to quantify the disposal risk by weighting 
estimated damage with an occurence probability factor; these studies are 
often based on stochastic simulation techniques for formulating fault 
scenarios (e.g. Monte Carlo, Markov Chain, Latin hypercube, adjoint 
state method, etc.). 

All these approaches have their advantages and disadvantages (or 
insufficiencies) given the complexity of nature and our relative state 
of knowledge (15). To bring out the complementarity of the various 
approaches, we shall describe here the methodological studies pursued 
under the Corrmunity research programme by reference to a probabilist 
approach adopted by the Ispra JRC and geoprospective modelling of the 
effects of scenarios based on past events formulated by the BRGM. 

EVALUATION OF THE PROBABILITY OF GEOLOGICAL EVENTS 

To enable a quantitative evaluation to be made of the risk in
volved in the disposal of radioactive waste in deep geological forma
tions, we need to develop models capable of predicting the consequences 
of possible leak mechanisms. As these consequences are liable to vary 
widely depending on the various release modes, it is essential to find 
out which of the possible disposal site evolution scenarios have the 
highest occurence probability. In other words, we have to select, from 
the many possible scenarios, a reasonable number with a relatively high 
occurence probability. 

It therefore follows that all the possible future site geology 
configurations must be classified in terms of occurence probability, an 
essential exercise given that probability evaluation is a major element 
in the geological appraisal process. The current state of the art is 
such that the predictive dimension of geology as a science is still 
limited (it is more concerned with describing the past history of the 
earth than with its evolutive future). Another point to be borne in mind 
is that, since most of the events have only very low occurence prob
ability ratings, it is rarely possible to deduce probability values frem 
a statistically representative set of data. The result is that, for a 
large number of processes looked at in terms of risk analysis, occurence 
probability evaluation is largely dependent on expert's subjective 
judgement, based in turn on a long process of quantitative and quali
tative evaluation drawing on the current state of knowledge. In other 
words, the probability of geological events amounts to a quantitative 
measurement of the expert's "degree of conviction" based on the sum 
total of his own knowledge. As experts' knowledge of the subject 
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is liable to change in the light of new experimental findings or theor
etical innovations, their opinions are liable to change accordingly, 
with the result that a more sophisticated probability evaluation can be 
adopted. It is important to note that, according to the "subjectivist 
school of thought", probabilities depending essentially on relative 
frequency should not be given any more weight than those based on sub
jective appraisal. There is no such thing as a "true" probability; all 
probabilities are in fact "quantitative measures of opinions" (12). 

Generally speaking, the range of events liable to trigger off a 
fault in the geological containment is fairly wide; from sudden random 
events (whose probability can be statistically evaluated) to more 
complex events for which occurence probability evaluation will have to 
be based on certain basic hypotheses and subject to clearly defined 
limits. Tectonic events capable of rupturing the geological barrier can 
normally be classed as random events, belonging to the group of phenom
ena for which a statistical data set is available (or at least obtain
able) . 

Fault formation frequency within a selected zone may be regarded 
as constant over a tectonic phase, and occurence may roughly be regarded 
as instantaneous on a geological time scale. 

By contrast, certain geomorphological processes capable of setting 
in motion a direct radionuclide release up to the surface are often due 
to the combined action of a number of events; the gravity of their 
effects normally depends on the occurence of a particular sequence of 
phenomena. 

For instance, a glaciation cannot readily be regarded as a randan 
event; nonetheless, intuitively, its effects in a zone which is already 
affected by pleistocene glaciations may appear substantial. The prob
ability of this kind of event must therefore be carefully evaluated even 
if - as in this case - statistical data are usually lacking. A new 
glacial phase at a disposal site is a slow and continuing process which 
may occur with varying degrees of severity (like any other erosion 
process ), with the result that it may be difficult to evaluate the 
probability factor in the light of the event frequency alone. 

Where the scenario is due to the combined action of a number of 
events and/or conditions, application of the fault tree analysis method 
should have certain advantages. For one thing, it is easier to deal with 
the most complex phenomena by reducing them to a set of elementary 
events which readily lend themselves to study. The slow and continuing 
processes may be analysed by classifying them according to a speed 
scale, each being identified by its probability value (4). 

But however much special techniques may be useful in rationalizing 
the approach to be adopted, estimation of the probability of geological 
processes will always rest (in part at least) on the expert's subjective 
judgement. This does not mean to say, however, that such limitations 
render the results of probability estimation meaningless : the expert's 
professional experience, coupled with the data available, is a highly 
valuable tool in carrying out the evaluation exercise. 

The probability of geological processes must therefore be esti
mated first of all on the basis of an analysis of the relevant documen
tation, followed by an in-depth study of the geological history of the 
region, with special reference to the Qjaternary, so as to identify the 
geomorphological processes and the events which are likely to be import
ant in terms of the site. 
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Finally, the average or external conditions to be expected over 
the period of time considered must be evaluated. A probability rating 
can therefore be postulated on the basis of all these elements. 

Oice the possible scenarios have been classified, the risk analy
sis procedure may be continued by studying the consequences. Each form 
of release will require a special model with a view to evaluating conse
quences in terms of population doses. At this stage, the most plausible 
scenario(s) will have to be refined so that the consequence simulation 
stage can follow on correctly. To this end, most of the data collected 
for the probability of evaluation exercises will be reused. Ultimately, 
the two objectives, i.e. release occurence probability and the relative 
consequences in terms of population dose, will constitute a relative 
damage yardstick for a given scenario. 

GBDFORECASTING APPKQÄCH 

The 'prospective' approach sets out to project past natural trends 
into the future and thus to compare situations in the context of con
sistent and plausible scenarios, where the projection horizons may be at 
any stage in the future. 

Generally speaking, this approach does not set out to predict 
future events, but simply to examine possible future configurations with 
a view to defining, from a practical point of view, the best ways of 
tackling the range of conceivable hazardous situations. It is thus 
essentially an operational (i.e. practical) approach. 

Application of this approach to contairment performance analysis 
for radioactive waste deposited in deep geological formations was first 
suggested at the first Community conference on radioactive waste in 1980 
(3). 

Prospective scenarios are initially drawn up on the basis of 
historical analysis of the geosphere and biosphere systems with a view 
to defining the major evolutive trends, the major cyclical phenomena and 
random events to yield characteristic traits to be projected into the 
future in the context of consistent and plausible scenarios. 

At the same time, the prospective approach prompts study of the 
natural and artificial environments with a view to ascertaining their 
interactions in a purely deterministic context (e.g. interaction between 
waste, repository, surrounding rock, receiving massif, etc.). 

The scenarios are therefore drawn up in terms of increasing 
complexity involving both natural evolution and the impact of the 
installation on the geological medium; there are four basic scenario 
types to facilitate comparison (13) : 
- The stable environment scenario (strict determinism), which presup

poses that the current natural conditions are immutable and that the 
medium only evolves under the impact of the repository. This hypoth
esis is plausible to a horizon of several centuries. 

- The retrospective scenario (historical determinism), which presup
poses the creation of a waste repository 10 000, 100 000 and a 
million years ago, and evaluates the impact of the repository on the 
geosphere bearing in mind the natural evolution of the paleosite 
revealed to us by a study of the Quaternary (e.g. climate, geology 
and biology). 

- The tendential scenario (subjective probability = plausibility), 
which takes account of natural tendency-based evolution phenomena 
determined by historical analysis of the environment at various 
levels of complexity (convergence of tendential events). 
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- The disaster scenario (strict probability), which complicates the 
above scenarios by taking into account sudden catastrophic events 
wherever the defined evolution context permits (e.g. faulting or 
reactivation of an existing fault in the repository, volcanic erup
tion, major earthquake, accidental human intrusion, etc.); purely 
catastrophic scenarios may be formulated for the operational phase of 
construction of the repository and waste disposal : e.g. accidental 
flooding, collapse of a gallery, etc. 

The research work carried out at the BRGM in this field in the 
context of the Commission's indirect action programme have been restric
ted so far to the prospective approach to the natural geological evol
ution of a disposal site. 
In this initial phase, the following points have been covered : 
1 - Inventory and analysis of the external and internal gecdynamic fac

tors dictating the natural evolution of a site, characterized by 
scalar parameters or spatial or spatio-temporal distributions, 

2 - definition of the interrelations between these factors, 
3 - selection and ranking of the most significant factors, bearing in 

mind the location of the sites considered, 
4 - construction of (initially relatively simplified) scenarios. 

The study was carried out over as wide as spectrum as possible, 
concentrating however on the most plausible locations for French or 
north-west European sites. By way of illustration, the instrument devel
oped for setting up scenarios has been applied to actual geological 
locations with real site potential. 

INVENTORY AND QXJMJTTEÄTIVE ANALYSIS OF FACTORS 

Initially, a detailed analysis was carried out for each type of geologi
cal phenomenon with potential for affecting the natural evolution of the 
site, concentrating on the following points : 
1 - the nature and appearance or triggering conditions of the phenomenon 

(dependence vis-à-vis other factors), 
2 - the quantitative parameters likely to affect the evolution process 

and the variability thereof in spatial and temporal terms, 
3 - the effects of the said phenomena on the state of the site. 

A separate report was drawn up for each study (5, 6, 7, 8, 9, 10, 
11, 12). Detailed analysis of these external or internal gecdynamic 
factors enabled researchers to select and classify the most significant 
factors for the various types of geological medium and to specify how 
they should be integrated into the site evolution scenarios. 

Fig. 1 shows how the various factors interact. It is thus possible 
to make a choice of simple parameters to show temporal evolution : 
- of the site ("state variables"; e.g. altitude) 
- of the characteristic waste containment characteristics : essentially 

the waste-to-outlet transfer time. 

SETTING UP THE SCENARIOS 

A special programme entitled CASTOR (Construction automatique de 
scénarios d'évolution d'un site de stockage de déchets radioactifs) has 
been set up to guarantee the following four criteria : (T4) 
- Generalization : to take into account the maximum number of phenomena 

and situations 
- Flexibility : to make techniques simpler or more sophisticated 

depending on requirements and to make changes to the 
process by a system of coupled modular programmes 
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- Reproducibility : to repeat the scenarios with variations in certain 
parameters (important in terms of sensitivity anal
ysis) 

- "Neutrality" : to enable the user to decide whether or not to apply 
certain mechanisms which are not systematically 
imposed important in terms of controversial mechan
isms) . 

Th<5 site is characterized by situation variables listed in Table 
I. The CASTOR programme controls a time iteration loop t enabling the 
evolution of the variables to be defined according to time steps fixed 
by the user. 

The interactive dialogue facility with the user or with the auto
matic control facility are designed to enable two distinct types of site 
evolution mechanism to be processed : 
- "Identified" mechanisms, corresponding to ineluctable processes which 

can be readily simulated (e.g. erosion). 
"Controlled" mechanisms, where the triggering and subsequent evol
ution conditions are known to be contentious, so that the mechanisms 
have instead been left under the user's control; foolproof devices 
have simply been introduced to verify the consistency of the infor
mation introduced by the user; This will be the case, for instance, 
in introducing a glaciation factor. 

In most cases, very simple calculation rules have been applied, 
initially at least, to simulate evolution mechanisms : 
- the evolution of a phenorienon is modelled in terms of a simple time 

function (e.g. uniform speed) 
- its consequences are restricted to those phenomena considered essen

tial in terms of tuie site and the repository. 
The importance of the automatic programme is therefore to be found 

more in the management of these various modules (e.g. linkage, consist
ency, etc.), and the facility for multiplying the tests. The only rela
tively sophisticated module calculates variations in hydraulic par
ameters, especially permeability, as a function of the state of the 
site. Tnis particular module was adapted from a calculation programme 
written at the BRGM for modelling the coupling of hydraulic, thermal and 
mechanical phenomena in a fractured medium. 

The programme was applied experimentally at an actual site chosen 
arbitrarily in a granite massif in the west of France (Massif Armo
ricain) , in an area of old baserock, at low altitude and within 30 km of 
the present coastline. 

The hydraulic configuration is very simple (Fig. 2), enabling the 
system to be represented by a two-dimensional vertical grid system with 
triangular finite elements. The programme has been adapted to calculate 
three-dimensional permeability to cope with the eventuality of sub-
vertical fractures (14). 

The current geomorphological state of the site is set out in 
Fig. 3. To illustrate how the method is used, a series of diagrams (Figs 
3-6) shows the evolution of the site through one of the scenarios under 
study, viz. the effects of the establishment and melting of an ice cap 
in 100 000 years. Although the occurence of a new global glacial epoch 
is more or less a matter of certainty within the stated period, the 
development of an ice cap on this particular site would count as a much 
less likely event. Nonetheless, it is of methodological interest; 
progressive glaciation (in 7 000 years) is, according to this scenario, 
accompanied by fluctuations in sea-level, isostatic compensation, 
glacial and fluvatile erosion and changes in the permeability of the 
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fractured massif. All these phenomena are relevant to the time scale of 
radionuclide migration from the repository to the point of release. It 
therefore follows that the containment parameters vary, and the simu
lation values at different time steps are set out in table 2. 

Automatic construction of natural site evolution scenarios, ac
cording to the principles adopted here, is only at a preliminary stage. 
Cnly a few simple tests have so far been carried out at an actual site 
chosen in an actual geological medium. 

However, the few tests which have been carried out have underlined 
the importance of this kind of approach in identifying the interactions 
between the various evolution mechanisms and taking account of the 
progressivity factor. The groundwork has now been done for a new ap
proach to supplement the conventional event-related analyses. 

At this stage, a large number of improvements are still envisaged, 
and must be incorporated as the research programme develops : 
- at the scenario construction stage : by improving the sophistication 

of certain specialized modules (e.g. incorporating a hysteresis 
phenomenon in vertical movements) or of the scenarios themselves, by 
incorporating the occurence of "catastrophic" events; 

- at the result analysis stage : by introducing value bands and quanti
fication of site variable-related uncertainties into the various 
parameters involved in the specialized modules, using sensitivity 
analysis to highlight the critical parameters and mechanisms. 

These results will only be available in conjunction with detailed 
site studies to enable the sophistication of modelling techniques to be 
brought into line with the degree of detail of the processed data. 

We are restricted at present to estimating the natural site 
response to natural events. To be able to attain our proposed oper
ational objectives, we shall have to evaluate the way the repository 
responds to evolution and vice versa, and ultimately express the global 
response (i.e. site and disposal) in terms of risk. 
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TABUS 1 

SITE VARIABLES, CONTAINMENT AND EVOLUTION PARAMETERS 

SITE-SPECIFIC 
VARIARLES 

SITE-SPECIFIC 
EVOLUTION 
PARAMETERS 

REGIONAL SITE 
VARIABLES 

REGIONAL 
EVOLUTION 
PARAMETERS 

CONTAINMENT 
PARAMETERS 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 

32. 

33. 
34. 
35. 
36. 
37. 
38. 
39. 

Altitude (m) 
Depth of repository (m) 
Morphology: 0 under water; 1 plain of hillside; 

2 nnountain 
Thickness of ice (m) 
Alterite thickness (m) 
Average density of overlying rock 
Young's module (bar) 
Poisson's coefficient 
Isostatic load (bar) 
Vertical stress (bar) 
Maximum horizontal stress 'Ήπβχί*331) 
Minimura horizontal stress crfjninibar) 
Stress conditions 
Azimuth °Hmax(^ar) 
Number of fracture families in each permeability 
Average direction 
Gradient 
Average fracturation density 
Average fracture opening 

zone 
for each 
family 

Groundwater above (m) 
Groundwater below (m) 
Salt dome depth 

Erosion rate (m/year) 
Sedimentation rate (m/year) 
Isostatic movement rate (m/year) 
Rate of epirogenesis (m/year) 
Rate of ice cap formation (m/year) 
Melting rate (m/year) 
Rate of sub-glacial erosion (m/year) 
Rate of salt dome rise 

Sea-level vis-à-vis tţ-, = 0 (m) 

Sea-level variation rate (m/year) 

Permeability tensor (first order) 
Permeability tensor (second order) 
Porosity (%) 
Lentgh of upstream flow line (m) 
Length of downstream flow line (m) 
Transfer rate (m/year) 
Transfer time (years) 
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TABLE 2 

EXAMPLE OF EVOLUTION OF OTNTAINMENT PARAMETERS 

IN A GLACIATION SITUATION 

TIME AFTER to 
(years) 

PERMEABILITY 
(zone 1) 
(m/s) 

PERMEABILITY 
(zone 2) 
(m/s) 

TRANSMISSION 
VELOCITY 
(m/year) 

TRANSFER 
TIME 

(years) 

Initiation 
of 

glaciation 

Ice 
melting 

10 000 
20 000 

' 30 000 
31 000 
32 000 
33 000 
34 000 
35 000 
36 000 
37 000 

'40 000 
' 60 000 
61 000 
62 000 
63 000 
64 000 
65 000 
66 000 
70 000 
100 000 

0.65 
0.65 
0.65 
' 0.37 
0.31 
0.12 
0.7 
0.4 
0.2 
0.1 
0.1 
0.1 
0.9 

„10 
10 
10 
10 

10 
10 
~l 

0.66 
0.67 
0.67 
0.67 

10 
10" 
10" 
10" 
10 
10 
¡θ" 
10" 
10" 
10" 
10 
10" 
10 
10 
10 
10 
10 
10 
10 
10 

1 

1 

1 
10 

10 
■10 
10 
10 
10 
10 

0.52 
0.52 
0.52 
0.30 

0.1 
0.1 
0.1 
0.8 
0.53 
0.53 
0.53 
0.53 
0.53 
0.53 
0.54 

10 
10 
10 
10 
10 
10 
10" 
10" 
10" 
10" 
10" 
10 
10 
10 
10" 
10" 
10" 
10 
10" 
10" 

■ 10 
10 
10 

10 
10 

10 

1 

1 

10 
10 
10 
10 

10 
10 
10 

1.15 
1.15 
1.15 
0.65 
0.32 
0.22 
0.12 
07 
04 
024 
024 
024 

0.16 
.16 
.16 
.17 
.17 
.15 
.16 
.16 

85B 
857 
857 
500 
617 
550 
894 

13 676 
23 676 
40 992 
40 934 
40 550 
5 917 
Θ43 
843 
84 3 
842 
854 
B53 
851 

N.B. The fine degree of accuracy has no absolute significance; it 
simply serves to bring out any minor variations in the values. 
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f[¿.^ country rock of brioverian (upper proterozoic) sch is t s 

377 

intrusive cadomian (lower paleozoic) granite 
main fractured rock gaps 

ι 1 15 m alterite giving uniform zone 
cover (simplified ideal case) 

ΐ~~ '■ hornfels 

FIG. 3  EVOLUTION OF MODEL SITE STAGE to 

i_ Ί surface alterite 
i ~~l| local collapse basin with sandclay fill 
ι—t—I undifferentiated granodiorite 

hornfels 
brioverian schists 

FIG. 4  EVOLUTION OF MODEL SITE STAGE (to + 300) YEARS 
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Θ ice cap 
^ H sub-glacial river zone 
■ 1 sediments associated with 
■ 1 sub-glacial waters 
ι additional.load caused by 
' weight of ice 

FIG. 5 - EVOLUTION OF MODEL SITE STAGE (to + 67 000) YEARS 

erosion seam 

FIG. 6 - EVOLUTION OF MODEL SITE STAGE (to + 80 000) YEARS 
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DISCUSSION 

R. KOBAYASHI, JGC Corporation, Tokyo 

The code CASTOR that you mentioned, is it 3-dimensional in treating 
hydrological problems? 

P. PEAUDECERF, BRGM Orléans 

The code CASTOR is very flexible as one can introduce modules in function 
of the case studied. In the case I presented, the hydrological model was 
rather simple and two-dimensional. 

R. KOBAYASHI, JGC Corporation, Tokyo 

What was the significant parameter resulting from your sensitivity 
analysis? 

P. PEAUDF.CERF, BRGM Orleans 

Ue have not performed a systematic parameter sensibility study, so the 
results are only partial. However the significance of parameters will be 
site specific. 

F. GIRARDI, JRC Ispra 

I agree with you on the interest to test your method on specific sites. Do 
you have any projects on particular sites? 

P. PEAUDECERF, BRGM Orléans 

We are at present testing the method for the evolution of clay formations 
on a fictive site in the Parisian "bassin" .. As nc drillings have been 
carried out we don't have real data. Furthermore we are testing the method 
on some granitic massifs, but we are open for other proposals. 



TECHNOLOGY FOR THE IMPROVEMENT OF SHALLOW LAND BURIAL 
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Summary 

Low cost and easy operabllity are the main ar0uraents for disposal of low 
level radioactive waste by shallow land burial. The risk of activity 
release is partly determined by waste properties and site characterist-
ics, but it is also influenced by the general construction of the burial 
facility and by the properties of materials used in engineered barriers. 
From none to many such barriers may be present in a burial system. There 
is a continuous transition from real surface disposal to systeras situated 
at considerable depth. To evaluate the balance between cost and risk 
residue for various alternatives, series of documented burial concepts 
are needed. Three variants of a fairly advanced generic system developed 
at Riso are described. Tentative cost figures are given. Results from 
material studies of various types of concrete and of bitumen proposed as 
barrier materials are presented. The importance of the development of 
methods for the study of interaction processes and long-term behaviour 
of barrier materials is underlined. As an example of the documentation 
and possible improvement of barriers at an operating site, French exper
iments with water penetration into the soil layer on top of the tumuli 
at the Centre de la Manche are described. 

1. INTRODUCTION 

Enormous volumes of ordinary waste: refuse, sewage sludges, fly ash, 
industrial wastes and mining wastes are disposed of every year often by 
some type of shallow land burial. Compared with these volumes the amounts 
of low- and medium-level radioactive wastes generated by the nuclear fuel 
cycle are small. Based on the CEC analysis from 1982 (1), the present annual 
volume is about 60,000 m^. It is about 0.2 to 0.5 kg per year and person in 
the Community, much less than the about 500 kö conventional waste per year 
and person typical for industrialized countries. (These figures do not 
include conventional mining waste, nor uranium mill tailings, the only 
really bulky waste product from the nuclear fuel cycle.). 

Although the volumes of radioactive waste are relatively small, they 
still have to be handled and disposed of. The increase in nuclear power 
production and the reduced possibilities for sea dumping makes this require
ment more acute. All the major European countries are therefore working on 
projects for the disposal of low- and medium-level radioactive waste by 
shallow land burial (France, UK) or by disposal in mines (W. Germany) or 
rock caverns (Sweden). Some European shallow land burial sites have been 
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operated for many years, e.g. the Centre de la Manche in France and Drigg 
in UK, but the capacity of these sites are limited. 

In Denmark the problem is not acute since there are no nuclear power 
reactors and only an accumulative amount of about 600 m̂  research waste in 
storage. However, also this waste has to be disposed of, so the interest 
taken in development of disposal systems is not entirely academic, although 
there are no specific plans for implementing the proposals made in the fol
lowing 

Table I. Radioactive waste types which are or might be disposed of by shal
low land burial. 

Longterm 
activity 
concentration 

Source Volumes 

βγ 
low 
low 
low 

αβγ 

α 

α + 
α 
α 

βγ 
Zero 
or 
low 

Medium 

Medium 
I 

Reactor operation 
Decommissioning 
Research, etc. 
Ufuel fabrication 
Umine tailings 

Accidents 
Reprocessing 

Pufuel fabrication 

Medium 
Medium 
Small 
Medium 
Large 

Small (hopefully) 
Medium 

Mediui.i I 
i 

Table I gives an overview over the types of low and mediumlevel 
radioactive waste which are or could be disposed of in shallow land burial 
if sufficient safety can be demonstrated. For waste containing significant 
amounts of longlived αactivity some type of faeological disposal may be 
preferred, but from an optimalization point of view, and maybe also for 
emergency purposes, there is an incentive to investigate the limits of safe 
operation of the various disposal options. The presence of longlived ac
tivity will require documentation of the longterm behaviour of the systems. 

Shallow land burial is often the only economically feasible option for 
the disposal of bulky waste, e.g. uraniummill tailings. In the case of 
other radioactive wastes such constraints may not appear, but ideally the 
selection of disposal systems should always be based on a balance between 
cost and risk, so that unnecessary use of resources is avoided. 

Fig. 1 shows in a very schematic way the risk/cost correlation as 
dependent on some of the major parameters which can be influenced by waste 
strategies and by site selection and design of the disposal system. The 
cost will increase with the volume to be disposed of, but a waste strategy 
leading to lower volumes with higher activity concentrations may give rise 
to a higher risk to personnel handling the materials. Use of enöineered 
barriers around the waste can be rather costly and the risk estimates will 
depend on the possibilities for documentation of a sufficiently low de
gradation rate. In the same way the disposal at increased depth is normally 
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more costly than disposal at or near the surface. The risk of activity re
lease by accidental intrusion decreases with depth, while the general risk 
estimate also will depend on the possibilities for reliable modelling of the 
migration in the environment. 

Volume Concentration, 

COST Engineered 
barr ier s —Degradation RISK 

Depth Migration' 
«si Time > 

Fig. 1. Some parameters influencing the cost/risk correlation. 

From none to many engineered barriers may be present in a burial 
system, and there is a continuous transition from real surface disposal to 
systems situated at a considerable depth. To evaluate the balance between 
cost and risk residue for various alternatives, series of documented burial 
concepts are needed. 

Work on improvements of engineered barriers in shalLow land burial 
systems and on the risk of degradation of such barriers has been made in 
the last 5 years within the frame of the CEC coordinated projects. The 
work includes: 
- Danish generic studies and material investigations which may be used -
some time in the future - in the construction of new disposal facilities 
(2,3,4). 

- French work on the documentation and/or improvement of the properties of 
the cover material used in already operating or planned shallow land 
burial systems (5). 

2. DANISH CONCEPTUAL DESIGN 

A concept for shallow land burial of reactor waste, based on the French 
system with burial in concrete cells, as done for the more active waste at 
the Centre de la Manche, was discussed in Denmark in 1977. It was later 
used as one of three reference cases in an Inter-Scandinavian system- and 
risk-analysis study of storage, transport and disposal of reactor waste 
(6). Under contract with the CEC further work has been made since 1981 on 
evaluation and improvement of such systems. 

2.1 Construction of a hexagonal overpack container 

The handling and emplacement operations are much simplified if the 
waste, as far as possible, is delivered to the disposal site in form of 
standardized units. A regular hexagon, see Fig. 2, was selected as the outer 
shape of the standard container since such units can be placed together with 
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very little interspace between them· Fullsize containers, which could be 
used directly for conditioned waste or as overpack for standard 210 1 drums, 
were cast from ordinary concrete (based on sulphateresistant Portland 
cement, SRPC) or from Densit*, a high strength, low permeability concrete 
containing silicafume particles as additive. Vhe concrete was reinforced 
with steel net and by addition of 12 and 25 mm long steel fibers. After 
positioning of the drum the interspace between the drum and the container 
was filled with concrete. The lid was cast in the same operation. The 
material costs were in 1982 about 500 Danish Crowns per unit. 

Empty fullsize units have been exposed to 1.2 and 5.5 m drop tests 
without significant damage. Some units were tested against internal pressur
ization and were found to crack at 3 to 5 bars waterpressure. A slight 
change in desi0n, which is under investigation, may improve the resistance 
against overpressure. The units were not airtight probably due to small 
cracks caused by slight contraction during hardening of the concrete. 

71,5 cm 

\:\~ — ' - ^ ^ Π 

I 
d 

\ 

4 
2101 

&B. ■ ■ ■ ■ 1 ' " 
22222 2Z *Á&W. 

Prefabricated container 

Fig. 2. Hexagonal concrete container used as overpack on standard 210 1 drum

2.2 Emplacement in 3 different types of nearsurface disposal facilities 

The hexagonal standard units can be disposed of in many different 
types of repositories. It lias been pointed out that accidental intrusion in 
an abandoned nearsurface disposal facility must be taken into account when 
evaluating the lonöterm risk of disposal. Three conceptual designs have 
therefore been made where the soil cover is 2, 10 or 20 m thick, respective
ly. See Fig. 3. 

* Protected trade name. The product was developed by Aalborg Portland 
Cement Factories. It is now marketed by Densit A/S, Sølystvej, DK9220 
Aalborg Øst, Denmark. 
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1 1 

Freeze pipes 

Fifa. 3. Three conceptual designs for shallow land burial. 

In concept No. 1 square concrete bunkers with wall thickness about 1 ;n 
are constructed in two rows beside each other and filled with units stacked 
in five layers on top of each other. The emplacement is made by a travelling 
crane under cover of a movable shelter. 

In concept No. 2 cylindrical (and therefore rauch stronger) concrete 
constructions, e.g. with internal diameter 11 in, are placed in rows in 
a ~ 30 m deep excavation. The units are stacked in 21 layers. One cylinder 
may contain about 3300 standard units corresponding to the volume of reactor 
waste from the production of 1 to 2 GW'year. 

In concept No. 3 the cylindrical constructions are supposed to be made 
using the freezing technique employed for the construction of mine shafts 
in unconsolidated formations. The method is well established and was used 
e.g. for the sinking of the shaft to the underground laboratory at Mol, 
Belgium. In principle this system permits the positioning of the repository 
at any desired depth, but the cost will increase rapidly with depth. The 
diameter and the height of the construction usable for disposal can be 
optimized against the thickness of the desired soil cover, but this is a 
question for a project at a more advanced stage. 

All three types of structures can be made using conventional construc
tion technology. A welded steel plate used as inner mould is supposed to be 
left in place as part of the structures and as an additional barrier against 
penetration of water into the interior. 

The cost of the construction work necessary for disposal of one stan
dard unit has been estimated to 1400, 1800 and 2900 Danish Crowns for 
concept No. 1, 2 and 3, respectively (1983 prices). 
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As a special factor it is proposed to use molten bitumen for the seal
ing of the interspace between the individual hexagonal units. The required 
amount of bitumen is reasonably small (~ 200300 Danish Crowns/unit) and 
the use of bitumen gives some major advantages compared with concrete. The 
bitumen can be expected to fill all crevises completely, it has a low 
permeability for water, and it is a soft material which will not crack due 
to relative movements of the units caused e.g. by uneven settling of the 
ground under the repository. There is, of course, a fire risk, involved in 
handling of large amounts of molten bitumen, but this can be circumvented 
by the use of a CO2 cover gas. 

The feasibility of bitumen sealing has been shown on a limited scale 
by a demonstration burial of 21 empty standard units, see Fig. 4. The 
structure is covered by ~ 0.3 m soil. The bitumen layers on the outside of 
the outer units are in direct contact with the surrounding watersaturated 
soil. The development in electrical resistivity in the buried concrete con
tainers and over the bitumen membranes are followed and the humidity in the 
air in some of the empty drums determined occasionally. The trends are in 
agreement with what can be expected from material investigation, see Fig. 8. 
So far the drums have been dry. 

γdoses to personnel could be a serious problem durin0 emplacement of 
a lar0e number of radioactive waste units in a repository of one of the 
types shown in Fig. 3. Λ model for calculation of dose rates as a function 
of distance from single standard units and öroups of units with known 
contents of γemitters was developed. The results for a single unit were 
verified experimentally, and it was found that the model overestimates the 

Soil <~2 cm bitumen 
Electrical 
resistance Humidity 

in air in drums 

Measurement possibilities 

Viv 4. Configuration of demonstration burial. 21 empty units placed in 3 
layers with 7 in each. The interspace between the units is sealed 
with bitumen. 
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dose rates with about a factor 2, especially at larger distances. The con
clusion of this part of the investigation was that facilities for remote 
emplacement of some or all of the units will be necessary, at least for 
reasonably fresh reactor waste. 

The long-term risk associated with a repository for radioactive waste 
will depend on I) the isotope inventory, 2) the properties and long-term 
stability of the enöineered barrier system and 3) the hydrology and reten
tion properties, etc. of the surroundings as determined by the siting of 
the system. Risk evaluation is the topic of the following paper to this 
conference, but some main point must be mentioned here as background for 
the investigation of material properties. 

3. MATERIAL STUDIES 

No releases will occur if it is possible to keep water out of contact 
with the waste for sufficiently long time, and only very slow releases can 
be expected if the transport out of the repository is exclusively by diffu
sion after water saturation has taken place. It follows that the problem is 
to document that major defects in barriers will be slow to develop, and 
that significant water flow driven by hydraulic gradients, solution density 
differences or gas pressures will be improbable. This is a complex task 
requirinfa much knowledge about the long-term development of the material 
properties as influenced by the interactions with the other materials in 
the repository and the surroundings. 

3.1 Waste materials 

As reported in Session IV of this conference, extensive work has been 
made within the CEC projects on leaching, volume- and radiation stability 
of various types of conditioned low- and medium-level radioactive waste. 
Two phenomena may lead to interaction with outer barriers: The first is 
that the internal water chemistry can be influenced very much by leached 
macro-components from the waste, e.g. Na , SO^ , organic components, etc. 

The second is that swelling due to water uptake in some types of 
bituminized materials may generate forces large enough to crack external 
barriers around the waste. This is the case for bituminized dry ion-exchanfae 
resin where pressure up to 20-30 bars has been measured, and much larger 
pressures can be foreseen theoretically. It may also occur, due to osmotic 
phenomena, with bituminized (and probably also polymer solidified) materials 
containinö soluble salts, but experimental evidence is lacking in this area. 

3.2 Concrete barriers 

Portland cement concrete is a long known and much used material. In 
comparison, the variant called Densit is quite new with a production history 
of less than 10 years. This is a draw-back, since evaluation of the proper
ties must rely on relatively short-term laboratory experiments. However, 
the important point is that possible deleterious reactions in the specific 
environment of the repository must be understood. Such knowledge will often 
be of quite new origin also for ordinary concrete. 

Densit paste is produced by mixing e.g. sulphate resistant Portland 
cement with silica fume*, an oróanic superpiasticizer** and water in 
ratios about 100:20:2:25. Sand and coarser materials are added to fona a 
concrete easily workable even at this low water/cement ratio. The reason 
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is that the superplasticizer permits a much closer packing of the particles 
in a still fluid system, see Fig. 5. It is only by use of such additives 
that Densit type products can be produced, where the small silica particles 
are packed closely in between the much larger cement particles. 

Cement Superplastized Densit 
paste cement paste paste 

10 pm Silica fume 
particles 

Cement 
particles 

Fi, 5. Effects of superplasticizer and silicafume additives on fresh 
cement paste, after (7). 

Experimental comparisons between various properties of Densit and 
ordinary concrete have been made. 

Measurements of the hydraulic conductivity of ~ 1 cm thick samples 
gave low and very variable results in the same ran6e of values (10° to 
10~H cm/sec) for both Densit and superpias ticized concrete, indicating that 
the transmission is mainly throuöh microcracks and not through a uniform 
pore system. The permeability decreases with time of exposure to the hydrau
lic öradient. This is not the case for ordinary concrete without super
plasticizer, where the permeability is stable with values depending on 
water/cement ratio, e.0. 1U~° cm/sec at w/c = 0.34. 

Tne diftusive properties of the two materials have also been investi
gated. Figure 6 shows examples of the results from leaching experiments us
ing a system developed for the characterization of cemented was te materials. 
For onedimensional diffusioncontrolled leaching from thick samples the 
effective diffusion coefficient is given by D = π"α /4, where α is the 
slope of the leach curves plotted afaainst /t, as done in Fig. 6. 

* A byproduct from ferrosilicium production. It consists of nearly pure 
Si02 in form of spherical particles with diameters about 0.10.2 μια. 

** Nasalt of a naphtalenesulphonic acid formaldehyde condensate. 
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cm 
1 .5 

eq. leached thickness eq. leached thickness 
, 50 ml 

SRPC concrete 

log(Mol/1) 

15 \|t days 

Fig. 6. Leach curves for samples of the two types of concrete. 

The conditions of the experiment are indicated on the figures. The 
stepcurves show the amounts of water which have been passed through the 
systems. This parameter is of minor importance for Cs and Naleaching, 
while the Sr and Caleach curves show indications of solubility limita
tions. 

Effective diffusion coefficients can also be obtained from experiments 
with diffusion through slabs of the material as shown on Fig. 7. Break
through curves, normalized to ml of the strong solution on one side trans
mitted per CIIÎ  surface area to the weak solution on the other side, are 
shown as a function of time. The effective diffusion coefficient is in 

o 
this case obtained from D = χ /βλ, where λ is the socalled time lag and 
χ the sample thickness. It is seen that the transmission of Cs is much more 
irregular than the transmission of tritiated water and in some cases takes 
place at a higher rate. To the right in Fig. 7 the l^Cs concentration 
profile is shown for the two slabs after the experiments. The scale is 
logarithmic which means that the concentration profile should have followed 
the stippled curve, if this was a case of simple Fick's diffusion. 

Table II gives some typical values for effective diffusion coefficients 
obtained with the two methods. It is seen that especially the values for 
'■'̂Cs are different for the two materials and the two methods. This and 
other features of the experimental results, e.g. the concentration profiles 
in the samples, can be explained by reasonable assumption about the pore 
structure in the materials as demonstrated by model calculations in (4). 
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Table I I . Typ ica l e f f e c t i v e d i f f u s i o n c o e f f i c i e n t s . 
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Fig. 7. Break through curves for 13^Cs and tritiated water for 3 identical 
samples of SRPC concrete and 2 of Densit. 
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The break-through curve for 134çs for sample No. 3 in Fig. 7 shows, 
after a period of rapid transport, a tendency to decline. This behaviour can 
only be explained by closing of a micro-crack by some precipitation reac
tion. Similar effects have been noticed in experiments with 3°C1- diffusion 
through ordinary concrete as well as Densit. Other types of experiments do 
also indicate that there is a tendency to precipitation of materials, which 
under suitable conditions may lead to the self-healing of cracks in concrete. 
Further documentation of such effects will be of much value for the safety 
evaluation of concrete barriers. 

A question which also must be evaluated is the lonfa-term stability of 
concrete in contact with e.g. strong salt solutions which may arise due to 
leaching of waste in a repository. However, preliminary experiments indicate 
that this is not a serious problem. 

3.3 Steel reinforcement and steel barriers 

An important function of concrete is to act as corrosion protection 
for embedded reinforcement and preferably also for steel plates in drums 
and casings which serve as barriers. In Densit pozzolanic reactions between 
silica fume and Ca(0H)2 may lead to decrease in pH and increased risk of 
corrosion of embedded iron. However, investifaations show that this is prob
ably of minor importance. A contributing factor to corrosion protection is 
the high electrical resistivity of Densit. Figure 8 shows the results of 
resistivity measurements on laboratory samples compared with values obtained 
from the full-size units in the experimental burial mentioned previously. 

4--

Mean for 7 Densit containers 
in experimental burial 

20 % silica fume 

10 % silica fume 
room temperature 

Ordinary cement paste 

5-10 C 

200 400 600 Days 

Fig» 8. Development of electrical resistivity in laboratory samples and in 
Densit in full-size units. 

3.4 Bitumen barriers 

Water transport through membranes of pure bitumen has been studied in 
connection with waste characterization work. Water solubilities of 0.2-0.5/Í 
and a diffusion coefficient D = 2· 10~° cn'/sec were determined by a combi
nation of methods. The material is therefore not completely water imper
meable, but the transport through 1-2 cm thick layers will be slow. It has 
been shown that high pH values, as typical for water conditioned by contact 
with concrete, will retard if not prevent microbial degradation of bitumen. 
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4 .1 FRENCH INVESTIGATIONS OF PROTECTIVE COVERS 

391 

Adequate safety of shallow land burial of low- and medium-level waste 
may be attained without the use of a complex system of surroundinfa barriers. 
However, the facilities should preferably be protected against percolating 
rain water by some type of water-tight covering. ANDRA, the organisation 
responsible for disposal in France, has therefore with support from the CEC 
initiated a program for development and testing of such coverings. 

In parallel with theoretical work, experimental equipment has been in
stalled to study the hydrologicai and physico-chemical conditions in cover 
materials under the environmental conditions at the Centre de la Manche 
burial site. The experimental set-up is of similar type as the lysimeters 
used in agricultural research. The purpose of the investigation is to 
show that the system and the installed measuring equipment can be used to 
document the quality of coverings on the so-called tumuli, i.e. stacks of 
drums and other waste units placed above ¿round and then covered by soil, 
one of the burial principles employed at the la Manche site. 

The main feature of the system (see Fig. 9) is a 6 -' 4 m rectangular 
collector plate of stainless steel with edges rised to a height of 0.5 to 
1 in. The plate is inclined 10% so that percolated water is collected at 
one side from where it is led to the measurement chamber situated below. 
The collector is nearly filled with high permeability materials: in the 
bottom a layer of pebbles, then gravel and finally a layer of fine sand. 
The cover material is spread in a thickness of 3-4 m above the sand layer 
in the collector. The edges of the collector extend some way up into the 
cover material which also is placed over a considerable area around the 
collector. 

The installation is built into the side of an ordinary tumulus. From 
about 300 m^ slightly inclined surface area on top of the system, run-off 
water is collected and led to the measurement chamber. 

Run off water 
scale 

DISPOSAL FACILITY 

Fig. 9. Section of the Frencli test facility. 
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The amounts of percolated and runoff water are measured continuously 
by a décantation system. The following physicochemical measurements are 
made: Conductivity, pH, Eh, temperature, turbidity, dissolved oxygen and 
major an and cations. Water collected in the recording raingauge situated 
on the site has also been analysed occationally. 

In addition to the watercollecting systems some further installations 
permit measurements in the cover material: 5 vertical 2.5 in long aluminum 
tubes are used to measure water content by help of a neutron source and 
suitable detectors. 6 ¿roups with each 5 tensiometers have also been in
stalled at depth between 0.3 and 2 m. The water tension, i.e. the pressure 
balancing the water suction out of a waterfilled porous porcelain tube is 
a measure for the degree of unsaturation of the cover material. 

The system has only been in operation for about one year. The results 
for the first material investigated were obtained in the 6 months from 
February to the end of July 1984. 

4.2 Infiltration rates 

The recorded relationship between rainfall and collected water is shown 
in Fig. 10. There is indications that two types of infiltration occur:  Λ 
more or less continuous seepage of water shows that the cover material has 
a not negligible hydraulic conductivity, determined by the pore system. The 
percolation rate declined from 0.90.5 mm/day in February to 0.1 uun/day at 
the end of July, but was never zero.  An increase in the amount of perco
lated water followed 6 to 24 hours after rainfalls, probably due to percola
tion via macropores or channels in the material. In addition, after periods 
with heavy rain, a general increase in percolation rate could be seen with 
a delay of 1215 days. This is ascribed to a higher degree of saturation of 
the deeper layers due to water infiltration via macropores. 

FEBRUARY MARCH APRIL 
RAINFALL in millimeters 

MAY JUNE JULY 

26 

50 

TOTAL RAIN 
203,8mm 

SEEPAGE WATER in millimeters TOTAL SEEPAGE WATER 
36,4mm 

Fig. 10. Correlation between rainfall and percolated water for the first 
tested material. 



Brodersen & Jehan: Improvement of shallow land burial 393 

The overall water balance for the period was: 204 mm rain distributed 
as 23 ima runoff (11%), 36 mm percolate (18%) and évapotranspiration esti

mated as about 70%. 

4.3 Water chemistry 

The continuous analyses of the seepage water show that the pll fluctu
ates between 7.98.3 for the whole period. No correlation with water flow 
could be seen since the soil acts as a buffer material. The conductivity 
increases from 400 to 600 pS/cui during the experiment and varied slightly 
with rainfall. These changes in conductivity are related to the residence 
time for the water in the soil and the higher degree of saturation of major 
ions attained when the percolation rate is low. The Eh fluctuates from 
550 to 450 mV and even 400 mV in July, i.e. there is a tendency to less 
oxidizing conditions when the water flow is low. 

The chemical composition of the seepage water was relatively constant. 
Values are given in Table III. 

Table III. Water chemistry of seepage water. 

meq/1 

C a ^ 
M„++ 
Na

+ 

K+ 
Ν11+ 

Cations 

0.90.5 
0.90.6 
4.55.3 

~ 0.45 
0 0.03 

HCO3 
ci

so7~ 
NO 3 
Si02 

Anions 

2.83.3 
1.52.0 
0.91.5 
0.10.15 

0.32 

The Ha + concentration tended to increase, while Ca"1""1" and Mg"11" decreased 
during the period. There was no significant change in the ionic strength of 
the solution. 

4.4 Result and perspective 

The experimental facility has made it possible to demonstrate the ap
plicability of various measurement systems for the study of cover materials. 
The test has been made in a scale large enough to permit extrapolation to 
larger areas. The installation gives data concerning the hydrodynamics of a 
cover layer, the geochemistry of the percolated water, and the runoff 
characteristics for surfaces on the site. 

On background of the extended French program on disposal of low and 
mediumlevel waste it was thought to be of interest also to use the test 
facility for a cover material useable for real watertight covers. The new 
cover investigated in the winter 84/85 consisted of a 3 m layer of compacted 
clay on top of which was placed a layer of sand and a layer of soil to sup
port revegetation. Although the rainfall during the winter was about 590 mm, 
only ~ 0.3 mm seepage water was collected in the first month of operation, 
declining to zero in the followinfa 4 months. This demonstrates that water

tight covers can be made if proper materials are selected. 
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5. GENERAL CONCLUSIONS 

It is probable that engineered barriers can contribute significantly 
to retardation of the release of radionuclides from shallow land burial 
facilities. Something can often be attained simply by use of more suitable 
materials as exemplified by the French studies. Additional safety may also 
be ascribed to the use of systems with more or less redundant barriers as 
in the Danish concepts. However, it may be difficult to prove the redundancy 
due to the complex longterm interactions between the materials in such 
multibarrier systems. The problem can be alleviated by further fundamental 
material studies, but some uncertainties will probably always remain. This 
is a drawback for multibarrier systems since it is difficult to motivate 
investments in enfaineered barriers which are not given any specific value 
in safety assessments due to doubts about longterm behaviour. 
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DISCUSSION 

D.J. SWALE, BNFL Sellafield 

What kind of clay was used in the experiments for the determination of a 
suitable top layer on the tumuli at the La Manche Centre which more or 
less stopped seepage? 

R. ANDRE-JEHAN, ANDRA Paris 

It concerned a multiple layer of tertiary clays which was deposited in 
such a way to obtain maximum density. 
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Summary 

This paper describes work on the analysis of shallow land burial of 
radioactive waste carried out under sheet 6 of the Radioactive Waste 
Management Programme. The work described encompasses a wide range of 
topics aimed at improving understanding of the influence of the 
barriers in the shallow land burial system, which are intended to con
trol the release of radioactive material from the waste to man's 
environment. A qualitative description of the near-field barrier 
system is given and the phenomena and mechanisms which could influence 
the integrity of the system are identified. A detailed consideration 
is then given of the geologic barrier. The results of in-situ radio
nuclide migration experiments, which test the validity of the use of 
laboratory sorption measurements and migration models to predict 
radionuclide migration, are presented, and a theoretical study of the 
influence of ground heterogeneity on radionuclide migration is des
cribed. It is, however, the barrier system as a whole which deter
mines the impact of shallow land burial of waste on man. Some exam
ples are given of the application of a methodology which has been 
developed to evaluate the radiological impact of shallow land burial 
of wastes, taking account of the whole barrier system. 

1. Introduction 

The four studies described briefly in this paper cover a diversity of 
aspects of the analysis of shallow land burial of radioactive waste, but 
have as a common objective the search for an improved understanding of the 
influence of the barriers in the shallow land burial system, which are 
intended to control the release of radioactive material from the waste to 
man's environment. The first study concerns a qualitative description of 
the near-field barrier system and the identification of the phenomena and 
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mechanisms which may affect its integrity. The following two studies focus 
on the geologic barrier and the prediction of radionuclide migration 
through the geosphere. Firstly, consideration is given, through the use of 
in-situ migration experiments, to the validity of predicting radionuclide 
migration using laboratory sorption measurements and migration models. 
Secondly, the influence of heterogeneities in the geosphere are investi
gated by means of a theoretical model. Finally, some examples are given of 
the application of a methodology for evaluating the radiological impact of 
shallow land burial of waste. This methodology considers the whole barrier 
system, and can be used to help identify those parts of the system, which 
have the greatest influence on the radiological impact, and hence guide 
further research. 

2. Near-field phenomena in a multi-barrier system 

A hexagonal waste unit has been developed at Risø, DK, for use in 
shallow land burial of low- and intermediate-level waste. An example of a 
conceptual burial facility for the units is shown in Fig 1. The correspond
ing barrier system in disposal facilities of this type is also illustrated 
in Fig 1. 

In this figure, the type of fault which most probably would occur and 
give rise to an imperfection in the barrier is indicated at the bottom. 
Under normal conditions activity can only be released from the waste inside 
the barriers to the surroundings, if water is able to penetrate from the 
outside to the interior of the system. This is likely to take a consider
able time with the barrier system proposed. 

If water penetrates, and there is no hydraulic gradient over the sys
tem, no flow of water is possible. the only possible release of activity 
is then by diffusion of water-soluble radioactive species through water-
filled cracks or pores. 

If a hydraulic gradient is present, and there are at least two inter
connected defects through all the barriers, the result is transport of 
soluble species by water flowing through the barriers and an increased risk 
of significant release of activity to the surrounding formation. The pres
ence of a hydraulic gradient will create very complicated conditions, esp
ecially when the repository is placed above ground water level, or in a 
zone which is changing between occasionally saturated and unsaturated cond
itions. While the questions about the hydraulic system are mainly site-
specific in nature, the questions about the development with time of the 
properties of an ageing barrier system are mainly complex functions of the 
material properties, material compatabilities and construction features. 

In the following, some phenomena and mechanisms which could influence 
the integrity of the barrier system are described. The presentation is 
based on the barrier system shown in Fig.l, but could be easily modified to 
be applicable to other combined barrier systems. 

a) The first barrier consists of the waste material itself. Its prop
erties depend on the type of waste, conditioning etc. These will determine 
the release due to leaching from the material, but the behaviour of the 
waste may also have a profound influence on the other barriers; swelling 
due to water uptake can, for example, generate large internal pressures 
with some types of bituminized waste. 

b) The steel drum is the next barrier. It will probably remain in 
good condition for a long period due to the surrounding conditions in this 
system, ie, almost dry environment and high pH. 

c) Concrete is the main barrier of the waste unit itself. It can be 
made of either ordinary concrete or the specially developed concrete 
Densit, which has lower diffusion rates for various dissolved materials and 
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radioisotopes than ordinary concrete. The risk of crack formation and the 
general long-term stability of this new material is uncertain, but this is 
in some ways also the case with ordinary concrete. 

d) The next barrier is the bitumen sealing between the individual 
units. Bitumen is a good sealing or back-fill material for various reasons: 

- Molten bitumen is easy to cast in the relatively narrow crevices 
between the units, although care must be taken to avoid inclusion of large 
air bubbles, and to cast the material at a sufficient rate that premature 
cooling is avoided. The system should be dry when the casting is made so 
that steam bubbles are not formed. 

- The bitumen layers act as nearly water impermeable membranes around 
each unit. Some slight water migration by diffusion may take place. The 
permeability coefficient is about 10 cm2/sec. This may result in the 
movement of up to 1 g water per year through 1 m of a 1 cm thick bitumen 
layer. 

- Bitumen is soft and able to compensate for some relative movements 
of the units. This is an advantage compared with the use of concrete as 
back-fill material, since concrete would crack under such circumstances. 
Relative movements may be caused by mechanical failure of the outer barriers. 

The main draw-backs associated with the use of bitumen are the risk of 
fire under the sealing operation and the possibility of formation of organ
ic degradation materials due to bacterial attack on the bitumen which might 
promote the migration of some radioactive species. 

e) The outer construction is the next barrier. It consists of a ca. 
1 m thick concrete wall which is the main constructive feature of the eng
ineered repository. It is likely to be built from ordinary reinforced con
crete and will therefore be slightly permeable to water and diffusing spec
ies. The strength of this concrete construction determines its integrity 
when mechanical forces from the surrounding formation are acting on the 
system. 

f) The final barrier is the surrounding formation which consists of 
a layer of disturbed materials just outside the engineered system followed 
by the undisturbed formation. It will show all the retention phenomena 
known from general migration theory. 

A qualitative description of a barrier system as given above is the 
first step in the formulation of a safety analysis for the system. It 
provides a framework for selection of relevant degradation mechanisms and 
for collection of the necessary data. 

3. In-situ radionuclide migration studies 

3.1. Introduction 
Prediction of radionuclide migration from shallow land burial sites is 

often based on laboratory measurements of the equilibrium distribution of a 
radionuclide between rock and aqueous phases. The distribution coefficient, 
or Kd, thus obtained can be used to determine the retardation experienced 
by a radionuclide species compared to the average pore water velocity of 
the advecting water, assuming that the Kd value is constant over the range 
of radionuclide concentrations expected, that the sorption mechanism is 
reversible, and that equilibrium is attained instantaneously. No other 
chemical reactions, eg precipitation, are assumed to occur. 

In order to validate the use of laboratory batch sorption measurements 
in predicting retardation in the field, a small scale tracer test has been 
undertaken in which sorbed and non-sorbed radioactive tracers I^^Sr and 131i 
respectively) have been introduced into a radially divergent flow field 
around a recharge well in a confined unconsolidated glacial sand aquifer. 
Comparison of the breakthrough times of the tracers in a number of monitor-
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ing points gives a direct measurement of retardation which can then be used 
to determine the effective Kd of the aquifer. 

Results for distribution coefficients determined by laboratory and 
field methods can therefore be compared. In order to predict the ground
water flow field around the recharge well, a hydraulic model has been 
developed in collaboration with the Delft Soil Mechanics Laboratory. This 
has assumed the aquifer to be homogenous and is based on transport para
meters determined from aquifer tests on the whole aquifer thickness. 

3.2 Results 
The aquifer comprises of about 80% quartz, with up to 10% alkali and 

plagioclase feldspar. Minor amounts of calcite (1%) and organic carbon 
(0.6%) are present while the remaining clay component consists of mica, 
kaolinite and chlorite with trace amounts of smectite. Surface area meas
urements (16-40m /g) suggest a relatively low capacity for sorption. 

Results of batch equilibrium sorption experiments provide a linear 
isotherm for 8̂ sr with no hysteresis.(Fig 2) The average of Ksorp and 
Kdesorp values for 85sr are shown for 15cm core intervals in Table I, for 
one concentration only; iodine was not significantly sorbed. 

Breakthrough curves for Sr and I are shown in Fig.3 with breakthrough 
times and retardations in Table I. Using averaged physical properties of 
15% for porosity and 2.25 gm/cc for bulk density the Kd values derived from 
the tracer experiments are also given in Table I. 

3.3 Discussion 
Laboratory values for 85gr sorption are consistently higher than those 

derived-from the field tracer test. However, the greater the residence 
time of the tracer in the aquifer, then the nearer is the convergence bet
ween laboratory and field values. The reason for this may be a kinetic 
effect on sorption which is more pronounced in the high groundwater flow 
conditions near the tracer release well. This effect is being studied 
further by undertaking field tracer tests at varying groundwater flow rates 
and by laboratory experiments to determine sorption kinetics at representa
tive groundwater temperatures. 

The breakthrough times for ^31I predicted by the hydraulic model,which 
assumes a homogeneous sand aquifer, are widely different from those observed, 
and result from heterogeneity within the sediment. A more sophisticated 
model is necessary, based on a layered aquifer system in which different 
values for permeability, porosity and dispersivity can be assigned to the 
layers. Interchange of solute between individual layers may also need to 
be included in the model to fully represent the observed field results. 

3.4 Conclusions 
The following conclusions can be drawn from the above results: 
i) Field and laboratory results for sorption of 85sr based on the Kd 

concept are in relatively good agreement. 
ii) Kinetic controls on sorption may be responsible for the lower 

sorption observed in the field experiment in the zones of high groundwater 
flow. 

iii) Flow models which assume an aquifer to be homogenous may be 
grossly inaccurate when applied to heterogeneous systems. 

Future work will therefore attempt to reconcile field and laboratory 
results taking into account time dependant sorption. A flow model based on 
more detailed characterisation of the hydraulic properties is considered 
necessary to allow for aquifer heterogeneity. Sorption mechanisms are also 
to be studied by desorption experiments with Sr contaminated aquifer 
material. 
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4. Influence of ground heterogeneity on radionuclide migration. 

Almost all existing and most proposed shallow burial sites are situat
ed in hydrogeological environments that are heterogeneous in nature. That 
is to say, the soils found on the path between the site and potential tar
gets are physically structured on a length scale that is significant when 
compared to the path length itself. The impact of this soil structure on 
the migration patterns of the components leaching out of a generic site has 
been investigated. 

It is well established that the sorption of radionuclides on soil, and 
the associated apparent retardation of the breakthrough front, is one of 
the most important factors that has to be taken into account in the overall 
safety assessment of a shallow burial site. 

This retardation is caused by sorption on clays and organic materials. 
The sorption capacity is in turn a function of the surface area and avail
ability of these materials to the sorbing species in question. In real 
soils, and especially those of sedimentary origin, the adsorbant components 
are to be found as discrete lenses of low permeability rather than as an 
evenly distributed phase, as is essentially assumed in the laboratory 
methodologies for determining retardation factors. In these lenses pene
tration to the bulk of the sorption sites is restricted to diffusion and 
small residual convection fluxes. 

The important quantity is then the effective mobilisation of the 
laboratory measured retardation capacity of a given soil system, on the 
time scales associated with those of the convective transport through the 
more permeable and less adsorbing strata. This is the subject of this in
vestigation. 

The central objective of the study is to demonstrate the importance of 
heterogeneity in the migration analysis. In order to do this, a generic 
site was assumed, with parameters that correspond to many existing sites. 
The site was assumed to be situated some 25 m above the groundwater table 
and 500 m from an abstraction point defined as the target, (see Fig 4). 

Leachate from the site migrates downwards through the unsaturated zone 
at a small (eg 5 mm/y) rate, depending on the assumed infiltration through 
the site. It then penetrates the aquifer and is convected along to the 
target. The water velocities in the aquifer were assumed to be of the order 
of 25 m/y. The travel times in the two zones were of the same order. 

The adsorbing component was assumed to constitute 25% of the system 
volume and was distributed either evenly (in the homogeneous base case) or 
as discrete lenses with chosen (constant) thicknesses. A permeability was 
attributed to the lenses, ranging from values the same as the rest of the 
aquifer to a factor 1000 smaller. 

In the absence of field data for similar systems, the breakthrough 
curves at the target were determined by calculation. For the saturated 
aquifer a numerical solution of the conventional convection-dispersion 
equations was used. In order to model the sorption fluxes to the lens 
surfaces properly, a very fine space discretization had to be used, leading 
to very long computing times. 

For the unsaturated zone, such a procedure was not practically feas
ible and analytical solutions using Greens functions were sought. It was 
assumed that the leachate flowed down through the more permeable zones with
out significant dispersion and then horizontally along the lens surface, 
cascading in this way from lens to lens through the unsaturated zone. Sorp
tion then took place from the film on the lens into the bulk adsorbant. In 
this way sequences of lenses and permeable zones could be modelled. Whether 
or not this model is physically realistic awaits experimental confirmation. 

Typical results from this study are shown in Fig 5. Here the influ-
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enee of the lens thickness for a clay and sand system on the time for 1% 
breakthrough at the target is shown. The time axis has been normalised by 
the retardation for the same species in the homogeneous case, giving the 
effective retardation factor ratio. In this way the effective mobilisation 
of the sorption barrier is shown. 

As can be seen, the effective retardation factor ratio for the satur
ated case falls from unity in the case of an infinitely thin lens to only 
0.3% for thicker lenses. Similar behaviour is observed in the unsaturated 
zone. In the numerical case considered, this result implies breakthrough 
after 30 rather than 10000 years.' 

This and many similar results lead to the conclusion that in this sort 
of system, with typical shallow burial site parameter values, it is the soil 
heterogeneity, if present, that dominates the breakthrough behaviour. Equa
lly, the laboratory data for retardation factors can only be applied to 
field scale calculations with great care, and there is a real danger of 
wildly overestimating the retardation barrier function of a heterogeneous 
system. 

The practical consequences of this conclusion can be far reaching,both 
in the recognition of the detail required in the site investigation stage 
of a siting exercise, and in the formulation of site selection criteria in 
general. 

5. Radiological assessments of shallow land burial 

The radiological impact of the disposal of radioactive wastes is one 
of the factors influencing decisions on the management of these wastes. 
While detailed studies of particular aspects of a waste disposal system, 
such as those described above, are necessary for an improved understanding 
of the processes involved and improved modelling, it is also important to 
consider these aspects in the context of their influence on the overall 
radiological impact of the disposal system. The study described in the 
following concerns the development of a methodology for assessing the radio
logical impact of the shallow land burial of wastes and its use in pre
liminary illustrative calculations. In particular, the results of calcula
tions, which give an indication of the influence of incorporating various 
engineered features into burial facilities, and of the retardation capacity 
of the geologic media surrounding burial sites, are described. 

Results are presented here for three types of waste in two different 
types of facility. The first type of waste consists of general low level 
waste, most of which is in the form of biodegradable materials. The mean 
specific activity of these wastes was assumed to' be about 109 Bq m-3, the 
majority being due to 137cs and 90sr. These wastes were assumed to be 
disposed of in simple trenches.excavated in reasonably permeable weathered 
material above the water table and covered with a layer of soil. The 
other two waste types are reactor operating wastes, namely, the sludges 
and resins arising during the operation of Magnox reactors and ion exchange 
materials, filters, concentrates and sludges from LWR reactors. The mean 
specific activity of these wastes is about 1012 Bq m-3 with 137Cs an¿ 60QO 
the most abundant radionuclides. These wastes were assumed to be incorpor
ated in cement and packaged in 2001 steel drums prior to disposal in an 
engineered facility. A concrete lined trench placed between 18 m and 11 m 
deep on a generic clay site was considered. 

A comprehensive assessment of the radiological impact of the disposal 
in a particular facility of specific radioactive wastes should consider all 
the potential radionuclide release and transport mechanisms that contribute 
to the overall radiological risk. It should also include an estimate of the 
uncertainty in the results. In the preliminary generic assessment presented 



402 Hemming et al. : Shallow land burial analysis 

here only the release and transport mechanisms likely to be the main cont
ributors to the radiological impacts were included. These are release by 
trench fire (low level wastes only), contact by water followed by radio
nuclide migration, and disturbance in the future for building and farming 
purposes. 

The results of the calculations are summarised in Table II. The 
nuclides which make the most significant contributions to maximum indivi
dual doses and risks, for each combination of waste type and disposal 
facility design, are listed in Table II as a function of exposure route 
and time. The results obtained show a number of features. Firstly, the 
important exposure route at times up to about 250 y after closure of the 
site is intrusion into the facility for building purposes, and the most 
important radionuclides are 13^Cs and <x emitting radionuclides such as 
239pu an¿ 241ΑΠ1_ At later times, from about a few hundred years onwards, 
release of radionuclides into water and subsequent migration to man's 
environment becomes more important, and the radionuclides giving rise to 
the highest doses are generally those that are longlived and assumed 
to be poorly sorbed on geologic media, for example 99TC, ^29χ and 23/jjp. 

A number of conclusions can be drawn from these results. Firstly, 
it is clear that engineered barriers which prevent contact of wastes by 
groundwater would only be effective in reducing longterm doses and risks 
if they retained their integrity for periods of the same order as the 
halflives of the radionuclides which contribute most to doses via water 
and farming pathways. Since these periods are very long (for example, the 
half life of 9

" T C is about 21fj5y), it would be difficult to guarantee that 
a barrier would retain its integrity for this length of time, and thus 
difficult to show that the barrier would reduce longterm risks. However, 
sensitivity analyses carried out as part of the study have shown that the 
use of barriers, which reduce the rate of release of radionuclides into 
groundwater, could reduce the potential doses and risks from radionuclides 
that are poorly sorbed on the geologic media in which the burial facility 
is located. In cases where it is not, for some reason, possible to locate 
a burial facility in a medium with a high sorption capacity, such barriers 
would have considerable advantages in reducing doses via water and farming 
pathways. In situations where the rates of migration of most radionuclides 
are very low, such barriers could reduce the doses and risks to individuals 
from those few radionuclides which are poorly sorbed. A further more 
detailed study of the influence of various engineered barriers, such as 
impermeable liners and trench caps and high integrity infilling material, 
has recently been completed. 

Other sensitivity analyses have shown that the retardation assumed for 
the radionuclides making the most significant contribution to the doses 
from release into groundwater has a considerable influence on these doses. 
It is therefore important that the sorption interactions between the 
radionuclides of interest and the geologic strata at and around burial 
sites are well understood. The simple equilibrium approach adopted in 
most radiological assessments may not be adequate for comprehensive assess
ments. More work is required on models incorporating more complex mechan
isms and, in particular, on research to determine appropriate parameter 
values. 

6. Conclusions 

This paper has considered four different approaches to the study of 
various aspects of the shallow land burial of radioactive wastes. Detail

ed studies have been carried out of some of the processes affecting the 
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performance of the engineered barriers of a typical disposal facility and 
the retardation experienced by radionuclides migrating through the geo
sphere, and the results have been briefly summarised here. Studies such as 
these are important in obtaining a better understanding of these processes 
and the factors which influence them. It is, however, also important that 
these processes are considered from the point of view of their influence 
on the overall radiological impact of disposal. A methodology for evaluat
ing the radiological impact of shallow land burial has been developed and 
some examples have been presented of its use in guiding further research 
into engineered barriers and retardation mechanisms. 

Table I 

Results of insitu migration study 

Borehole 7 (x = 0.53m, y = Om) 

Sample depth I
peak(hrs) Srpeak(hrs) Sr/i κ^ Field K¿ (lab) 

(m.bgl) 

6.68 
6.83 
6.98 
7.13 
7.28 
7.43 

3.75 
2.5 
2.5 
2.IS 
4.5 

11.5 

53 
25 
27 
24 
72 

281 

14.1 
10.0 
10.8 
8.7 

16.0 
24.4 

1.03 
0.71 
0.77 
0.06 
1.18 
1.84 

Borehole 8 (x = 1.25m, y 0.4m) 

6.42 
6.57 
6.72 
6.89 
7.02 
7.17 
7. 32 

17 
14 
12 

12.75 
11.25 
13.25 
20 

394 
265 
239 
239 
289 
257 
517 

23 
18.9. 
19.9 
18.7 
25 
19 
25.6 

1.73 
1.40 
1.48 
1. 39 
1.88 
1.41 
1.93 

2.18 
1.94 
2.63 
2.09 
2.63 
2.37 
2.05 

Borehole 13 (x = 1.75m, y Om) 

6. 37 
6.52 
6.77 

27 
26 
23 

577 
643 
450 

21 
24. 5 
19. 5 

1.57 
1.84 
1.45 

Κ, in ml/g 
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Table I I 

Nuclides making the most significant contributions to individual doses 
received via the various exposure routes considered 

Exposure route Important nuclides 

a) Minimum engineered facility, Inventory 1 
Trench fire 234U( 238u 

Use of site stream 
- 50y after site closure 
- 5 103 y after site closure 
- 1CP y after site closure 

99 T C ( 129! 
237 N p 
210pb, 226Ra 

Building on the site 
- less than 250 y after site closure 
- beyond 250 y after site closure 

1 3 7Cs 
234 ö | 238u 

b) Fully engineered facility, Inventory 2 
Use of site streams 
- 5 10^ y after site closure 
- 106 y after site closure 

237 N p 
210 P b / 226Ra# 234U# 2380 

Farming on the site 
- 5 IO** y after site closure 
- 106 y after site closure 

237 Np 
210pb, 226Ra> 234U( 238u 

Building on the site 
- less than 250 y after site closure 
- beyond 250 y after site closure 

1 3 7Cs 
239Pu 240 P u 2 4 1 ^ 

c) Fully engineered facility, Inventory 3 
Use of site streams 
- 5 10 2 y after site closure 
- 5 104 y after site closure 
- 106 y after site closure 

Farming on the site 
- 5 IO2 y after site closure 
- 5 10^ y after site closure 
- 10 6 y after site closure 

14c, 99 T C / 129Ï 
59Ni, 237 N p 
210 P b i 226Ra 

1 4C, 99 T C / 129i 
5 9Ni, 237 N p 
210 P b / 226Ra> 231pa( 234U( 
235U( 238[j 

Building on the site 
- less than 250 y after site closure 
- beyond 250 y after site closure 

137, Cs 
137 C s, 239pu, 241 A m 
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c o n s t r u c t i o n 
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Fig.4 Charc.cteristics of heterogeneous s i t e considered 
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DISCUSSION 

T. MARZULLO, ENEL Roma 

Did you consider seismic events (e.g. earthquakes) in your risk analysis? 

C. HEMMING, DOE London 

The risk analysis I described did not consider seismic events, but it was 
recognized that any comprehensive radiological assessment of a shallow 
land burial facility would need to consider events like that which would 
have an effect on barriers. 

R. KOBAYASHI, JGC Corporation, Tokyo 

How did you treat precipitation which might occur during release? 

C. HEMMING, DOE London 

In the radiological assessment I mentioned, in the calculation of 
migration of radionuclides a simple IC approach was used, which assumed 
that no precipitation occurred. This is probably not adequate, but for a 
radiological assessment of this type you need to have a fairly simple 
model. Nevertheless I think that more work needs to be done. 

MR. X, Belgium 

Did your study also include migration due to gas formation? 

C. HEMMING, DOE London 

The study I described did not include release of radionuclides by gas 
generation. At present at NRPB a study is underway looking specifically at 
engineered barriers and I know that gas generation is recognized as a 
potential release mechanisms and models for this are being developed. 
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IN SITU-INVESTIGATIONS IN SALT FORMATIONS 

K. KÜHN and B. VERKERK 

G e s e l l s c h a f t für S t r a h l e n - und Umwelt forschung mbh (GSF) 
I n s t i t u t für T i e f l a g e r u n g , Braunschweig 

Bundesrepubl ik Deutschland 

and 

Stichting Energieonderzoek Centrum Nederland (ECN) 
Petten, Nederland 

Summary 

The F e d e r a l Republic of Germany and the Nether lands con t inued t h e i r in 
s i t u - i n v e s t i g a t i o n s for r a d i o a c t i v e waste d i s p o s a l in s a l t formations 
dur ing the second CEC program in the Asse s a l t mine . The c e n t r a l t e s t of 
the German program, Temperature Tes t F i e l d 5, showed t h a t c r y s t a l water 
from the hydra ted s a l t mine ra l p o l y h a l i t e i s l i b e r a t e d on ly a t 235 °C. 
The q u a n t i t i e s of water l i b e r a t e d from rock s a l t and from p o l y h a l i t e a re 
n e g l i g i b l e from a s a f e t y p o i n t of v i ew . In the same t e s t i t was proved 
t h a t rock s a l t c reeps d r a s t i c a l l y a t e l e v a t e d t empera tu res and t h a t no 
mic ro -c racks a re formed which could i n c r e a s e the p e r m e a b i l i t y of rock 
s a l t . A d d i t i o n a l geophys ica l measurements confirm these r e s u l t s . Valuable 
data could be achieved by in s i t u - i n v e s t i g a t i o n s for the s c e n a r i o "water 
or b r i n e i n t r u s i o n " w i th in s a f e t y a n a l y s e s . The Dutch in s i t u - t e s t p r o 
gram c o n c e n t r a t e d on convergence and p r e s s u r e measurements a t normal and 
e l e v a t e d tempera tures in a 300 m deep borehole which was d r i l l e d in the 
Asse s a l t mine. Cons t ruc t i on and t e s t i n g of a l a r g e d iameter r o l l e r - b i t 
body was s t a r t e d which w i l l a l low the dry d r i l l i n g of boreho les up to 1 m 
in d i a m e t e r . Both c o u n t r i e s decided to con t inue t h e i r s u c c e s s f u l coopera
t i o n dur ing the for thcoming t h i r d R&D-program of the CEC. 

1 . I n t roduc t ion 
I t was a l r e a d y mentioned by the same a u t h o r s in t h e i r paper a t the 

F i r s t European Community Conference on Rad ioac t ive Waste Management and 
Disposa l in 1980 [ 1 ] , t h a t the two c o u n t r i e s F e d e r a l Republic of Germany 
and the Nether lands s t a r t e d t h e i r R&D-programs for the d i s p o s a l of a l l 
c a t e g o r i e s of r a d i o a c t i v e wastes in s a l t format ions r e l a t i v e l y e a r l y . 
During the second CEC-program which was performed between 1980 and 1984, 
both c o u n t r i e s put main emphasis on in s i t u - i n v e s t i g a t i o n s , because most 
of the s c i e n t i f i c and t e c h n i c a l data and parameters n e c e s s a r y for the de 
s i g n , c o n s t r u c t i o n , and o p e r a t i o n of a r e p o s i t o r y can on ly be gained in 
an adequate underground l a b o r a t o r y . 

Cooperat ion and work- sha r ing between the two c o u n t r i e s a l r e a d y 
s t a r t e d dur ing the f i r s t CEC-program. This coope ra t i on was v e r y s u c c e s s 
fu l so t h a t i t was i n t e n s i f i e d dur ing the second CEC-program. Consequent
l y , the Dutch in s i t u - i n v e s t i g a t i o n s were again performed in the German 
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Asse s a l t mine. I t wil l be shown in this paper that the respective expe
riments of the two countries harmonized and that the achieved r e su l t s 
complement each other . So, i t is a mere logic consequence that the Fede
ra l Republic of Germany and the Netherlands are again preparing a close 
cooperation during the forthcoming third CEC research and development 
program on radioact ive waste management and disposa l . The main objective 
of this cooperation is the performance of a t e s t disposal of v i t r i f i e d 
highlevel radioactive glass blocks in the Asse s a l t mine which wil l ac
tua l ly s t a r t in ear ly 1987. 

2. German in s i tu  inves t iga t ions 
Main emphasis of the German in s i tu  inves t iga t ions during the second 

CECprogram lay on problems connected with the disposal of heat genera
ting highlevel wastes. The most important experiment in this respect was 
the operation and evaluation of Temperature Test Field 5. Geophysical 
monitoring methods were applied during this t e s t , too. In addi t ion, they 
were and are further developed in order to control a reposi tory with r e 
gard to cer ta in aspects of mine s t a b i l i t y . Valuable data were also pro
duced by in s i tu  inves t iga t ions for the scenario "water or brine i n t ru 
sion" which is considered within safety analyses for repos i tor ies in s a l t 
formations. 

2.1 Temperature Test Field 5 

2.1.1 Objectives 
The disposal of so l id i f i ed highlevel radioact ive waste into rock 

s a l t formations causes heating of the host rock due to the decay heat and 
i r rad ia t ion of i t due to γradia t ion of the waste. One question to be 
solved in this connection is the thermally induced l ibera t ion and migra
tion of v o l a t i l e components. I t is known that rock s a l t may contain minor 
amounts of water in three different forms [2, 3 ] : 
 crys ta l water of hydrated s a l t minerals, l ike polyhal i te 

(K2MgCa2(S04)4· 2H20) or k i e s e r i t e (MgS04H20), 
 water adsorbed on grain boundaries of rock s a l t , 
 l iquid inc lus ions . 

JOCKWER has shown that the average value of water content of Older 
Halite (Na2ß) from the Asse salt mine is 0.04 weight% [2]. The three 
different forms of water show different behaviour of liberation mechanism 
at elevated temperatures. Liquid inclusions which mainly occur in coarse
ly crystalline salt, migrate along a temperature gradient towards the 
heat source and are only liberated at the borehole wall [A]. Crystal wa
ter of hydrated salt minerals is liberated at distinct temperatures into 
the intergranular pore space and then migrates due to gradients of pres
sure, concentration, and temperature [2]. The migration of adsorbed water 
depends on its occurrence in liquid or in vapour phase. In the liquid 
phase it may migrate due to the temperature gradient like liquid inclu
sions. In the vapour phase  which is also the main migration phase form 
for the liberated crystal water of the named hydrated salt minerals  a 
high vapour pressure exists which decreases towards the borehole wall, 
i.e. the "drier zone". Due to this pressure gradient the water vapour 
starts migrating towards the heat source and is finally liberated into 
the borehole. 

The liberated water or gas components may influence the corrosion 
behaviour of the HLW canisters or may cause a pressure build up in the 
sealed borehole. Therefore, an exact knowledge of the quantity and rate 
of water is necessary. Because of the specific strain/stressconditions 
in a repository this knowledge can only be gained by in situexperiments. 
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2.1.2 Layout 
The question of thermally induced water l ibera t ion from rock s a l t 

containing polyhal i te under in s i tucondi t ions was investigated in Tem
perature Test Field 5 (TTF 5 ) . For the performance of TTF 5, an area 
above the 775 mlevel in the Asse s a l t mine was chosen which is located 
in the socal led "Polyhalitbänkchensalz (Na2P)". This part of the StaO
furt h a l i t e (Na2) is espec ia l ly r ich in polyhali te with an average of 
3.65 weight% and a maximum value of 13.2 weight%. For bet ter l a t e r ac
c e s s i b i l i t y three e l e c t r i c a l heaters were ins ta l l ed in a horizontal bore
hole of 7.0 m length and 0.28 m diameter. The heaters had a to ta l length 
of 3.04 m and a diameter of 0.205 m so that an annulus of 3.75 cm width 
existed in the beginning. 

From laboratory invest igat ions i t was known that the l ibera t ion of 
hydrated water occurs at d i s t i n c t temperatures [ 2 ] . For this reason the 
heaters were not operated a t constant power. The power was rather varied 
in that way that constant temperatures of 100 °C, 150 °C, 200 °C, 230 "C, 
and 270 °C were achieved at the borehole wall for a period of 60 days in 
each case. 

The quanti ty of l ibera ted water was measured in a cold t r ap . This 
technique was developed in the I n s t i t u t für Tief lagerung and was de
scribed by ROTHFUCHS [ 5 ] . The gas t ight sealed heater borehole (Fig. 1) 
was connected by pipes and valves with the cold t r ap . A membrane pump 
vent i l a ted the hot and humid a i r through the cold trap where the water 
was condensated and measured. The dried a i r was then pumped back into the 
borehole . 

An important parameter for the migration of water or gas through 
rock s a l t is i t s permeabil i ty. Therefore, four boreholes with a diameter 
of 40 mm (named PI through P4) were dr i l l ed para l l e l to the centra l heat
er borehole at a distance of 0.43 m and 0.99 m, respec t ive ly . These bore
holes were also sealed gas t igh t by packers and valves . Whereas boreholes 
P2 and P3 were l e f t under atmospheric pressure, boreholes PI at a d i s 
tance of 0.43 m and P4 at a distance of 0.99 m were f i l l ed with neon a t a 
pressure of 5 bar . At the same time the heater borehole was f i l l ed with 
helium at a pressure of 1 bar. By taking periodic gas samples from a l l 
five boreholes i t was invest igated if helium was migrating out of the 
heater borehole or neon into i t . These measurements should also prove if 
microcracking would occur in the near f ie ld around the hea te r s . 

Further measurements covered temperature and displacement. Tempera
ture in the surrounding rock s a l t was measured at 32 different places and 
at three places each on the surface of the e l e c t r i c a l hea te r s , in the an
nulus, and on the wall of the heater borehole. Displacement was measured 
with three rod extensometers of 24 m to ta l length each. Four of them were 
i n s t a l l ed para l l e l to the e l e c t r i c a l heaters and one perpendicular. 

All generated data were hourly recorded on magnetic tape for fur
ther processing in a computer. 

2.1.3 Results 
The electrical heaters were switched on on April 19, 1982, and oper

ated without any major failure for the foreseen period. They were 
switched off again on February 18, 1983, after a total heating period of 
305 days. 

Three examples for temperature measurements are given in Fig. 2. It 
can be seen that the above mentioned boreholewall target temperatures 
(Al) could be reached in all five periods after some days. Measured and 
calculated temperatures  calculated after the test with the actual power 
input  are in excellent agreement for A2 and A3. This is not true for 
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the temperature values on the borehole wall (Al) . This difference may be 
caused by d i f f i cu l t i e s during calculat ion  taking into account an annu
lus or not  and/or by uncer ta in t ies of the exact contact of the thermo
couple on the borehole wal l . 

The time and temperaturedependent l ibe ra t ion of water into the 
heater borehole is shown in Fig . 3. The amount of 100 g l ibera ted in the 
very f i r s t days of the t e s t is caused by drying off adsorbed water from 
the borehole wall which was open and in contact with the mine's atmos
phere for about 18 months before i t was sealed. In heating phases No. 1 
through No. 4 the water l ibera t ion ra te achieved a near ly constant value 
of 0.5 to 0.7 g/day af ter some 20 days. This is not true for heating 
phase No. 5 at 270 °C. Here, the ra te was near ly constant a t 0.9 to 
1.0 g/day af ter 30 days, but was s t i l l decreasing u n t i l the end of the 
t e s t . In Fig . 3 a second curve is shown for comparison where the above 
mentioned 100 g are subtracted from a l l measured va lues . This curve shows 
that a t o t a l amount of 300 g water was l ibera ted during the t e s t and 80 g 
thereof during heating phase No. 5 a t 270 °C. 

These resu l t s confirm JOCKWER's ea r l i e r r e s u l t from laboratory t es t s 
that l ibera t ion of crys ta l water from polyhal i te is only s t a r t i n g a t a 
temperature of 235 °C [2 ] , 

I t can also be seen from Fig . 3 that using the Knudsen model for wa
ter vapour migration does f i t the measured values bet ter than using the 
Darcy model. The Knudsen model i s : 

ν = cK ρ grad ρ 
ν = velocity of flow (cm/sec) 
CK

 = Knudsen factor (cm^/v/Ksec) 
Κ = permeability of rock salt (cm2) 
Τ = absolute temperature (°K) 
ρ = partial pressure of water vapour (bar) 

One example of the permeability measurements is shown in Fig. 4. It 
shows the gas pressure in borehole PI which was located at a distance of 
0.43 m from the heater borehole and which was originally filled with neon 
at a pressure of 5 bar. Gas samples were taken at the end of each heating 
phase with simultaneous equalizing the pressure drop (exemption: heating 
phase No.l). It can clearly be seen from the curve that no pressure drop 
occurred but that gas pressure increased markedly with increasing temper
ature. This proves that no microcracks were generated during the whole 
test. After the end of the test, however, when the electric heaters were 
switched off after 305 days a complete and sudden pressure loss was ob
served caused by cracking of the suddenly cooling salt. This condition, 
however, will never occur in a repository for radioactive wastes. 

Analyses of the taken gas samples show that the permeability of rock 
salt at elevated temperatures is not zero in the sense of physics. With 
values of about 1.4 χ 10~23 m2 or 1.4 χ IO11 Darcy at 200 °C, how
ever, they are only of interest for the calculation of water vapour mi
gration . 

The results of the displacement measurements also confirm that no 
cracks were created in the salt by heating because the displacements are 
evenly distributed over the total test period (Fig. 5). The five heating 
phases, however, can be clearly recognized in the displacement curves. 
At the very end of the test, i.e. after switching off the heaters at day 
305, sudden and strong displacements can be seen which were caused by 
cracking. 

Very important results were achieved when the three electrical heat
ers were cut free after the end of the test. It could be shown by this 
action that the originally present annulus of 3.75 cm width had complete
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ly disappeared over the to ta l length of the heaters and was "replaced" by 
rock s a l t which crept onto the heaters (Fig. 6 ) . The pressure which was 
thereby executed lead to a strong deformation of the two former concen
t r i c tubes of the hea te r s . And even these deformations of the heaters 
were f i l l ed with s a l t . In sp i t e of this extreme s t r a in of the s a l t no mi
crocracks could be detected which would have increased the permeability 
of the s a l t . 

Another very important r e su l t is given by comparing the temperatures 
on the borehole wall with those on the heater surface at heater midplane. 
I t can be seen from Fig . 7 that after 180 days both temperatures show the 
same value of 220 °C. At this time at the l a t e s t the creeping s a l t has 
contacted the hea te r . 

2.2 Geophysical monitoring 

2.2.1 Objectives 
The local heating of a rock mass by an underground temperature test 

leads to changes in stress distribution and may cause fracturing of or 
microcracks in the rock salt. Therefore, a microseismic monitoring system 
was installed in the Asse salt mine in order to detect and to locate 
small local stress releases. Seismic transmission measurements are also 
used to monitor selected areas in the mine for eventually occurring mi
crocracks. 

2.2.2 Microseismic monitoring 
A network of seven geophones was installed in 1979 on several levels 

in the Asse salt mine (Fig. 8). In 1983, two horizontal transducers each 
were added at locations No. 1, 2, 3 and 7, so that threedimensional re
gistration is now possible there. Examples of different microseismic 
events which can be determined with this monitoring system are shown in 
Fig. 9. The most frequently registered event during recent years  about 
five events per month  is roof fall in old empty rooms of the mine. A 
typical roof fall is announced by a preliminary signal which arrives 
1.7 s before the main signal. This 1.7 s represents the height of 15 m of 
old rooms in the mine. By sophisticated processing of registered roof 
fall data it is meanwhile possible to locate these events with an accu
racy of about 50 m within the mine. 

Another result of microseismic monitoring is shown in Fig. 10. In 
this figure one can see the microseismic events projected into a profile 
through the Asse salt anticline with roof fall events being deleted. The 
seismic activity shown in this figure is assisting the results from rock
mechanical monitoring of the mine. These results tell that a large scale 
equalizing flow of salt does occur from the deep core of the anticline 
towards the system of rooms and pillars existing in the southern flank of 
the anticline, cf. Fig. 11 [6]. 

2.2.3 Seismic transmission measurements 
Active seismic transmission measurements are performed in situ with 

the hammer blow method as a nondestructive method for the investigation 
of selected parts of the mine. One example is given in Fig. 12. The in 
situ seismic velocities of rock salt (vp = compression wave; vs = 
shear wave) shown here for the immediate vicinity of Temperature Test 
Field 5 were measured five times before, during, and after performance of 
the test. It can be seen that even after switching off the electric heat
ers of TTF 5 only very limited variations of the seismic velocities oc
curred. The very slight decreases at distances 1  6 and 3  6 are very 
close to the measuring uncertainty. In consequence, also these results 
confirm that no cracks or fissures were produced during TTF 5. 
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The i n s t a l l a t i o n of f u r t h e r developed i n s t r u m e n t s for mic rose i smic 
o b s e r v a t i o n s and t r ansmis s ion measurements a t ano the r in s i t u h e a t e r t e s t 
with v e r y high power i n p u t in the Asse s a l t mine i s completed and w i l l 
d e l i v e r f u r t h e r v a l u a b l e r e s u l t s . 

2 .3 Water or b r i n e i n t r u s i o n i n t o a r e p o s i t o r y 
Sa fe ty ana ly se s for r a d i o a c t i v e waste r e p o s i t o r i e s in s a l t f o r 

mations take i n t o account a s c e n a r i o of water or b r i n e i n t r u s i o n i n t o the 
s e a l e d r e p o s i t o r y . T h e r e f o r e , d i f f e r e n t l a b o r a t o r y and f i e l d exper iments 
a r e performed by the I n s t i t u t für T i e f l age rung s i n c e many years in o rder 
to know the p h y s i c a l , c h e m i c a l , and m i n e r a l o g i c a l p roces se s which could 
take p lace in such a s c e n a r i o . Relevant in s i t u - i n v e s t i g a t i o n s a r e p e r 
formed a t d i f f e r e n t l o c a t i o n s : 
- in f looded s h a f t s of former s a l t or potash mines , 
- in the Brine Tes t F i e l d s e t up on the 800 m- leve l of the Asse s a l t mine , 
- in the former potash mine Hope no r th of Hannover which i s p r e s e n t l y 

f i l l e d wi th N a C l - s o l u t i o n . 
By t ak ing con t inuous d e n s i t y - , p r e s s u r e - , E h - , pH-, c o n d u c t i v i t y - , 

sound v e l o c i t y - , and flow logs in 13 water and b r i n e f i l l e d s h a f t s of 
former potash and s a l t mines in Northern Germany down to a depth of 
1000 m and by a n a l y z i n g the s i m u l t a n e o u s l y taken samples , a good knowl
edge was accumulated dur ing the l a s t ten years wi th r ega rd to p h y s i c a l 
and chemical e q u i l i b r i u m wi th in these f looded s h a f t s . The most impor tan t 
r e s u l t s a r e t h a t in a l l s h a f t s v e r y d i s t i n c t segments of d i f f e r e n t chemi
c a l composi t ion e x i s t which depend on the m i n e r a l o g i c a l composi t ion of 
the r e l e v a n t rocks [ 1 ] , t h a t v e r y d i s t i n c t boundar ies e x i s t between these 
segments which can on ly be p e n e t r a t e d by m i g r a t i n g ions by v e r y slow d i f 
fusion p r o c e s s e s , and t h a t a s a l t p lug i s s l o w l y c r y s t a l l i z i n g a t the 
d e n s i t y boundary of MgCl2/NaCl-solut ions which i s forming an a d d i t i o n a l 
b a r r i e r . These r e s u l t s could be confirmed by l a b o r a t o r y i n v e s t i g a t i o n s 
and by a l a r g e - s c a l e t r a c e r t e s t performed in the f i e l d . 

The Br ine Tes t F i e l d in the Asse s a l t mine was put i n t o o p e r a t i o n in 
November 1984. Ob jec t ives of t h i s in s i t u - t e s t a r e to i n v e s t i g a t e the 
performance of a HLW-borehole s e a l a t e l e v a t e d tempera tures and comple te 
l y covered with b r i n e and to c o n t r o l the h e a t d i s s i p a t i o n f ron t w i t h i n 
the b r i n e i t s e l f and in the a d j a c e n t rock s a l t . F i r s t r e s u l t s show t h a t 
the measured tempera ture v a l u e s in the b r i n e as wel l as in the rock s a l t 
a r e lower than p r e d i c t e d by model c a l c u l a t i o n s . 

The former potash mine Hope, about 30 km n o r t h of Hannover, i s p r e 
s e n t l y f i l l e d wi th NaCl - so lu t i on which i s gene ra t ed by s o l u t i o n mining 
p rocesses of gas s t o r a g e c a v i t i e s in ano the r s a l t dome. I t was and i s 
p o s s i b l e by t h i s p r o j e c t to perform an e x t e n s i v e R&D-program wi th r ega rd 
to even t s which take p lace b e f o r e , d u r i n g , and a f t e r f l ood ing t h i s mine . 
These even ts a r e : 
- phys ico-chemica l d i s s o l u t i o n p rocesses between NaCl - so lu t i on and di f 

f e r e n t s a l t rocks 
- mode and time n e c e s s a r y to ach ieve phys ico-chemica l e q u i l i b r i u m 
- rock-mechanica l behaviour of d r i f t s and rooms dur ing and a f t e r f lood ing 
- g e n e r a t i o n of s p a l l i n g s , f i s s u r e s , or microcracks caused by f lood ing 
- i n v e s t i g a t i o n of the e f f e c t i v e n e s s of a s p e c i f i c a l l y des igned s e a l 

bulkhead which was c o n s t r u c t e d a t a s p e c i a l s i t e in the mine before 
f l o o d i n g . 

A f u r t h e r o b j e c t i v e of t h i s R&D-program was and i s the development , 
t e s t i n g , implementat ion and long- te rm behaviour of t o o l i n g , p r o b e s , and 
e l e c t r o n i c measurement equipment in h i g h l y c o n c e n t r a t e d s a l t s o l u t i o n s 
under h y d r o s t a t i c p r e s s u r e s between 3 and 8 MPa. 
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Flooding of the Hope mine started on March 12, 1984 and has mean
while reached the former main level which is located at 500 m. First re
sults show that great difficulties occur with the electronic measurement 
equipment especially at the seal bulkhead. A report with detailed de
scription of the total project was recently published [7]. 

3 . The Dutch in s i tutes t program 
In the development of a Dutch concept for a highlevel waste reposi

tory in a salt dome, the use of long boreholes, spaced on a rather wide 
grid, was considered for reasons of limiting maximum salt temperatures 
and the more efficient use of the vertical dimension of the formation 
[8]. As a proof of the validity of this concept, the feasibility of dril
ling long holes, up to 300 m length, with a dry drilling technique, had 
to be shown. 

In close cooperation with GSF and under contract with the CEC, ECN 
could have made this 0.3 m diameter hole by a German firm, from a speci
fied location at the 750 mlevel of the Asse salt mine. 

The mining inspectorate required a geologic reconnaissance drilling 
in close proximity and in this way the experiment served three purposes: 
 additional information about the deeper regions of the formation; 
 demonstration of the drydrilling technique; 
 the realization of a facility to measure thermomechanical properties of 
salt in situ under rather undisturbed conditions. 

The hole was used, during the Second Program 1980  1984, for a se
ries of experiments: 
 a long lasting free convergence measurement near the bottom of the 
hole, starting immediately after completing it, in order to follow the 
first stages of creep at ambient temperature; 

 a series of five free convergence tests at different depths in the hole 
and at elevated temperatures, using an electrically heated, reusable 
probe; 

 two pressure tests, at depths of 262 and 80 m and elevated tempera
tures, by allowing the salt to creep up to the probe wall. 

The set up of these experiments and the test results will be de
scribed here. The theoretical thermomechanical development of the tests 
will be presented in the paper of ALBERS and others [9]. 

3 .1 The experimental equipment 
The equipment used for the first convergence rate determination was 

already described in the paper by KÜHN and VERKERK during the first Lu
xemburg conference [1]. In addition, the results of this experiment also 
have been reported [10] so that in this paper only the subsequent heated 
convergence and pressure tests are described. 

3.1.1 Data collection and transmission 
The probes used for the heated tests were coupled to an instrumen

tation box (CIB), which was kept cool by providing good thermal contact 
with the salt wall using phosphorbronze spring clips. Further the CIB 
was kept away about 4 meters from the heated probes that also had non
heated parts at both ends. In this way the electronics in the CIB could 
be kept at about 50 °C during tests (salt temperature %42 °C). The in
strument box contained the following systems: 
 power supply for the strain gauges and transducers, 
 amplifier for the strain gauge and transducer signals; 
 scanners; 
 analog d ig i t a l transformers. 

To improve the r e l i a b i l i t y of the e l e c t r i c a l system, the equipment 
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was s p l i t up into four independent signal groups and corresponding cables . 
A very important feature of this par t of the t o t a l experimental setup 
was the couplingdecoupling device that allowed to free the expensive i n 
strument box from the f i r s t high pressure probe (HPPI), stuck in the 
borehole after the t e s t , and to use i t again. The d ig i t a l i s ed data from 
the CIB were transmitted by e l e c t r i c a l cables to the data col lec t ion and 
processing system, located a t the 750 mlevel in a small cabin, and con
s i s t i n g of a computer and a disc un i t , placed in a cooled cupboard. The 
computer controls the heat input to the probe, alarms in case of mal
function, presents the measuring data on a monitor, pr in ts and s tores the 
information on a disc u n i t . The experiment is watched from ECN Petten by 
a telephone l i n e . 

If a power fa i lure occurs, and this happened a number of times dur
ing the t e s t s , the power for the heaters is automatically reduced to ze
r o . After return to normal power, the heat input is slowly brought back 
to the or ig ina l l e v e l . 

3.1.2 The Heated Free Convergence Probe (HFCP) 
This probe consists of a s t r a i g h t s t a in le s s s t e e l pipe, diameter 

0.18 m, to give a suf f ic ien t rad ia l space between probe and borehole wall 
to allow creep to proceed over about 50 mm. The heating system, applied 
over a length of 3 m, consis ts of a thermocoax wire placed in a groove 
(double p i t c h ) , machined in the outer surface of the cy l indr ica l wal l . To 
guard the wire against mechanical damage and possible chemical at tack 
(b r ine) , the wire is covered with a lead s t r i n g , which is forced into the 
groove. At both ends an addi t ional 1.5 m length is not heated. The maxi
mum power that can be applied is 6000 W, corresponding to about 1710 W 
per meter borehole length. 

Since in this type of experiment rather large s a l t displacements oc
cur in a r e l a t i v e l y short time, a simple swing arm, coupled to a t r ans 
ducer, was used as a measuring device, in this case applied as 30 s ingle 
units over the probe length . Thermocouples measured the temperatures of 
the probe i t s e l f (max. 360 °C) and a t the ends of the swing arms touching 
the s a l t . Due to heat radiat ion from the probe, the l a t t e r couples did 
not indicate the rea l s a l t temperature and correct ions for this effect 
had to be applied. 

3.1.3 The Heated Pressure Probes (HPP) 
The f i r s t of these probes (HPPI), was used in a t e s t a t 262 m depth 

in the hole, the second, somewhat improved one, HPPII in a t e s t at 80 m. 
The HPP's consis t of a s t r a i g h t tube, su f f i c i en t ly strong to withstand 
the pressure build up of the s a l t due to the induced heat flow. The tube 
is divided in 5 p a r t s , three in the middle to be heated, the outer two 
thermally insulated from the heated area . The applicat ion of these outer 
parts was necessary in order to avoid the deformation of the s a l t over 
the end of the heated area , which would lead to a lower value of the ma
ximum pressure and to d i f f i c u l t i e s in the in te rpre ta t ion of r e s u l t s . The 
heating system is constructed as described for the HFCP's. For the pur
pose of cal ibra t ion in an oi l pressure jacket , the ends of the heater 
wire are welded in the groove over 8 cm to prevent a leak path. In order 
to obtain a high level of r e l i a b i l i t y of the pressure measurements at the 
elevated temperature of about 200 °C two different systems, s t r a in gauges 
and transducers, are applied to measure the displacement AD of the cyl in
der of the probe. They are mounted in the Displacement Measuring De
vice (DMD) as shown in Fig . 13. The s t r a in gauges are glued on the out
side of the cyl indr ica l ring which is compressed during the t e s t due to 
the inwards directed displacement of the cylinder of the HPP. A fu l l 
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b r i d g e s t r a i n gauge arrangment i s a p p l i e d to avoid tempera ture compen
s a t i o n problems and to o b t a i n a r e l a t i v e l y high inpu t s i g n a l for the da ta 
t r ansmis s ion sys t em. The d i sp lacement t r ansduce r i s of the induc t ion 
type , the a p p l i c a t i o n of some f e r r i t i c m a t e r i a l i s then e s s e n t i a l . 

The tempera tures a re measured with thermocouples of the c h r o m e l - a l u -
mel t y p e . The thermocouples a r e l o c a t e d as fo l lows : 
- The c e n t r e p a r t of each of the 23 DMD's i s equipped with one thermo

couple for t empera ture c o n t r o l of the gauges and d isp lacement t r a n s 
ducers . 

- 13 i n t e r n a l thermocouples a r e p laced between the wal l and a number of 
DMD's. 

- 12 e x t e r n a l couples a r e p laced a t the o u t s i d e of the probe in such a 
way t h a t a d i r e c t c o n t a c t wi th the s a l t s u r f a c e i s o b t a i n e d . These 
couples a re s i t u a t e d as c l o s e l y as p o s s i b l e to the co r respond ing i n 
t e r n a l couples in o rde r to ge t an i n d i c a t i o n when c o n t a c t between the 
probe s u r f a c e and the s a l t formation has been e s t a b l i s h e d . 

The DMD's were c a l i b r a t e d with a p r e s c r i b e d d i sp lacement system a t 
t empera ture l e v e l s of % 2 0 , MOO, % 1 5 0 , and ^200 "C. The s t r a i n gauges and 
the t r an sduce r s showed minor tempera ture dependency in the a p p l i e d tem
p e r a t u r e r a n g e . 

The t r ansduce r c i r c u i t in the CIB, however, showed a c o n s i d e r a b l e 
tempera ture dependency. To be ab le to compensate for t h i s e f f e c t n o n - a c 
t i v e t r an sduce r s a re mounted in the CIB. During the c a l i b r a t i o n p r e s su re 
t e s t of the HPP-II by means of an h y d r a u l i c j a c k e t the DMD's did no t show 
h y s t e r e s i s e f f e c t s . This proved t h a t the des ign change in the HPP-II in 
comparison with HPP-I which showed a c o n s i d e r a b l e h y s t e r e s i s was s u c c e s s 
f u l . 

After t r a n s p o r t to the Asse s a l t mine the whole assembly was t e s t e d 
and c a l i b r a t e d a g a i n . These c a l i b r a t i o n r e s u l t s a re used as zero v a l u e s 
in the f i n a l t r ans fo rma t ion of e l e c t r i c a l s i g n a l to deformation r e s u l t s . 

3.2 Some r e s u l t s 
In the fo l lowing some r e s u l t s a r e p re sen ted of the v a r i o u s t e s t s 

performed. The r e s u l t s in the f i r s t p lace se rved to v e r i f y the thermo-
mechanical models and c a l c u l a t i o n s . This work i s p r e sen t ed in [ 9 ] . 
F i g . 14 shows the complete s e r i e s of t e s t s with some d e t a i l s about power, 
l o c a t i o n and time p e r i o d s . 

3 . 2 . 1 The f ree convergence a t e l e v a t e d tempera ture 
In F i g . 15 the measured d i sp lacements ( d o t s ) a r e shown for the HFCP 

t e s t a t 231 m depth in the h o l e . The maximum tempera ture a t the s a l t wal l 
a t the end of t h i s t e s t was 190 °C. For two days the e l e c t r o n i c s were 
t e s t e d wi thou t h e a t i n p u t . Then h e a t was a p p l i e d , up to 6000 W and the 
t e s t con t inued for 20 days , when power supp ly was s topped to p reven t the 
probe from s t i c k i n g in the h o l e . The u l t i m a t e r a d i a l s a l t d i sp lacement a t 
the c e n t r a l p a r t was about 40 mm. With the measuring t e l e v i s i o n v e h i c l e , 
as shown in F i g . 16, a device c o n s t r u c t e d to check the o v e r a l l shape of 
the s a l t wa l l and to view the wal l s u r f a c e , the l o c a l d iameter as shown 
on the cont inuous l i n e in F i g . 15 was measured. Both types of measurement 
agree r e a s o n a b l y w e l l . The f a s t convergence a t 190 °C means t h a t h i g h - l e 
v e l waste c o n t a i n e r s p laced in a borehole w i l l be comple te ly embedded in 
the s a l t w i th in a pe r i od of some weeks. 

3 .2 .2 The p r e s s u r e t e s t s 
When the HPP-I t e s t s t a r t e d the re was a r a d i a l space of some m i l l i 

meters between the probe (d iameter 296 mm) and the w a l l . The power was 
s e t a t 4715 W. During the f i r s t 3 days of h e a t i n g the s t r a i n gauges and 
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transducers showed an unclear picture un t i l pressure build-up s t a r t e d . 
During the following 9 days the deformation of the probe and the temper
ature increase u n t i l a s t a b i l i z a t i o n is reached. The pressure build-up is 
shown in Fig . 17, where a maximum pressure of about 350 bar remained 
s table over about 40 days. 

Concerning the t e s t r e su l t s with HPP-II the following can be s a i d . 
In general the construction of the HPP-II is much al ike compared with the 
HPP-I layout . The diameter of the HPP-II is somewhat larger because of 
the larger diameter of the hole a t the 80 m-level, compared with the 
260 m-level where the HPP-I t e s t was executed. 

The arrangement of the measuring system was revised in view of the 
r e su l t s obtained from the HPP-I t e s t . During the l a t t e r experiment i t was 
observed that cy l indr ica l cross-sect ions of the probe were deformed into 
an oval-shaped c ross - sec t ion . I t can be shown that a t l eas t 3 "diameters" 
under 120° in one cross-sect ion must be measured to es tab l i sh the rea l 
pressure on the probe. 

The complete se t of measuring data is not avai lable a t this time. In 
Table I a relevant se lect ion of the values of the experiment with the 
HPP-II are given. Underneath Table I a qua l i t a t ive presentat ion of the 
pressure build-up versus time is given. 

From these preliminary r e su l t s the following conclusions can be 
drawn : 
1. Pm a x was not reached a t the several heat input l e v e l s . 
2 . Pmin was not reached a t the 0-power l eve l s . 
3 . Thermal expansion of the probe during the t es t runs has a great in 

fluence on the r e s u l t s . 
4 . L i thos ta t i c pressure of the s a l t a t the depth where the t e s t was done 

is <100 bar'. 
After "no. 8" a short cut in the power system caused a def in i t ive 

shut-down of the experiment. Measurements to get an indication of the l i 
thos ta t ic pressure are s t i l l going on. Later i t was theore t i ca l ly shown 
that the unexpectedly low l i t h o s t a t i c pressure was due to the large num
ber of big excavated rooms that ex i s t in the Asse s a l t mine. 

3.3 Work on a larger diameter hole 
In view of the fact that reprocessing plants in Europe envisage the 

use of HLW-containers with 0.43 m outer diameter, to which for purposes 
of s trength and corrosion an overpack should be added, boreholes 
of ^ 0.6 m diameter wi l l be needed. These large diameter holes cannot be 
d r i l l ed with the d ry -d r i l l i ng technique applied for the 0.3 m hole . 
Therefore, a t ECN a dif ferent method is developed a t present . I t is the 
intent ion to d r i l l , again in the Asse s a l t mine, a 600 m deep hole , with 
a diameter of 1 m in the upper part and 0.6 m in the lower pa r t . 

3.3.1 Test f a c i l i t y 
A new t e s t f a c i l i t y was designed to study and measure the flow phe

nomena in the entrance area , under the r o l l e r - b i t body, and the exhaust 
sys tem. 
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Table I : Tentative r e su l t s of HPPII experiments 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Time in 
days 

12 
25 
37 
83 
95 
110 
112 
119 
135 
160 

Power 
total 
(W) 

3000 
3000 

0 
0 

3000 
4000 
5000* 

0 
0 

Mean 
Temp. 
CO 

91 
94 
40 
36 
93 
118 
136 
128 
40 
36 

Pressure in 
section no 

(bar) 
II III 

105 122 
145 154 
109 107 
91 89 
156 157 
178 182 
186 189 
169 182 
135 115 
120 102 

. 

IV 

79 
114 
81 
68 
130 
151 
157 
125 
97 
86 

f 
160 

TIME IN OAYS 

The application of "loose" sand as a subs t i tu te for s a l t has cer
tain disadvantages to study the pneumatic t ranspor t . In order to create a 
more r e a l i s t i c s i tua t ion large sand bodies were fabr icated. The s a l t was 
"glued" together by means of waterglass to get a so l id body. The sand bo
d ies , with a diameter of 1 meter and a height of the same size were in 
serted in a cylinder of about the same diameter ("A" in Fig. 18). At four 
places in the circumference of the cylinder windows are made to study the 
d r i l l i n g operation and sand dust t ranspor t . In the r igh t hand side of 
Fig. 18 the r o l l e r  b i t configuration can be seen [B]. In Fig. 19 a more 
detai led picture of the r o l l e r  b i t is presented. In order to get a con
t ro l led airflow under the r o l l e r  b i t configuration with suff ic ient velo
c i t y , a guideplate is mounted. In this picture the exhaust pipe, where 

*) After 2 days at 5000 W a short c i r c u i t occurred. 
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t h e s a n d  a i r m i x t u r e i s s u c k e d , c a n a l s o be s e e n . Some d i f f i c u l t i e s w e r e 
e n c o u n t e r e d t o f a b r i c a t e s a n d  b o d i e s w h i c h were n o t t o o h a r d , i n o r d e r t o 
m i n i m i z e t h e " d r i l l i n g  e n e r g y " . A f t e r some f a b r i c a t i o n t e s t  r u n s t h i s 
p r o b l e m was s o l v e d . 

3 . 3 . 2 T e n t a t i v e r e s u l t s 
As s t a t e d e a r l i e r t h e p u r p o s e of t h i s t e s t i s i n t h e f i r s t p l a c e t o 

d e m o n s t r a t e t h e f e a s i b i l i t y of d r y d r i l l i n g of l a r g e d i a m e t e r h o l e s , i n 
p a r t i c u l a r f o c u s e d on t h e r e m o v a l of t h e c u t t i n g s . The t e s t s s o f a r h a v e 
shown t h a t t h e c u t t i n g s c a n a c t u a l l y be r emoved b y t h e a i r f l o w . 

In p r e l i m i n a r y t e s t s i t p r o v e d p o s s i b l e t o a p p l y t h i s a i r d r i v e n 
r e m o v a l p r o c e s s . The r o t a t i o n a l s p e e d of t h e d r i l l i n t h i s t e s t was 
20 r e v / m i n , w h e r e a s t h e a i r f l o w a m o u n t e d t o 600 NmVmin · 

As t h e r e s u l t s o b t a i n e d s o f a r i n d i c a t e t h a t t h e v e r t i c a l s p e e d i s 
l i m i t e d by t h i s f a c t o r , f u r t h e r t e s t s a r e a i m e d a t o p t i m i z i n g t h e p a r a m e 

t e r s g o v e r n i n g t h e h o r i z o n t a l t r a n s p o r t m e c h a n i s m . T h e s e a r e , f o r exam

p l e , t h e a i r f l o w , t h e g u i d e p l a t e g e o m e t r y , a n d t h e d i s t a n c e of t h e e x 

h a u s t t u b e t o t h e s a n d s u r f a c e . 
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Fig. 3  TTF 5  Water liberation with time  comparison of measured 
values with calculated values using the Knudsen and Darcy
model 
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Fig. 6  TTF 5  Elec t r ica l heaters cut free af ter the t e s t 
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Fig. 7  TTF 5  Temperatures on the borehole wall and on the 
heater surface at heater midplane with time 
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Fig. 12  Seismic velocities of rock salt near TTF 5 
(vp = compression wave; vs = shear wave) 

Fig. 13  Displacement measuring device (DMD) 
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Fig. 16  Measuring television vehicle 
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Fig. 17  Pressure buildup on probe HPP I 
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Fig. 18  The test facility, partly dismantled 

Fig. 19  Detailed picture of rollerbit configuration 
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DISCUSSION 

R. KOSTER, KfK Karlsruhe 

The pressure buildup is of significant importance, in particular to the 
HLWdisposal experiments in ASSE salt. Could you give additional infor
mation about the accuracy of your pressure measurements? You mentioned the 
result of 350 bars and in our experiments we had an accuracy of 15%. 

L.H. VONS, ECN Petten 

The accuracy was of the same order  say + 10%. 

R. KOBAYASHI, JGC Corporation Tokyo 

In your presentation you mentioned, that after some time the pressure 
dropped suddenly. Did you simulate the actual cooling period? 

K. KUHN 

We controlled all parameters during the heating phase and it was con
firmed, that there was no microcracking during that phase. But at the 
end of the test, on day 305, we abruptly switched off the heaters. This 
sudden drop of power provoked microcracks by contraction of the salt. Of 
course such a temperature transient cannot occur in a repository. 

R. KOBAYASHI, JGC Corporation Tokyo 

Do you plan to simulate the cooling down period? 

K. KUHN 

Yes, in the next test, the gradual heating will be followed by slow 
cooling. 



SPECIFIC INVESTIGATIONS RELATED TO SALT ROCK BEHAVIOUR 

L.H. Vons 
Netherlands Energy Research Foundation (ECN) 

(editor) 

SUMMARY 
In this paper results are given of work in various countries in rather 

unrelated areas of research. Nevertheless, since the studies have been 
undertaken to better understand salt behaviour, both from mechanical and 
chemical points of view, some connection between the studies can be found. 
In the French contribution (A) the geological conditions have been inves
tigated that might promote or prevent the formation of salt domes from 
layers in view of possible use of the latter type of formation. 

This was done theoretically by the finite element method, and a start 
was made with centrifuge tests. The density of a number of samples from 
salt and overburden from the Bresse basin was measured and it was shown 
that a favourable condition exists in this region for waste disposal. 

In the German contribution (B) various subjects are touched upon, one 
being the effect of water on the mobility in the early stages of salt dome 
formation. Evidence was found for an anisotropy in salt. 

One Dutch contribution (C) describes results of studies on the effect 
of small amounts of water on the rheology of salt. The results imply that 
flow laws obtained for salt at rapid strain rates and/or low confining 
pressure cannot be reliably extrapolated to predict the long term behaviour 
of wet or even very dry material under natural conditions. 

Preliminary results on the effect of water upon ion-mobility indicate 
a certain pseudo-absorptive capacity of salt e.g. for Sr. 

Another Dutch contribution (D) presents results of laboratory and in-
situ measurements at ambient temperatures in the Asse-mine, with an acous
tic method to detect the extension of cracks in stress-relieved locations, 
such as gallery walls etc. 

A somewhat related type of work is presented in the Danish contribu
tion (E) where the absorptive capacity of powdered salt for a range of 
radio-nuclides of different valency was measured both for pure salt and 
salt with addition of hematite and anhydrite impurities. 

A. STUDY OF SALT DOMES 

PROF. A. ZELIKSON and L. CHARO 
Laboratoire de Mécanique des Solides, Ecole Polytechnique 

Conditions for salt dome formation are studied in LMS, Ecole Polytech
nique, with respect to the safety analysis of a nuclear waste repository in 
a salt layer. 

The development of domes is possible when the density of a salt layer 
is less than its overburden, as it is shown hereby: 
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h I / \
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/; ' s If p. > p. + flow from Β to A 

Nevertheless, the salt flow does not occur if the density contrast and 
the dimensions of the irregularity of interface are not high enough to 
exceed the strength of overburden and that of salt itself. This is the 
reason why it is necessary to do a parametrical study in which the main 
parameters are the density, the viscosity and the yield point of the mate
rials, as well as the dimensions of the irregularity at the saltoverburden 
interface. So, it has to be determined in which cases a salt dome can de
velop and if so, what growing rates are likely. 

To do such a study we use a finite element elastoviscoplastic code 
using the following constitutive law for the materials involved: 

.el .vp .vp <FS>
n SQ 

ε = ε + e and ε = 
η δσ 

where F, Q and S are respectively a viscoplastic criterion, a viscoplastic 
potential and a yield point. 

As an example of the results obtained, Figure Al shows how an initial 
irregularity of 100 m high and 600 m diameter develops during a 6000 years 
period. The values of mechanical parameters were taken as: 
 densities : ρ = 2,35 ρ = 2,15 g.cm3; 
 yield points: Sc = 3 MPa Sg = 0,5 MPa 
 viscosities : nc = 31.700 MPa.an1 ng = 317 MPa.an

1
; 

 viscoplastic criterion and potential: Von Mises. 
In order to validate the numerical calculations, an experimental study 

with a centrifuge is also done: the centrifugal force simulates the gravi
ty, main factor in dome development. For this purpose, an experimental 
model has been designed. 

To complete this study, it is important to determine the properties of 
the materials existing in situ, and especially, in the sites that may be
come waste repositories in the future. Figure A2 shows a summary of labo
ratory measurements taken on samples cored from the Bresse Bassin. A very 
small difference is observed between the average rocksalt density and that 
of its overburden: 2,18 vs 2,19. From the safety point of view, this fact 
should be regarded as a favourable factor restricting the possibility of 
dome formation at this site. 

Laboratory tests are also done in order to determine the rheology of 
the rock salts from the potentially favorable sites. A part of these tests 
is done under a program supported by the European Communities. An important 
difficulty remains in extrapoling results of tests lasting a limited time 
to periods of several hundreds of centuries. The results of our creep tests 
under different loads and temperatures appear to be very similar to those 
obtained by other teams (eg. Langer, 1979). See figure A3. 

REFERENCES 
LANGER, M. (1979). Rheological Behaviour of Rock Masses. General Report, 
4th International Congress on Rock Mechanics, Montreux. Vol. 3, p. 29, 
Balkema Editor. 
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Figure A-l: Salt dome development 
Numerical results 
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B. ASSOCIATED STUDIES IN ROCK SALT FORMATIONS 

Prof. H. GIES 
GSF, Institut für Tieflagerung, FRG 

1. Some notes on water in salt minerals · 
The uplift of salt diapirs and their particular mobility is most prob

ably enforced by the presence of water and possibly by the presence of 
gases. The amount of water (0.04 wt%) found in the Stassfurt Halite may 
thus be considered as the final result of a late stage in a purifying pro
cess, since the water content of younger but already diagenetic salt layers 
is considerably higher (1-10%). It must further be borne in mind that an 
essential part of those 0.04 wt% is hydrated water which is released only 
in parts of salt rock which are stress relaxed (Kern 1980). 
In Northern Germany the Stassfurt-Leine-Halites, which are separated by 
the Stassfurt seam, represent the main potential disposal horizons. It was 
possible to study the distribution of water in a profile through the upper 
parts of Na2 by means of a 300 m deep borehole drilled by ECN and GSF on 
the 750 m level of the Asse mine. This showed that the Stassfurt seam is 
underlain by a transition zone where the Stassfurt halite has higher con
tents of sulfate minerals, particularly polyhalite, thus rendering higher 
contents of crystalline water (appr. 0.25 wt%) which will be thermally 
released if stress relaxation takes place in the salt. The deeper parts of 
the halite - the so-called "Main Salt" - once again shows the average con
tent of 0.04 wt% of water (Figure B-l). 
It could also be shown that the chemical analysis of drilling fines, in
cluding those of dry drillings, provide a good possibility of showing the 
average composition of a geological profile reflecting stratigraphical 
differences. 

To ensure that the maximum temperature in the Stassfurt carnallite 
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seam will not be exceeded at any time, a thermal safety distance must be 
upheld. Depending on the maximally acceptable temperature in carnallite 
the following distances have to be expected. 

Table Bl 

CARNALLITE : Κ Mg Cl,.6H20 

Rock pressure 
(bar) 

1 
40 
100 

Water release 
temperature (°C) 

~ 85 
139 
145 

Thermal safety 
distance (m) 

~ 60 
~ 40 

In Temperature Test Field 5 of the Asse mine it could now be proved 
for the first time, in situ as well, that by a stepwise increase of tem
perature the hydration water from polyhalite will not be released at tem
peratures below ~ 250 °C. 

The thermal release of water from rock salt and hydrated minerals is 
accompanied by release of gases. Here both the naturally occurring and 
thermally produced gases will come under the influence of radiation in a 
HLW borehole. Consequently, irradiation experiments were performed which 
showed that the production of gases in some cases clearly depends on the 
dose. 
Table B2 Gas release as a function of the absorbed dose for a Rock salt 

specimen with: 85% Halite, 13% Polyhalite and 2% other compo
nents 

not 
irradiated 

irradiated 
upto 

IO
8 rad 

irradiated 
upto 

IO
9 rad 

H2 

3,2.10
3
ppm 

11,7 Nl/m
3 

Rocksalt 

24,7.10
3
ppm 

92 Nl/m
3 

Rocksalt 

°2 
2,5.10

3
ppm 

9,2 Nl/m
3 

Rocksalt 

2,4.10
3
ppm 

8,8 Nl/m
3 

Rocksalt 

4,1.10
3
ppm 

15,0 Nl/m
3 

Rocksalt 

co2 

50 ppm 
0,2 Nl/m

3 

Rocksalt 

l,1.10
3
ppm 

4,2 Nl/m
3 

Rocksalt 

12,6.10
3
ppm 

46 Nl/m
3 

Rocksalt 

HCl 

240 ppm 
0,9 Nl/m

3 

Rocksalt 

458 ppm 
1,7 Nl/m

3 

Rocksalt 

554 ppm 
2,0 Nl/m

3 

Rocksalt 

CH^ 

5 ppm 
0,02 Nl/m3 
Rocksalt 

124 ppm 
0,44 Nl/m3 
Rocksalt 

84 ppm 
0,3 Nl/m

3 

Rocksalt 

A current in situ test in the Asse mine using heaters combined with 
Co60sources had the following borehole atmosphere in such an actively 
loaded borehole: 
Table B3 Composition of the atmosphere in actively loaded borehole 

(US/FRGBrine Migration Test) 

Components 

Concentration (Vol.%) 

H2 

0,57 

°2 
0,3 

N2 

91,3 

CO 

0,35 

co2 

6,45 

CH4 

0,23 

C
2
H
6 

0,046 

C
3
H
8 

0,03 
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Comparisons with nonactive boreholes lead to the conclusion that the 
produced hydrogen in the borehole is primarily formed by corrosion reac
tions of the lining materials. 
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Figure B1: Stratigraphie profile and distribution of water content 
in 300 m bore hole 

2. Mechanical anlsotropy 
The petromechanical behaviour of salt and its uniaxial strength depend 

on the direction in which it iş loaded. It could be shown by uniaxial pres
sure tests (Gessler 1983) that a correlation exists between the angle of 
stratification (here: angle between layers and the direction of pressure) 
and the measured values of compressive strength. The results vary between 
~35% for this strength and ~80% for strain. 

The same is valid for the compressive strength of rock salt showing an 
orientation of the longer axis of its grains in such a way that the uniaxi
al strength parallel to the orientation of the grains was, on the average, 
20% smaller than normal to it (28,5 N/mm2 to 35,5 N/mm2

). Salt texture 
exhibits the same clearly anisotropic behaviour as extruded synthetic salt 
with a pronounced fibre texture in <100> direction when investigating its 
creep behaviour. 

The results show that the specimens compressed at room temperature 
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parallel to the fibre axis exhibit significantly higher strains than those 
normal to it (Figure B2). 

Firstly performed uniaxial long term tensile tests revealed extension 
time curves which had the same typical shape as those of long term com
pression tests (Gessler 1983). 

This means that rock salt does not only show creep behaviour under 
tensile conditions, but also that the corresponding creep rates are at 
least by a factor of 10 higher than those under compressive conditions. 
This is important for the fracturing of rock salt (Figure B3). 
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C. THE INFLUENCE OF FLUIDROCK INTERACTION ON THE RHE0L0GY OF SALT ROCK 
AND ON IONIC TRANSPORT IN SALT 

C.J. Spiers 
Rijksuniversiteit Utrecht 

1. Effect of brine of rheology and deformation mechanisms 
It is well established that polycrystalline materials containing 

small quantities of fluid at grain boundaries can deform by matter trans
port through the liquid phase (1,2). This mechanism involves dissolution 
of material at points of high normal stress, diffusion through the grain 
boundary fluid, and precipitation at points of low normal stress. Consti
tutive equations derived theoretically for this type of creep predict that 
the mechanism should become important in halite rocks (containing as lit
tle as 0.1  0.01 wt% H~0 at low strain rates, and should lead to a sub
stantial weakening effect (see Figure Cl). Solutionprecipitation reac
tions occurring across grain boundary brine films are also predicted to 
lead to low temperature dynamic recrystallisation by fluidassisted grain 
boundary migration (3). 

Although it has long been known that increased atmospheric humidity 
causes accelerated creep in salt (4), water weakening effects have receiv
ed little attention. Recent experimental work at Utrecht has confirmed 
that significant water weakening effects, similar to those predicted, can 
indeed occur in salt (5,3). In particular, stress relaxation tests per
formed in the range Τ = 20200 °C, Ρ = 2.520.0 MPa (using salt rock from 
the Asse Mine) have shown that at strain rates below those normally in
vestigated in the laboratory (i.e. < 107 to 10 _ 8

s
 1
), wet material (i.e. 

deformed in the presence of brine at 110 Mpa pressure) undergoes a marked 
weakening effect. This is seen as a change in constitutive behaviour from 
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strain rate, σ s applied stress, d = grain size 
Boltzman's constant, Τ  absolute temperature 
molecular volume of diffusing species 
solubility of diffusing species 
liquid diffusivity of diffusing species 
volume fraction of liquid in system 
structure parameter, value 10100, taken as 20 here. 

Assumptions: Diffuslon is rate controlling and fluid has bulk liquid 
properties. 
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Figure C2 Typical Theological data 
(after Spiere et al. (5)) for Speise
ealz salt rock tested in stress 
relaxation mode at 150 "C under the 
following conditions : 
a,b  "Dry" (i.e. containing inherent 

brine only), 
Ρ  2.5 MPa (dilatant 
conditions) 

c  "Dry" (i.e. containing inherent 
brine only), 
Ρ  10 MPa (nondilatant 
conditions) 

d,e  Wet (i.e. brine added), 
Ρ  10 MPa, 
Pf  7.5 MPa (non dilatant 
conditions). 

N.B. Ρ  confining preeeure, P* 
pressure of added brine (pore 
fluid). 

the usual power law type behaviour (stress exponent η > 68) above 
!0 s~ 9 to power law creep with η  12 at lower rates (c.f Figure Cl). 
The transition has been shown to be associated with the onset of fluid 
film assisted migrational recrystallisation, this being almost certainly 
accompanied by solutionprecipitation creep (note η = 1 for this mecha
nism, see Figure Cl)· At confining pressures sufficiently high to sup
press dilatancy (i.e. ~ 10 MPa), the weakening effect also occurs in "dry* 
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material through the activity of inherent brine present in fluid inclu
sions and films at grain boundaries (this totals only 0.02-0.05 wt%). The 
effect does not occur in material deformed dry (i.e. without added brine) 
under unconfined or dilatant conditions. Typical data are shown in Figure 
C-2. The results imply that flow laws obtained for salt at rapid strain 
rates and/or low confining pressure (i.e. much of the pre-existing Theolo
gical data) cannot be reliably extrapolated to predict the long term be
haviour of wet or even very dry (0.1-0.01 wt% H20) material under natural 
(non-dilatant or elevated pressure) conditions. Clearly, far more data are 
needed before extrapolation to long term behaviour can be confidently 
made. However, if taken as valid for the temperature range 20-200 °C, the 
Utrecht data have a number of implications for radwaste disposal in salt. 
These include the following: 
a) Formation Water Content - The long term Theological properties of any 

given salt formation can be expected to depend upon the inherent brine 
content. 

b) The long term residual stresses generally predicted for the region 
around a waste repository in salt can be expected to decay away consi
derably faster than previously thought, to lower and therefore even 
more favourable levels. 

c) Thermally induced bulging above a repository in layered salt may occur 
over a wider area but with lower amplitude than previously calculated. 

d) Creep closure of galleries and backfilled tunnels can be expected to be 
to some extent accelerated by flooding. 

2. Ion Transport 
Recent work at Utrecht has shown that truly intact Asse salt rock has a 

vanishingly small (gas) permeability of < 10-:¿um2 even at confining pres
sures of only 2 MPa. Other experiments have shown that creep-induced di-
latancy and permeability are strongly suppressed when brine is added to 
the system (5). This suggests that even if brine does gain access to a 
repository area, permeable pathways (e.g. backfilled galleries, dilated 
wall rock, dilatant shear zones) will be unable to remain open except when 
the fluid pressure is more or less equal to the lithostatic confining 
pressure. Thus it seems likely that fluid can probably only escape by 
means of compaction expulsion. 

Finally, it should be noted that although not yet conclusive, prelimi
nary ion transport experiments (in brine-saturated, deformed, and permea
ble salt) indicate that recrystallisation-related ion exchange effects may 
occur, such that permeable salt will exhibit pseudo-absorptive properties 
for certain elements (e.g. Sr). 
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D. ACOUSTIC PWAVE VELOCITY MEASUREMENTS IN ROCKSALT AND THEIR INTERPRETA
TION IN TERMS OF STRUCTURAL EFFECTS 

J.P.A. ROEST and J. GRAMBERG 
Laboratory for Rock Mechanics 
Delft University of Technology, The Netherlands 

1. Introduction 
Acoustic measuring tubes proof against 150 °C have been developed for 

the in situ research on structural changes in rock salt. The test involved 
so called cross hole measurements in two parallel boreholes, containing 
the measuring tubes. One tube is provided with transmitters, the other one 
with receivers. The occurence of microcataclasis in the side wall of a 
relatively recent gallery was shown. It was also demonstrated that macro
cataclasis, i.e. large cracks and fissures did not occur in the gallery 
wall. This test also showed the necessity of very careful drilling the 
holes and of accurately determining a divergence from parallellity. As 
future measurements are part of a project with a running time of several 
years, the measuring devices have been automated. The apparatus is adapted 
to, for example, the long term monitoring of a pillar or to the long term 
observation of the structural changes due to a heating test. With respect 
to the latter subject, such heating tests have already been carried out in 
the laboratory on a small scale. The structural changes in the rock salt 
could be followed clearly by means of acoustic traveltime measurements. 
During the test decompaction and also recompaction of the rock salt were 
detectable; the forming of macro cracks was clearly observed, when the 
heater was suddenly switched off. A situation not representative for a 
repository. 

2. Acoustic velocity measurements 
2.1. Location 

In the northern wall of room 8 on the 725 m level of the Asse II 
mine, two horizontal 66 mm i measuring holes were drilled parallel to each 
other to a depth of about 13 m. The room had been worked about 60 years 
ago, and was refilled up to half the height. The measuring holes were 
drilled very carefully; they were so straight that the bottom was almost 
completely visible; by means of theodolite survey a divergence of 0,37 de
gree was determined. 
The first 11 m consisted of Halite ("Alteres Steinsalz"), whereas from 
about 9 m a large number of thin Polyhalite bands occurred. After a depth 
of about 11 m Carnallite was expected. However this could not be confirmed 
by endoscope, because this apparatus did not reach so far. 

2.2. The measurements 
The measuring device in each hole consisted of two connected rubber 

tubes, together 4 m long. By means of steel pipe the rubber tubes can be 
pushed as far into the measuring hole as desired, in this case up to 12 m. 
This depth of the measuring holes permitted three successive measuring 
series, A, Β and C. The 4 m tube lengths were provided with 11 transmit
ters, respectively 11 receivers. The first measurements were carried out 
by relais switching, whereas the transient recorder was operated manually. 
Seismograms were displayed by XY recorder. In the second round the tran
sient recorder and relais were controlled by a microcomputer. The tran
sient recorder registered the average of 256 pulse arrivals, pertaining to 
one measurement. By means of a "fast handshake" the data were transferred 
to the computer. Data reduction was achieved by storing only a limited 
length of 50 psec of the wave train. The sample frequency was 1 sample/
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usee. The computer made also a provisional estimate of the first arrivals 
and the first amplitudes. After a series of 121 measurements the collected 
data were transferred to the tape of a builtin cassette recorder. One 
tape may contain 25 to 30 series of 121 measurements. 

2.3. The readings 
Three types of readings are available. 

A.: Special software has been developed in order to obtain more accurate 
readings of the first arrivals. To that purpose the 50 usee section of the 
wave train, containing a length of dead time, the first amplitude together 
with the zero intersection, was stored on a tape. In the laboratory this 
50 psec section is displayed on a screen, blown up to a length of 21.5 cm. 
Now the determination of the first arrival point can be carried out very 
accurately, providing the definitive figures. 
B.: It is mentioned before that the computer, while measuring proceeds, 
already makes provisional estimates of the first arrival points. This is 
done instantaneously, but without optimal accuracy. The estimates of the 
amplitudes on the contrary have at once a good precision. 
C : Manual operation and display on XY recorder shows the complete seis
mogram, which might be needed to get insight in the quality of the signal. 
The reading of the first arrival however will be less accurate, for a 
section of 50 ysec will be displayed in only one cm. 

The acoustic velocities, calculated from the more accurate data, 
obtained by readings from the screen, are shown in Figure Dl. Series A 
proves that open fissures can be marked excellently by this measuring 
method. The acoustic signal will not be transferred across an open fissure 
of several mm's wide. However, within the block, bounded by open fissures, 
the signal response is quite normal. From transmitter 4, in series A, a 
fan of measurements shows a decrease of the velocity values, the more so 
as the angle between the measuring direction and the room side wall in
creases. This phenomenon points to the occurence of microcataclasis with a 
tendency of parallellity to the side wall. Two brown coloured bands of 
about 3% Polyhallite seem to have no influence on the velocities. Compar
ing the fans of measurements in the series A and B, it seems that the 
effect of the microcataclasis will decrease according to the increase of 
the distance from the side wall. 
Series C shows lower velocities, probably because of the presence of a 
great number of Polyhalite bands, and over 11 m depth the possibly pres
ence of Carnallite. 

3. Relationship between microcataclasis and physical properties 
Research is carried out on the relationship between microcataclasis, 

Young's modulus, Poisson's ratio, cataclastic planar pore porosity and 
acoustic velocity. From laboratory measurements in 1983 on a cube of rock 
salt, with edges of 302 mm, loaded under triaxial "hydraulic" conditions, 
a series of the above mentioned data were determined. In the time however 
the measuring devices did not yet function optimally. Therefore we will 
call the results a preliminary first approach. 
For the calculation of the linear part of the cataclastic planar pore 
space (£lot)) it was postulated that the planar pores were closed during 
the highest applied triaxial pressure of 30.7 MPa (relative condition 
cracks closed, cc). As a result the values E=44.0 GPa and μ=0,329 at that 
pressure are supposed to be relevant for "massive" rock salt. Further the 
material of the block was supposed to be isotropic, i.e. with random mi
crocataclasis. At every triaxial pressure (see tabel Dl) the value of εΐ 
is calculated from the relevant E and μ. This value will consist of a 
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Figure D-1: Acoustic crosshole measurements 
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"massive" part, εΐ and a planar pore part, εΐ . As a result 
εΐεΐ =ε1 . Analogous to εν=εχ+ε +εζ we will write 
εν

 =e
lODX

+E:
'Dnv

+e
''DDz·

 I n t h e c a s e o f t h e postulated isotropy it results 
in εν =3.ε1 . 

PP PP 
Table Dl 

Triaxial load 
Young's mod. (E) 
Poisson's ratio (μ) 
el__ 106 
ε ν

Η Η IO6 

Acoustic velocity 

3.29 










8.77 
26.2 
0.268 
88.6 
266 
4600 

14.25 
32.8 
0.292 
70.1 
210 
4624 

19.7 
38.1 
0.302 
49.5 
148 
4650 

25.22 
42.1 
0.318 
23.2 
70 
4627 

30.7 MPa 
44.0 GPa 
0.329 
0 
0 (isotropy) 
4632 m/sec 

(average values, might be 1% too high) 

The correlation between the linear part of the planar porosity, εΐ and 
the pressure was excellent. The correlation between the pressure ana the 
velocity however was poor. Therefore the correlation between the planar 
porosity data, εν and the velocities in Table Dl is poor as well. How
ever a rather bold extrapolation seems to indicate that the planar porosi
ty due to microcataclasis at velocities of respectively 4500 m/sec, 
4400 m/sec and 4300 m/sec might be respectively 0.07%, 0.08% and 0.09% 
i.e. of the order of 0.1%. More accurate measurements might be carried out 
in the near future. 

E. RETENTION OF RADIONUCLIDES IN HALITE 

LARS CARLSEN 
Risø National Laboratory 

The possible interaction between radionuclides and halite (rock salt) 
may be a highly effective retention mechanism, even in cases where only 
weak interactions can be observed, owing to the nature of the brine trans
port in rock salt formations, and the extension of the salt formations 
proposed for nuclear waste disposal. 

The interactions between a series of radionuclides, comprising 
134

Cs(I),
 85

Sr(II),
 60

Co(II),
 154

Eu(III),
 21<1

Am(III), and 99Tc (as per
technetate), and a) analytically pure sodium chloride and b) analytically 
pure sodium chloride, with purposely added impurities as hematite (Fe.03) 
or anhydrite (CaSO.) in low amounts, in order to simulate naturally oc
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curring rock salt, have been studied by a colomn technique. Typically 
20 cm columns (¿ : 1 cm) of crushed material were eluted with saturated 
sodium chloride solutions (250 ml) containing the appropriate radionucli
de. Studies using 22Na spike were carried out as reference, demonstrating 
the applicability of the system. 

In the case of pure halite only europium and americium were found to 
be retained by the solid material, whereas all other ions under investiga
tion were eluted with very minor, if any, retention. 

Parallel brine-migration-simulation studies revealed that no incor
poration of other cations than sodium itself into the NaCl-lattice could 
be observed. Hence, the observed retention of Eu(III) and Am(III) is rati
onalized in terms of surface effects only. 

However, it appears that the effect cannot be formulated as simple 
electrostatic attraction, since desorption experiments disclosed that only 
very minor amounts of the sorbed europium/americium could be leached with 
pure sodium chloride brine (Figure E-l). In Table E-l the results are 
summarized. 

Table E-l Sorption characteristics for Eu(III) and Am(III) on a halite 
column (flow rate 1.5 mL/min) 

Eu(III) 
Am(III) 

SORPTION 
eluted (%) 

51 
45 

sorbed (%) 

22 
25 

SORPTION/DESORPTION2 
eluted (%) sorbed (%) 

58 
54 

21 
20 

1 250 ml Eu/AM containing brine (10-7 M) 
2 250 ml Eu/Am containing brine (10-7 M) + 250 ml pure brine 

Based on available stability constants (1,2) it can be calculated (3) that 
europium and americium will, in saturated sodium chloride solution, predo-
minantely exist as the chloride complexed species MC12

+ (M=Eu,Am). Thus, 
it is suggested that the retention of Eu(III) and Am(III) is a result of 
interaction between these complexes and "free" chloride atoms, which will 
be negatively charged, at the halite surface, i.e. formation of solid MCI, 
(M=Eu,Am) crystals, A very slow dissolution/precipitation process in the 
brine/halite system is responsible for the apparent lack of desorption. 

The apparent lack of sorption of Co(II), which also forms chloride 
complexes, is most probably to be explained by the formation of "higher" 
chlorides, which are neutral or negatively charged species (4), and, hen
ce, will not be retained. 

Incorporation of "impurities" in the halite caused drastic changes in 
the sorption behaviour. In Figure E-2 the europium concentration per gram 
moist column material (expressed relative to the applied concentration) 
throughout a trisected column consisting of pure halite/halite with 1% 
Fe203/pure halite (10/5/10), respectively, is depicted as a function of 
total moist column material withdrawn from the column after passage of 
250 ml of a 10-7 M Eu solution. The very high sorbing efficiency of the 
iron oxide is noted. In this type of columns also Cc(II) was found to be 
extensively retained, as ca. 75% of the applied cobalt was refound on the 
column material. A similar, but less pronounced effect is seen in cases, 
where anhydrite is used as "impurity". 
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FIGURE E2 

Conclusion 
It can be concluded that Eu(III) and Am(III), and probably actinlde 

(III) elements in general are strongly sorbed to halite and desorbed only 
with difficulty. The interaction between the pure solid sodium chloride 
and the actinide elements involves chloro complexes of the type MCI · 
Impurities as hematite and anhydrite apparently strongly improve the effi
ciency of rock salt as a natural barrier towards actinide migration. 
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DISCUSSION 

J. HAMSTRA, AVORA B.V. Bergen 

It has always been an aim to look for as pure as possible halite forma
tions for disposal. Can we conclude from your results, that we should now 
prefer less pure salts because of their better retention properties? 

L.H. VONS, ECN Petten 

One does get this impression, but there are, in my opinion many good other 
arguments to stay in the main salt formation. 

Chairman 

Were the sorbtion characteristics that much better? 

L. CARLSEN, RNL Risii 

That is correct, but the tests were carried out by passing 250 ml of 
solution containing a 10 molar concentration of radionuclides (Eu or Am) 
through a column of 25 g of crushed salt. In this experiment 25% of the 
radioactivity will remain sorbed to the salt surface. Taking into account 
the mechanism of brine migration, salt will be a very effective natural 
barrier, even though only this relatively small fraction is sorbed. In a 
second type of experiments, where the nuclides pass through a salt column 
as a pulse, like in normal column chromatography, quantitative sorbtion of 
Eu and Am will be observed, which will not be eluted. 



MODELLING OF THE THERMOMECHANICAL BEHAVIOUR OF SALT ROCK 

G. ALBERS, RWTH; V. GRAEFE, GSF; E. KORTHAUS, A. PUDEWILLS, KfK; 
J. PRIJ, ECN; M. WALLNER, BGR 

Summary 

The aim of thermal and mechanical calculations describing the 
load-bearing behaviour of salt rock and the integrity and geologi
cal stability of a salt formation is to provide a realistic pic
ture of the strains and stresses caused by thermal loads, a hith
erto largely unknown aspect of rock mechanics. 
Suitable calculation methods and program-Ties are now available, as 
are consistent material laws for the mechanical behaviour of salt 
rock. Since predictions as to the long-term isolation of radioac
tive waste from the biosphere require experimentally reproducible 
short- term processes to be extrapolated over long periods of time 
by means of appropriate calculations, the verification of the 
model used assumes crucial importance. 
Some examples of calculations carried out in parallel with tests 
show what progress has been achieved with the calculation pro
grammes. In addition, some results of modelling calculations for a 
repository are presented by way of illustration. 

1. INTRODUCTION 

The German and Dutch concept for the disposal of radioactive waste 
from nuclear installations calls for its final disposal in a salt forma
tion to afford full protection for the biosphere. 

Vitrified, highly radioactive waste in particular releases heat due 
to radionuclide decay, raising temperatures locally for a limited period 
of time in the salt formation. The result is thermally induced strains 
and stresses. 

To guarantee the safe functioning of the repository and the iso
lation of waste from the biosphere, safety and other analyses need to be 
carried out to demonstrate that these thermomechanical loads do not 
represent a long-term danger to the integrity of the barrier system 
(comprising natural and engineered barriers) as a whole (11). 

2. AIM OF TIERMOMECHANICAL MODELLING 

The main aspects covered by a stability study for waste disposal in 
salt are the load-bearing behaviour of the strata, the long-term protec
tion provided by the plastic salt rock and the geological stability of 
the salt formation. The strains and stresses caused by thermal loads, 
together with the resulting stability questions, are still a largely 
unexplored area in current mining practice. 
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Modelling the:nromechanical behaviour hence has the following aims : 
- by means of a mathematical analysis of thermomechanical processes, to 

evaluate their effects correctly and to add to current mining knowl
edge; 

- to derive rock-mecanical criteria for a stable repository design from 
the above analysis; 

- to adjust the repository design, where necessary, to prevailing geo
logical conditions on the basis of the model calculations or the 
derived rock-mechanical criteria; 

- finally, to provide long-term predictions as to the integrity of the 
salt formations, which can only be done by means of modelling. 

3. MECHANICAL BEHAVIOUR OF SALT ROCK 

In recent years, the Bundesanstalt für Geowissenschaften und Roh
stoffe (BGR) lias carried out extensive research into the mechanical 
behaviour of salt rock with the aim of evolving a consistent material 
model (15), (16). Seme typical results tests to distinguish between 
non-fracturing deformations and fractures are shown in Fig. 1. 

Samples 4 and 5 show shear fractures. Samples 1 and 2 were tested 
under the same surface pressures, though at a rate of axial strain lower 
by a factor of a hundred. In spite of considerable deformations, the 
latter samples do not exhibit any signs of fracture. 

Fig. 1 : Rock salt samples subjected to triaxial tests, Asse Liniensalz 
Na3 

Developed on the basis of exhaustive laboratory experiments by the 
BGR, a material model covering only the universally valid aspects of 
strain behaviour is given by the material law proposed in Fig. 2. The 
overall rate of strain jt is calculated from the following : 
- rate of elastic strain j el 
- rate of thermal strain j t*1 
- rate of creep j cr (time-dependent, irreversible deformation) 
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 rate of fracture strain ε f (irreversible deformation, independent of 
velocity, with formation of discrete fracture surfaces and dila
tation) . 
For the rate of creep £ cr, only steadystate creep has been con

sidered as the major factor in longterm creep. The mathematical formula 
for creep is based on a model developed by Munson and Dawson ( 12 ), and 
is the sum of three distinct creep mechanisms : 
 dislocation climb at low stresses and high temperatures 
 transient dislocation mechanism at repository temperatures and 

stresses 
 dislocation gliding at highstresses 

For the case where the longterm strength criterion is not met, the 
fracture deformation rate is incorporated in the form of an associated 
flow rule and an extended drucker/Prager flow condition. 

For transient creep behaviour immediately following stress changes, 
only incomplete measurements are available to date, with the results 
described phenomenologically in terms of time or strainhardening 
experiments. These cannot be safely generalized to stress conditions 
other than those tested. For the longterm forecasts required for a 
repository, however, transient creep should be virtually insignificant. 

The material behaviour of crushed salt is currently the subject of 
intensive investigation. Consistent material laws should be available in 
the not too distant future. 
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Fig. 2 : Material model for rock salt 

4. CALCULATION PROGRAMMES 

4.1 Programmes available 

In order to calculate the thermal and mechanical impact of a re
pository in a salt formation, suitable programmes are available for 
analysing nonstationary temperature fields and thermally induced stress 
and strain conditions. Table I gives an overview of the programmes cur
rently used by the authors, including some developed as part of the CEC 
project. 

The development of programmes to solve the heat conduction problem 
can be regarded as largely completed. Progress to date with the pro
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gramnes for mechanical analysis is essentially as set out in Table I. 
Details of programmes supported by the CEC (GOLIA, FAST, MAUS, TEFELD) 
are contained in (1) and (2). 

TABLE I - CALCULATION PROGRAMMES 

PROGRAMME 

Authors 

Used at 

Funding 

Associated 
temperature prog 

Geometries 

Order of element 

Material models 

Thermoelasticity 

Steady-state 
creep 

Transient creep 

Destreng thening 
Tensile failure 
Backfill model 

Excavation 
Filling 

Selection of 
time steps 

ADINA 

Bathe 

ÏCfk/GSF 

Konmerz. 

ADINA 

1-, 2-, 
3-D 

linear + 
quadrat. 

X 
X 

X 

X 
X 

ANSALT 

Wallner/Wulf 

BGR/GSF 

BMFT 

ANTEMP 

1-, 2-, 
3-D 

linear + 
quadrat. 

X 
X 

X 
X 
X 
X 

X 
X 

semi-
autom. 

GOLIA 

Doñea/ 
Prij 

ECN 
CEC 
analyt. 
solution 

2-D 

linear 

X 
X 

X 

fully 
autom. 

MARC 

Marcai 

ECN 
Kommerz. 

MARCIÏEAT 

1-, 2-, 
3-D 

linear + 
quadrat. 

X 
X 

X 

X 

MAUS 

Albers/ 
Biurrun 

FWTH/KfK 

CEC 

TKt'ELD 
FAST 
2-D 

linear + 
cjuadrat. 

X 
X 

X 
X 
X 
X 

X 
X 

fully 
autom. 

4.2 Model verification 

Any mathematical stability study requires reality to be mapped onto 
a model. In doing so, it is of crucial importance to represent the 
following factors as realistically as possible : 
- material law describing the termorheological behaviour of the strata 

(time-, temperature- and stress-related deformation and resistance 
behaviour) 

- geological structure of the strata 
- initial status of strata (stresses, temperature) 
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- geometry (determination of load-bearing behaviour by means of 
spatial, plane or rotationally symmetric representation models) 

- stress states and changes through time. 
The aim of verification is to prov« that a mathematical model for a 

repository in salt rock is realistic by means of a programme comprising 
several stages with the following main components : 
1. Proof of Ule correctness of the mathematical formulation of the pro

gramme by checking analytical examples and comparing with other com
puter codes (benchmarks) 

2. Checking of the formulation of the material law by comparing calcu
lated results with the results of laboratory measurements under 
clearly defined initial and boundary conditions. 

3. Comparison of thermomechanical calculations with the results of ther
momechanical in-situ tests. 
As predictions as to the long-term isolation of radioactive waste 

from the biosphere require the extrapolation of experimentally repro
ducible short-term processes over the long term, the verification of Oie 
thermomechanical material law for salt rock assumes crucial importance, 
since the laws on which the material model is based have to be shown to 
be consistent over long perials of time as well. 

Since November 1984, the European Community has been supporting a 
"CEC inter-comparison exercise on rock mechanical computer codes for 
salt", in which an approach is being made towards model verification on 
the basis of two tenchmark examples. 

5. CALCULATED RESULTS 

5.1 Calculations accompanying tests 

Over tlie last few years, the Asse II mine has teen used as an ex
perimental installation for conducting R&D work on the disposal of 
radioactive waste. 

The research work in the mine comprises : 
- long-term monitoring of empty mined cavities and cavities filled with 

radioactive waste 
- experiments to test disposal tecliniques and investigate the occurence 

of disturbances. 
In addition to radiation measurements, long-term ironitoring concen

trates on : 
- seismic location of partings and cracks 
- micro-acoustic measuratients of creep processes 
- deformation and displacement measurements. 

Fig. 3 shows the 750 m floor in the mine by way of illustration. 
The vectors depicted represent the displacements measured from tlie 
measuring points of the rock observation programme. The graph was 
plotted by the newly developed postprocessor program GRAPLOT following 
digital storage of the mine geometry and the measurement results. 
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trimetric parallel 
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Fig. 3  Asse II, mined cavities en the 750 m floor, displacements 
measured (magnified 2 000 times) 

This diagram depicts the displacements from control points measured by 
the rock observations programme (K. Dürr) over the period March 1981 to 
March 1984. These represent the largescale convergence of the mine 
workings (displacements magnified by a factor of 2000 compared with mine 
plan) 

Experiments to test disposal technology comprise : 
 heater tests to simulate the effect of heat from radioactive waste 

on the salt rock 
 brine migration test to examine the movement of small brine in

clusions in the nonhomogenous temperature field, 
 BCN's 300 m drydrilled borehole as a model for the emplacement of 

highlevel waste, 
 and (in preparation) experimental emplacement of highly radioactive 

glass blocks in eight cased boreholes. 
This range of insitu experiments offers good prospects of ob

taining measurement data for comparison with the numerical calcu

lations. To this end, a new data bank system consisting of the com
ponents FILEBUILD and GECMECHDBS has been developed to store the data 
acquired and enable users to handle data comfortably (9). 

In a large drydrilled 300 m deep into the 750 m floor, BCN 
measured convergences at 1 050 m depth and carried out comparative cal
culations to derive the constants of a law for steady state creep (7), 
(13). Por a measuring period of 200 days, the following equation gave 
the best mathematical fit with the measured results : 

è
c r = 8.8 χ 10"11 5.5 

The mathanatical prediction thus obtained for convergence up to 800 
days agrees closely with the treasured values (Fig. 4). 
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Fig. 4  Convergence of ECN borehole 

Using the sane borehole, a heater experiment was carried out ac
companied by parallel calculations. In this test, a tube 3 m in length 
was heated at 5 kW for 60 days at a depth of 1 010 m. The maximum tem
perature reached was 460 K (187°C). The calculated and ineasured curves 
for the pressure on the sample cylinder, reaching a maximum of around 
350 bar, show a good fit (Fig. 5). 

However, the calculations also show that the pressure buildup is 
only weakly dependent on the activation energy in the Arrhenius function 
and thus cannot be used to derive this factor (2). 

The convergence behaviour of individual boreholes provides an op
portunity for a systanatic experimental and mathematical investigation 
to examine the available calculation methods and thermomechanical ma
terial laws for rock salt. Accordingly, the aim of Tamperature Test 
Field 3 (TTF 3) was to measure temperatures and borehole convergence. 
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Fig. 5 - Pressure measurements in the ECN borehole 

The thermomechanical processes were also calculated with the FE 
programmes ADINA and MAUS (5). The aim was to check the numerical re
liability of their results and the predictive power of the numerical 
models. 

Using realistic mechanical boundary conditions and material values 
to describe the thermcmechanical behaviour of rock salt, results were 
achieved showing a close fit with the measured values. The borehole con
vergences calculated with ADINA and MAUS are virtually identical, which 
indicates that the solutions are numerically correct. In addition, in 
order to underpin these results further calculations were carried out to 
determine the sensitivity of borehole convergence to variations in a 
number of material law parameters. Fig. 6 shows the measured values and 
the results obtained with the two programmes for borehole convergence at 
the heat source's mid-plane. Sane calculated results for several of the 
parameter combinations used are also shown. 
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Fig. 6  Graph showing borehole convergence for various material para
meters 

However, the agreement observed between calculated and measured 
results does not give any precise indication as to the correctness of 
the selected material data and boundary conditions. It would also be 
possible to achieve just as good a fit using other combinations of 
material parameters and boundary conditions. Therefore, when carrying 
out similar insitu experiments, the test site should be selectei such 
that the initial stress conditions in the surroundings can be estimated 
with sufficient accuracy. The remaining uncertainties in the material 
law could then be estimated by varying the relevant material parameters. 

As an example of a more complex experiment, Tatperature Test Field 
5 was crosschecked with MAUS (3), (4). The output of a cylindrical 
heater placed in a horizontal borehole was increased in stages. The 
sketch in Fig. 7 depicts the model. Calculations of the radial displace
ment of the borehole wall at successive points in time show the gradual 
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creep of the salt onto the heater. Although the contact process was not 
measured, there are a number of indications that the calculated contact 
was both qualitatively and quantitatively a good simulation. 

3,96 3 2 1 

Fig. 7 - Creep of rock onto heater in Temperature Test Field 5 

In Temperature Test Field 6 - a hexagonal configuration of 6 
heaters around a central heater as a model for a repository - the cal
culation programmes have already been used to interpret the results. The 
same is currently being done with the HLW test, an initial experiment 
with the disposal of highly radioactive glass blocks. TVo parallel gal
leries each contain four boreholes, three of which are filled with glass 
blocks of differing levels of activity while one contains an electric 
heater. Fig. Q shows the results of the three-dimensional temperature 
calculations. 

After five years there is already a clear interaction between the 
boreholes. However, as this interaction is initially very weak, a ro-
tationally symmetric calculation can be applied to the individual bore
holes for this period, yielding a maximum radial loading of around 48 
MPa after one week for the backfilled borehole type. It is assumed -
conservat Lviïly - that the initial stress is given by the weight of the 
overburden. The borehole casing is to be dimensioned accordingly. Due to 
the decline in radioactivity, the maximum temperature on the borehole 
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w a l l i s l i k e l y t o be reached a f t e r one t o one and a h a l f y e a r s depending 
on t h e b o r e h o l e f i l l i n g . 
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Fig. 8 - Temperature distribution in the planned HLW test after 5 years 

5.2 Modelling of the radioactive waste repository 

As part of the R&D programmessupported by the Conmission of the 
European Communities for the disposal of radioactive waste, ECN, KFK and 
RWTH Aachen have also carried out seme site-independent modelling cal
culations for a repository (1), (2). Three results are discussed below 
as examples. 

ECN's calculations are based on a simplified model assuming a cyl
indrical, homogeneous salt dome with a diameter of 1 500 m. The base if 
the itane with a 300 m thick salt cushion is 3 000 m deep, while the top 
is at 300 m. The total initial thermal loading as a result of the nu
clide inventory is 27.72 Mi. The decay curve for heat production was 
derived from a IMPCE study. 

For the calculations, a rotationally symmetric section with a 
radius of 4 000 m was considered. The selectei finite element network 
and the kinematic boundary conditions are shown in Fig. 9a. The creep 
behaviour of salt rock was assumed to be in accordance with the creep 
parameters determined in the ECN borehole (see above). 
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The temperature field calculations in the form of a semianalytical 

solution yielded maximum temperatures of less than 150°C. The influence 
of temperature was investigated in a subsequent stress analysis. Figs. 9 
b, c and d show characteristic results for the distributions of horizon
tal, vertical and shear stresses. These results represent the maximum 
values of thermally induced stresses approximately 50 years after dis
posal. It will be seen that in this case the stresses in the salt dome 
are mainly calculated as compressive stresses with small deviatonic com
ponents. In the cap and surrounding rock small stress releases result. 
The overall stresses, i.e. taking into account the initial stresses, 
remain in the compressive range, however. 
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Fig. 9  Repository modelling, thermally induced stress 

KFK has carried out calculations for the repository concept in the 
Federal Republic of Germany, in which HLW waste is disposed in 300 m
deep boreholes arranged in a regular, square configuration with 50 m 
between boreholes at depths between 800 and 1 100 m. The heat production 
per borehole is assumed to be 216 kW at time of disposal. 

The thermomechanical processes in the near field of a HLW borehole 
were calculated with the ADINA programme. 

Assuming a lithostatic initial stress condition for the model and 
deriving material values to describe the thermomechanical behaviour of 
rock salt from the crosschecking of the insitu experiments (TTF 3 (5), 
standard probe (14), borehole convergence was measured up to the closure 
of the air gap between the salt and waste packages, as were the stress 
fields in the surrounding rock salt. 



462 Albers et al: Thermomechanical behaviour of salt rock 

Fig. 10 shows the v e r t i c a l curve for rad ia l displacement a t 0.21 m, 
1.5 m and 10 in from the borehole axis 150 days af te r disposal . 
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Fig. 10  Radial displacement at 0.21 m, 1.5 m and 10 m from the bore
hole axis after 150 days (HLW laboratory borehole) 

The results of the calculations show that at 40 m above the bottom 
of the borehole the 5 cm air gap closes after about six months, and at 
240 m only after a year. 

These studies of thermomechanical processes in the near field of 
disposed HLW waste are still at the development stage. In order to re
fine the model, the borehole seal and the pressure buildup on the waste 
blocks (contact effect) will also have to be taken into account. 

To study the convergence of backfilled disposal cavities and the 
accompanying backfill compaction, a 1diinensional finite difference pro
gramme has been developed for spherical or cylindrical geometry (1). It 
contains a material law for the compaction of crushed salt, which 
closely approximates the compactions and compaction rates observed in 
laboratory experiments at constant and varying pressures. 

In order to describe longterm compaction, which cannot be deter
mined directly by experiment, this material model also contains an ana
lytical relation based on a considerably simplified model assumption for 
already strongly compacted material (Butcher's spherical void model) 
(δ). 
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In parameter studies, the programme was used to investigate the 

influence of the model geanetry and the relative backfill volume (as
suming that the waste stack itself is incompressible) as well as of cer
tain parameters of the crushedsalt material law. 
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Fig. 11  Pressure buildup and backfill compaction in disposal cavity 
with 15% (by vol.) crushedsalt backfill. 

By way of an example, Fig. 11 shows the result for a cylindrical 
cavity at a depth of about 850 m with 15% (by vol.) backfill; The com
paction behaviour assumed Eor the backfill is in line with the results 
of laboratory experiinents carried out by BGR. 

In order to obtain more reliable information on the longterm be
haviour of crushed salt, further extensive laboratory experiments are 
currently being carried out covering periols of tinnì as long as poss
ible . 

6. CONCLUSIONS AND OUTLOOK 

All in all, the calculation methods and programmes currently avail
able appear to be suitable tools for scientific and technical purposes, 
capable of providing a realistic analysis of the specific thermomechani
cal effects of the disposal of radioactive waste in salt formation. 

As an evaluation of the stability of the repository and the integ
rity of the salt dane barrier requires longterm inathenatical predic
tions, the verification of the model used to calculate such predictions 
assumes particular importance. There is a need for further studies to 
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prove that the model is realistic and in particular to demonstrate the 
consistency of the material law for rock salt. This applies particularly 
to the behaviour of crushed salt as a backfill material, which is cur
rently being studied in detail. 

For largescale modelling of the repository, it will be necessary 
to acquire more detailed information on the precise structure of the 
rock mass in order to obtain a realistic picture of actual conditions. 
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DISCUSSION 

UNIDENTIFIED SPEAKER 

Is the creep rate or the convergence affected by radiolysis or the pre
sence of brine? 

K. KUHN, GSF Braunschweig 

I believe, the creep rate has a tendency to reduce the brine migration. Rv 
creeping, the salt will, in a few months, closely and completely surround 
the waste and then only very small amounts of brine or gas can come into 
contact with the waste container. 

R. DE BATIST, CEN/SCK Mol 

What is the sensitivity of your model calculations to the accuracy of the 
material property data; in particular, have your calculations taken into 
account possible variations in these values due to radiation damage? 

M. WALLNER, BGR Hannover 

This is a very important question. I could not show results of parametric 
studies, although these are necessary: temperature, stress and humidity 
have an influence on the creep role. Radiation however has not such a 
marked effect, as far as we know. It only has an influence for a very 
short time. 

R. KOSTER, KfK Karlsruhe 

You have quite rightly stressed, that the results of the in-situ tests can 
be calculated from the FEM models, when boundary conditions and material 
properties are correctly introduced. You have also said that a calculated 
verification of these experiments can be obtained for a variety of Young's 
moduli and initial stress patterns. The calculating model therefore is not 
yet completely confirmed. Could you tell us how you will proceed from 
here, to identify initial stress conditions with more accuracy? 

M. WALLNER, BGR Hannover 

This is not only a question of stress conditions. For long-term predic
tions we must use established physical laws, mathematical methods and 
tools which have to be verified entirely. This means we have to check the 
numerical part of the calculation ard eliminate inconsistencies in our 
material property laws. The verification aims at producing sound long-
term forecasts and not only the recalculation of short-term experiments. 
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It has been going on for some time and since November 1984 such valida
tions are also part of the EC work. Measurement of stresses are a 
sideline, they are probbaly less important for the long-term evolution in 
a repository than for the interpretation of short-term experiments. 

K.M. KORTHOF, EZ Den Haag 

Did you use natural analogs to check the long-term validity of your 
models? 

M. WALLNER, BGR Hannover 

No; have you any suggestions? 

R.M. KORTHOF, EZ Den Haag 

One could use the models to recalculate the natural evolution of a salt 
dome. 

M. WALLNER, BRG Hannover 

This has been done. But when you calculate diapirism, other aspects 
intervene. Rock mechanics of mined cavities depend largely on elastic and 
viscous behaviour. The evolution of a salt dome is only dependent on 
viscous movement; it can be modelled but has little relevance to our 
problems of repository stability. 



RESEARCH PROGRAMES IN UNDERGROUND EXPERIMENTAL FACILITIES 

Konrad - Pasquasia - Mol 

P. Manfroy (CEN/SCK - Mol), F. Benvegnu (ENEA - La Casarcia), 
Heremans (ONDRAF/NIRAS - Bruxelles), W. Brewitz (GSF - Braunschweig) 

Summary 

Three underground laboratories are described. Two of them are 
implanted in arqillaceous formations in Italy and Belgium, the third in an 
iron ore body in Federal Republic of Germany. 

The Italian and German laboratories take advantage of the existence 
of disused mining plants, the Beloian one has been created only for 
experimental purposes under the Nuclear Research Center of Mol. 

The geology of the sites as wel] as the different kinds of tests 
foreseen or already carried out are described putting the focus on the 
geotechnical aspect of the research. 

INTRODUCTION 

A very important stage in a R&D-proqramme on the geological disposal 
of conditioned radioactive wastp is the one which consists of making "in 
situ" experiments in the selected formation for that purpose. 

Several countries have had the opportunity of reaching such a stage 
in installing underground laboratories in different types of igneous, 
saliferous or sedimentary rocks. 

Some countries have taken advantage of the presence in their subsoil 
of disused mines which were excavated in a formation close to or identical 
to the one selected for the final disposal. Other countries, having no 
mining facilities in adequate formations, were obliged to create experi
mental facilities out of nothing in the potential host rock, committing 
very important investments and thus demonstrating the high degree of 
confidence assigned to the qualities of the selected rock medium. 

The purpose of the present paper is to render an account of three 
important projects in sedimentary rocks having received or receiving 
financial support of the Commission of the European Communities, in the 
framework of its indirect action in the field of radioactive waste 
management: 

- the experimental programme led in the disused iron mine of Konrad 
(Federal Republic of Germany) ; 

- the experimental programme foreseen in a test gallery whosP 
construction is going to commence in the potash mine of Pasquasia 
in the island of Sicily (Italy) and 

- the experimental programme in progress in the underground 
laboratory dug beneath the Nuclear Study Centre in Mol (Belgium). 

In the last two cases the geological formations dealt with in the 
programmes are clay layers, whilst the one investigated in the first case 
consists of a sedimentary iron ore isolated from the surface by thick 
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claystone layers, so that, this peculiar host medium is much closer to 
argillaceous formations than igneous or saliferous ones with respect to 
the nature of the undertaken experiments. 

1. RESEARCH PROGRAMME IN THE DISUSED KONRAD IRON ORE MINE 
1.1. General 

The Gesellschaft für Strahlen- und Umweltforschung mbH (GSF) in 
Collaboration with Karlsruhe Nuclear Research Center (KfK) has on behalf 
of the Federal Minister for Research and Technology (BMFT) examined the 
possibilities and potentials of the disused Konrad iron ore mine for 
disposal of low-level waste and decommissioning waste from nuclear power 
stations. From the initial investigations which had commenced in 1975, 
one year before ore production terminated, no facts could be established 
which might have indicated the mine to be unsuitable for disposal of 
radioactive waste in one way or another. After, in 1976, an agreement 
was reached with the owners on the use of the mine for feasibility 
investigations, BMFT supported an extensive R&D programme carried out by 
GSF's Institut für Tieflagerung (IfT). This programme was extended until 
1982 and was additionally supported by the CEC within the scope of two 
contracts between 1978 and 1981. Up to the end of 1981, about 
DM 60 million of public funds were spent on execution of the research 
project, including the running costs for keeping the mine open and for 
large-scale mining tests. 

Already before the termination of the RSD programme the Federal 
Government had declared that in the case of a positive result of the work 
a licensing application would follow for the Konrad Mine as a waste 
repository. This procedure was started on August 31st, 1982 and might last 
up to spring 1987, whereafter construction of the repository will take 
another two years, the commencement of the disposal operation taking place 
early 1989. 

1.2. Features of the geological structures of the Konrad site 
In view of the intended use of the mine as waste repository the 

following features of the geological structure are of particular im
portance : 

- the rock formations form a simple geological structure and lie 
horizontally or have a slight slope ; 

- the slightly synclinal ore deposit (Upper Jurassic Oolithic 
Limonite) is completely covered by overlaying cretaceous formations 

- no contact exists therefore between the ore deposit and the surface 
or the groundwater bearing formations close to the surface ; 

- fault zones involving major displacement do not occur in the 
overlaying cretaceous formations ; 

- intensive tectonic faulting of the ore deposit is restricted to 
just few sub-areas in the mine and pronounced micro-fissuration 
of the ore deposit is only developed to a minor extend ; 

- the covering rock strata consists of a thick sequence of 
homogeneous rocks units in which aquifers are only involved near 
the surface and are separated from the ore deposit by an extremely 
low permeability claystone formation extending over a large area 
and presenting thicknesses of 600 to 1000 m ; 

- the pronounced expandable character of the clay minerals of the cover 
cause self healings of cracks and fissures. In addition a high 
degree of sorption provides a direct radionuclide retention ; 

- the iron ore itself can be classified as impermeable and presents 
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high sorption capacity. Its mechanical propertips permit driving 
stable chambers without permanent support of lining. 
Fig. 1 gives the geographical situation of the Konrad mine close 

to the city of Braunschweig. 
Fig. 2 shows a geological V/est-East section through the Konrad 

Mine. 
Fig. 3 gives the stratigraphie profile of Shaft Konrad 2. 

1.3. Aims of the research and development programme 
The R&D programme has covered all important aspects for assessment of 

the suitability of an underground waste repository 
- Geoscientific investigations 
- Mining investigations, and 
- Waste and waste handling investigations. 
By dealing with these aspects it was the intention to establish 

whether on account of its geological and mining conditions the disused 
iron ore mine is suitable for disposal of conditioned low level waste from 
the operation of nuclear power stations, major research centres, waste 
storage depots from the federal States, and contaminated or activated 
large components from the decommissioning of nuclear power stations, 
whether it provides operational and long term radiological safety and 
whether the mine can be converted for disposal with reasonable 
expenditure. 

1.3.1. Geoscientific investigation 
To determine the geological suitabi]ity, the following subjects were 

examined : 
- geological structure of the ore deposit including the pétrographie 
and tectonic conditions of the rock strata 

- hydrogeological conditions of the covering rock formation and of 
the mine 

- properties of the geological formations as diffusion barriers for 
radionuclides 

- rock mechanics in the vicinity of mine chambers and galleries and 
of other mine workings 

- seismic safety of the repository during operation and after shut 
down. 

1.3.2. Mining investigations (Figures 4 and 5) 
Assessment of possible use of the existing mining installation was 

carried out on the basis of the following analyses and planning concept: 
- handling capacities in the main shaft and travel ways ; 
- layout of waste repository .chambers/galleries and driving 
capacities ; 

- disposal technology for the types of waste containers involved ; 
- disposal capacity in developed and explored mine sections ; 
- disposal performance, subject to disposal technology, conveyance 
and driving capacity. 

In view of the technical safety of the disposal operation, the 
following important operational stages were investigated : 

- driving of stable disposal chambers ; 
- backfilling and sealing of disposal chambers and mine shaft ; 
- concepts for simultaneous chamber driving and disposal operations 
and for the drainage of the mine ; 

- ventilation in disposal galleries and adjacent mine sections. 
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1.3.3. Nuclear and waste handling investigations 
The points of view relating to radioactive waste described within the 

scope of the Konrad Research programme concern : 
- conditioned low-level waste and decommissioning waste from nuclear 
power stations including the waste package ; 

- quantities of the waste concerned in the Federal Republic of 
Germany ; 

- transport concept for the waste to be disposed. 
The investigation carried out from the aspect of radiation protection 

and repository safety includes both development and assessment of : 
- radiation protection in case of operational failure events in the 
loading station at surface and in the underground repository ; 

- safety conception for the postoperational phase. 

2. RESEARCH PROGRAMME IN THE FUTURE UNDERGROUND LABORATORY OF THE 
"PASQUASIA" MINE IN SICILY (Italy) 
For diverse reasons the argillaceous formations have been considered 

as suitable for the disposal of conditioned radioactive waste in Italy. 
The first research works were concentrated on the "La Trisaia" site 

during the late sixties. Then the characterization of samples coming from 
other argillaceous formations was undertaken. However a broad consensus 
is quickly appeared on the necessity to have an underground facility 
allowing the setting up of "in situ" investigations techniques as well as 
carrying out of experiments and measurements able to bring valuable 
informations for the future development of a disposal concept of 
conditioned high level waste in comparable argillaceous formations. 

Considering the practical possibilities of the time being, the site 
of the PASQUASIA Potash Mine in Sicily was selected by the ENEA (Comitato 
Nazionale Energia Nucleare ed Energie Alternative). 

2.1. Geology of the site and construction of the laboratory 
The clay formation is of pliocenic age. Its local thickness of about 

90 to 100 m ; it is delimited by marly limestones at the base and by 
clayey sands at the top (Fig.6). 

The clay is slightly marly and contains a weak percentage of silty 
fraction. The clay minerals (illite, kaolinite) represent 50 % of the 
bulk composition, the carbonate content varies between 25 and 30 %. The 
clay is quite stiff and presents an undrai ned shear strength of 1 MPa, a 
cohesion of 0.1 to 0.15 MPa and an internal friction angle comprised 
between 30° and 34°. At the level of the future experimental gallery the 
lithostatic pressure is about 3.6 MPa. The preconsolidation is unknown 
but had to be very important. The formation is intersected by diverse 
joint systems which present slickenside structures. 

The construction of the gallery wil] begin from the access ramp at 
the level -]60 m. The 25 m long experimental zone will be separated from 
the access ramp by a 36 m long gallery. A 6 m long room aimed to gather 
later all the control instrumentation will be interposed between the 
buffer gallery and the laboratory gallery. The direction of the gallery 
is northward and perpendicular to the direction of the clay layers. The 
location of the underground laboratory in the geological formation, its 
access way and its dimensions are given at the Figures 7 and 8. 

The foreseen gallery lining will be composed of typical NP16 frames 
with a 0.6 m spacing and a metal wire netting covered with a 10 cm 
shotcreted layer and with probably a cement furbishing layer (Fig. 9) . 
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2 . 2 . Exper imenta l programme and i n s t r u m e n t a t i o n des ign 
2.2.1. Experimental programme 

For the time being and because of a lack of characterization data 
about the Pasquasia Clay formation, it is not possible to elaborate a 
detailed programme of the experiences to carry on in the underground 
laboratory. 

However, the parameters which have to be analysed are the following : 
- mechanical behaviour of the clay, 
- heat effect on the behaviour of the clay body, 
- heat effect on the physico-chemical properties of the clay, 
- heat effect on the interstitial fluids, 
- long-lived radionuclides mobility in the clay, 
- radiation effects on the diverse components of the system. 
Additionally, it might be of great importance to undertake exper

iments leading to the engineering aspects of a waste disposal as, for 
example : 

- sealing and backfilling techniques for the Fhaft and cavities, 
- special boring and excavation techniques, 
- geophysical techniques for the "in situ" study of the clay forma
tion . 

2.2.2. Instrumentation design 
One of the main purposes of the Pasquasia research programme is the 

measurement of the characteristics of the host rock and the measurement of 
the variation of these characteristics during the whole period of 
experiments. The data acouisition system is foreseen to collect automat
ically the variations of the signals coming from the sensors installed in 
the formation before recording and data processing. These sensors are 
subdivided into different categories : 

- thermoresistances for the temperature measurements 
- pressure transducers for the interstitial water pressure 
measurements 

- multiple extensometers for the control of the longitudinal 
deformations 

- total pressure cells in contact with the clay body and with the 
cavity lining. 

All these sensors will be connected to a data logger which proceeds 
automatically and continuously to the auscultation and to the recording of 
the data on magnetic tapes. 

2.2.3. Main specifications 
These specifications are based upon the results of the field exper

iments which have already been carried out in Italy as well as upon econom
ical considerations. 

2.2.3.1. Temperature measurements 
A variable field temperature measurements with 25 Platinium 

thermo-resistances, ranging from room temperature up to 200° C has been 
foreseen with a precision of one tenth of a degree. The distance between 
the temperature sensors and the heating device is variable between 0.5 m 
and 2.5 m. The thermo-resistances will be installed in small diameter 
boreholes up to a depth of 10 m beneath the floor of the cavity. 

The duration of the temperature measurements with the heating device 
is one year. 
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2.2.3.2. Interstitial pressure measurements 
The measuring field will be defined on the base of the field studies 

which are carried on at the moment at the "Monte Rotondo" site as well as 
on the base of the peculiar characteristics of the initial underground 
characteristics. Small electrical piezometers will be used in order to 
reduce the time lag. The distance between the sensors and the heating 
device will range between 0.5 m to 2 m. 

So far the technical possibilities permit, the piezometers will be 
placed in the same boreholes and at the same depths as the temperature 
sensors. 

2.2.3.3. Deformation measurements 
The deformation field will be previously defined, by the aid of a 

mathematical model, in the vicinity of the heating device and along the 
cavity wall as well. The control of the deformations induced on the clay 
body by the heating will be done by three multiple extensometers in radial 
position with regard to the heating device. 

Three other extensometers will measure the deformations of boreholes 
drilled from the walls of the cavity. 

The spacing between each measuring element of the extensometer is one 
meter. 

2.2.3.4. Total pressure measurements 
The total pressure in the clay body will be measured by the aid of 

four hydraulic cells equipped with compensation circuity in order to 
assure a good contact with the rock mass. The use of the total pressure 
cells depends upon the nature of the cavity lining. If it appears that 
such measurements are not significant or reliable the instrumentation of 
the gallery will be limited to the extensometers. 

2.2.3.5. Measuring and data acquisition system 
All the measures will be gathered in a 50 channels data logger 

extendable to 100 channels. The average measuring frequency will be of 
one measure each 6 hours. A maximum measuring frequency of one measure 
per second can also be obtained. 

3. PEALISATION OF AN UNDERGROUND LABORATORY IN THE BOOM CLAY (CEN/SCK-Mol) 
In Belgium, the decision to build an underground laboratory was taken 

in the late seventies, at the end of the first R&D five-year plan on the 
waste disposal possibilities in a tertiary clay layer located in the 
North-East of the country. The difference between that project and the 
others was that this laboratory should be built on a site which could 
later be taken in consideration for the construction of a final disposal 
facility. The site is the one of the Nuclear Research Centre of Mol 
(CEN/SCK) and no problem occurred tor the obtainment of the legal 
authorizations for the construction and for the exploitation. 

3.1. Site Geology and construction of the underground laboratory 
The tertiary (oligocene) Boom clay formation, selected in the 

national catalogue of the geological formations suitable for the disposal 
of conditioned high level and alpha-bearing waste, stretches at depth in 
the North-East of the country with a thickness of about 100 meters. It 
is overlied by water, by miocene, pliocene and pleistocene water-bearing 
sands and underlied by sand layers from early oligocene. 

A simplified stratigraphie cross-section is given at the Figure 10. 
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The Boom clay is homogeneous and compact and about 50 % of its arain size 
distribution is constituted by a fraction inferior to 50 um. 

Its main clay minerals are illite, smectite, vermiculite and 
chlorite-type interstratified minerals. The carbonate and organic mate
rials contents are respectively 1.5 * and 3.5 %. The undrained shear 
strength measured on core samples varies between 0.33 to 0.86 MPa 
(triaxial tests on undisturbed samples taken at depth in the laboratory 
are in progress). The average cohesion and the internal friction angle 
are respectively 0.12 MPa and 19°. Accurate determinations of a broad 
number of geomechanical characteristics of samples taken during reconnais
sance drillings or during the construction have been done and compared to 
those obtained on the same clay at the outcropping zone near the city of 
Antwerp. Prior to the beginning of the construction the zone was 
seismically prospected in order to make sure that the clay formation was 
not affected by tectonic features like faults of flexures. The first 
preparation works on the field began early in the year 1980. 

Taking into account the presence of water bearinq sands above the 
clay layer, the ground freezing technique was chosen for the sinking of 
the access shaft. Because of a lack of experience in the excavation of 
clay at such a depth and for security reasons, the ground freezing tech
nique was also used for the construction of the horizontal qallery . 

The excavation and lining works were ended in July 1983. A schematic 
view of the whole facility is given at the Figure 11. Details about the 
different construction phases and the constructional particularities of 
the facility are given in some recent papers noted in the references 11 
and 12. 

3.2. Experimental programme 
The lack of knowledge on the rheological behaviour of non indurated 

clay at depth led the CEN/SCK to elaborate, in collaboration with the 
contractor (Foraky, Brussels), with the industrial architect (Tractionel, 
Brussels) and with the Laboratoire du Génie Civil of the Louvain-la-Neuve 
University (Louvain-la-Neuve), an extensive programme of "in situ" 
geotechnical measurements. Priority was given to that programme because 
of the paramount importance of its results on the feasability of 
industrial disposal facilities in the clay with technologically and 
economically acceptable means. 

During the coming months all the other phases of the experimental 
programme such as corrosion, hydrology, backfilling, migration etc. will 
be progressively started. 

3.2.1. Geotechnical research programme 
The principle of the geotechnical programme in the experimental 

facility was the systematic auscultation of the clay during and after the 
excavation and lining works. That involved stresses, deformations ard 
temperature measurements. 

The measurements of the stresses concerned the natural stresses 
(lithostatic and hydrostatic pressures) and the stresses in the lining. 

The measurements of the deformations concerned the study of the 
rheological behaviour of the clay body and the deformations undergone by 
the linings. 

In addition, a series of coupled stress-strain measurements have been 
carried out with a Menard pressiometer both in frozen and non frozen clay. 
Lastly, temperature measurements, intensive during the freezing phase and 
less frequent afterwards, constituted an essential complement to the 
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stress-strain measurements for the showing off of the influence of the 
frozen state on geotechnical parameters. 

3.2.1.1. Instrumentation and measurements in the access shaft (Fig. 12) 
The instrumentation of the access shaft took place during two differ

ent phases : during the digging works and after the completion of the 
shaft. 

- During the digging works 51 total pressure hydraulic (Glötzl) cells 
were only placed in the clay massive prior to the pouring of the external 
lining of the shaft. 

These cells were emplaced in small recesses dug in the clay in 
diverse positions with regard to the shaft lining in order to measure the 
total pressure in all the directions and at different levels around the 
shaft. 

- After the end of the digging works a certain number of measuring 
devices were installed on the wall of the internal lining for the measure
ment of the deformations at different levels : 

- 16 vibrating wire extensometers (telemac type) 
- 8 inductance variation extensometers (LVDT type) 
- a large number of reference points, plugged in the shaft wall, 
for the measurement of the peripheral and diametral deformations 
by the aid of mechanical deformeters and with inductive sensor 
rods. 

During the pouring of the shaft ]inings different watertight sleeves 
had been placed at diverse levels. After the completion of the shaft, 
some additional devices were inserted through these sleeves in the clay 
body : 

- thermistance canes for the monitoring of the temperatures at 
different radial distances from the lining, 

- hydraulic piezometric Glõtzl cells for the measurement of the 
interstitial pressure in the clay, 

- splitted tubes for further insertion of Menard pressiometers both 
in frozen and non frozen clay. 

3.2.1.2. Instrumentation and measurements in the experimental gallery 
During the digging and lining operations, before the placement of 

cast-iron segments, 25 total pressure Glõtzl cells coupled with 
thermistances were installed in recesses dug in the clay in various 
directions in order to monitor the tangential, radial and longitudinal 
lithostatic pressures at different positions around the lining. A large 
number of strain gauges have also been placed on the cast-iron segments in 
order to control the stress state of the lining in function of the build 
up of the external pressures. 

Piezometric Glõtzl cells and thermistances have a]so been placed at 
different distances in the clay body for the follow up of the evolution of 
the interstitial water pressure during the thawing. 

3.2.1.3. Additional works in the non-frozen clay 
Owing to the fact that until the end of the construction of the 

qallery, little valuable informations were gained on the rheological 
behaviour of the non-frozen clay, because of the use of the freezing 
technique, it was decided to dug a little vertical reconnaissance shaft 
and a small horizontal gallery, both lined with concrete segments with an 
excavated diameter of 2 m and an useful diameter of 1.4 m. Before the 
sinking of the little vertical shaft several measuring devices have been 
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placed from the main gallery in order to monitor the deformations of the 
clay body during the excavation works (Fig. 13): 

- 2 vertical and 2 oblique inclinometer tubes for the measurement 
of the radial deformation by the aid of a inclinometric torpedo 
compelled to follow grooves made in the tubes ; 

- 3 rod extensometers, anchored at different depths in the clay in 
the axis of the little shaft before its excavation and 
systematically measured with regard to a reference point in the 
main gallery, for the measurement of the longitudinal deformation 
of the clay as the digging proceeded. 

During the digging of the little shaft some Glötzl total pressure 
cells and load cells were respectively placed in the clay outside the 
shaft and between the concrete blocks in order to follow up the evolution 
of the pressures in the clay and in the lining in function of the time. 

Before the excavation of the little 7 meter long horizontal gallery 
at the bottom of the reconnaissance shaft several devices have also been 
installed in collaboration with the "Agence Nationale des Déchets Radio-
Actifs" (ANDPA) from Paris and with the technical help of the "Bureau de 
Recherches Géologiques et Minières" (BRGM) from Orléans. 

- a multiple Telemac Distofor extensometer, placed in a slightly 
oblique borehole drilled from the main gallery, allowing the 
follow up of the radial deformations of the clay massive during 
digging and after lining (Fig. 14), 

- a rod extensomter bored in the axis of the gallery for the 
measurement of the longitudinal displacements. 

As the digging of the little gallery proceeded, diverse Glötzl total 
pressure and load cells were also placed respectively in the clay and 
between the concrete blocs for the same measurements as for the recon
naissance shaft. Additionally, after the end of the digging works, the 
radial convergences of the lining was systematically measured by the aid 
of distomatic (Telemac) device with regard to reference points plugged in 
the concrete blocs in diverse directions. 

3.2.2. Miscellaneous research programme 
Beside the intensive geotechnical programme described above, a series 

of very important experiments will take place in the coming months in the 
experimental laboratory. 

- Corrosion experiments with the purpose of evaluating the 
corrosion resistance of diverse candidate canister materials for 
high and medium level waste both in direct contact with clay at 
depth and in contact with the different gazeous components coming 
from the clay. These experiments are going to last several 
years in order to get a knowledge over the resistances 
capabilities of the tested materials ; 

- leachability experiments with the aim to evaluate the leaching 
rate of glass samples in contact with clay ; 

- heat transfer tests allowing to monitor all the changes undergone 
by the clay both on a geomechanical and a physico-chemical point 
of view, in function of a temperature rise ; 

- backfilling tests aiming to study the confinement performances 
and the physico-chemical changes of plugging materials in 
function of the time and severe pressure and temperature 
conditions ; 

- hydrological tests for trapping and analysing of clay conate 
waters ; 

- migration and sorption tests with different tracer species in the 
clay body surrounding the experimental facility. 
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CONCLUSIONS 
The interest presented by the availability of an experimental zone at 

depth in the very type of rock envisaged for the final disposal of radio
active waste is unquestionable and has been already demonstrated by the 
results obtained in experimental facilities such as Stripa in Sweden, Asse 
in the Federal Republic of Germany, Hanford in United States etc. Taking 
into account the lack of knowledge about the properties at depth of some 
types of sedimentary layers like clays or some types of ore bodies 
convenient for that purpose, that interest changes into a necessity. 

The Commission of the European Communities has well understood this 
necessity in supporting the research programmes described in the present 
paper. Two of them, Konrad and Mol have already delivered a considerable 
sum of knowledge and data. The impending commencement of the tests in the 
"Pasquasia" mine will allow Italy to confirm its waste disposal options. 
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Fig. 1  shows the 
various Jurassic and 
Cretaceous iron ore 
deposits in the 
Salzgitter Peine area. 
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located in the Southern 
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Fig. 2 - shows a geological West-East section (corresponding to section 
line Β in Fig. 1) through the Konrad iron ore deposit. The 
synclinal Jurassic rock strata (Liassic-Dogger-Malmstone) are 
covered by overlying Cretaceaous strata (Neocomian-Albian-Upper 
Cretaceous). The ore deposit has no outcrop. It is divided by 
large fault zones (Bleckenstedter Fault, Konrad Fault and 
Sauinger Graben) into various sub-areas. These faults vanish 
in the claystones of the Neocomian and do not therefore continue 
to the surface. They are no water pathways. 
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DISCUSSION 

H. GIES, GSF Braunschweig 

Has freezing the clay for the construction of the shaft changed its 
properties? Will the data measurement in the gallery really be represen
tative? 

P. MANFROY, CEN/SCK Mol 

Freezing the clay has certainly changed the structure of the clay and 
hence its resistance and geomechanical properties. We have therefore built 
a well into the area which had not been frozen. There were no immediately 
obvious differences between clay which had been frozen and that which was 
pristine. But more interestingly, it was necessary at that depth to 
freeze the clay for further excavatior. 

UNIDENTIFIED SPEAKER 

That clay was probably overconso]idated. Could you measure its consolida
tion factor? 

B. NEERDAEL, CEN/SCK Mol 

The overconsolidation was low, _iust above a factor of one, and Κ , the 
factor of anisotropy, was between 0,6 and 0,5. 

G. DE MARSILY, Ecole de Mines Paris 

Were the stresses on the lining structure equal for nonfrozen areas and 
for sections which had previously been frozen? 

P. MANFROY, CEN/SCK Mol 

It is rather difficult to make exact comparisons, as the reinforced lining 
was not installed quite the same way in the earlier frozen section as in 
the other parts, in particular filling in voids between the formation and 
the structures was done differently. But, in those parts, where the clay 
had been frozen, a rapid buildup of pressure, even exceeding the normal 
lithostatic pressure, was observed. Due to the excavation technique and 
the positive volume variation of the clay during the freezing stage, there 
was a contraction against the external wall of the structure. These high 
partial pressures were never reached in the spall extension shaft and 
gallery, both of which were excavated without freezing. Thus, a part from 
the different construction technique, the stress and the mechanical beha
viour of the nonfrozen clay is quite different and much better. This can 
be stated at ler.st for the Boom clay, which, unlike kaoline, is rather 
stiff. 
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SUMMARY 

In the present paper the main activities concerning characteri

zation and behaviour of argillaceous rocks and their environment are 
presented. 

In Italy large argillaceous basins have been characterized on the 
basis of sedimentological, petrologicai, mineralogicai and geochemical 
data. Site specific approaches in Belgium and the United Kingdom on 
argillaceous formations underlying nuclear sites, have yielded hydro

geological and geological characteristics. This was enabled by deep 
reconnaissance and sampling at there sites (e.g. underground experi

mental facility at Mol). 
In all these countries fundamental and methodological issues re

lated to the characterization of argillaceous media have been investi
gated: e.g. heat transfer, borehole sealing, γ irradiation, pore water 
chemistry, geomechanical characteristics, rheology of clay. 

1. INTRODUCTION 

Research and development on disposal of radioactive waste in 
argillaceous media have been continued during the last five years with 
intensified effort on the assessment of two main issues : the technico

economical feasibility and longterm safety of the option. 
Various papers presented at this conference undoubtedly illustrate 

the progress that has been made in these assessments based on continued 
and in some cases increased support for investigation programmes on 
argillaceous formations in Belgium, Italy and the United Kingdom. 

The approaches and aims of each of these countries are not identi
cal. They are guided by national priorities and policies which differ 
in several aspects. However they all address items related to the two 
main issues mentioned above. 

2. GENERAL CHARACTFRIZATION STUDIES OF LARGE ARGILLACEOUS BASINS 

In Italy the structure, sedimentology, and mineralogy of outcrop
ping tertiary argillaceous formations (essentially pliocene clays) have 
been studied. The extent of the area surveyed did not allow a dense 
sampling, but the representativity of the samples and of the characte
ristics determined were evaluated by comparing the results of the 
largescale sampling with those obtained from a dense samplinq in a few 
particular basins such as the Val d'Era basin, the Crotone basin and 
the Vasto basin (Fig. 1). Apart from interesting conclusions concerning 
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the natural evolution of these clay formations (1) it should be mentio
ned that all the argillaceous formations studied could be classed in 
several groups (or "provinces") (2) according to their mineralooical 
composition, because compositional differences are linked with distinct 
geographical areas. Within each "province" dominant characteristics may 
be found. A direct relationship is observed between the clay mineral 
content of the outcropping argillaceous rocks and the original source or 
parent rocks. Kaolinite bearing formations seem to be derived from 
granites and older crystalline rocks, illitic argillaceous rocks are 
shown to be derived from crystalline, arenaceous and calcareous rocks. 
Smectite bearing rocks are largely related to carbonate rich marls, and 
ophiolitic marls are shown to contribute an important chlorite content 
to their argillaceous dérivâtes. The variability within each "province" 
of outcropping argillaceous formations is linked to the variation in its 
source and tectonic environment. The more tectonically active an area is 
the more various rock types in that area are potentially exposed to 
alteration and erosion. 

It is expected that the observed relationship between compositional 
characteristics of argillaceous formations and parent rocks may be a 
guide for finding favourable formations and areas for hosting nuclear 
waste repositories. 

In Table 1 an overview is given of some compositional characteris
tics of Italian clays and of clay from particular areas (Val d'Era, 
Crotone and Vasto). 

3. SITE SPECIFIC STUDIES 

In Belgium and the United Kingdom the investigation programmes have 
followed a site specific approach which allows a more comprehensive 
characterization of the particular argillaceous environment investigated 
and a more direct investigation of the main assessment issues. In the 
United Kingdom argillaceous rocks have been considered as potential host 
rocks for the disposal of low and intermediate level waste. To date only 
one area has been investigated in the United Kingdom, the Harwell Site 
(South Oxfordshire) , underlain by three argillaceous formations within 
the top 400 metres. In Belgium the only final option studied for the 
disposal of high level and long-lived waste is the clay option, which is 
intensively investigated on the Mol site, where the so-called Boom Clay 
is present at depth. 

3.1. The Harwell Site 
The aims of the investigations at the Harwell site are to assess 

the likely migration rates of dissolved species across the low permea
bility formations and to identify the potential pathway for release of 
radionuclides back to the biosphere. Whilst the first aim only 
encompasses studies of the clay and mudrock formations, the second has 
the wider aim of defining the regional flow system. For these reasons 
the programme of investigations includes studies of the wider Harwell 
region as well as the detailed work centred on a group of four specially 
drilled ar.d completed bore-holes. 

The rocks beneath Harwell comprise an alternating sequence of high 
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Table 1. Compositional characteristics of argillaceous formations 

studied in Italy. Nation wide survey and detailed surveys in 
the Val d'Era, Crotone and Vasto area 

Nationwide Detailed 

Val d'Era Crotone basin Vasto basin 

max. number of 
samples analysed 

grain size (in %) 
 sand (20.063 mm) 
 silt (63 μιη2 μπι) 
- clay (<2 um) 

mineral composition 
 quartz 
 K.feldspar 
 Na.feldspar 
 calcite 
 dolomite 

clayc omposition 
fraction 
 smectite 
 chlorite 
 interstratified 
 illite 
 kaolinite 

Classes : + = 0

+ 
+ 
+ 
+ 
+ 

■10 

125 

0.161. 
26.992. 
1.261. 

3  3 0 
0  1 5 
0  1 5 
0  8 0 
0  7 

 >++++ 
+++ 
+++ 

 >++++ 
 >++++ 

%, ++ = 

,7 
.3 
2 

11 

20 

0.513.6 
37.695.2 
1.754.1 

10  18 
<5  7 
<1 
10  25 

— 

+  ++ 
+  ++ 
+  ++ 

+++  ++++ 
++  >++++ 

20 %, +++ = 

47 

0.833.0 
15.785.1 
1.582.3 

10  18 
0  1 0 
0  5 
12  25 

— 

+ >++++ 
+ 

+  ++ 
++  ++++ 
+++  >++++ 

2130 %, ++++ 

35 

0.52 2.4 
48.7 55.7 
43.2 50.7 

5  2 0 
0  5 
0  5 
20  40 
0  5 

+  >++++ 
+  ++ 
+  ++ 
++  ++++ 
++  >++++ 

= 3140 % 

and lowpermeability rocks (Table 2) with the thickest unit the 
Oxford/Corallian Clay reaching 100 m. 

In the argillaceous strata, porosity is dominated by intergranular 
pores, and these represent the major pathways for ground water perco
lation through the bulk of the rocks. Kere the pores are dominantly less 
than 0.1 urn wide occurring as laminar "films" and oriented preferential
ly in a subhorizontal manner by compaction. 

The Oxford Clay and Kimmeridge Clay are dominated by an assemblage 
of illite and show minor amounts of kaolinite. The clays of the Coral
lian beds are rich in smectite or mixedlayer clay minerals. OpalCT, 
zeolite and pyrite are abundant in many parts of the sequence. 

Of the four boreholes at the Harwell site, the three deepest are in 
a line 5 m apart. The screened intervals in these boreholes were posi
tioned in the Corallian limestones, the Oxford Clay and the Great oolite 
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group (of limestones) respectively. The fourth shallower borehole was 
left open-hole apart from sone surface casinq. Having completed three of 
the four boreholes the rock was tested from inside the boreholes using 
the BCS developed wire-line, straddle-packer system. The testina 
provided reliable values of hydraulic head, hydraulic conductivity and 
estimates of specific storage (Fig. 2). The trend of decreasing hydrau
lic conductivity with depth is clearly seen (3). Of the two zones which 
have both field and laboratory measurements of hydraulic conductivity, 
the field results are slightly higher. This is wholly in line with the 
concept of fissurinq adding to the matrix conductivity which was mea
sured in the laboratory. Considering the differing zones of influence 
of the field tests, this implies that the rock close to the borehole has 
not been significantly altered by the drilling process. 

Table 2. Summary of strata beneath Harwell 

Unit Name Li thology Depth 
(m bgl) 

Thickness 
(m) 

CRETACEOUS 
Lower chalk 
Upper greensand 
Gault 
Lower greensand 

JURASSIC 
Kimmeridge Clay 
Corallian limestones 
Corallian beds 
Oxford Clay 
Kellaways beds 
Great oolite group 
Inferior oolite group 
Lower Lias 

clayey limestone 
clayey sandstone 
clay 
sandy mudrock 

mudrock 
limestone/sandstone 
mudrocks 
mudrocks 
sandy mudrocks 
muddy limestones 
muddy limestones 
mudrocks 

0 -
6? -
87 -

155 -

ICI -
187 -
222 -
265 -
328 -
335 -
384 -

62 
87 

155 
161 

187 
222 
265 
328 
335 
384 
399 

399 446 

62 
25 
68 
6 

26 
35 
43 
63 
7 
49 
15 
47 

Measuring the hydrogeological properties of the Oxford Clay in situ 
was a more difficult task since it could not be pumped in the normal 
sense. After completion the borehole was left full of water. This high 
water level was seen to decline by only 2 m in 4 months. A short-term 
pulse test (by withdrawal) was performed when the water level was close 
to the equilibrium level and a hydraulic conductivity of 4E-12 m.s 
was obtained. A consolidation test in the laboratory at the in-situ 
stress yielded a value of 5E-12 m.s . This corroboration of the field 
measurement of hydraulic conductivity lends credibility to the measure-
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ment of head particularly since the pulse test method requires an 
accurate initial head. The head measurements (see Fig.2) show a distinct 
pattern of falling heads from the surface towards what seens to be a 
sink in the Corallian limestones. Below these limestones, the head 
appears to rise again inferring upward water flow from below. A vertical 
section of the region has been modelled (4) using a two-dimensional 
finite element code called NAMMU. The choice of section and boundary 
conditions was difficult owing to the lack of a well defined southern 
boundary and the complexity of the system in terms of the number of 
identifiable units. In the event the section was of limited extent 
running from the Piver Thames in the north to just south of the Harwell 
site. It was aligned approximately para].?el to the direction of ground
water flow within the Corallian and forms a sort of blunted triangle 
(Figure 3 ) . The top surface is the water table within the chalk which is 
considered to be a constant head boundary. The lower boundary (at the 
base of the Corallian limestones) is taken as a zero flow boundary owing 
to the low permeability of the Oxford Clay beneath. 

The first simulations with this model were carried out using the 
material properties measured in the Harwell boreholes since these were 
considered to be the most reliable in the region. A closer matching of 
the model results with measured reality was obtained by varying the 
hydraulic conductivity of the mudrocks according to the thickness of 
overburden. This achieved the result shown in Fig. 3 and matches all 
measured head data along the line of section. 

In an attempt to check the validity of the chemistry data measured 
in the programme the flows of Fig. 3 were converted into times for 
migration across the Gault Clay between the chalk and the Corallian 
aquifers. The results of this calculation show that water takes a wide 
range of times to cross the Gault Clay and must subsequently mix within 
the Corallian. The southern half of the Corallian is modelled with 
transit times ranging between 2E5 and 2E7 years whilst "helium ages" in 
that area yield values in the range from 4E6 to 2E7 years. 

3.2. The Mol site 
The objectives of the investigations on the Mol site are (5) to 

acquire on a site-specific basis the necessary data to assess the 
technico-economical feasibility and long-term safety of a disposal 
system in clay. This investigation programme is focused on the Eoom 
Clay, the uppermost argillaceous formation underlying the Mol site. The 
Boom Clay is studied in its regional context, from its outcropping area 
in the west to its "in situ" conditions in the underground experimental 
facility (6) at Mol. 

A hydrogeological investigation in the region around Mol, covering 
an area of about 2,500 km2, is focussed on getting as precise a picture 
as possible of the groundwater flow system and of the geological struc
ture. By numerous bore-holes in the area the hypothesis of a very regu
larly gently dipping layered sequence of alternating impervious forma
tions and sandy aquifers has been confirmed. The typical sequence of 
sedimentary strata as they were encountered at Mol is given in Table 3. 
Geophysical logging within the bore-holes, before their completion as 
hydrological observation wells allowed to show in fair detail the later-
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al continuity of minute lithological variations in the Boom Clay (7). 
For the purpose of laboratory determination of the characteristics 

of the Boom Clay various forms of field sampling techniques were adop
ted. These includes piston coring, rotary coring, cutting of blocks of 
clay up to 30 by 30 centimetres side and ordinary sampling of Boom Clay. 
The main physical characteristics of the Bonm Clay are given in Table 4. 

Table 3. Summary of the strata beneath the Mol site (location 15) 

Unit name 

NEOGENE 
Mol sands 
Kasterlee sands 
Formation of Diest 
Formation of Berchem 

OLIGOCENE 
Voort sand 
Boom Clay 
Berg sands 
Transistion zone 

EOCENE 
Asse Clay 
Wemmel sands 
Lede sands 
Brussels sands 
Formation of Ypres 

PALEOCENE 
Formation of Landen 

Formation of Heers 
CRETACEOUS 
Maastrichtian 

Lithology 

quartz sands 
quartz sands 
glauconitic sands 
glauconitic sands 

fine sands (glauc.) 
compact clay 
fine sands 
fine clayey sands 

glauconitic clay 
calc. sands 
calc. sands 
sands/sandstone 
fine sands/silty clay 

sand/siltstone/ 
claystone 

marls 

calcarenite 

D 
(m 

0. 
19 
26 
128 

148 
160 
269 
284 

301 
312 
316 
336 
346 

443 

555 

570 

epth 
bgl) 

5 -
-
-
-
-
-
-
-
-
-
-
-
-
~" 
-
-> 

19 
26 
128 
148 

150 
269 
284 
301 

312 
316 
336 
346 
443 

555 

570 

577 

Thickness 
m 

19 
7 

102 
20 

12 
109 
15 
15 

11 
4 
20 
10 
97 

112 

15 

>7 

Besides the characteristics of the Boom Clay itself some hydrogeo
logicai parameters of the over- and underlying aquifers have been 
determined because of their importance for the identification of the 
general ground water flow regime in the layered sequence beneath the Mol 
site. For the aquifer of the Berg sands,_ underlying the Boom Clay, 
permeability values ranging from 3E-6 m.s to 3E-8 m.s have been 
obtained, depending upon the type of test and the location. For the 
neogene aquifer, overlying the Boom Clay, the overall transmissivity has 
been calculated by a one-dimensional inverse model that has been used to 
interpret the natural fluctuations of the water levels. The transmis
sivity values (4E-3 m.s ) obtained from this approach match very well 
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with those calculated from classical well tests in this aquifer. A 
straightforward estimation of the macro-permeability of the Boom clay, 
from the water infiltration rate into a piezometer installed in the 
underground experimental facility yields a value which is in fair 
agreement with those obtained on samples in the laboratory : about 
3E-11 m.s" . 

The regional hydrologicai model around the Mol site assumes a multi-
layered system of aquifers and confining layers with seepage through the 
latter. Using a numerical model (NEWSAM-version of Ecole des Mines, 
Paris) the observed hydraulic heads in the aquifers above and below the 
Boom Clay are fairly well predicted. For this prediction the model used 
the permeability values of the Boom Clay obtained from laboratory 
experiments. The good match between model and observation leads to the 
conclusion that Boom Clay permeability on the mesoscale (permeater 
tests) is identical with its permeability on a regional scale. The 
ground water flow pattern obtained indicates a westward flow in all 
aquifers beneath the Mol site. In the two uppermost confining strata a 
downward seepage is deduced in the eastern part of the Mol area and an 
upward seepage is deduced west of the site (see Fig. 4 ) . 

Table 4. Main physical characteristics of the Boom Clay 

Grain size (1), (%) 
<2μιη 56.0 
2-60μιη 39.0 

60-200μιη 4.0 
>200um 1.0 
(<20μπι) 78.0 

Bulk density (2), (kN.m3) 19.7 
Dry density (2), (kN.m3) 16.2 
Water content (2), (%) 22.2 
Porosity (2), (%) 38.4 
Saturation (2), (%) 94 
Atterberg limits (2) 

plasticity limit 26.6 
liquidity limit 69.9 
plasticity index 43.3 

Permeability (3), (m.s~ ) E-10 - 5E-12 

(1) average of samples between 185-200 m bgl. at HADES-location 
(2) average of 5 samples between 243-248 m bgl. at HADES-location 
(3) geotechnical boring. 

This picture of the regional groundwater flow system reflects of 
course the present day situation. The hydrologicai model has also been 
applied as a tool for evaluating the impact of possible future natural 
events such as climatic change, erosion, faulting, denudation, etc.. The 
outcome of these possible changes is, that for the Mol site, taking into 
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account reasonable intensities for the natural phenomena, the ground 
water flow regime will be most influenced by a climatic chance. In that 
particular event the seepage velocity through the Boom Clay could change 
by an order of magnitude. 

4. FUNDAMENTAL ΛΝΡ METHODOLOGICAL RESEARCHES 

Besides the generic studies in Italy, and the site specific ap
proaches in Belgium and the United Kingdom, fundamental and methodolo
gical investigations have also been carried out in these three coun
tries. The aim of these investigations is to increase the confidence and 
reliability of the data and derived characteristics needed for the 
assessments. 

Specific questions concerning the interaction between argillaceous 
host rocks and various repository components have been investigated in 
Italy and Belgium. 

The dissipation of heat, generated essentially by the radioactive 
decay of fission products embedded in the conditioned waste matrix was a 
important issue of the research. An experimental research programme, 
both in the laboratory and in situ has been carried out by ENEA, in 
order to know the temperature field around a heat source and the effects 
caused by heat. A field experiment was carried out in an open clay 
quarry at Monterotondo near Rome (8). The clay studied at that location 
presents the following composition : clay minerals 55 %, quartz 10 *, 
calcite 25 %, dolomite 5 %, feldspars 5 %. The experiment comprised an 
electric heat source buried in the clay at 6.4 metres depth with meas
urement of the temperature evolution up to 2 metres distant (Fig. 5). 
After a running time of 1,200 hours the electrical heater power was 
increased from 250 to 500 watt (3,300 hours). 

A similar in situ heating test has been performed by SCK/CEN at 
Terhaegen with a heat source simulating a vitrified high level waste 
canister (stainless steel, 300 mm diameter, 1,500 mm height, 6 mm thick 
wall, powered electrically by inner heating wires). The source was 
buried about 6.5 m deep in a 500 mm wide hole backfilled with quartz 
sand. Temperature probes were emplaced around the heat source up to 4.15 
metres distance from the source (Fig. 6) . The power of the source was 
increased stepwise up to 1,500 kw. The total test lasted about 1.5 
year. 

The experiments at Monterotondo and Terhaegen reached quite similar 
conclusions. 

The numerical code MPGST and/or variants of it (developed, at 
SCK/CEN (9) ) was applied in both cases to calculate the temperature 
increase around a heat source and it demonstrated to be a reliable 
forecasting tool. 

The thermal conductivity deduced by 'curve fitting' from the 
experimental data in the pliopleistocene clay at Monterotondo ranges 
from 1.5 to 1.7 W.m" . °C~ . For the Eoom clay at Terhaegen a thermal 
conductivity of 1.69 W.m . °C has been derived by the same calcula
tion procedure. These thermal conductivity values, determined by large 
scale in situ near surface experiments, are in good agreement with 
laboratory experiments and values cited in literature for clayey mate
rials. 
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The temperature variation due to forced water convection in the 
clay itself is virtually negligible. A future experiment to prove this 
last statement is planned by ENEA. 

ENEA has also developed a laboratoryautomated method to study, in 
more detail, the variability of the thermal conductivity and diffusivity 
in clay samples from various Italian Clay formations. The preliminary 
conclusions are : 
 thermal conductivity is anisotropic (along bedding planes > across 
the bedding plane) ; 

 thermal conductivity decreases with increasing water content ,
 thermal conductivity seems to increase with decreasing clay mineral 
fraction. On clay samples from the Vasto area no conclusive results 
could be obtained concerning the temperature dependence of the 
thermal conductivity (temperature range studied 20  60CC) ; 

 thermal diffusivity determined on a clay sample from Monterotondo was 
reckoned to be 17 m .y . This value is near to the value of the 
thermal diffusivity of the Boom Clay, calculated from the in situ 
experiment at Terhagen (19 m .y ). 
Studies by SCK/CEN on the radiolytic effects on Boom clay were 

undertaken but essentially focused on γradiolysis. Moisture content, 
H2 and C02 pressure buildup and dose were examined in detail on 16 
irradiated clay samples (some of these being pretreated, e.g. drying, 
moisturing,. . . ) . 

The most conclusive results obtained may be summarized as follows : 
 The hydrogen production increases with increasing γ dose. C02 is 
produced by radiolysis of organic matter. 

 The ratio H2/C02 is about 5 (a few exceptions were found). 
 When 97 % of the free water content has been removed from the 
clay a sharp decrease in radiolytic hydrogen is observed. 

Still many questions remain unsolved and will be tackled in the 
future such as the observation that an excess of moisture content 
does not correspond with a higher radiolytic H2production. 

One of the most interesting aspects of these studies are the 
natural analogues of the modifications in clays caused by heating. This 
aspect has been studied in Tuscany where small subvolcanic intrusive 
bodies are encountered in pliocene clays. At Orciatico, in the Val d'Era 
area, the thermal metamorphism of a clay in contact with a alcaline 
trachyte laccolith has been investigated. A very detailed geological 
field survey and mineralogical, petrographical and geochemical studies 
on drill core led to the following conclusions. 
 In the periphery of the intrusive body dehydration effects were ob
served to distance of 6 metres. Important modifications in the 
mineralogical composition of the clay and thus of its physical 
properties were restricted to two metres distance from the contact. 
The paragenesis of K and Na/Cafeldspars indicates a temperature 
field of about 400°C in the immediate surrounds of the intrusion. 

 Clay on the top of the intrusive shows thermal influence and chemical 
mobilization over a total thickness of 12  14 metres. However, 
mineralogical modifications don't occur more than 4 metres from the 
subvolcanite. The pyroxenefeldspars paragenesis in the contact zone 
indicates a temperature rise of the clay in the order of 400 to 
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600CC. Due to the formation of smectite alongside the feldspars above 
this zone the metamorphosed clay displays higher sorption capacities 
than the intact clay. 

In the site investigation programme at Harwell attention was also 
paid to a number of fundamental issues related to field investigation in 
argillaceous media. The following conclusions can be drawn from the 
tests and observations. 
- Darcyan flow seems to be occurring in the mudrocks, as a response 

to hydraulic potential differences. This has been deduced from 
hydrodynamical and geochemical observations. 

- Background work in the form of interpreting the borehole qeophysical 
logs revealed the lack of suitable calibration constants and no 
directly useful insights into mudrock characteristics were obtained 
(10) . 

- It was found that conventional cement bond logs were ineffective in 
defining "goodness of bond" in argillaceous rocks. Laboratory studies 
indicated that the bond was likely to be poor since there was no 
chemical bond and in the bore-holes the physical bond was influenced 
by the presence of drilling fluid. Some mineral constituents such as 
Opal CT, zeolite and pyrite are believed to react with cementitious 
materials and degrade the stability and integrity of the cement rock 
bonds (11). 

- Thriving colonies of allochtoneous micro-organisms were identified 
within the bore-hole which was completed in the Oxford clay (12). 

An aspect of utmost importance in the characterization of an 
argillaceous rock or formation, especially for understanding its geoche
mical, Theological, corrosive and thermal behaviour, is the knowledge of 
its mineral composition and the physico-chemistry of the clay pore-
water. Researches have been carried out by ENEA on various types of 
Italian clays for the characterization of the pore-water. A squeezing 
system has been applied and variation in the composition of the pore 
water during the successive squeezing steps was less than differences 
observed between specimens of the same rock. The salinity of the pore-
water range from 4 g.l to 24 g.l and the water chemistry is highly 
variable ranging from calcium-magnesium sulphate to sodium chloride or 
to calcium magnesium-sulphate with sodium chloride (see Fig. 7) . No 
significant relation was found between clay mineral species and pore-
water composition in the Italian Clays. 

As already mentioned above, Boom Clay pore-water can be sampled in 
the underground experimental facility from holes equipped with piezo-
metric screens beyond the zone of frozen clay. These samples are 
assumed to be fairly representative of "in situ" pore water. The 
chemistry of one of the samples is given in Table 5 and it is very 
similar to the one obtained previously by extrapolation from washing 
techniques. The Boom Clay pore water is clearly dominated by sodium and 
carbonate is mildly alkaline and very reducing. The salinity of the 
pore water in the Boom Clay is about 1.3 g.l . In addition a signifi
cant proportion of organic substances (up to 340 mg.l ) is observed and 
appears to be an important factor in the trapping of radionuclides (13). 
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Table 5 . Composit ion of Boom Clay pore water (mg.l ) 
(HADESlocation) 

sample  258 m b g l sample 251 m bg l 

"Ña 405 391 
Κ 11 .1 10 .9 
Mg 2 . 6 1 2 . 3 4 
Ca 5 . 5 3 3 . 2 5 
Fe 0 . 7 4 1 .8 
S i 4 . 2 6 ( 5 . 1 3 ) * 
SO 1 4 . 3 1 4 . 5 
Cl 3 6 . 7 34 
F (3.5)* 3.7 
C^ ^ ,_ 927 826 
pfc

0t
·
 C a r b

· (8.68)* 8.38 
Eh(mV)  200 to  260  260 to  280 
DOC 206 / 

(*) determined on a separate batch 

At the Harwell site hydrochemical and mineralogical studies are 
rather focused on establishing profiles through the alternating sequence 
of argillaceous and permeable lithological units. As already mentioned 
above a pattern of falling heads from the surface to deeper aquifer 
appears to present a sink in the Corallian limestones. To test this 
hypothesis the chemistry of the clay porewaters (obtained by squeezing 
clay samples) has been compared with the waters pumped from aquifers in 
the sequence. Trends in this system are evidenced by two indicators (see 
Fig. 8). They are based on averaged samples. It can be concluded that : 
1) Water salinity increases with depth and with a maximum of concentra
tion of Na and Ca in the Corallian Beds and 2) The muds display a higher 
Na and Ca content then the adjacent permeable formations. 

The migration and behaviour of radionuclides in argillaceous rocks 
is discussed in a separate paper (13) and the reader is referred to that 
contribution for more details about interactions between radionuclides 
and the clay medium. However it is worthwhile to mention here the study 
of ENEA concerning the difference in some migration parameters among 
samples originating from various argillaceous basins in Italy. Results 
obtained show a clear correlation between grain size of the samples 
studied and the distribution coefficient for Cs (Fig. 9) . Also some 
correlation was observed between the distribution coefficient for Cs and 
lithological characteristics (as shown in Table 6). 

For the various argillaceous rocks beneath the Harwell site it was 
observed that their geotechnical characteristics reflect the petrology 
and the burial history. There is a clear relationship between sample 
depth and void ratio regardless of the difference in mineralogy as shown 
in Fig. 10. Other parameters like liquidity index, also show a depth 
relationship. At depth uniaxial compressive strength is greater than for 
the same mudrocks nearer the surface though the conditions for shear 
failure probably only exist in the upper part of the sequence. 
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Table 6. Lithological characteristics and some migration parameters 
for Italian clays 

basin 

Ausonia 
Val d'Era 
Crotone 
Monterotondo 
Vasto 

dominant clay 
species 

illite 
koalinite/illite 
koalinite/smectite 
smectite 
smectite 

% clay minus 
% sand 

0 
43 
16 
26 
50 

Kd (Cu) 
(cm

3
.g ) 

1335 
1924 
2338 
3237 
4154 

D 
(cm

2 , 

9.8 
8.1 
7.4 
4.2 
2.4 

D 
. Ξ 

E9 
E9 
E9 
E9 
E9 

Several formations of stiff overconsolidated clays in Italy, are 
known to be intersected near the surface by a number of fractures. Such 
observations have led to questions on the persistence of such fractures 
at depth, their potential impact on the permeability of the formation 
and fault propagation in clays. 

ISMES has approached this study of fractures in clays by three 
different but related viewpoints : mathematical modelling, experimental 
research, field observations. 

Fracture generation and propagation in a clay medium has been mod
elled by assuming a loss of continuity due to instability in the stress 
field. In order to simulate numerically actual stresses, a constitutive 
model of the "Cam clay" family has been modified for application under 
high lithostatic pressure. 

The experimental work has been carried out in order to provide the 
required support for theoretical development. Fracturing has been 
induced in clay samples under three different experimental setups. In a 
high pressure triaxial cell fractures have been generated under un

drained conditions up to 9 MPa, that is the maximum confining stress 
allowed by the system. In addition, fracturing tests have been performed 
in plane strain cells, designed and built for this purpose. The cells 
have a nobile section geared to induce a differential displacement on a 
surface of the clay sample and a transparent side to allow visual 
observation of the specimen. Different kinds of discontinuities have 
been observed in these tests, depending on boundary conditions. 

As far as field observations are concerned the emphasis has been 
placed on deep tunnels excavated in Italian argillaceous formations. 
The fracturing of deep clays seems not to be systematic at depth and 
rather limited to overconsolidated clays, such as those of Pliocene and 
Pleistocene. Argillaceous materials of other ages seem to be relatively 
free from permeable fracture zones. 

The geomechanical characterization and behaviour of argillaceous 
formations has been addressed in various research programmes, but most 
progress seems to be made in the Belgian programme. This is obviously 
linked to the fact that at Mol the construction of the underground 
experimental facility raised particular questions about the "in situ" 
behaviour of clay. Although ground freezing of the clay was selected 
for the construction of the underground experimental facility, this 
technique is not considered as a conditioning technique for the con
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struction of a final repository. However some efforts were undertaken to 
study the qeomechanical and rheological behaviour of frozen clay. Com

pressive tests (uniaxial) and creep tests (uniaxial and triaxial) run on 
frozen clay samples at the ForakyLGC laboratory (Lab. de Génie Civil of 
the Université Catholique de Louvain) allowed to get values for the 
rheological parametres of frozen clay. For stress levels having not led 
to failure the observed linear strain in frozen clay samples remains in 
the primary state of creep and the experimental curves of deformation 
are well approximated by Vyalov's law (Fig. 11). At higher stress 
levels, having led to failure Fish's law matches fairly well the 
observed strain in Boom Clay samples because the latter law brings into 
account the tertiary creep and is based upon the deformation rate of 
samples with time. 

Laboratory tests on non frozen clay and parameters derived from 
these tests get their full significance if they are applied in the 
modelling of the rheological behaviour as it is now undertaken jointly 
by SCK/CEN and Foraky, in an exercise of modelling the behaviour of in
tact Boom clay under the excavation or tunneling conditions at the Mol 
site. For the time being Vyalov's law ε = ε0+ Α σ t ( ε = strain ; 
εο= instantaneous strain ; σ = stress ; t = time ; A, B, C =· experimen
tal values) is tested for this purpose. The parameters A, B and C were 
selected statistically out of the results of triaxial creep tests 
performed at LGC. Using MPa and hours as units for respectively stress 
and time the following experimental parameter values were obtained : 
A = 3E3 ; B = 0.65 ; C = 0.27. First preliminary results and compari
sons between the experimental measurements (closure of a vertical bore
hole) and the simulated numerical behaviour (by finite elements) in 
function if time show that matching of the observations and calcu

lational results may be obtained if variances of the A, B and C 
parameters are taken into account. 

CONCLUSIONS 

The main conclusions that can be drawn from the researches on the 
characterization and behaviour of argillaceous rocks are the following : 

Generic and site specific studies have shown that most of the 
data necessary for the assessments may be obtained by various 
approaches. 
Generic studies have also shown that among argillaceous rocks 
important variances may be found (in their composition and thus also 
in their properties). 
The difference observed between different determination approaches 
for the same characteristics (e.g. between laboratory and "in situ" 
conditions) may be understood and explained for most of the charac
teristics. 
Site specific studies demonstrate our ability to depict and under

stand the local conditions in a regional system. 
Still future research and tests are needed for covering the beha
viour of argillaceous rocks with regard to the repository impact 
(e.g. in situ tests for α and γradiation, heat effects, rheolo
gical properties, etc.). 
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DISCUSSION 

R. KOBAYASHI, JGC Corporation Tokyo 

In the long term, will the chemical composition of the ground water vary? 

A. BONNE, CEN/SCK Mol 

There is some evidence, that such natural changes may occur in the long 
term, but the most immediate changes will be induced by man. Human 
activities constantly interfere with the ground water and this affects 
clay strata, which are often lying between aquifers, more than other 
formations. 

W. BREWITZ, GSF Braunschweig 

The age, origin and chemistry of the ground water are important issues in 
safety assessments. Which hydrochemical investigations have been carried 
out in view of such assessments, in particular in Harwell? I refer here 
to experiments analysing trace elements and isotopes in deep aquifers. 

A. BONNE, CEN/SCK Mol 

Such investigations are carried out in many programmes to confirm the 
hydrodynamical models by chemical measurements. The first requirement for 
such an approach is a good tracer or indicator. We have tried to confirm 
our models in this way in collaboration with UKAF.A Harwell with uranium 
and although only few results are available at this time, no contradicting 
element has been found so far. Carbon-14 can also be used as tracer for 
dating, when you attempt to establish a ground water flow system. In Mol, 
C-ΙΑ could be present with an age of up to 50000 yrs. In the aquifer 
above the Boom clay, water is aged about 20000 yrs, in the one below, more 
than 30000 yrs. Water samples from the clay itself contain very important 
information. If the water is drained downward, as we assume, we should 
find samples of intermediate ages in the clav. We have indeed been able 
to date such samples from the clay layer between 20000 and 30000 years. 
But these preliminary results should be used with the necessary caution. 



NATURAL EVOLUTION OF CLAY FORMATIONS 

A. BRONDI, C. POLIZZANO, ENEA, Italy; 
A. BONNE, CEN/SCK, Belgium; M. D'ALESSANDRO, JRC Ispra 

Summary 

Clay basins of EC territory fall into two main types: 
1) basins developed in northern Europe around peneplanated rather 
stable basement (Mol, Harwell) displaying a very extended, regular 
series of homogeneous sand and clay layers; 
2) basins of the mediterranean area (Italy), corresponding to an 
active orogenic belt, and containing sand-clay series of a thick
ness and homogeneity variable. Clays generally inherit the geo-
chemical characters of the depositional and early diagenetic 
phase. They in fact maintain negative values of Eh, which cause 
trace elements cations, including radionuclides, to be fixed into 
stable forms. The penetrating oxigenated water may determine the Eli 
to turn to positive values. As demonstrated from natural evidence 
in Italy this perturbation may only affect a very thin thickness of 
clay at the surface and in short superficial fractures. Risk analy
sis conducted on Boom clay (Belgium) shows that tectonic evolution 
of the site and development of a new glacial phase may rule the 
stability of the waste deposit. 

Clays are one of the geological formations which are being con
sidered in the research and development activities coordinated by the 
European Community as a possible host rock for the disposal of radio
active waste. The countries which are actually engaged in the study of 
these formations are Belgium and Italy, although other Member States are 
researching specific aspects of clays. The morphology and structure, age 
and genesis of clay basins differ significantly from one part of 
European territory to another. Clay sedimentary formations in Northern 
Europe comprise basins resting on peneplane basements. They usually have 
the following characteristics: 
1) geometric and lithological lateral continuity; 
2) a high degree of geopetal homogeneity within the individual forma

tion ; 
3) little tectonic and seismic activity to disturb their regularity; 
4) interbedding in composite series of alternate clay and sand strata. 

The Rupelian (Middle Oligocene) Boom clay in Belgium (Fig. 1) under 
the Mol site is a fairly good example of a depositional environment of 
this kind. The Boom clay was deposited in a very extensive sedimentary 
clay province covering Belgium, the Netherlands, Denmark and Northern 
Germany (13, 17). The lithological composition, structure and palaento-
logical features of the Boom clay unquestionably point to a detrital 
marine environment with deposits at a depth of approximately 50 m. 
Studies of the rhythmicity, conducted throughout the whole of the forma
tion, have shown that there is a high degree of continuity over large 
areas exceeding even 1 000 km?-. The rhythmicity (1) (2) was probably 
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caused by pulsations, possibly of climatic origin, in the depositing of 
the sediment. The marked prevalence of clay minerals in the formation is 
unquestionably characteristic. Wherever they occur, beds in carbonates 
also proved to be very extensive in a horizontal direction. 

The Harwell site (Fig. 2) in the United Kingdom is at the top of a 
sedimentary series including several clay formations. The depositional 
environment of the argillaceous rocks is in some respects cross between 
the marine coastal environment of Mol and the intracontinental environ
ments found in Italy. They are nonetheless of the marine type. The 
Triassic, Jurassic and Cretaceous sedimentary series rests on a palaeo 
zoic basement, the London Platform, which is covered with carboniferous 
strata. The clay formation of this series changes progressively in a 
horizontal direction. The sedimentary series to which the formation 
belongs was deposited in a basin covering much of Southern England. 
Within this basin sedimentation was governed locally by a structural 
relief and by depressions (3) (4). The tectonic structures were active 
during the sedimentary phase which resulted in lateral and vertical 
lithological changes, accompanied by brief, intermittent phases of 
erosion. Crie mineralogicai feature of the sedimentary series of the 
Harwell site is the existence of significant quantities of carbonates, 
which are a constituent characteristic of the era of deposition. 

Italian clay basins are located in active orogenic areas. The clay 
series studied so far in terms of their suitability as nuclear waste 
repositories belong to the Plio-Pleistocenic epoch (1). The clay forma
tions found in the western sector of the peninsula are located in paral
lel multiple series of deep intracontinental trenches of the graben type 
( Fig. 3 ), lying in the direction of the Appenines and having steep 
slopes. They comprise individual basins of a length of several dozen 
kilometres and a width of approximately ten. The sedimentary series 
contained in them vary in thickness from a few hundred to 2 000 metres 
and comprise intercalations of sand and clay. The individual layers of 
clay may be a few hundred metres in depth. Clays predominate and are 
fairly homogenous along the axial parts of the basins and in the centre 
of the series. The sand deposits become progressively more substantial 
at the sides of the basins and in the upper parts of the series. Trans
verse incisions in the opposite direction to the Appennines were the 
only routes of communication with the open sea. In the more inland parts 
of the territory the marine basins gradually gave way to lacustrine 
basins of similar size and shape. The great thickness of the sedimentary 
deposits in relation to the sizes of the basins was caused by persistent 
subsidence. 

Cn the eastern slope of the Italian peninsula clay basins are found 
in the area of the present-day foretrench. They are bounded on the 
western side by the Appennine chain and are for the most part open to 
the sea on the eastern and southern sides. They are therefore asymmetri
cal in shape (Fig. 4) and extend for several hundred kilometres in the 
direction of the Appennines and for several dozen kilometres in a normal 
direction. As a result of continued subsidence, the Plio-Pleistocenic 
sedimentary series of the foreland are extremely thick, in some in
stances many thousands of metres. The banks of clay may be several 
hundred metres thick. The uplifting of the Appennine chain and the 
simultaneous lowering of the bed of the basins, consistently offset by 
the accumulation of sediment, caused sediment to be deposited in two 
ways (Fig. 5). The normal deposition of material from the continental 
mountain range resulted in the formation of sediments comprising 
granules gradually decreasing in size in relation to their distance from 
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the coast. Recause of the rapid accumulation caused by the rapid erosion 
of the Appennine chain as it rose, the deposits of sediment under the 
sea were frequently in a state of unstable equilibrium, with the result 
that there were landslides which caused turbidity currents which dis
tributed the sand at great distances from the coast. Roth deposition 
processes might occur at the sarne point under the sea, hence sand sedi
ment might lie interbedded with pelagic sediment. 

The considerable lithological variability of the Appennine chain 
has resulted in the production of detritus which varies significantly in 
IxDth mineralogicai composition and granule size. Basins of the same 
shape therefore contain series which differ in respect of loth the re
ciprocal frequency of banks of sand and clay, and their mineralogicai 
composition (1). 

The majority of the clay minerals commonly found in deposits of 
sediment are inherited from the various types of parent rock. The forma-
tion of new clay minerals is possible however, especially during the 
post-depositional phases of compacting and diagenesis. Significant 
processes which occur during the diagenetic phase in clay deposits are 
the, at least partial, dehydration of the intergranular spaces, the 
adsorption of potassium and magnesium from the interstitial solutions, 
the redistribution of ions within the crystal lattices and the massive 
build-up of illitic and chloritic minerals (10). All these phenomena 
gradually increase with their depth within the sediment. 

Sudden variations in the degree of compacting of the clay along the 
vertical series indicate the chronological separation of sedimentation 
into several phases, ̂ n example is the deep clay in the subsoil of the 
Trisaia Nuclear Research Centre (3) which appears to l5e excessively 
consolidated in relation to the load of the overlying sedimentary 
series. This is because the clay in question originally had a thicker 
sedimentary series overlying it. The deep clay was presumably uplifted 
into an erosion area and subsequently lowered and covered by a thinner 
series. 

The chemical composition of the clay medium is one of the factors 
controlling the behaviour of the trace elements, including radio
nuclides, which may be present in it. The seawater trapped in the clay 
at the time of deposition is probably affected by the palaeogeographical 
conditions existing at the time of sedimentation and, possibly to a 
greater extent, by the diagenetic processes which occur after the forma
tion of the sediments and the subsequent geological history. In this 
paper we will merely state that the salinity of the fluids extracta! 
from Italian clays (11) ranges from 0,45 to 24,5 g/1, while the chemical 
composition ranges from alkaline chlorides to sulphates of alkaline-
earth metals. 

The oxidation-reduction potential has a significant influence on 
the cheinico-physical conditions controlling the mobility of the radio
nuclides. Clay, and sand not permeated by oxygenated water have very low 
or decidedly even negative Eh values, which, as is well lenown, ensures 
the immobility of all the radionuclides in cation form. Depending on the 
chemico-physical condition of the clays, theoretically at least, only 
the I 129 and the potential anionic complexes of the other radionuclides 
are mobile. This property is therefore one of tine major advantages of 
clay formations as a repository for the long-term disposal of radio
active waste. 

The negative chemico-physical condition is created in the first 
diagenesis of the sediment. The boundary between the water and sediment 
restricts or prevents exchanges of fluids and gives the two environments 
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a high deyree of independence. Depending on local conditions, the sur
face with Eh values=0 is above, level with or below the water-sediment 
boundary (9) (Fig. 6). Usually the Eh=0 surface is slightly below the 
boundary. The Eh values tend to decline lower down whereas the pH values 
tend to increase (Fig. 7). These variations in deposits o I: sediment are 
caused by colonies of bacteria which decompose organic substances. At 
the time of the deposition of the sediment, the organic substance is 
subjected to a process of biodegradation, the Kinetics of which vary 
significantly, depending on its origin and the availability of oxidizing 
agents, and thus, in the final analysis, on the amounts involved. As a 
rule, large organic polymers of limited use to bacteria are eventually 
(as the accumulation of sediment continues) trapped in the sediment at 
depths at which the bio-oxidization process becomes less efficient, due 
to the limited supply of oxidizing agents. This means that the activity 
of the bacteria is stratified in both quantitative and qualitative 
terms. However, it seems likely that the bacterial activity does not 
cease altogether but is merely very considerably retarded. The discovery 
of live sulphate-reducing bacteria both in deep sea sediments and in 
fossil Plio-Pleistocenic clays in the Tiber Valley (4) lends weight to 
this theory. How the bacteria use the organic substances has not been 
established however; as a rule they use small organic molecules. 

To illustrate the important part played by diagenetic processes in 
determining the geochemical properties of clays, as outlined above, we 
will indicate some of the specific properties detected in the Mol and 
Harwell clays. Tine geochemical properties of the Boom clays at Mol (13, 
17), which were deposited gradually in a normally oxidizing marine 
environment, gradually shifted towards reduction. This is proved by the 
existence of iron pyrites, which tends to be associated with the pres
ence of organic materials. The carbonate trapped during the sedimenta
tion process is mobilized and redistributed in the form of carbonatic 
nodules. The pore water must have been changed into the typical inter
stitial water of clays very early in the diagenetic process. Geomechani-
cal and physico-chemical findings suggest that the Boom clay expelled 
considerable quantities of water during the compacting and diagenetic 
processes. As a result of these processes the Boom clay is on the bor
derline between plasticity and compactness. 

Research on the Harwell series (6, 15) concentrated on the Oxford 
clay, which soon and swiftly moved gives way to strata which are more 
rich in carbonate and are also interbedded with more permeable strata. 
In this instance too, the burial and compacting of clay sediments caused 
tine particles to become more closely packed. The formation of pyrites 
was likewise one of the first diagenetic processes. Geochemical and 
palaeontological surveys conducted on the whole series showed that oro-
genic activity played an important part in the diagenetic evolution, 
particularly in the more permeable strata; this is proved by the bac
terial reduction of the sulphates and the precipitation of dolomite and 
silica. 

A possible explanation of the calcite found to be dissolved in the 
more permeable strata is the percolation of fresh water following the 
uplifting of the series in the continental area. 

The process which could destroy the reducing condition of the clay 
so that it cannot act as a geochemical barrier to the potential migra
tion of radionuclides is oxidation, which could result fran exposure to 
the atmosphere and penetration by oxygenated water. In practice, low-
ever, the limited permeability and porosity of the clay to some extent 
restrict the likelihood of Ulis happening. Illustrations of some macro-
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scopic examples are given below. These are based on in situ observations 
and research carried out in Italy, stowing how in fact the oxidizing 
effects of the external environment on clay are somewhat limited even in 
cases where there is a high degree of exposure. 

In situ observations of the state of oxidation of rocks are made 
easier by the fact that they are grey when in a state of reduction and 
yellow when in a state of oxidization. The uplifting of the clay-sand 
series in a continental environment and the consequent erosion processes 
cause oxygenated meteoric waters to penetrate the permeable layers. The 
layers which are most liable to oxidization are of course the sand 
layers which form the top of the sedimentary series, However, as a rule, 
only the thickness of sand affected by the seasonal and climatic fluctu
ations of the water table is oxidized to any considerable degree. Below 
the lowest point to which the water table falls, the sand retains the 
original grey colour which it acquired after deposition and which indi
cates the continuation of a reduced condition after the series was up
lifted in a continental environment. The natural section visible in 
Volterra (Fig. 8) illustrates a fossil situation of this kind. In the 
frequent instances in which the fluctuation of the water table surface 
reaches the underlying clay, a sharp change in colour from yellow to 
grey indicates the boundary between the oxidized permeable sand sedi
ments and Ule reduced clay layers (Fig. 9). At the point where the 
change in colour occurs there are frequently ochre-coloured crusts which 
are the product of the precipitation of the sand ions mobilized by oxi
dation at the point of contact with the sediment which can still have a 
negative Eh. 

The upper part of the Pliocenic series in Orte in the Titer Valley 
(4, 5) (Fig. 10) is currently being subjected to geochemical analysis, 
with a view to the interpretation and assessment of the effects on clay 
of penetration by oxygenated water. Above the massive layer of culti
vated clay, the series comprises layers of sand interbedded with clay 
(Fig. 11). The sand is completely oxidized, whereas the clay lias re
mained grey, indicating that it is still in a reduced condition. This 
contrast is also apparent in cases where there is a layer of clay within 
a totally oxidized bank of sand, which, despite its limited size, ap
pears totally unaffected by oxidation. 

As in the case outlined above, at the point of contact between the 
sand and clay there are almost always crusts of precipitates. The geo
chemical analyses which have been carried out (5) (Fig. 10) do not indi
cate significant differences between the content of trace elements of 
the main se If-protected clay body and that of the thin layers immersed 
in the oxidized sand. The same can be said of some organic substances 
(2). Within the individual clay layers immersed in the sand the content 
of trace elements in the clay which is in contact with the oxidized sand 
does not differ from that in the central parts. 

The Orte series has normal faults running through it (Fig. 10). The 
total absence of traces of oxidation at the sides of the fault plane 
noted in the cases observed to date (Fig. 12) is evidence of its imper
meability to water and therefore its capacity for self-sealing. In con
trast, the many simple fractures in the main clay mass have oxidized 
edges 1 cm thick. This phenomenon is very commonly found in clays which 
are exposed to erosion (Fig. 12). As a rule these fractures involve no 
displacement merely run downwards for some dozen metres before coming to 
an end (Fig. 13). Networks of fractures, always recognizable by the 
presence of oxidized edges, intersect the aforementioned vertical frac
tures at right-angles. The most likely explanation of the genesis of 
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these fractures is that the clay mass increased in volume as a result of 
decompression, brought about by the disappearance, by erosion, of the 
superimposed and lateral masses. In this instance the fractures would be 
open, thus causing secondary permeability and permitting the penetration 
of the mass by surface water. 

The reducing nature of clay as illustrated above, is essentially 
due to the presence of organic substance in rocks of this kind and to 
the capacity of these rocks to retain it, largely because of their 
impermeability. This correlation is indirectly confirmed by an example 
of the reverse situation observed in a quarry in Umbria. Open fractures 
running through a layer of oxidized sand have grey, reduced edges (Fig. 
14). This phenomenon is caused by the presence of organic substances in 
the form of dead plant roots within the fractures. The progressive de
struction of these substances by oxidation resulting from bacterial ac
tivity is responsible for the reduction of the surrounding environment. 

Orogenic uplifting and the consequent erosion processes have re
sulted in the clay deposits on Italian territory being broken up. The 
examples quoted above show that the penetration of the clay system by 
oxygenated water is controlled by these factors. Striking examples of 
disturbance (Fig. 15) and erosion (Fig. 16) provide evidence of the 
speed of erosion processes in Italian basins. It is therefore obvious 
that the optimal conditions for ensuring the stability of formations in 
which nuclear waste is to be deposited are likely to be found in stable 
areas or areas of subsidence. Reliable calculations of the speed of 
uplifting and erosion should be made if it is decided to opt for areas 
which are subject to upward movements. 

In this instance, account could be taken of the differing degrees 
of erosibility of clay formations associated with their granulometrie 
and mineralogicai composition (Fig. 17). 

The JRC in Ispra and the CFW/SCK in Mol have cooperated closely on 
a "geoforecasting" experiment designed to determine the reliability of a 
hypothetical waste deposit in the Boom clay, in terms of the likelihood 
of its being released. 

The experiment in question (7, C, 17) entails the application of 
Fault Tree Analysis and proves that the most likely cause of environmen
tal pollution, particularly over rather lengthy periods of time (100 000 
- 250 000 years) would be the contamination of subterranean waters 
followed by the migration of radionuclides through the column of sedi
ment. In the shorter term, the most likely cause would be the actual 
unearthing of the waste as a result of a new ice age. 

With regard to the contamination of the acquifere, the most likely 
causes of release would be tectonic phenomena resulting in the creation 
of faults. More specifically, instantaneous displacements of 5-10 m 
appear to play a major role in determining whether the geological bar
rier is likely to give way. Faults of this size were considered to be 
capable of fracturing the clay mass, although it seems likely that the 
lithostatic load, together with the plasticity of the medium, would in a 
short space of time restore the physical integrity of the formation. 

It is impossible to predict the extent of any possible percolation 
through the fault, since it would depend on many factors, such as the 
force of the stresses and the relation between the lithostatic and 
hydrostatic loads. 

For 2 000 years following the closure of the deposit, the prob
ability of release due to a fault would account for 50?, of the overall 
probability of release; the remaining 50° would involve possible human 
activities (boring of wells, etc). The relative importance of the inci-
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dence of faults increases rapidly with the passage of time, so that a 
displacement through the deposit (probability of 10-7 - 10-8 per year), 
causing the acquifers above and below to come into contact with one 
another, followed by a flow which would leach the vaste, would be the 
most likely cause of release. The subsequent conveyance of the radio
nuclides through the acquifer, the encroachment of the pollution into 
the catchment areas of wells and the use of water from the wells for 
domestic or irrigation purposes would be the stages whereby the radio
activity could affect human life. 

Fault Tree Analysis highlighted a second possible cause of environ
mental pollution. This is the formation of an ice cap (12) (Fig. 18) 
over the site of the deposit and the geomorphological phenomena associ
ated with it. Some of these appear to be capable of destroying the 
deposit and causing the dispersal of the waste into the environment. 
This cause was studied on the basis of evidence of Saalian glaciation 
the effects of which can be seen in part of the Netherlands, which was 
affected by periglacial phenomena along the south-western edge of the 
Saalian segment. This possible cause of environmental pollution warrants 
consideration for the following reasons: 

- The occurrence of a phenomenon of this kind is the most likely 
cause of the release of the waste directly in the biosphere ; furthermore 
although the probability of this is slight, it cannot be overlooked. 

- Although the site of the potential deposit is outside the area 
affected by the quaternary glacial ages, the effects of periglacial 
phenomena mere 100 km to the north of the potential site are very 
evident. 

- The impact of glacial action appears to be capable of not merely 
causing the geological barrier to give way but also of dispersing the 
radioactive matter into the environment. 
This possibility has been analysed and discussed at length in a separate 
report (8). 

There are also other circumstances, associated with processes of 
various kinds, which are thought to be capable of causing pulverized 
matter to be released into the atmosphere. Although this could cause 
serious consequences in terms of doses inhaled. Such phenomena are 
highly unlikely (in the region of 10-11 - 10-12 per year) and therefore 
no attempt has been made to analyse them. There is one further possible 
cause of release which should be mentioned and this is land subsidence 
in the Netherlands, followed by the erosion of the covering sediment and 
the deposit by tidal gulleys. This possibility has not been considered 
in the model used to determine the probability of release, since the 
periods of time considered in the study in question are not long enough 
to allow the occurrence of such drastic process. For such a phenomenon 
to have this effect, it would have to be preceeded or followed by other 
erosion processes and to occur in particular circumstances, which render 
it highly improbable. As to the consequences in tenns of the doses 
resulting from this method of release, the level of pollution of the 
marine environment would be very low because it would be diluted. This 
is yet another reason why this phenomenon has not been considered. 

In conclusion, all the studies which have been made of the evolu
tion of clay formations point to the fact that such formations would in 
themselves, be suitable for the long term isolation of radioactive waste 
from the biosphere and that, should the physical and physico-chemical 
Iwrriers give way, this would be due to circumstances affecting the geo
logical environments of which they are part. The selection of sites 
which would be suitable for the construction of waste deposits must 
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therefore be based first and foremost on a thorough examination of 
external circumstances. Risk analysis is one of the means of studying 
the evolution processes to which the geological structures of the indi
vidual sites considered are subject. Assessments of the general and 
local circumstances are in any event a vital means of determining the 
accuracy and suitability of risk analyses associated with the sites 
considered. 
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D i f f e r e n t t y p e s of c l a y b a s i n s in s o m e EC c o u n t r i e s 

515 

F i g . 1  M o l , B e l g i u m . C l a y b a s i n a r o u n d and on a p e n e p l a n a t e d s t a b l e b a s a 

i e n t . The s e d i m e n t a r y l e v e l s are q u i t e r e g u l a r in s h a p e , t h i c k n e s s and c o m 

p o s i t i o n . 

F i g . 2  H a r w e l l , G r e a t B r i t a i n . S e d i m e n t s d e p o s i t e d on a t e c t o n i c a l l y a c t i 

ve at the t i m e and m o d e r a t e l y i r r e g u l a r b a s e m e m e n t . L a t e r a l and v e r t i c a l li· 
t h o l o g i c a l v a r i a t i o n s are f r e q u e n t . 

F i g . 3  W e s t e r n I t a l y . H o r s t  g r a b e n b a s i n s . S e d i m e n t s d e p o s i t e d in d e e p 
t r e n c h e s . S a n d l e v e l s are f r e q u e n t l y i n t e r c a l a t e d to c l a y l a y e r s . D i s j u n 

c t i v e t e c t o n i c a c t i v i t y is g o i n g o n . 

F i g . Ί  E a s t e r n I t a l y . S e d i m e n t a r y b a s i n s l o c a t e d in a f o r e l a n d z o n e . L a t e 

ral v a r i a t i o n s may be i m p o r t a n t w i t h r e g a r d to b o t h t h i c k n e s s and c o m p o s i t i o n . 
C o m p r e s s i v e t e c t o n i c a c t i v i t y is g o i n g o n . 
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F i g . 5  C o m b i n e d e f f e c t of n o r m a l and t u r b i d i t i c d e p o s i t i o n in a clay b a s i n , 

o f f s h o r e . 
N o r m a l d e p o s i t i o n : sand a c c u m u l a t i o n i n s h o r e ; clay a c c u m u l a t i o n 

F i g . 5 . 2 .  T u r b i d i t i c d e p o s i t i o n : sand a c c u m u l a t e s o f f s h o r e b e c a u s e of 
s l u m p i n g d é p l a c e m e n t . 

F i g . 5.3.  As a c o n s e q u e n c e of t u r b i d i t i c d e p o s i t i o n sand and clay are in
t e r b e d d e d o f f s h o r e . 
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F i g . 5  The sea floor u s u a l l y s e p a r a t e s p o s i t i v e Eh v a l u e s in the water 
from n e g a t i v e ones w i t h i n the s e d i m e n t s . 
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F i g . 8  V o l t e r r a . T,h e l o w e r p a r t 
of sandy deposits still shows the original 
grey colour inherited by reducing environ

ment. 

Fig. 9  The lithological boundary usually 
sharply separates oxidized upper sands from 
underlying reduced clay. 
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Fig. 10  Orte. No significant variation in the content of some trace elements between the 
massive lower clay deposit and the thin upper clay levels interbedded with oxidized sandy 
bank s. 
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Fig. 11  Orte. Clay levels interbedded with oxidized sands maintain the original grey colour. 
Elements leached from oxidized sands precipitate in form of crust at the contact, with clay 
where reducing conditions occur. 

/5 m 

Fig. 12  Narni. Oxidation bands in clay along fractures and boundaries of sand lenses, 
oxidation exists along the true fault. 
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Fig. 13  S. Quirico quarry. Fig. H  Narni. An opposite case: organic matter in the 
The oxidation band along fractures fracture, supplied by tree roots, causes the oxidized en 
stops some tens of meters from the vironment in the sand to be turned to a reduced condition, 
surface. 

Fig. 15  Abruzzi foreland. Uplifting of the 
Appennines has continuosly perturbed the se
dimentary series since deposition. 

Fig. 16  Atri. Degradation effects of acce
lerated erosion caused by the orogenic uplift. 

Fig. 17  Vasto. The landscape is rather 
flat and scarcely eroded because of the 
smectitic content of the clay. 

Fig. 18  Mol. Hypothetical disruptive sce

nario of the clay deposit as a consequence 
of a possible new glacial age. 
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UNIDENTIFIED SPEAKER 

About ten years ago a fairly detailed study of plio-quarternary clays 
under the Trisaïa establishment in the South of Italy had been carried 
out. This formation is about 800-900 m thick according to the test drill
ings. The series is extremely homogeneous. This subsidence is well known 
to European and Italian geologists. Has this study been continued or why 
has it been stopped, as the results of the test series showed a very 
promising formation for a repository? 

A. BRONDI, ENEA Casaccia 

These studies were not really abandoned, but as clay formations are 
present practically in all regions of Italy, it was found appropriate to 
start a general screening of all these layers. In this way, our future 
choice would be less influenced by the availability of the infrastructure 
and the location of the waste producing facilities. The series under 
Trisaïa is very homogeneous, continuous and of great thickness. Once our 
systematic screening of sites is completed, in about 5-10 yrs, this area 
will of course also be considered. 
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mechanical properties of fractured rock 

Backfilling and sealing of repos'LoriES and access 
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The feasibility of heat generating waste disposal into 
deep ocean sedimentary formations 

Costs and ways of financing of the geological disposal 
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INTRODUCTION BY THE SESSION CHAIRMAN 

This session covers disposal into granite formations and seabed but 
when looking at the papers, it is apparent that there is a much wider 
scope than that and those who are concerned with clay and salt will 
also be interested. The work which is to be discussed about backfill
ing and sealing is relevant to all types of geological formations. The 
work which is undertaken with respect to seabed is quite pertinent to 
disposal of waste in argilous formations, and the final section dealing 
with maybe the most critical factor of all, how to finance disposal 
facilities, should be of interest to everybody. The first papers will 
indeed address the question of disposal in granite. There is a problem 
of water ingress, but the effects of hydrostatic pressure and heating 
could assist in closing fissures. 

The work has been progressing for a number of years now; in the EEC it 
has been somewhat inhibited by the lack of underground laboratories or 
test disposal facilities in granite when compared with salt or clay. 
However, outside the EEC programme there has been an extensive amount 
of work involving more detailed studies. In particular, the American 
work in Nevada must be mentioned, which is the only instance where 
actual fuel has been placed in a deep underground system, and has 
remained in place for several years. It has given one of the best 
demonstrations available of the effectiveness of deep disposal. In 
addition, the European Community is now working closely with the 
Canadians who are developing their own underground laboratory in 
granite, with the Swiss in the Grimsel mine. In Sweden many European 
countries are collaborating in experiments within the Stripa mine. So, 
only part of the worldwide programme is presented here. 

The papers on granite cover a wide range of topics. The seabed work 
which will then follow, has a wider implication than just deep seabed 
area itself. It could, for instance, be relevant to coastal reposito
ries or to clay systems. Finally, we will consider crucial matters 
relating to institutional control and financing. 



A STUDY OF THE CHARACTERISTICS OF VERY DEEP GRANITE: 
Test in underground laboratories and using boreholes 

A. BARBREAU; N.R. BRERETON; P. PEAUDECERF 
CEAIPSN/DPT; British Geological Survey; BRGM 

Summary 

A research programme has been carried out in France and in the 
United Kingdom concerning the characteristics of deep granite. In 
France, two boreholes have been drilled in the Auriat Massif 
(1 000 m and 500 m) for the investigation of petrographical, 
structural, mechanical and hydrogeological properties. If the 
granite is highly fractured, permeability is very lov; (10

H 

10~12 m/s) at depth because of backfilling of the cracks. Λ com
parative study of the evolution of fracturing from the surface 
downwards lias been performed in tunnels and in two granitic 
massifs in order to set guidelines for extrapolating shallow data 
to depth. This study has shown that it is possible to estimate 
deep fracturing of a granite massif with the help of surface 
data. A study of the influence of the scale effect on the measured 
values of the permeability and dispersion coefficients in underway 
in a underground laboratory in a uranium mine at FanayAugères. 
This experiment comprises different permeability tests in radial 
boreholes and the injection of tracers at increasing distances. 
In the United Kingdom, the Strath Halladale granite in the region 
around Altnabreac has been studied with a view to establishing a 
clear understanding of the mechanisms which control the migration 
of aqueous solutions. There is a statistically significant expo
nential decrease in hydraulic conductivity with depth. Groundwater 
is very largely meteoric in origin. 

INTRODUCTION 

Granitic formations have been studied for a number of years in 
France and the UK to assess their suitability for future disposal of 
radioactive waste. For the most part at the research and development 
stage, these studies have concentrated on the geological, hydrogeologi
cal and mechanical properties of deep granite in order to assemble suf
ficient information for, in particular, an evaluation of the rardio
activity containment capacity of this kind of rock. 

1. RESEARCH CONDUCTED IN FRANCE 

1.1 Borehole studies (1) 

After carrying out an inventory, and surface examination, of a 
number of granite batholiths in various parts of France, the Institut de 
Protection et de Sûreté Nucléaire (IPSN) selected a granitic massif in 
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the Auriat region of the Massif Central and commissioned the Bureau de 
Recherches Géologiques et Minières (BRGM) to drill two deep boreholes, 
10 m apart, to 1 003 and 500 m respectively. Using these boreholes, it 
has been possible to study the structural, mechanical, petrographical 
and hydrogeological characteristics of the granite together with the 
geochemical nature of trie water at these depths. The following insitu 
rneasuranents were made : petrographical analysis of oriented cores, well 
logging, slug tests, injection tests between packers and tests of fil
tration speeds. Laboratory work comprised chemical and mineralogicai 
analysis of the granite, structural analyses of cores and geotechnical 
measurements of the extent of fracturing after heating and cooling (the 
temperature ranging from 100 to 250°C). In addition, potential altera
tion of the granite was studied and chemical and isotopie analyses of 
deep water carried out. 

 The principal results were as follows : 

 Petrography : two types of granite were identified, one a pseudopor
phyrytic monzonitic granite, highly granular and with frequent in
clusions of large crystals, and the other a finegrained monzonitic 
granite occurring in both pseudoporphyrytic and nonpseudoporphyrytic 
forms. 

 Fracturing : of the many fractures, the major ones were studied to 
determine their form, direction and age. Seven families of fractures 
were identified, showing a constant orientation over the whole length 
of the borehole. Mo significant fall in fracture frequency with depth 
was observed (Fig. 1). Quartz and calcite infill was usually found in 
the major faults and three types of hydrothermal backfilling were 
noted in the horizontal and smaller fractures : clays (montmorillonite 
and illite), calcite and quartz. There was none of the kaolinite 
usually typical of minerals produced by meteoric alteration. Frac

tures without infilling are generally closed as is confirmed by high 
values for the speed of Ρ waves and for the resistivity of the 
granite. 

 Hydrogeology : slug tests and tests using injections between packers 
have proved the existence of the following decline in average per
meability values between the surface and a depth of 1 000 m : 

fran 0 to 50 m Κ = 6 . IO9 m/s 
from 60 to 250 m Κ = 7 . IO11 m/s 
frati 250 to 540 m, Κ is between 3.4 . 10~H m/s (slug test) and 
2.7.101° m/ s (injection) 
fran 540 to 1 003 Κ < 1 . 10  1 2 m/s 

Greater permeability was however observed in two fractures : 
tetween 298 and 308 m Κ = 3 . IO9 m/s 
between 365 and 375 m Κ = 9.5 . IO10 m

/s. 

No hydraulic conductivity was observed between the two boreholes 
(500 and 1 003 m) (between 75 and 500 m in depth) even though they were 
only 10 m apart. A tracing experiment between the two boreholes (using 
rhodamine Vit and uranine) at a 400 % gradient yielded no results what
ever over a |5eriod of approximately three months. Total porosity is 
lower than 1 % at distances of greater than 500 m. The very low per
meability of the Auriat granite is due to filling of the fissures. 
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 Thermal behaviour : three samples of deep granite heated to 100, 150 
and 200°C showed a marked increase in pore spaces above a temperature 
of 150°C. 

 Alterability of the granite : laboratory tests of relative solution 
speeds ranked the minerals as follows : albite > chlorite > ortho

site. The following minerals are likely to precipitate out : hydrox
ides of iron, calcite and dolomite, montmorillonite, talc and illite. 

 Geotechnical and thermal characteristics : there is little variation 
with depth in the properties of the two facies of granite; specific 
gravity 2 630 kg/m3, compression resistance 160 Mpa, traction re
sistance 160 MPa, Young's modulus 72 800 mPa, Poisson's ratio 0.31, 
thermal conductivity 3 to 3.5 W/m°C, linear expansion ratio calculated 
at 6.7 χ 10~6/°C. In other words, this is high quality granite. The 
temperature at 1 000 m is 39°C, giving an average thermal gradient of 
29.16°C per km. 

 Geochemistry : geochemical tests on deep waters were carried out on 
samples collected using a highpressure sampling system while the pH 
was measured insitu using a special probe. The upper levels of the 
borehole (down to about 700 m) showed pll values of between 6.5 and 7.5 
while in the lower part this rose to between 8 and 8.5. In general, 
the sampled water seemed to have come from fairly close to the sur
face. 

1.2 A comparative study of deep and surface fracturing in granite 
(2, 3, 4, 5, 6) 

Research in two successive phases (contracts No 148807 and 416
837) has focused on the study of deep fracturing in granite rock 
massifs and has been carried out using resources comnitted jointly by 
the French Commissariat à l'Energie Atomique and by Oie Bureau de 
Recherches Géologiques et Minières. This work aimed at studying changes 
in fracturing in granite between the surface and areas of great depth in 
order to develop guidelines for extrapolating surface data to greater 
depth so that they could then be use! in studies of storage sites. The 
research work was carried out in the following stages : 

 a literature search of available information on deep fracturing in 
granite. In particular, an analysis was made of structural data from 
two major alpine tunnels (those of MontBlanc and ArcIsère), from the 
1 000 m borehole at Auriat and from the granite massif at Bassiès in 
the Pyrenees; 

 a structural analysis carried out in the granite mines at Saint Syl
vestre (in the western part of the Massif Central) where galleries at 
different depuis make it possible to study the vertical evolution of 
fracturing; 

 a statistical and geostatistinal study of structural data previously 
obtained in the FanayAugères mine. 

Together, this work has led to the conclusions that granite 
massifs, as is the case with surrounding rocks, are traversed by major 
faults, several kilometres in length, accompanied by small fractures. 
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Although not absolutely constant, the orientation and density of these 
small fractures is not significantly influenced by depth. In par
ticular, the geostatistical study, which concentrated on the "density of 
small fractures" variable, produced the following results : 

- The spatial distribution of fracture densities is not random but 
presents instead a certain level of spatial correlation known as 
"structure". 

- The geologist's approach is an established one, namely that of study
ing fracture densities by differentiating those directional families 
or fracture systems that appeared during given tectonic episodes. 

- The study of "structure" (variographic analyses) demonstrates ranges 
(the maximum distance at which a correlation still exists with frac
ture density values) of approximately 100 to 250 m depending on the 
tectonic episode involved together with the likelihood that fractures 
are grouped in "structures" of varying and "nested" scales involving 
"structures" tens, hundreds and without doubt also thousands of metres 
in extent. 

- It proved possible to draw up fracture density charts (with isolines): 
data-smoothing charts which allow estimates to be made (standard devi
ation charts) and simulation maps giving a detailed picture of varia
tions in fracture density. 

- The prerequisites for the analyses of fracturation, that are essential 
if representative geostatistical results are to be obtained, were 
determined. 

By contrast, the results of structural analyses of tine massifs 
studied suggest that the small fractures (persisting for metres or tens 
of metres) and mesoscale fractures (tens to hundreds of metres) appeared 
before the major faults. The result has been a completely new model for 
fracturing which is valid both in the vertical and the horizontal 
plane : major faults of well-defined thickness varying from a metre to 
several tens of metres cross most of the zones with a high density of 
small and medium sized fractures, but they also sometimes cross zones 
with a low fracture density. Some zones with high densities of small 
and medium sized fractures are, however, to be found in areas not 
crossed by major faults. 

In terms of studies on deep storage sites in granite for radioac
tive waste it can be concluded that it is possible to assess the level 
of fracturing at a depth of 1 000 m using the results of fracture 
studies carried out on the surface over some tens of square kilometres 
and also that it is necessary to locate not only the major faults but 
also to study the spatial distribution of the orientation and density of 
small and medium-sized fractures, these being studied directional family 
by directional family and system by system. 

Both at the surface and at depth, interpolation of the results ob
tained with virtually ramdom or linear surveys of minor fracturing can 
be carried out using statistical and geostatistical techniques to pro
duce maps and sections for estimating and simulating fracture orienta
tion and density. The fracture distribution model produced can provide 
guidelines for data sampling surveys and simplify the interpolations 
which have to be made between the surface and locations at depth. 
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1.3 Study of the scaleeffect in the underground laboratory at Fanay
Augères 

The IPSN's Département de Protection Technique has been responsible 
for carrying out a number of methodological and fundamental studies on 
the properties of fissured rock, especially granites. Λ site with suit
able conditions vas therefore sought with the final choice being the 
mine at FanayAugères, 20 km from Limoges, in the Crouzille mining 
region, which is run by the Cogema Company of CEA. This mine is in the 
Saint Sylvestre (see Fig. 1) granite massif which is a medium to large
grained twomica leucogranite in a 20 χ 30 km mass dating from the 
Namurian age approximately 320 million years ago. This massif is in
trusive in metamorphic formation and crossed by major NW/SE faults which 
contain uranium deposits. The well documented nature of this mine is 
due not only to mininglinked research but also to the structural and 
hydrogeologicai work carried out by the BRGM and the Paris School of 
Mines for the DGRST (General Delegation for Scientific and Technical 
Research) and, in the field of fracture analysis, for CEAIPSN. 

The experimental zone finally selected is a stretch , approximately 
100 m in length, of a gallery at the socalled 320 level, which is actu
ally about 170 m below the ground, the topography in this region being 
very irregular (cf figures 2, 3 and 4). 

1.3.1 Evaluatary study of the site (7) : It was Uien decided to 
commission the BRGM and the Paris School of Mines to carry out a number 
of studies to provide a definitive assessment of the site, comprising : 

 A detailed structural analysis : 
This involved a systematic survey of all discontinuities on the 

eastern wall of the gallery over a height of 2 m, these then being stud
ied in great detail. In this way, 14 fracture families were ident
ified. Most of these were not persistent (only 6 % exceeded 3.5 m) and 
the majority were isolated; two thirds had no visible opening, 44 % 
appeared to be wet and 5 of the 14 families seemed likely to be involved 
in hydraulic conductivity. 

 Borehole tests : 
Six cored bores varying in length from 8 to 16.70 m were drilled in 

the rock surrounding the gallery in order to determine the position of 
major tectonic features nearby together with the characteristics of 
natural fracturing and the hydraulic state of the rock mass. All six 
bores were fitted with piezometers to measure the massif's hydraulic 
pressure near the end of the bore holes. 

Extremely consistent pressure measurements over time, varying from 
a few decibars to approximately 2 bars, show that the massif around the 
gallery is thoroughly saturated although pressures are low as a result 
of disruption from mining work. Pressure distribution is very even. 

 Discharge measurement in the gallery : 
Suitable equipment was installed in the gallery to measure water 

discharge flowing from the experimental section. The measured discharge 
rate (5.75 1. perr minute), together with borehole observations, makes 
it possible to estimate the perrmeability of the granitic massife around 
the gallery as being in the order of 10~' to 10

^ m per second. 

1.3.2. The research programme on "scale effects" : This work being 
completei!, it was decided that the site was well enough evaluated for 
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the real research phase to begin. The first stage, in which the FiRGM 
will be working with the Laboratoire d'Informatique Géologique of the 
Paris School of Mines, involves the study of scaleeffects on the per
meability and the dispersion coefficient of the fractured rock. 

This approach was adopted because rrany of the measuring techniques 
used in hydrogeology do not yield a good understanding of the behaviour 
of heterogeneous and almost impermeable areas in a large scale massif. 
It is therefore necessary to determine what influence scaleeffects have 
on the measured values. 

The study is based on measuring discharges and pressures at in
creasing distances from the gallery by drilling out from it radial bore
holes fitted with packers in series that isolate a number of sections of 
each borehole to form independent chambers linked by tuves to the gal
lery. These measurements, carried out at a large number of points, 
should make it possible to determine the permeability tensor. 

It is intended to use the same facilities to study hydraulic trans
mission in the rock by injecting appropriate tracers into the borehole 
at ever greater distances and then recovering them in the gallery. 
Moreover, it has been possible to correlate the characteristics of the 
fracture network, the state of stress of the massif and local per
meability as established by water tests in these same boreholes. The 
research programme comprises the following operations : 

 Permeability studies (phase 2Λ of the programme) 
Drilling 10 cored boreholes, each 50 m long, radiating out from 

gallery 320 : 
These bores are split into three groups, the central one having 

four boreholes and the two end groups being formed of Üiree boreholes 
(8) (Fig. 2). 

Structural survey of all discontinuities apparent in the oriented 
cores taken during drilling. Identification of zones of water inflow in 
the boreholes by placing a single packer in the borehole to allow 
overall measurements of water inflow in that part of the borehole 
between the end of the hole and the packer, approximately 2 m stretches 
being measured at any one time. By subtraction, it is possible to 
arrive at partial inflow figures for each section of the borehole. 

Permeability within the massif is tested by injecting the water 
into a section of the boreholes sealed off by two packers. Tests were 
carried out first in approwimately 10 m stretches of the borehole and 
then in stretches of about 2 m. 

The installed arrangement has seven packes in each borehole forming 
seven separate measuring chambers with the exception of the bores F8 and 
F9 which have only six and rather different lengths of measuring 
chamber. Each chamber is linked with the gallery by two 6/4 rrm rilsan 
pipes which allow waterr to be drained off, pressure to be measured and 
tracers to be injected. Once the multiplepacker system has been 
installed in each borehole, the 70 measuring chambers are brought up to 
pressure and it is then possible to measure discharges and stabilized 
pressures. 

The permeability values obtained during the various tests ranged 
from 1.10~6 to 3.10~10 m per second (the lowest sensitivity level for 
the équipement used) at 10 m, and from 5.10~5 to a value lower than 
6.10~10 m per second at 2 m and 2.5 m. Figure 3, in the form of a 
permeability log shows the results obtained in borehole F 10. The 
considerable variation in permeability within the massif makes it likely 
that there are localized flows. 
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From a structural point of view, there was no direct link between 
the fracture density within the massif and measured permeability. In 
particular, tile most fractured zones do not turn out to be the most 
permeable ones. Permeability is essentially a function of the openness 
of certain fractures and the degree to which they interconnect with 
others. 

Piezometric measuring equipment has been installed in the gallery 
since the beginning of February 1985. Similarly, an impermeable floor 
was laid to allow measurement of the discharges into each of the three 
subsections of the experimental area. Since the beginning of February, 
piezometric measurements have been carried out at regular intervals in 
the 68 chambers now created. These measurements will be continued until 
stable values are recorded. 

Initial assessments were based on data collected during the pilot 
phase and used in an analytical representation of flow that assumes a 
homogenous and anisotropic medium. This gives an average permeability 
value of 2.108 m per second, the anisotropic ratio being 0.3, which the 
highest permeability being at a orientation of 40° from the horizontal. 

A second analysis was made using the METIS bidimensional finite 
element model which represents a vertical cross section of the massif at 
right angles to the axis of the gallery and also takes into account 
other neighbouring mining galleries. The anisotropic ratio ranains at 
0.3 but matching observed discharges required average permeability to be 
reduced to 10~"8 m per second. 

 Research into the effect of scale on dispersion (phase 2B of the 
programme). 

This ongoing experiment involves a study, using tracers, of the 
nature of hydraulic conductivity in the rock around the gallery. The 
tracers are injected into the individual chambers constructed during 
phase 2Λ with the following operations Uien being carried out : 

 Tracer tests by injecting tracers into chambers located further and 
further away from the gallery (scale effects). Different tracers will 
be used simultaneously to shorten the timespan of the experiment. 
The tracers will be collected in the gallery itself, with no attempt 
being made to locate or sample di.rectly from individual fractures 
because it is precisely the overall effect that the experiment is 
designed to study. 

 Studies of the state of stress in the massif (by hydraulic fracturing 
in the boreholes drilled during the gallery assessment phase or by 
overcoring). 

 Interpretation of tracing measurements in terms of a continuous 
threedimensional model representing conductivity around the gallery 
and the calculation of variation in the longitudinal dispersion coef
ficient as a function of distance from the point of tracer injection. 

2. STUDIES CARRIED OUT AT ALTNABREAC IN THE UNITED KINGDOM 

The study of the Strath Halladale Granite in the region around 
Altnabreac in Caithness, Northern Scotland, was conceived as being part 
of a wider research programme into the feasibility of the disposal of 
highlevel radioactive waste into geological formations (9). A need was 
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identified for comprehensive site specific field data from a range of 
potentially appropriate geological environments, directed principally to 
the modelling of groundwater flow and the geochemistry of waste mobilis-
ation and migration. In late 1981, the UK Government changed its policy 
on research into the disposal of high levelradioactive waste and accord
ingly the drilling programme was abandoned. By that time borehole 
drilling had taken place only at Altnabreac and so the need for compre
hensive data remains (10). 

The overall approach adopted during the investigations at Altna
breac was to develop an understanding of the relationships between the 
petrology' and fabric of the rocks, and the hydraulics and geochemistry 
of the groundwaters. Because the site was being investigated for 
research purposes, rather than for repository development purposes, and 
also because Altnabreac was intended to be the first of many sites where 
a deep borehole investigation philosophy would be developed, the 
research programme was not designed to answer site specific questions 
but rather to give an initial feel for the problem. 

The Altnabreac area consists of monotonous gently rolling to flat 
country between 100 and 200 metres above mean sea level which largely 
owes its geomorphological characteristics to denudation by glacial 
processes (11). The terrain is mostly covered by peat, which is often 
underlain by glacial and fluvio-glacial moraine, resulting in poor sur
face exposure of the underlying bedrocks. The geology consists of a 
large easterly dipping granite sheet, the Strath llalladale Granite which 
was emplaced within Moine metasediinents during the final stages of 
deformation (13, 14) (Fig. 4). 

Following a preliminary reconnaissance geophysical survey during 
the drilling phase (15), follow up ground magnetic, very low frequency 
(VLF) electromagnetic, and refraction seisme surveys were carriel out 
(16). The VLF results were able to define a number of conductive zones 
which could be related to the presence of fractures. Regional gravity 
and aeromagnetic data were interpreted in tenns of the Strath Halladale 
Granite being a relatively low density and moderately magnetic body 
extending with depth to between 3 km and 4 km, and also, at a shallow 
depui, well to the east of the mapped contact between the granite and 
the country rocks. 

Three fully cored boreholes were drilled in the area, between 2 km 
and 4 Ion apart, to depths of about 300 m (12). A further twenty four 
shallow boreholes were drilled to depths of about 40 m over a much wider 
area to provide additional regional geological information. 

A weathering profile was seen to exist in the borehole cores fran 
surface down to about 40 m (14). In thin section the major effect of 
the weathering was identified as hydration of micas and oxidation of 
iron oxides, most probably as a result of midly acidic solutions re
charging from the surface. A detailed geochemical analysis of the rocks 
and of the fracture infilling materials was carried out by Storey and 
Lintern (28) (31). They concluded that during and since the intrusion 
of the granite, continuing reactions between residual magmatic fluids 
and introduced meteoric waters acting on the granite rocks, produced the 
minerals forming the fracture infills, alteration phases and secondary 
minerals. The calcites, which are ubiquitous as a fracture infill, were 
shown not to be precipitated from present day groundwaters but from the 
hydrothermal solutions associated with late stage magmatic activity. 

A study of the fractures and faults in surface outcrops and inter
sected by boreholes (13, 19) has shown that the granites have five dis
trict orientations of fracturing, the majority of which are steeply 
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dipping. The Moinian rocks have different major fracture orientations 
Which are all subvertical. McEwen and Lintern (18) note the presence of 
50 m wide zones of high fracture density, which may be continuous over 
distances of at least 1 km and to depths of over 200 m. Mather et al. 
(10) estimate the frequency of hydraulically significant fractures to be 
every 10 m to 50 m. Furthermore, the core analysis shows that there is 
no apparent decrease in fracture density with depth to at least 300 m. 

Λ comprehensive geophysical borehole logging programme was carried 
out (22) with the objective of assessing the geophysical data relative 
to corresponding parameters measured on the core and in the boreholes. 
Many of the logs clearly responded to open fractures, where there is an 
increase in effective porosity. Fracture indices were calculated from 
the sonie, neutron and focused resistivity data and a series of multi 
colour cross plots were used to separately identify fractured and weath
ered zones. A valuable sonde for fracture identification and orientation 
is the acoustic televiewer (21). Non of the methods of fracture identi
fication were able to evaluate the groundwater flow characteristics of 
individual fractures. 

Since the majority of groundwater flow through granite will take 
place tlirough fractures, considerable effort has been placed upon 
understanding the fracture systan. However, the transport of solutes 
through the rock will be attenuated by diffusion of the fracture fluids 
into the rock matrix. The degree of attenuation will be a function of 
the rock porosity. A detailed investigation of the granite (27, 20) 
indicates correlations between porosity, density, state of alteration, 
rock fabric and mechanical strength. It was clear that because of the 
low values being measured, significant differences in porosity can 
result from the use of different laboratory measurement tecliniques. This 
was also true of the different geophysical logging techniques for 
measuring porosity (22). Even so. Storey and Lintern (28) reported that 
the major variations in porosity are related to weathering and 
alteration. There was a marked decrease in porosity between the surface 
weathered granites (about 2°), the altered granites (about 1%) and the 
unaltered granites (about 0.5%). The relatively high porosity of the 
surface weathered granite was ascribed to the expansion of the biotite 
lattice and the resultant formation of radial fractures. 

Laboratory measurements of the stressstrain response of both 
granite and Moine core samples (20), are characteristic of strong 
crystalline rocks containing microrocks. Significant features are the 
initial nonlinearity caused by crack closure, the relatively linear 
elastic region, and the microcrack initation', growth and associated 
dilatancy. The onset of dilatancy is also accompanied by changes in the 
porosity, permeability and thermomechanical properties of the rock. 

A regional hydrogeologicai assessment of the area identified the 
most important surface water and groundwater catchments. This was 
followed up by an airborne thermal infrared survey which was able to 
identify a large number of groundwater discharges (springs) for sub
sequent geochemical sampling. Borehole water level measuranents were 
analysed in terms of flow nets from which it was possible to define the 
regions most likely to reflect high hydraulic com!activity. Of the 
estimated 100 nm groundwater infiltration rate atout 70% is considered 
to provide the base flow to streams and rivers while the remaining 30% 
discharges as distinct springs. In general the surface water and ground
water systems were thought to be in hydraulic continuity and it was 
evident that Une water table is often very close to the topographic 
surface, and in many places coincident with it. 
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Straddle packer tests carried out in the three deep boreholes (25, 
26) revealed hydraulic conductivities over a range of 1 χ 10~12 m/sec to 
2 χ 106 m/sec. The average bulk rock value was 7 χ 10~10 m/sec but 
fracture zones were shown to exceed 1 χ 10~6 m/sec. A non parametric 
statistical analysis of hydraulic conductivity (K) against depth (D) 
revealed the relationship : 

Κ = 1.07 D3.95 

This general decrease of hydraulic conductivity with depui seems to 
apply to both fracture zones and bulk rock irrespective of wether the 
dominant rock type is granite or metamorphosed sediments (32). Hydraulic 
pressure differences between the borehole fracture zones were usually 
about 0.5 m or less, but vertical pressure gradients of up to several 
metres indicated the potential for vertical flow both down to and up 
from depths of at least 300 m. The actual flow regime seemed to be 
related to the topographical position of the measurement borehole. 

Groundwater and surface water samples were taken from the deep and 
shallow boreholes and from the streams, rivers and spring discharges 
(29). Detailed chemical, isotopie and inert gas analyses were consistent 
with a near surface groundwater flow system in which all waters are of 
meteoric origin. Most groundwaters sampled from within the 40 m weath
ered granite zone are dominated by recharge within the last 30 years. 
However, water sampled from about 300 m in one borehole was dated to be 
between 1 χ 10^ years and 2 χ 10^ years ( 30 ). It was further concluded 
that the dominant control on the groundwater chanistry is the fracture 
infilling material and that there is little evidence of reaction between 
the groundwaters and the minerals of the rock matrix. 
The results from the hydrogeological and hydrogeochenical studies 
coupled with the results from the groundwater discharge mapping and 
preliminary flow modelling suggest a near surface groundwater flow 
system related to topography. Recharge and downward flow velocities are 
greatest teneath high ground with steep topographic gradients. Many of 
the flat plateaulike areas, on the other hand, represent regions where 
tine groundwater surface is coincident with the ground level, which 
results in permanent saturation. At the breaks of slope down gradient 
from these areas, groundwater discharges often give rise to spring 
derived surface water streams and tributaries. These groundwater dis
charges not only form the headwaters to rivers but also provide the 
natural drainage from the plateaulike areas, whose groundwater levels 
are in turn maintained by local topography (24). 

The major part of the groundwater circulation consists of recently 
infiltrated groundwaters being recharged into the higher ground and 
following predominantly subhorizontal flow lines within the near 
surface superficial, deposits and weathered granite, to be discharged as 
base flow in Ule river valleys. Mature groundwaters upwelling from deep 
within the granites seems unlikely, except on a localised basis when 
associated with major faults and fracture zones. 
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FIGURE 1  Tne Auriat borehole : graphs of the number of fractures 
within each 5 m stretch (after Gros, 1982). 
h = steeply dipping fractures (dip > 60°) 
Β = gently dipping fractures (dip < 30°) 
• major faults 
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FIGURE 2 - Perspective drawing of the experimental zone in the gallery 
at Fanay-Augères and of tine three radial borehole-profiles. 
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FIGURE 3  Permeability log from borehole F 10 
Graphs 1, 2 and 3 correspond to measured borehole sections 
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DISCUSSION 

J. HADERMANN, NAGRA Baden 

In one of the slides, the fracture frequency has been shown. To 
perform a safety analysis, it would of course be interesting to know 
the percentage of void carrying fractures. Are those values known, and 
how can they be measured? 

A. BARBREAU, CEA FontenayauxRoses 

The cinematic porosity of the Auriat granite was found to be signifi
cantly lower than 1%. Of course, it is rather difficult to establish a 
correlation between the density of the fractures and the fractures 
playing a role from the thermohydraulic conductivity point of view. 
Studies are in progress and measuring the density of the fractures is 
one of the problems to solve. 

It is highly probable that in reality, in a factured formation, the 
percentage of water conducting fractures is very small. In the Auriat 
formation in particular, conducting fracture density is very low; some 
specific zones excepted, the measured permeability is in the order of 
10 to 10 m/sec, which is at the detection limit of the existing 
measurement techniques, like pulsetest, slugtest and injectiontest. 
In this formation, where a big amount of fractures exists, most seem to 
be filled by materials like calcite, clay and silicates. 

S. 0RL0WSKI, C.E.C. Brussels 

What are the trends of the evolution of porosity and fracture as a 
function of depth? For the Altnabreac formation for example, it has 
been stated that the porosity diminishes with depth. Is this a general 
statement, and over what range of depth is it valid? 

A. BARBREAU, CEA FontenayauxRoses 

It has been observed, going to a depth of 1 000 m in Auriat and to 
somewhat less in the case of Altnabreac, that the hydraul_ic conductivi
ty_diminisb.es over the first hundreds of meters from 10 or 10 to 
10 m/sec. Going deeper than 400. x>r 500 m, hydraulic conductivities 
of 10 to 10 are reached, 10 being the limit for the measure
ment techniques. This is true for the Auriat and Altnabreac forma
tions, and no generalization to other formations should be made. UK 
researchers suggest an approximation : 

3.95 
Κ = 1.7 χ D 

Κ being the hydraulic conductivity and D the depth below gound level. 
In Sweden, correlations have also been published, giving the permeabi
lity as a function of depth. Despite the fact that the trends are 
known, it must be stressed that additional measurements are necessary. 
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Effectively, the value of permeability is important when evaluating the 
transfer conditions for the geological barrier. There is no particular 
difficulty in performing such measurements, as the techniques required 
are available. 
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ABSTRACT 

This paper reviews work in France and England on four scientific 
topics associated with the radioactive waste management research 
programme for the Commission of European Communities. All are 
concerned with burial of waste in granites. 

Radionuclide movement 

Convection of radionuclides with flow of water through fractured rock 
will be both retarded and dispersed by several processes. These are 
discussed and the data needed to quantify both the flow and convection 
are specified. The question of how best to model these phenomena 
mathematically is considered and partly answered. 

Field measuring techniques 

Established and new geological methods for detecting fracturation, 
involving measurements from boreholes have been proved. A piezofor 
method of measuring hydraulic pressure fields without perturbation of 
these fields by the boreholes used, has been developed. 

Mechanical and thermal properties 

The main physical and mechanical properties - density, porosity, 
strengths, elastic limit, moduli, Poissons ratio - have been 
determined both at ambient and elevated temperatures up to 200°C. 

Dissolution of vitrified waste 

Data are given for the products of dissolution of borosilicate glass 
with granite in de-ionised water at 50 MPa pressure and temperatures 
up to 350°C. 
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1. RADIONUCLIDE MOVEMENT THROUGH FRACTURED GRANITE 

Convection in any water flow is likely to be the means by which most 
of the radionuclides leached from waste deeply buried in the earth may 
return to the surface. Quantification of these returns in terms of the 
totals, concentrations, times and places of radioactivity arriving at the 
surface is necessary to assess their biological consequences and much 
experimental work and mathematical modelling is being done to try to 
predict these quantities. 

This section of the paper reviews experimental work being done in the 
MIRAGE programme to study water flow and radionuclide movement in granites. 
It describes the phenomena which have been investigated and suggested to 
the mathematicians to be important in formulating models and it summarises 
the data determined in field and laboratory experiments and needed to 
quantify these phenomena. It also considers the different mathematical 
approaches which may be taken to modelling the movement and it tentatively 
suggests the optimum approach. 

1.1 IMPORTANT PHENOMENA AFFECTING THE MOVEMENT AND DATA NEEDED 
1.1.1 Nature of the water flow 

Because the radionuclides are convected with the water flow, it is 
obviously necessary to have a thorough understanding of this flow. The 
fracturing of granites generally is such that the movement of water through 
them is expected to occur mainly as flow in discrete fractures or fractured 
zones. This leads to the question of how much residual flow occurs as 
permeation through the intact rock between fractures, which flow will of 
course depend on the permeability of this rock. 

Values of this permeability have been measured for various granites in 
laboratory tests and, hence for any hydrostatic pressure gradient through 
the rock, the permeation can be calculated. Comparison of this with the 
fracture flow cannot however be readily made. The reason for this is that 
the fractures vary widely in size as measured by hydraulic transmissivity 
or effective aperture. For example, the distribution of apertures in 
Cornish granite (Figure 1) shows more than a tenfold variation above the 
experimental limit of detection of individual fractures. To make a 
distinction between permeation and flow through the large number of small 
fractures is therefore experimentally difficult because of the problem of 
identifying and measuring the flow in all the small fractures. 

For quantification of the water flow per se in terms of volume flow 
rate, this distinction is unimportant and, provided both the flow 
characteristics of the identified fractures and the residual equivalent 
permeability of the unidentified fractures and the rock are measured, the 
total volume flow can be calculated. It is nevertheless necessary to make 
this distinction or at least to know how most of the flow occurs, if the 
convection of radionuclides is to be realistically quantified. This is 
because the important phenomena of retardation and dispersion of this 
convection are affected differently by fracture flow and permeation, as 
described below. 

Accordingly, techniques have been developed for identifying and 
locating progressively smaller fractures until data have been obtained for 
those fractures through which most of the flow occurs. Essentially this is 
done both by searching for the appearances in one drill hole of radioactive 
tracers pumped into fractures in other holes in tracer tests (Bourke, 1981) 
and by reducing the axial pressurised length between packers until two 
conditions are met in injection tests (Bourke, 1982; Heath). The first 
condition is that the flow measurements and the logging of the hole and 
examination of its drilling core should show there to be only one or no 
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water-bearing fracture in most test lengths. The second is that the total 
flows into the rock between these fractures is small compared with the 
flows into the fractures. The residual permeation may then be neglected 
with only small error in modelling of the flow as if it were wholly through 
discrete fractures. 

1.1.2 Data needed to quantify flow 
The individual water-bearing fractures are taken to be discrete, 

planar or at least two-dimensional flow paths. Data for granites show that 
the fractures have a tendency to occur in sets or groups with orientations 
in particular directions, but do also occur with other orientations. They 
therefore intersect each other frequently to form a more or less random 
three dimensional pattern of two dimensional flow paths. 

To quantify the flow through such patterns of fractures, it is 
necessary to have data for four of their characteristics: 

- occurrence or separation through the rock 
- orientations in space 
- intersections between fractures 
- hydraulic transmissivities or equivalent apertures. 
Before any modelling of the flow, it is however necessary to consider 

two further points. 
Firstly, the fracturing in several granites in which hydrogeologlcal 

investigations have been made is such that there are both a few major 
fractures or wide (metre) zones of locally high permeability and large 
numbers of small fractures with narrow (millimetre) apertures. The former 
are likely to have rapid flows and the main barrier to return to the 
surface may be the rock between the buried waste and these major fractures. 
At any site envisaged for burial, they must be individually located and 
characterised, and the waste should be put as far as possible from them. 
The latter are generally so numerous that they have continuous 
distributions of occurrence (Figure 2), orientation (Figures 3 and 4) and 
aperture (Figure 1). There will be too many for all to be individually 
mapped and they will have to be treated statistically in modelling the 
flow. 

Secondly, because of the compressive stress through the rock due to 
its weight, all fractures will have extensive areas of contact between 
their faces. These will form islands of no flow around which the water 
will flow in channels. For example, flow between two holes drilled to lie 
in the plane of one fracture in Cornish granite was such that most (80+%) 
of the flow into the receiver hole entered it along only a small (20-%) 
part of its length (Figure 5) suggesting that channels of flow occupy 
little (10-%) of the fracture area. For calculating the total volume flow 
through fractures, hydraulic apertures of equivalent parallel walled slots 
are adequate. These apertures are, however, insufficient for calculation 
of the radionuclide retardation and dispersion for which distributions of 
the dimensions and areas of channels are necessary. 

A further important aspect of this second point touches the 
interpretation of the fracture occurrence data. This is that if the 
average dimensions of islands of no flow are large compared with the 
diameter of the hydraulic test holes, then these holes will intersect some 
water-bearing fractures in the no flow areas and these fractures will not 
be counted as water-bearing. Given adequate statistics for the dimensions 
of the no flow areas, this effect can be taken into account in modelling. 

1.1.3 Retardation and dispersion of the radionuclide convection 
Water contacting the buried waste will leach radionuclides out of the 

waste matrix material. These will slowly diffuse through the engineered 
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barriers to the surrounding rock to be convected away in any flow through 
the fractures. This phenomenon will therefore produce a slow rise and 
later fall in concentrations of radionuclides in the flow until all that 
have not decayed are eventually released. These radionuclides may be 
present either in solution or as colloids. 

This concentration pulse will tend to move with the flow but will be 
subject to retardation and dispersion. 

Retardation will occur due to diffusion from the flow into stagnant 
water in the porosity of the lowly permeable rock between fractures (Lever) 
and by any sorption on this rock followed by desorption and diffusion back 
to the flow as the concentration pulse moves onward. Colloids may also be 
retarded by filtering on infilling material in the fractures. These 
processes are wholly beneficial because in retarding the convection they 
increase the time for decay and delay and reduce the total amount of 
radioactivity returning to the surface. 

Dispersion will occur due to several processes; diffusion in all 
directions in the water, hydraulic mixing of the flows both within 
fractures and at fracture intersections and by slow diffusion into and back 
out of the rock. Such dispersion is beneficial in that it reduces the 
maximum concentration in the pulse. The first two processes however also 
accelerate the convection of some radionuclides to the surface and are 
therefore partly detrimental. 

The extent to which retardation will occur will depend on the kinetics 
of diffusion and sorption in the rock, on its thickness between fractures 
and the time available for these processes. This time will be the time it 
takes the concentration pulse to pass points along the leakage path. At 
the start of this path it will be the time for release of radionuclides 
through the engineered barriers. Although this time will be long, the time 
needed for slow diffusion and sorption throughout large thicknesses of rock 
may be even longer and the maximum partition of radionuclides between the 
flow and the rock and, hence, the maximum retardation may not be obtained 
initially. Dispersion along the leakage path will, however, progressively 
increase the time of passage of the pulse and hence there is interaction 
between dispersion and retardation and the latter will increase 
asymptotically towards the maximum possible. 

It may be noted that the above processes are markedly different from 
those producing retardation and dispersion in highly permeable rocks in 
which the flows spread throughout their volumes. Hence, for rocks in which 
most of the flow is through fractures, equivalent permeability and porosity 
of the fractures are not appropriate for quantifying the radionuclide 
movement. 

1.1.4 Data for Retardation and Dispersion 
In addition to data about the geometry of the water-bearing fractures, 

to calculate retardation and dispersion, data are also required for 
diffusion, porosity and sorption in the rock. 

Techniques have been developed for studying diffusion of non-sorbed 
radionuclides through intact rocks (Bradbury, 1982; Hemingway). 
Measurements of the initially transient and latter steady diffusion rates 
are made with constant concentrations in water at the opposite faces of 
specimens of various thicknesses. Analysis of the results provides data 
both about the total porosity of the rock, and its division into 
interconnected pores which extend long distances and short, cul-de-sac 
pores and about effective coefficients of diffusion. Values of porosity 
range from 10-2 to 10-L| of up to a half may be in cul-de-sac pores. 
Diffusion coefficients, reduced by the presence of the rock and tortuosity 



546 Bourke et al.: Associated research and development 

of the pores to much less (yrjurnj) than the corresponding values in water 
alone were obtained for several granites. These techniques and data are 
generally considered adequate. 

Data for sorption are very numerous but may not be wholly 
satisfactory. The main reason for this is that they have been mostly 
obtained by the batch technique. In this, the rock is crushed to small 
(millimetre) sized pieces and immersed in water with radionuclides in 
solution. Their concentrations in the water are monitored until they have 
fallen to a steady values when equilibrium sorption is assumed and its 
coefficients are calculated. Uncertainties with this technique are that 
the new surfaces exposed in crushing may increase the sorptive capacity and 
that slow changes in concentration may make attainment of equilibrium 
too long for convenient experiments. Further, even the reproducibility of 
data in batch measurements is poor - in a trial with nominally identical 
conditions in six laboratories disagreement by factors of 100 could not be 
explained. So the accuracy of such data must be seriously in doubt. 

For these reasons other techniques for measuring sorption are being 
developed (Bradbury, 1985). These basically involve using large specimens 
to avoid measurements with large new surface:volume ratios and pumping the 
water through the specimens with rapid convection rather than slow 
diffusion to bring the sorbates to the sorption sites and hasten 
equilibrium. Preliminary results for the sorption coefficients of 
strontium and caesium now being measured are a hundred-fold smaller than 
corresponding results obtained using the batch technique. 

1.2 TWO APPROACHES TO MODELLING MOVEMENT 
For predicting flow and movement in fractured media, two different 

approaches are being followed: 
- the equivalent continuous porous medium (ECM) 
- the discrete fracture characterisation (DFD). 
These approaches, the incentives to use one or the other, or to 

combine them, their disadvantages and their different requirements for 
experimental data are described here. 

1.2.1 The equivalent continuous medium 
This is the traditional approach to describe fractured media. It is 

assumed that fractured media can be treated as a continua, when considering 
volumes greater than some minimum, the Representative Elementary Volume, 
(REV) which encompasses statistically representative ranges of the 
variables of the relevant properties. 

Incentives 
a) Numerical and analytical models of porous media are well 

developed and can be used for prediction in one, two and three 
dimensions. 

b) Characterisation of the system only needs the equivalent 
properties of the medium. 

c) No complex description of the medium, which is very difficult to 
collect, is needed. 

Disadvantages 
a) From recent work on the discrete fracture approach, it is clear 

that the ECM can be applied only if the occurrence and 
intersection of the fractures are such that a percolation 
threshold is reached. Below that threshold, their will never be 
an equivalent medium, and, whatever the size of the REV, the 
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medium cannot be described by this approach because the degree of 
connection of the fractures is too low to ensure equivalent 
porous flow (see Robinson, 1984; Goblet, 1984, 1; Charlaix, 1984; 
Marsily, 1985). 
Further, even when the percolation threshold has been passed, the 
size of the REV at which the ECM is valid can be shown to be a 
function of the occurrence and intersection. Close to the 
threshold, this size can be very large. Also there is the 
possibility of local clusters of fractures not connected to the 
main pattern of interconnected fractures which would adversely 
affect the accuracy of the ECM approach (see also implication on 
data acquisition for a further discussion). 

b) Even if the ECM is applicable above the percolation threshold, 
the size of the REV may be large compared with some of the 
volumes for which predictions are needed. For example, the 
average flow through the total volume of a repository may be 
predicted using the ECM but this will not give any information 
about the probably large variability from the average with 
position within the repository volume. 
Such information may be needed to predict the different corrosion 
rates of canisters, leachings of the waste limited by leach rate 
or solubility and convection of radionuclides away from 
individual packages, all of which depend on the local flow rather 
than the REV average. Concerning this last point, it must be 
said however that the variability of the velocity in the medium 
is represented, in the ECM, by the equivalent hydrodynamic 
dispersion coefficient. Provided that this can be estimated (see 
data acquisition), and provided that the distance between the 
repository and the surface is large enough, compared to the REV, 
the ECM approach can perhaps still be used. This remains to be 
proved. Experiments in France on the scale effect in fractured 
media are intended to do so (Dieulin, 1984; Durand et al. , 
1984). 

c) Describing radionuclide movement using the ECM is questionable 
because it does not explicitly take into account one important 
retardation mechanism; matrix diffusion. Further colloid 
transport may be poorly described in the ECM but so little is 
known so far about movement of colloids in fractures that this is 
not yet a major objection. 

Implications for Data Acquisition using the ECM 
a) Field measurement of hydraulic properties of the ECM must be made 

over volumes comparable with the REV. The Cornish data for deep 
granite shows the average separation between water-bearing 
fractures to be about 10m and, taking the REV to have dimensions 
of ten times this length, suggests that the minimum volume for 
measurement will have dimensions of about 100 m. 
It is highly questionable if local hydraulic tests in boreholes, 
or even cross-hole test between boreholes (e.g. sinosoidal 
testing) can determine the average permeability to use in a ECM. 
It may however be possible to calibrate digital ECM models of 
sites using pressure measurements in various boreholes and 
flowrates in the underground drifts to estimate the average 
permeability. The comparison of the measured and model predicted 
heads and flow rates in the URL at Whiteshell in the AECL 
programme will be highly interesting. 



548 Bourke et al. : Associated research and development 

b) Tracer tests, to determine the dispersion coefficient 
representing the variability of the velocity, will have to be 
made at large scale, probably larger than the REV. This may 
result in their requiring inconveniently or impractically long 
times of years, or perhaps tens of hundreds of years to complete. 
Naturally occurring tracers might be used but this is not yet 
established. 

c) Independently of the variability of the water velocity, the local 
volume flow rate will also vary with the fracture variables. As 
described above, its local values are needed to predict the 
behaviour of individual waste packages. It may be possible to 
determine these values from measurements of flows into holes for 
packages when the repository has been built. 

d) Because of the existence of the percolation threshold, it will be 
necessary even using the ECM to determine the fracture occurrence 
and intersection for assessment of whether or not the ECM can be 
justifiably applied. Furthermore, these fracture variables will 
also be needed to predict matrix diffusion and sorption. 

1.2.2 Discrete fracture description 
In this approach, to determine the volumes, velocities and mixing of 

the flow, probability distributions of separations, orientations, effective 
hydraulic apertures, intersections and channelling of the water-bearing 
fractures are required. These distributions are randomly sampled to obtain 
a notional representation of the real fracture pattern and the flow through 
this is then calculated. This process is repeated many times and the 
calculated volume flows, velocities and mixings are averaged to obtain 
estimates of their means and variations, i.e. the Monte Carlo method. 

In present developments of this approach, the flow is generally 
calculated in each fracture using the cubic laminar flow law, assuming no 
head loss at each fracture intersection. Channelling in fractures is not 
yet included. The radionuclide movement is assumed to be mixed inside 
fractures or at the intersections, or, as a limiting case not to be mixed 
at all (Endo, 1984). 

The models using this approach are still in an early stage of 
development, at least in three dimensions. The various published 
two-dimensional models are only conceptual tools, and are unrealistic for 
repository predictions. (Robinson, 1984; Long, 1983; Rouleau, 1984; 
Schwartz, Smith, 1981.) 

Incentives 
a) Data on fracture variables are being collected; either by 

observation on outcrops, in drifts, and in boreholes, and by 
hydraulic and tracer testing in boreholes (e.g. Bourke, 1984). 
Such data can be be used to obtain a better understanding and 
description of flow in fractured media. 

b) The description of the variability of flux and velocity in the 
medium is easily obtained from the fracture variables, by the use 
of the Monte Carlo method. 

c) Realistic description of matrix diffusion, of sorption on 
fracture walls, and perhaps on colloid transport requires to use 
the DFD. 

d) The DFD is the only possible approach if the network is below or 
close to the percolation threshold. However, it is not clear at 
present if actual fracture patterns are close to the percolation 
threshold: due to their tectonic origin, it may very well be 
that all fracture systems are initially systematically above 
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percolation threshold. In this case, the below-percolation 
behaviour which has been reported (Marsily, 1985) may be due to 
partial sealing of the fracture planes by precipitation. See 
also disadvantages. 

Disadvantages 
a) In the DFD, it is in principle necessary to describe the complete 

fracture pattern to make predictions and this must be done in 
three dimensions to be realistic. Hence data for the fracture 
variables over the whole of volume of interest is needed. 
Fracture variables, for example occurrence (Beucher, 1983; 
Beucher, 1984), vary in space and it is probably not valid to 
assume statistical homogeneity. 

b) The channelling inside a fracture plane is still conceptually 
difficult to introduce in the models (see data acquisition). 

c) The mathematical modelling of flow in three dimensions is not yet 
adequately developed. Even if feasible, some kind of 
simplification will probably be necessary in order to make the 
approach tractable. 

Implications for Data Acquisition using the DFD 
a) It is important to obtain required properties of water-bearing 

fractures singly and this can probably be done only by hydraulic 
and tracer tests of representative numbers of individual 
fractures. 

b) It is essential to determine the extent to which channelling 
occurs in the fracture plane. This will necessitate a large 
number of single fracture tests rather than one large-scale test 
(although some assessment of channelling might perhaps be 
obtained from the interpretation of a large-scale tracer test 
using a DFD model). 

1.2.3 Combined approaches 
In view of the disadvantages of both approaches, it is clearly 

desirable to try to find improvements. Possibilities which can be 
suggested and seem promising include the following. 

Double ECM approach 
It may be possible to improve the ECM approach for calculations for 

large volume by a double medium approach. In this, two ECMs are 
superimposed, one to represent the fractures and one to represent the 
matrix, with exchange of radionuclides between the two. Note that it is 
still essential to obtain field data for separations between water-bearing 
fractures in order to determine, the dimensions of the matrix in which 
diffusion occurs. 

A formulation was recently proposed (Neretnieks, 1984) to introduce 
matrix diffusion in an ECM with varying block sizes using the concept of a 
pseudobody inside an REV. The diffusion from the fractures inside blocks 
is assumed to depend of the distance between the fracture and each point 
considered in the block All the inner surfaces of the blocks situated at a 
same distance from the closest fracture are thus agglomerated in an 
equivalent surface for a single fictitious block. The same procedure for 
all the possible distances produces an equivalent block, the pseudobody, 
which has approximately the same diffusive behaviour as the set of blocks 
it replaces, since a relationship between distance from the fracture and 
surface offered to diffusion is globally conserved. The diffusion equation 
inside this pseudobody is then solved by integrated finite differences. If 



550 Bourke ef al. : Associated research and development 

sorption on the fracture walls is also to be included in the ECM, the 
density of fractures is also required. 

Discrete major fractures in an ECM model 
Where a small number of major faults or fracture zones are observed in 

a fractured medium, they can be introduced explicitly in an ECM model. 
This was done in the Finite Element code METIS (P. Goblet, 1984, 2) by 
using in two dimension special linear elements between the usual 
quadrilateral elements. 

Use of a DFD for estimating the average properties of an ECM 
Where field observation shows the medium to be fractured and data for 

the fracture variables has been obtained, a DFD may be used to determine 
both the minimum values over which an ECM is justified and its equivalent 
properties. 

Use of DFD at small-scale, and of an ECM at large-scale 
One could very well conceive of a three-dimensional DFD embedded in a 

porous equivalent medium imposing the boundary conditions at the limit of 
the DFD. The former would be used to predict, e.g., small-scale repository 
behaviour, where the ECM is not valid, and the later the large-scale flow 
(and movement) in the medium away from the repository. This ECM could have 
some discrete fractures, in the second combination above. 

1.3 CONCLUSIONS 
(i) Because of the phenomena occurring, it is essential for any 

realistic prediction of radionuclide movement through fractured 
rock to obtain statistically representative data for: 
- occurrence or separation 
- orientation in space 

intersection 
- apertures 
- channelling 
of the main, individual, water-bearing fracture and for: 
- diffusion 
- porosity 
- sorption of the worrisome radionuclides 
in the rock between fractures. 

(ii) Neither the equivalent continuous medium nor discrete fracture 
approaches to modelling movement is wholly satisfactory because 
both only approximate reality and ideally require more data than 
are and, perhaps, can be obtained. A combination of the two 
approaches with field work to obtain carefully and clearly 
specified data may be the best - but not necessarily a good -
compromise for practical predictions. 

2. FIELD MEASURING TECHNIQUES 
2.1 GEOPHYSICAL METHODS OF DETECTION OF FRACTURATION 

Because of the importance of fractures for radionuclide movement, the 
Bureau de Recherches Géologiques et Minières has for four years been 
working on the detection of fracturation by geophysical methods from 
boreholes. 

During the first half of this period, classical logging, together with 
new electrical dipole-dipole probes, has been used in boreholes to 
characterise the fracturation in their vicinity (10 cm to some metres). In 
the second half, a wider (decametric to hectometric) range of investigation 
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has been looked for, using basically electrical methods, with cross-hole or 
hole-to-surface arrays. 

Borehole logging 
Field work has been emphasised in the first period, essentially on the 

two 500 m and 1000 m boreholes of Auriat (Creuse). Electrical 
(resistivity, SP and IP), nuclear (gamma-ray, gamma-gamma, neutron probe), 
and sonic logging has been used along with of these diamond drilled 
boreholes. We could then compare these field results with the direct 
observation of fracturations (diamond drilling), in terms of fracture 
frequency (number of open or closed fractures per metre). 

Four physical parameters are adequate to characterise the 
fracturation: neutron-porosity, gamma-density, normal resistivity and 
propagation speed (sonic). Cross plots between each of these parameters 
and the observed open fracture frequency have shown good correlation. This 
result proves the possibility of estimating the fracture frequency in 
crystalline rocks from geophysical logging. 

Correlation between these physical parameters and the closed fracture 
frequency is not so good, which implies a good discrimination between open 
and closed fractures. 

DIDIER probe 
To increase the necessarily small (decimetric) range of investigation 

from the boreholes of these methods, we adapted from classical surface 
surveys, the electrical dipole-dipole method, and created a new electrical 
probe, named DIDIER (see array on Figure I)· Its theoretical response on 
various conductive thin features has been calculated by one- and 
three-dimensional modelling. Its main interest is to estimate the lateral 
extension of a conductive fracture which has been evidenced by classical 
logging. The lateral range of investigation from the borehole is 
plurimetric to decaraetric for this DIDIER probe (depending on the 
transmitter-receiver length). 

Electrical extension methods 
Electrical properties of rocks, only, have been used in our second 

2-year research programme: we intended to increase the range of 
investigation of the geophysical methods by using two different locations 
for transmitter and receiver, either two boreholes (cross-hole technique or 
a borehole and the surrounding surface (hole-to-surface methods). 

In spite of the emphasis of the theoretical part (modelling) of this 
research, a field work has yet been undertaken in order to compare 
theoretical results to actual field data. 

Two different programs have been created or adapted for electrical 
one- or three-dimensional (ELEC3D program) modelling. Two general types of 
models have been taken into account: 

finite, or infinite, thin conductive bodies embedded in a 
resistive homogeneous (or layered) halfspace, supposed to 
account for a single fracture; 

- finite massive conductive bodies accounting for zones of 
maximal fracturatlon in a crystalline matrix. 

Cross-hole electrical method 
The electrode array for the cross-hole (MIMAFO) technique can be seen 

on Figure 6. The potential V due to every current source A (one injection 
at a time) is recorded continuously along the receiving borehole. The 
knowledge of the complete distribution of potential for numerous sources 
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regularly spaced in the injection borehole leads to an electrical 
tomography of the boreholes' environment. 

We studied (with 3D modelling) the theoretical influence of the 
thickness, the lateral position, the orientation, dip and resistivity 
contrast of the conductive heterogeneity, and of the distance between 
boreholes. Combination of various criteria (potential, vertical electrical 
field, apparent resistivity) enables us to assess (or not) the continuity 
of conductive features between the boreholes, or to detect any anomalous 
zone of higher conductivity in the vicinity of the boreholes. In this 
respect, Figure 2 gives an interpretation of the conductive features 
connecting three couples of boreholes on the granitic site of Le-Mayet-de-
Montagne (Allier). Another experiment at Beauvain (Orne) led us to confirm 
the presence of a massive high-conductivity zone detected by a hole-to-
surface method on this granitic site. 

Hole-to-surface methods 
The BIDIFO method array (a transmitting electrical bipole on the 

surface, a receiving electrode or dipole in the borehole) is described on 
Figure 1. Three-dimensional (3D) modelling has been applied to this 
particular array to characterise the influence of many parameters (size, 
resistivity contrast, dip and depth of the heterogeneity and its distance 
to the borehole) on the 3D response. Using three orientations (every 60°) 
of the transmitting bipole allows us to detect conductive bodies lying away 
from the borehole; we know furthermore the orientation of the anomalies, 
from the borehole, and their approximate depth. Application of this method 
has been undertaken on both sites of Beauvain and Le-Mayet-de-Montagne. 

The ELECENT method array differs from the former one on one point 
(Figure 1): the injection is buried in the borehole, and the measurements 
of the potential and of the horizontal electrical field are done on the 
surface. Using various sources (one at a time) at different depths in the 
borehole allows a better precision in the detection and location of 
conductive bodies. Modelling with conductive cubes or parallelepipeds gave 
more precise the location (azimuth, depth, distance from the borehole) of 
conductive anomalies. An example of interpretation is given for Beauvain 
on Figure 7. 

All of these extensive electrical methods experimental during this 
research (DIDIER, MIMAFO, BIDIFO, ELECENT) could only be effective in the 
field through the use of a three-dimensional modelling technique. This 
programme will still further be improved in order to take into account more 
than one parallelepipedic heterogeneity at a time. 

Our aim, to increase progressively the range of investigation of the 
borehole geophysical methods, has been reached, but these last electrical 
methods cannot give as accurate an idea of the fracturation as the 
classical logging. They are better suited to the detection of big 
fractures and to the location of zones of maximum fracturation in 
crystalline rocks. Traditional logging and extensive methods are, in fact, 
complementary. 

2.2 MEASUREMENT OF HYDRAULIC PRESSURE FIELD - PIEZOFOR METHOD 
In addition to considering the effects of fracture on radionuclide 

convection with water flow, it is of course essential to know the hydraulic 
pressure field throughout the rock and to determine its gradients which 
cause flow. These are primarily dependent on the topography and rainfall 
but are also to some extent dependent on the permeability and porosity of 
the ground. Measurements must therefore be made over the ranges of depths 
and distances of interest. 
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In practice, the sinking of a borehole for measuring the hydraulic 
pressure in an aquifer (the virgin pressure, as the oil industry calls it) 
always involves a risk of modifying the initial conditions. 

The principle of the Piezofor method is to sink a borehole and line 
its walls with a membrane which is leak-tight but flexible over its whole 
length. When the inside of the borehole is kept at sufficient pressure the 
different levels containing fluids are isolated. If we insert in the 
borehole a device consisting of two inflatable diaphragms with which a 
temporary depression can be created in the section thus isolated, the 
membrane is deformed and the establishment of equilibrium in the isolated 
section can be monitored by means of sensors. We then know the hydraulic 
pressure at this level. In this way the whole length of the borehole can 
be explored. 

Given several boreholes close to one another, one can use this method 
to determine the pressure field in the volume between them. 

Installing a flexible membrane at depths of several hundred metres is 
a tricky operation and requires an apparatus consisting of steel tubes 
which are perforated and lined with a flexible membrane. 

The walls are isolated by cementing the annulus between the ground and 
the steel tubes. 

Hydraulic pressure coupling between the tubes and the ground is 
achieved by porous plugs stuck to the tubes at regular intervals. The 
space between the plugs is filled by the cement. 

The instrumentation has now been completed. During the first half of 
1985 the special tubing will be installed in a borehole 250 m deep. 
Hydraulic pressure measurements will be made so that the vertical hydraulic 
gradient of the borehole can be determined. 

3. MECHANICAL AND THERMAL PROPERTIES 
3.1 TEST PROGRAMME 

Studies of rock mechanics in the laboratory offer a fairly easy way of 
obtaining a great deal of information. They are carried out for all public 
works, mining, oil field and hydrocarbon storage projects. The great 
difference between these areas and radioactive waste disposal is the 
introduction of an artificial heat source dissipating a large amount of 
thermal energy on a timescale of geological order (several hundred thousand 
years). 

When exploratory drilling in various granite massifs showed them to be 
suitable for burial of waste samples of the granite were taken and 
measurements were made of their physical and thermal characteristics; the 
temperature-dependence of their properties was also studied. The results 
have been published, and this note provides a summary of them. 

The following measurements were made with test specimens of various 
sizes. 

(a) on granite in its initial stage - normal temperature and 
pressure 
- density 
- velocity of longitudinal waves 
- Young's modulus 
- Poisson coefficient 
- simple tensile testing 

Brazilian tensile testing 
- porosity 
- Mohr fracture envelope 
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(b) on granite in its Initial state - measurements made at 18 to 
200°C 
- coefficients of longitudinal and transverse expansion 

(c) on granite after heating and cooling for periods of 8 days to 
1 month - measurements at temperatures of 100, 150 and 200°C 
- porosity 
- longitudinal wave velocity 
- simple compressive strength 
- compressibility 

(d) tests at temperature 
- simple compressive strength 
- Young's modulus 

Poisson coefficient 
- intrinsic curve. 

3.2 GENERAL RESULTS 
- Natural state 

Physical characteristics 
Longitudinal wave velocity V, = 4900 ras-1 
Density γ - 2.62 
Porosity 1.5 < η < 2% 
Coefficient of volumetric expansion av = 20 χ IO-6 °C-1 

Mechanical characteristics 
Simple compressive strength σ = 160 MPa 
Elastic limit in simple compression σΕ = 125 MPa 
Tensile strength (Brazilian test) ob = 11 MPa 
Young's modulus E = 68 GPa 
Poisson coefficient v = 0.27 

Compressibility 
In a spherical stress field (σ, = o. = ί, = Ρ) up to Ρ = 100 
MPa we find Κ = 50 GPa (modulus of compressibility). We find 
a pressure porosity of 0.55 χ 10-3 for a sealing pressure of 
50 MPa. 

- After heating 
Damage is considerable after 8 days at 100°C. 
There is an increase in microfissuration and the porosity 
increases by 0.6 vol %. The simple compressive strength and 
Young's modulus decrease. 
During heating 
The effect of heat is detectable only at temperatures of more 
than 100°C. 
At 200°C the simple compressive strength and Young's modulus 
decrease by 20%. The porosity changes from 1.5% in the initial 
stage to 2% after 1 month at 100°C. 
The Mohr fracture envelopes curves for samples in the initial 
state and samples heated to 200°C show a loss of strength from a 
containing pressure of 100 MPa upwards (tests carried out at up 
to 250 MPa). 

3.3 COMMENTS 
This programme of measurements of characteristics and of their 

temperature dependence makes it possible to determine the influence of heat 
on samples representing the massif. 

Quantitatively these effects appear as relative variations of several 
per cent. 

When calculations are unable to determine of the various phenomena 
needed in order to understand and quantify the dispersion of radionuclides 
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escaping from a repository, parametric studies make it possible to 
determine the importance of each parameter. 

When any characteristics are measured in the laboratory, however, one 
has to assess the extent to which they are representative from two points 
of view: 

1. the accuracy of the measurements; 
2. how the values measured on the scale of the matrix (the sample) 

relate to those likely to occur on the scale of the repository. 
On the laboratory scale the scatter of the experiments is always 

large. Determination of the various characteristics always requires 
several series of measurements in experimental conditions differing as to: 

• dimensions of samples (effect of change of scale), 
• experimental procedure (e.g. rate of loading), 
• experimental equipment (e.g. stiffness of presses), 
• measurement principle (e.g. standard versus Brazilian tensile 

testing). 
The many systematic studies made in order to explain and quantify the 

influence of all these factors have not led to any final solution. There 
are too many factors involved. 

For any particular case, however, it is possible to improve our 
understanding of the phenomenon at relatively low cost by supplementary 
experiments. 

The problem of relating characteristics measured on samples to those 
measured in situ is a harder one to solve. We know that laboratory 
measurements on samples do not allow for alterations in the matrix (e.g. 
fractures). One is tempted to carry out much more representative 
measurements in situ. But at present this also has its disadvantages: 

- The installation of instruments always modifies the initial 
natural conditions. 

- Setting up the operation and carrying out the measurements is 
very onerous and limits the number of experiments which can be 
made. 

Geophysical measurements in boreholes or underground workings make it 
possible to compare in-situ and laboratory values. They always require the 
performance or use of mining or drilling operations. 

4. DISSOLUTION OF VITRIFIED WASTE 
Four intractions experiments involving a simulated borosilicate waste 

glass, granite and deionised water have been carried out at 100°, 150°, 
200° and 350°C at a total pressure of 50 MPa to simulate the near-field 
geochemistry of a high level waste repository in granite. Experiments were 
conducted in gold-titanium cell, direct sampling autoclaves for run 
durations of 200 days (100°, 150° and 200°C) and 30 days (350°C), during 
which time solution samples were extracted for the analysis of 25 chemical 
species. Solid phases retrieved at the end of the experiments were 
examined using X-ray diffraction and scanning electron microscopy. The 
high temperature speciatlon characteristics and degrees of mineral 
saturation of the fluids were investigated using the geochemical software 
packages, EQ3 and SOLMNEQ. 

Generated fluids were all alkaline (final pHs measured at 25°C) with 
calculated in situ being: 10.0/9.6 (100°C); 9.6/8.9 (150°C); 9.2/8.4 
(200°C); 8.3/7.3 (350°C). Hydrogen ion activity continued to increase with 
time suggesting that pH was limited by the rate of precipitation of 
hydroxyl-consuming mineral phases, principally smectite. The oxygen 
activity of experimental fluid phases were interpreted to be broadly 
'reducing' at 200° and 350°C (dominated by ferrous iron) and broadly 
'oxidising' at 100° and 150°C (dominated by ferric iron). The oxygen 
activity of the fluid phase is directly related to the temperature 
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dependent rate of oxygen consumption by ferrous iron dissolved from the 
granite mineral phases. 

Steady-state fluid phase concentrations were achieved for most 
chemical components during the course of the experiments, the exceptions to 
this showing close approach to steady-state. Consideration of the XRD, SEM 
and modelling data suggest the importance of the following solids in 
controlling the aqueous phase concentrations of various chemical components 
(in parenthesis): smectite (H"1", Al, Mg); amorphous silica (SiO,); albite 
(Na, Al); alkaline-earth carbonates (Ca, Sr, Ba, CO,); zektzerite-
emeleusite (Zr, Fe); lithium-sodium borcsilicate hydrate (Li, B) ; 
ameghinite (B); willemite/smithsonite (Zn); pollucite (Cs); stillwellite 
(La, Ce, Nd). The bulk of these phases precipitate in the 200°C and 350°C 
experiments rather than at 100° or 150°C but an assessment of the thermal 
stability data of these phases available in the literature suggests that 
most will be stable at 100°C or less. The precipitation of these phases at 
100° and 150°C was therefore prevented/hindered by sluggish kinetics rather 
than by thermodynamic instability. The granitic mineralogy persisted 
throughout the experiments, although corrosion of phases was pronounced at 
350°C. Only chloride was destroyed during reaction (at all temperatures). 
Glass persisted at 100°, 150° and 200°C, but was totally consumed at 350°C. 
Natural analogue assemblages of the alteration mineralogy occur as late 
stage veins or pegmatites in granitic or alkaline igneous rocks. 

Results of the experiments confirm the feasibility of the 'fate of 
nuclides' approach to source terra modelling. Radionuclide release from a 
high level waste repository is most realistically modelled as a function of 
solubility and groundwater flux. There is a general coherence of 
geochemical processes operating across the temperature range investigated, 
suggesting that high temperature experiments (T>200°C) are a convenient 
means of accelerating low temperature processes. The observed differences 
between results at different temperatures are attributable to differences 
in precipitation kinetics rather than fundamental differences in reaction 
mechanisms. The effects of increased temperature are to slightly increase 
solubilities or, in some instances, to decrease solubilities of chemical 
components. 
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DISCUSSION 

R. ROMETSCH, NAGRA Baden 

There is a small number of fractures which must be avoided. In the 
preceding presentation, ithas been stated that the average conductivi
ty was around 10 to 10 m/sec. Is it possible to be more speci
fic? What does a small number of large fractures mean? What is their 
dimension and what kind of permeability should be avoided in realizing 
a repository? 

P.J. BOURKE, AERE Harwell 

In Cornwall, a large number of small fractures were found, which show 
continuous distributions of the variables mentioned in the presenta
tion. But one very large fracture was detected at about 700 m depth, 
which cannot be included in the statistics. Similar observations were 
made at other sites. At Whiteshell, going down to nearly a kilometer 
depth, three major rubblized zones have been encountered. In Switzer
land, the observations available show that there might be a few major 
ones, I understood less than 10. The flow in these zones is almost 
certainly rapid and may well be directed back to the surface. The 
repository should be located as far as possible from them, preferably 
half way between two of them. From the limited amount of data avail
able for the sites, the distance between them may be hundreds of 
meters. These hundreds of meters of rock with only small fractures may 
be the main barrier and it is to be hoped an adequate one, if there is 
rapid flow to the surface through the major fractures. 

R. DE BATIST, SCK/CEN Mol 

In the abstract, some results on dissolution of vitrified waste are 
indicated, which have not been mentioned in your presentation. What 
were the main results? 

P.J. BOURKE, AERE Harwell 

The general results of this work, which was done by the British Geolo
gical Society, is that dissolution of waste incorporated into glass 
showed low dissolution rates which, not surprisingly, increased with 
temperature. 
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Summary 

The paper summarises the work carried out under ten Commission 
contracts in the field of backfilling and sealing radioactive waste 
repositories. It covers theoretical, laboratory and field trials and 
experiments involving three potential host types, namely clay, salt 
and hard rock. It concludes that maximum opportunity should be taken 
over the next 15 to 25 years with a view to obtaining first hand 
experience in real ground with real wastes. 

1. Introduction 

1.1 Investigatory boreholes and shafts, as well as the shafts, galleries 
and chambers used in development and operation of a repository may provide 
potential preferential pathways for radionuclide migration to the 
biosphere. Attention must be paid initially to the manner in which these 
works are carried out to minimise the number and magnitude of potential 
pathways and subsequently, in the backfilling and sealing of those 
openings essential to repository development. (Ref.l). 

1.2 The Community research programme has considered disposal in granite, 
clay and salt formations and three important areas have been addressed :-

(i) Buffer materials in the near field (close to the waste 
containers); 
(ii) Backfilling and sealing materials and processes to be used in 
galleries and shafts; 
(iii) Sealing materials and processes to be used in boreholes drilled 
from the surface or from within the repository. 

1.3 The subject of the research work to be presented in this paper, fall 
under five headings :-

(i) Identification of the requirements and the selection of likely 
backfill materials based upon existing knowledge, literature surveys and 
consultation with manufacturers, 
(ii) Laboratory trials with suitable materials including :-

- host clay mixtures for backfilling in clay; 
- processed clays and pre-placed aggregate concrete for 

backfilling in granite; 
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- crushed salt for backfilling in salt, 
(iii) Study of placement techniques and development of prototype scale 
test models to investigate practical processes and verify predicted 
behaviour. 
(iv) Study of the conditions that arise at the interfaces between the 
buffer and backfilling materials, the ground support, and the host rock, 
all of which could have an adverse influence on radionuclide containment, 
(v) Investigations into the development of non destructive tests and 
remote sensing devices to control and monitor the efficacy of backfill and 
sealing materials. 

In order that the subject areas presented can be easily identified and 
pursued, the research work reported in this paper is presented 
sequentially, in alphabetical order by country. 

2. Belgium - Clay Host Ref.2 

2.1 The Mol test facility constructed within the Boom clay formation, is 
at an advanced stage of development. Between 1980-84 different clay based 
mixtures, using Boom clay as the principal component, have been studied as 
potential buffer and general backfill for boreholes, freeze pipes and 
behind the gallery lining. Initially, testing concentrated upon 
formulating and selecting various mixtures and establishing their basic 
mechanical properties. Currently, testing is devoted to investigation of 
the permeability at the interfaces between selected mixtures and the clay 
host. 

2.2 The experimental mixtures investigated comprised Boom clay, bentonite, 
calcium carbonate and Portland cement. Simultaneously, mixtures of 
thermohardening resins (polyurethane or epoxy) with Boom clay were also 
investigated. The properties determined included tensile and compressive 
strength, setting time, shrinkage, density, porosity and permeability. 
Attention was also paid to practical matters relating to placement 
conditions, particularly placement water content and emplacement and 
injection technology, using commercially available grout pumps. The 
Institut National des Industries Extractives at Liege made valuable 
contributions to this work. 

2.3 The most promising mixtures and formulations derived from the testing 
programme comprised :-

Parts % 

remoulded Boom clay 
bentonite CLARSOL FTPI 
limestone 
cement Ρ50 
3 component epoxy resin 

92 
3 
5 

(ii) 
87 
3 
5 
5 

(iii) 
45 

55 

water content (by volume) 60% 65% 

Another mixture, consisting of 50 cc drilling bentonite with one litre 
PPz pozzolanic cement with 0.75 litre of water to each litre of cement was 
used to seal existing vertical freeze pipes and laboratory tests were also 



564 Lake et al.: Backfilling and sealing 

carried out on this material. 

2.4 Currently, research is focussed upon a study of the permeability in 
the interface zone between the selected mixture and the host clay. To 
derive the coefficients of bulk permeability of the clay host and selected 
mixtures, standard soil mechanics consolidometers (oedometers) were used. 
To determine interface and mass permeability directly, a 'macro 
permeameter' was developed by the Laboratoire de Genie Civil of the 
University of Louvain-la-Neuve. The horizontal and vertical permeability 
can be measured, using cylindrical specimens 168 mm diameter by 150 mm 
thickness. 

2.5 In effecting the test, great care is taken in the preparation of the 
test specimens and in the manufacture of the watertight cell (to prevent 
water losses other than through the test specimen). All specimens are 
thoroughly saturated and the pressure gradient through the specimen is 
carefully regulated. An important innovation is the fabrication of a 
'porous stone' annulus to surround the specimen, (when measuring 
horizontal permeability), using a sand/resin mixture. 

2.6 Preliminary testing confirmed that boundary conditions were controlled 
(using a special glue to ensure watertightness) and that the measurements 
made were reliable. Data from tests on the clay/bentonite/limestone 
mixture showed that no significant hardening occurred and that the 
vertical mass permeability ranged from 10 iu to 10 i m/s, agreeing 
closely with data obtained from standard oedometric tests. Currently, 
tests are determining the mass horizontal permeability of the first 
mixture and experiments of the interface zones are to commence soon. The 
three remaining mixtures will be subject to similar test programmes. 

2.7 In the field, experiments have been carried out to extract a number 
of the vertical freeze pipes used to sink the test facility shaft. Ten 
of the thirty two freeze pipes were extracted using hot brine, 100 ton 
hydraulic jacks and a standard drilling machine. Conventional drilling 
muds were necessarily used to seal these freeze pipe holes. In conjunction 
with ISMES attempts are to be made to develop wireless instrumentation to 
verify the quality of insitu plugs. 

3. France - Synthetic and natural clay materials Ref.3 

3.1 It is recognised that there is a need for stress-strain and thermal 
compatability between waste units, buffer backfill and host ground under 
varying and complex thermally induced field conditions. Discontinuities 
forming either within the buffer or host ground or at the interfaces must 
be avoided both to prevent the ingress of corrosive elements and the 
egress of radionucl'ides. Further, the buffer material should possess good 
regulating physico-chemical attributes to minimise corrosion processes and 
absorb and/or delay radionuclide migration. 

3.2 Two basic groups of materials are being studied by CEA for use as 
buffer material, a magnesium rich synthetic material ('Georoc') and 
natural clay. The mechanical properties and physico-chemical properties 
are being investigated. Studies are also being undertaken to investigate 
the thermo-mechanicalbehaviour of the backfilling in relation to the 
vitrified waste and the host rock (granite). 
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3.3 The synthetic (Georoc) material under investigation is subject to a 
French Patent. It has known expansive properties, low permeability, good 
aggregate binding and high strength and modulus characteristics, but very 
low thermal conductivity. It also has a low solubility and would create 
an alkaline environment, desirable in the near field situation. Studies 
are being undertaken into mixtures combining natural clays with this 
manufactured complex magnesium oxide and chloride substance in order to 
improve overall performance, but there is concern over the manufacturing 
capability and hence the supply situation on a major industrial scale. 

3.4 Research is also continuing into the substitution of naturally 
occurring clays for bentonite clays, in order to achieve the optimum 
performance at an optimum cost. Sodium bentonite from Wyoming (Volclay 
MX80) is being used as the reference material, because its properties are 
well documented. Six clays have been studied, four calcium Smectites, 
one sodium Smectite (artificially transformed from the calcium form) and 
one illite. In all the naturally occurring clays, the clay sized 
particles (argillaceous phase) accounts for at least 75% of the material 
and in most between 95 and 100%. 

3.5 It has been demonstrated for clays compacted at low moisture 
contents (0.5% for the smectitic and 4.5% for the illitic clays)that : 

(i) With low compactive effort, the nature and granulometrie 
composition of the clay governs achievable density. 
(ii) With high compactive effort (100 MPa) achievable density is 
dictated by clay type; illite is more resistant than smectite. 
(iii) The free swelling potential of heavily compacted clay in 
unconfined conditions depends upon the clay type (smectites swell more 
than, but more slowly than illites). 
(iv) The swelling pressures developed by clays at uniform density when 
hydrated in confined conditions depend upon the clay type ( 6 MPa for Na 
smectite, 5 MPa for Ca smectite and 4 MPa for illite). 

Future testing will examine the mechanical and compaction responses 
of the clays at different water contents. 

3.6 The third element in the research programme has been concerned with 
modelling the thermomechanical behaviour of the buffer materials and the 
effects upon, and the constraints imposed by, the waste units and the 
host ground. Initially, only thermal effects have been considered, 
assuming the ambient ground loading is developed in the buffer backfilling 
and neglecting the swelling potential of the clay backfill. This approach 
was adopted in the absence of any knowledge on the likely availability of 
free water in the system or on the coupling of hydration and thermal 
effects. 

3.7 The repository model used provided 30 m deep emplacement shafts at 
35 m centres at a depth of 500 m. Each shaft was assumed to accommodate 
15 No. containers, each 0.43 m diameter and 1.33 m high, with a temperature 
of 120°C in the waste unit and 115°C in the buffer material continuing for 
20 years; the temperature falls thereafter. It was concluded that under 
the assumed conditions : 

(i) The thermal effects produce a compressive state of stress in the 
backfill which is less than the available compressive strength of the host 
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ground would not be adversely affected. 
(ii) The stresses induced in the vitrified waste arise from differences 
in the coefficient of thermal expansion and induce only a small stress 
increase in the backfill. 

4. Germany - Salt Ref.4 

4.1 Research and development in backfilling and sealing studies in 
Germany is centred upon the abandoned Asse salt mine although tests are 
being made elsewhere. Use is being made of an existing salt mine located 
some 750 m below surface to carry out in-situ observations and tests as 
well as backfilling and sealing trials. The programme includes : 

(i) Investigations into backfilling disposal chambers, the voids 
between waste containers and the galleries and drifts. 
(ii) Investigations into sealing the chambers, galleries and boreholes, 
(iii) Backfilling and sealing the mine openings and shaft. 

The main objectives are to prevent the distribution/release of radio
nuclides via brine flows, reduce the number of possible brine flow paths 
and fill all voids within the repository environment. 

4.2 The current backfilling programme ialls into three categories : 

(i) Geotechnical in-situ experiments. 
(ii) Complementary laboratory investigations. 
(iii) Handling and placement trials. 

4.3 Insitu experiments have included observations on the comparative rates 
of convergence of open and backfilled (60 years age) drifts and measuring 
the convergence rate and density of the old backfill. Supporting 
laboratory testing has measured permeability, compressive and tensile 
strengths and creep velocities. 

Observations have also been made on the behaviour of gravity stowed 
salt and to determine the influence of the backfill upon the deformation 
of stalls and pillars. Extensometers, inclinometers, flat jacks and 
settlement cells have been used for these purposes and associated testing 
has included drop penetration tests and density measurements. 

4.4 The complementary laboratory testing has involved : confined 
compressive tests on crushed salt and other process residues from the 
factory plant, to determine load deformation behaviour; unconfined and 
triaxial compression testing; permeability measurements (using oxygen) on 
compacted salt-grit specimens; permeability testing using saturated Na CI 
brine on crushed salt specimens, at varying densities, porosity, grain 
size distributions and size ranges. 

4.5 In the general field of sealing, work has been carried out into pre
selection and pre-testing of suitable materials, testing of seals in 
chambers, drifts and boreholes, measurements during the construction of 
seals and controls of the construction process. The current programme 
has involved the construction and monitoring of two chambers and one drift 
seal at Asse salt mine and the construction and monitoring of a drift seal 
in the flooded Hope salt mine (near Hanover); a constant brine pressure 
of 60 Bars applied at the latter. The observations accompanying these 
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works include measurement of pressure, temperature, permeability, 
displacements, humidity in the seal and rock deformation. 

5. Italy - Borehole Sealing Ref.5 

5.1 Research in Italy has been concentrated in two areas : 

(i) Laboratory testing and evaluation of materials to seal boreholes 
and particularly the permeability and bonding properties of the materials 
with potential host clays. 
(ii) Development of instrumentation and procedures for the insitu 
testing of sealed boreholes. 

5.2 Laboratory tests have been conducted on two scales, in cells taking 
specimens between 3.8 and 7.0 cm in diameter and in a larger cell taking 
a 24 cm diameter specimen. The latter cell can be loaded to 11 MPa and is 
fitted with a drill to enable model boreholes to be made and enable plugs 
to be installed. The plugged borehole zone can be loaded to the same 
intensity or differentially from the rest of the test specimen. 

5.3 The results obtained to date show : 

(i) The mass permeability of a cement plug is lower than that of the 
clay. 
(ii) When cured under different ambient conditions, but without 
external loading, no bond appeared to develop between the clay and the 
cement grout or mortar forming the plug. The same observation was made 
whether or not an expansive agent was used. 
(iii) The flow of water through a test specimen comprising a clay core 
surrounded by remoulded clay is greater than that through undisturbed 
clay. This observation is based on tests at a low confining pressure, 
maximum 500 kPa. 
(iv) When cured under external loading, good bonding developed between 
the clay and cement mortar. 
(v) No significant difference in the water flow occurred in 
undisturbed clay and clay with a cement plug. 

5.A Ideally, a borehole plug should not effect any disimprovement in the 
vertical permeability of a clay host. However, verifying the effective
ness of plugs in very low permeability materials is extremely difficult 
and, conventionally utilises hydraulic systems with connecting tubes or 
data transmission cables. To avoid these difficulties, investigations 
are being conducted into a wireless communication apparatus. Tests are 
scheduled to commence in Spring 1985 and the apparatus will incorporate a 
water injection unit, a pressure transducer and an acoustic data 
transmission system. The signal detector may be located on the top of the 
plug under test or in a second nearby borehole. For transmission over 
greater distances it is thought that the acoustic emitter could be 
substituted by a very low frequency electro-magnetic wave emitter. 

The overall borehole permeability will first be determined using a 
conventional double packer water injection system and then repeated 
with a plug in position using the wireless apparatus. 
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6. United Kingdom - Borehole Sealing Re f.6 

6.1 Use has been made of deep boreholes located on the Harwell site to 
investigate the efficacy of conventional oil industry practices in the 
cement sealing of boreholes. The principal objectives of the research 
programme were :-

(i) To determine the reliability of existing geophysical borehole 
logging techniques to test seal integrity. 
(ii) To examine the chemical compatibility and bonding properties of 
conventional oil-field borehole cement grouts in argillaceous host rocks, 
(iii) To study the hydraulic properties of an existing cement seal in 
semi-plastic clays and relate these to potential shaft and borehole 
leakages from a deep repository. 

6.2 The conventional Cement Bond Logging (CBL) and Variable Density 
Logging (VDL) were found unsatisfactory for seal evaluation. For this 
purpose, full acoustic wave train analysis was considered to be 
potentially more useful and worthy of investigation. Only one in ten 
acoustic transmission from the sonde is plotted, giving the equivalent of 
one wave train per 30 cm length of borehole. By direct observation and 
without further analysis, valuable information about the state of the 
cement-casing-rock bond could be deduced, far better than the CBL. The 
wave train signals were used to locate the poor bond sections which were 
then perforated to enable hydraulic conductivity tests to be carried out. 
In general the bonding between the cement and argillaceous strata appeared 
poor. 

6.3 More detailed analysis of the geophysical logs has been carried out, 
producing crossplots of both amplitude and frequency versus transit time 
in which 100/1 sec windows are used on the original wave train. Also, 
amplitude and frequency versus transit time plots displayed as individual 
depth registered functions have been generated. Neither approach has 
proved particularly useful in indicating the nature of the cement bond, 
although perhaps more sophisticated wave train analysis may be more 
successful. 

6.4 Cored rock samples from the test borehole had plugs of cement paste 
inserted and were cured for more than one year. They were then system
atically examined with the scanning electron microscope (SEM) for evidence 
of reaction and bonding. Reaction was common between the cement and the 
opaline silica (in the Gault and Upper Greensand), resulting in a gel 
formation which generates expansive forces and tensile fracturing; these 
gels can be lost by solution in migrating ground waters. Another 
reaction observed occurred between the dolomitic carbonate in the host rock 
and alkalis from the cement when in the presence of illite. This reaction 
is not understood but may be dedolomitisation which also generates an 
expansive force. 

6.5 As the borehole walls were coated with drilling mud before the cement 
grout was introduced, this may have prevented boundary reaction and the 
development of bond between the cement and host rock. Certainly, the 
electron microscope studies are consistent with the borehole geophysics 
in showing poor contact across the interface in the argillaceous zones. 



Lake et al.: Backfilling and sealing 569 

7. United Kingdom - Design solutions to interface problems Ref.7 

7.1 It is envisaged that alpha-bearing radioactive waste will be 
disposed of in repositories in geological formations whose properties 
are such that isolation of the waste can be achieved. Although there 
is every likelihood that suitable formations can be identified, there is 
a possibility that the engineering works necessary for construction and 
operation of the repository may reduce the efficacy of this isolation. 
This study examined the backfilled tunnels of a sealed waste repository 
as potential weaknesses in the geological barrier. 

7.2 A variety of host materials and of tunnel forms were investigated. 
For analytical purposes the host formations were considered as either 
fissured or as porous media. The significant zones for groundwater flow 
along a backfilled tunnel were identified. For study purposes four 
distinct zones were considered - the host rock, the "disturbed zone", the 
backfill proper and the interface between the "disturbed zone" and the 
backfill proper. Depending on conditions, the "disturbed zone" or the 
interface itself were identified as the significant flow paths. 

7.3 The processes involved in the creation of a disturbed zone were 
examined and it was found that the disturbed zone was a function not only 
of the excavation method, but also of the stress' field around the 
repository and the mechanical behaviour of the host material. The 
development of a disturbed zone is inevitable, although techniques can be 
applied to minimise the extent of this zone. 

7.A The study showed that the disturbed zone is only a preferential flow 
path in dilatant materials, and techniques for controlling flow in these 
materials have been considered. It was found that control of water flow 
was extremely difficult and so, techniques for the interception of 
nuclides and the control of their migration by sorptive processes have 
been developed. The relationship between the geometry of disturbed zone 
and sorptive collar and the efficiency of retention was investigated, and 
theoretical radionuclide breakthrough curves for selected radionuclides 
have been generated. The principal radionuclide studied was 237 Np, which 
is particularly difficult to retain. Comparative studies with 239 Pu were 
made for certain flow conditions, and it was found that techniques 
developed to retain 237 Np readily retain 239 Pu. 

7.5 Consideration was also given to flow in an interface fissure between 
the backfill and the host material. Consideration of the performance of 
cement-bound and earthen fill materials led to calculation of a conceptual 
width for this separation plane. A sensitivity study on the variation of 
system performance over a wide range of fissure widths was performed, and 
it was shown that the system would continue to work satisfactorily for 
separations substantially greater than the reference case aperture of 
100 pm. 

7.6 The importance of designing the shape of collars with respect to the 
ground stresses and the backfilling process was identified and the. 
placing techniques for a range of impermeable backfilling materials 
discussed in detail. The problems involved in creating a porous but 
unfissured medium in the sorptive collar have been examined. 

7.7 Detailed study was concentrated upon those parts of the repository 
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remote from the emplaced waste canisters and although no detailed 
consideration has been given to thermal effects or to radial migration 
of radionuclides, a limited qualitative discussion of near-field 
phenomena has been presented. 

8. United Kingdom - Simulated repository facility Re f.8 

8.1 The objectives of this study were twofold : 

(i) To establish the necessary testing programme to select suitable near-
field buffer materials and assess buffer placement techniques, 
(ii) To assess the viability of the construction of a large scale model 
to investigate the interaction between waste package, buffer material and 
host material under realistic repository conditions. 

8.2 The study showed that the extent of the coupled interactions within 
the buffer/host system is such that extensive decoupled testing of the 
various parameters of behaviour would be required. Many of the coupling 
phenomena only become evident in long term tests and to obtain results in 
a reasonable time would require strict control to eliminate coupled 
effects. To this end, a number of subsidiary facilities to investigate 
individual parameters or limited degrees of coupling have been proposed. 

8.3 The principal parameters of interest in repository design are the 
mechanical, thermal and hydraulic behaviour of the buffer material and 
the host rock. In the case of particulate media, such as buffer 
materials, the bulk properties depend crucially on the nature of the pore 
fluid and,at the time of buffer placing, this fluid would be partly air 
and partly water. The host material, due to drainage into the repository 
during the operational life of the repository, will also be only 
partially saturated. This is important since the mechanical, thermal and 
hydraulic properties vary strongly with saturation, and saturation in the 
repository proper will vary with time. 

8.4 One of the principle objectives in creating a large scale block 
model was to create a "host rock" of known, homogeneous, isotropic 
material. This material would contain embedded instrumentation for the 
measurement of material response to waste emplacement. The study failed 
to identify a material that is capable of modelling the mechanical 
behaviour of the various potential host materials and that could be made 
to an adequate degree of homogeneity in the sizes required. The study 
also found that within the vicinity of the emplacement hole there would 
be instrumentation difficulties. 

8.5 A range of modelling difficulties arise with a concrete block, the 
mechanical, thermal and hydraulic properties of which vary with pressure, 
temperature and moisture content - but not in the same manner as those 
of any of the host materials. As an example, the properties of granite 
are insensitive to moisture, whereas those of concrete are sensitive; at 
least, irrigation experiements are impossible. The properties of salt 
are markedly time dependent, those of concrete are not. The properties 
of mudrocks are markedly anisotropic, those of concrete are not. More 
indirectly, the degrees of coupling differ and where similitude has been 
achieved at one temperature or stress in one part of the nodel it may 
not be achieved elsewhere. 
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8.6 The study revealed further problems with the modelling material 
arising from the need to hold the blonk together. Substantial stresses 
would be needed to prevent the opening of 'macro-cracks' at the joints 
in the model and these stresses would be sufficient to initiate micro-
cracking within the concrete and change its properties. 

8.7 In view of the difficulties inherent in modelling, the benefits of 
using a substitute host material have been questioned and the viability of 
using actual host materials re-examined. Further consideration has been 
given to the mechanical and thermal boundary conditions at the outside of 
the block, and it is shown that the assumption regarding the boundary 
conditions will be a major factor in the parameters measured. It is 
pointed out that there would be a real physical 'boundary value problem'. 
The possibility of in-situ experimentation has been re-examined. 

9. United Kingdom - Role of concrete in backfilling and sealing Re f.9 

9.1 Concrete is a widely used engineered material, for which the place
ment method, strength, durability and permeability can be pre-selected 
and assured. Three research approaches have been effected into the 
potential use of concrete : 

(i) Mathematical modelling. 
(ii) Laboratory trials with Preplaced Aggregate Concrete. 
(iii) Archaelogical research into concrete. 

9.2 It was judged necessary to carry out parametric analysis of the 
multiple interactions relevant to repository performance sensitivity and 
damage assessment. These included mechanical, thermal, creep and moisture 
effects. Finite element analyses were carried out using computer codes 
ADINA (stress/strain), ADINAT (thermal) and TEMPOR (moisture front/drying 
study). The models took account of thermal, excavation, rock creep, 
lithostatic stresses in the backfill and differential expansion and 
contraction, due to cement heat of hydration. The postulated drying front 
condition generated by heat emitting waste was also studied. 

9.3 The analysis indicated that creep in a granite host rock would be 
small and should have no significant adverse mechanical affect upon 
concrete inclusions. With full lithostatic loading, having a marked 
difference in the vertical/horizontal stress field and with waste unit 
inclusions, no significant zones of concrete damage were predicted. 
However, tensile stresses induced by heat of hydration with large 
concrete pours in a 6 m diameter tunnel were at the limits of acceptability 
and, therefore of concern. (Pre-cooling the mix water or the use of 
additives may improve this situation). 

The investigation of the drying front postulation suggested that at 
the temperature levels and gradients likely to be permitted, no front 
would form. 

9.4 Pre-placed Aggregate Concrete (PAC), compared with conventional 
Portland cement concrete, is claimed to have reduced drying shrinkage, 
creep, heat of hydration and overall permeability and improved mechanical 
properties (density, strength etc). Laboratory trials have been carried 
out to develop a mix design for a grout that did not contain organic 
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additives (flow aids or retarders) but that could still be injected into 
pre-placed aggregate to form PAC. A high water content grout is 
required to achieve flow and penetration, but this is subject to 'bleed' 
(water loss) consequently, a grout incorporating bentonite was developed 
to overcome this difficulty. 

9.5 A 1.0 m cube of PAC was formed using the developed grout mix and 
cores have been taken for testing; these include : 

(i) Compressive and tensile strengths and elastic modulus. 
(ii) Creep and shrinkage. 
(iii) Thermal expansion and conductivity. 
(iv) Permeability. 

The tests are continuing, but initial results suggest that the 
expected improvements have not been obtained with the concrete produced. 
This is attributed to the high cement content, high water : cement ratio 
and low sand content which are necessary because the use of additives was 
prohibited. 

9.6 Pozzolanic and similar cements have been used for thousands of years 
and the collection and study of archaelo^ical concretes is being under
taken, with the objectives of gathering information on durability, 
chemistry and "time modification". It is anticipated that the information 
will be invaluable to engineers attempting to assess various cements for 
solidification of wastes and the durability of engineered barriers. The 
oldest material collected to date is some 7000 years old, but information 
and/or samples from other engineers and scientists would be most welcome 
by the study group. 

10. Concluding statement 

10.1 The researches presented in this summary paper embrace theoretical 
and practical study subject areas and laboratory and field programmes. 
They have highlighted the difficulties and limitations in working with 
scaled down models and prototypes and the difficulties that have to be 
overcome in determining and verifying the performance and efficacy of 
components in the engineered barriers. The level of accuracy required in 
the measurement of performance and the extrapolation of these observations 
to the time scale required for long term repository security are outside 
existing engineering experience. Perhaps this points the way to 
focussing attention upon the desirability of moving towards controlled 
field trials with real wastes, in real ground with realistic engineering 
construction and conditions. Such an experiment must of necessity, have 
a built in recovery option. In most European countries, large scale 
disposal of HLW can reasonably be delayed for say 15 to 25 years and this 
available time should be employed gainfully and not simply confirming 
research to theoretical studies and experiments carried out in splendid 
isolation. 
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DISCUSSION 

L. BAETSLE, SCK/CEN Mol 

One possibility, which is to use pre-compressed bentonite as a means of 
sealing off heat sources and radioactive sources, was not dealt with; 
obviously, the reason is that no research on this sort of material has 
been performed in the Community programme. Is this system, which is 
proposed in Sweden, a reasonable and practical means of backfilling? 

L. LAKE, MHA Croydon 

There is no doubt that bentonite blocks can be made; they are fabrica
ted in very high compression presses. But putting together blocks, 
either on an open site or inside a contained chamber, will lead to a 
lot of voids between blocks. In order to get swelling of the blocks in 
a controlled uniform fashion, controlled irrigation may be needed. 
Such a system will probably form one of the barriers, but all problems 
are not yet solved. 

A. BRONDI, Casaccia 

The main subject of the presentation was to describe support systems 
for cavities which form the repositories. It would also be interesting 
to look at artificial geochemical barriers, because it is known that 
many elements, and particularly the long-lived ones, the transuranic 
elements for example, could be blocked by the barriers. Adding organic 
elements could help the further creation of barriers so as to block the 
radionuclides, especially of transuranic type. Such barriers have 
allowed the conservation of metals, for example bronze of old greek art 
works, which would have been destroyed by exposure to oxidized water or 
air. Could a geochemical barrier act as a means of backfilling? 

L. LAKE, MHA Croydon 

Geochemistry is certainly important, but it was adequately covered 
elsewhere. Of course, it is a major component in protection and 
sealing. 

Archeological approaches have been mentioned, but the main problem is 
the relatively short life of the archeological remains. In the South 
of England, a 400-year old boat was raised recently; survival relied 
upon rapid initial soil burial affording a complete seal. Wooden pipes 
laid by the Romans, still exist in London, again buried in saturated 
clay. It is encouraging to have these surviving artefacts, but the 
time gap is still great. 
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ABSTRACT 

Research i s be ing under taken by a number of c o u n t r i e s of the OECD, 
i n c l u d i n g some member c o u n t r i e s of the European Community, as a p a r t of 
the ΝΕΑ I n t e r n a t i o n a l Seabed Working Group 5year Coordina ted Programme 
on the f e a s i b i l i t y and s a f e t y of the d i s p o s a l of v i t r i f i e d h e a t g e n e r a t i n g 
waste i n t o deep ocean sed imenta ry f o r m a t i o n s . 

The main o b j e c t i v e s of t he r e s e a r c h a r e to a s s e s s the l ong  t e rm s a f e 
ty of the o p t i o n , to i d e n t i f y c h a r a c t e r i s t i c s tudy zones in the North 
A t l a n t i c a n d / o r P a c i f i c Oceans , to demons t ra te the n e c e s s a r y e n g i n e e r i n g 
emplacement c a p a b i l i t y w i t h i n ocean ic g e o l o g i c a l f o r m a t i o n s . 

Act ive p a r t i c i p a t i o n by the Commission of the European Communities 
i n the i n t e r n a t i o n a l i n v e s t i g a t i o n s of the subseabed o p t i o n began with 
the J o i n t Research Cent re  I s p r a E s t a b l i s h m e n t , m u l t i  a n n u a l R&D p r o 
gramme 19801983, and the c o s t  s h a r e d programmes DG XII , B r u s s e l s , 1980
1984. 

The p r e s e n t paper b r i e f l y reviews the work under taken to d a t e by the 
Commission "SubSeabed Program" in c o l l a b o r a t i o n with n a t i o n a l programmes 
of member c o u n t r i e s . S p e c i a l emphasis has been placed on the s t u d i e s of 
the c h a r a c t e r i s t i c s of deep ocean sediments t o a c t as a b a r r i e r to the 
d i s p e r s i o n of r a d i o n u c l i d e s and t he t e c h n i c a l i n v e s t i g a t i o n s c a r r i e d o u t 
to demons t ra t e eng inee r ing f e a s i b i l i t y of the o p t i o n . 
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1. INTRODUCTION 

Research is being undertaken by a number of countries of the OECD, 
including some member countries of the European Community, as a part of 
the ΝΕΑ International Seabed Working Group (SWG) 5year coordinated pro
gramme on the feasibility and safety of the disposal of vitrified heat ge
nerating vaste and unreprocessed fuel elements into deep ocean sedimenta
ry formations. The main objectives of the research are to assess the long
term safety of the option, to identify characteristic study zones in 
the North Atlantic and Picific oceans , to demonstrate the necessary en
gineering emplacement capability within oceanic formations. At present, 
two types of emplacement technologies are being investigated: free fall pe
netrator and drilling. 

Three research and development programs of the Commission of the Euro
pean Communities (CEC) are producing results related to seabed disposal of 
radioactive wastes: 
 the costsharing action program "Radiation Protection"; 
 the costsharing action program "Management and Storage of Radioactive 
Waste"; 

 the directaction program "Safety of Nuclear Materials", carried out at 
the Joint Research Centre (JRC), Ispra. 

The indirectaction programs are carried out through contracts with 
national laboratories in the European Community. The CEC partially finances 
these laboratories. The staff of the DirectorateGeneral XII for Research, 
Science and Education (Brussels) devises and supervises the indirectaction 
programs. 

The Seabed Working Group (SWG) is composed of the following countries: 
Canada, Federal Republic of Germany, France, Japan, the Netherlands, Swit
zerland, the United Kingdom, the United States of America and of the Com
mission of the European Communities. Belgium and Italy have observer status. 
It performs its functions by promoting the exchange of information so that 
the programs of the member countries may be more efficient by avoiding un
necessary overlap. The studies of the SWG are conducted by a number of 
Task Groups as shown in Fig. 1. These cover the areas identified at pre
sent as being necessary for the assessment of the subseabed option. 

The study zones in the Atlantic which are at present being extensive
ly investigated especially in Europe, are Great Meteor East in the Madera 
Abyssal Plain, and the Nares Abyssal Plain. 

In order to undertake assessment, identification of the main environ
mental compartments must be made which will act as barriers to the move
ment of radionuclides. In Fig. 2 is schematically shown the different 
pathways which are under investigation. To these natural barriers can be 
added manmade or engineered barriers which will ensure a further reduc
tion in the ability of radionuclides to migrate; these are: 
i) very highly insoluble waste forms which will dissolve (only with 

great difficulty) in surrounding pore water; 
ii) canister material which will isolate the solidified waste from the 

environment for long periods of time, either through corrosion resis
tance or by its thickness at known corrosion rates; 

iii) backfilling material in the drilled emplacement system which will re
duce the ability of the surrounding media to interact with the em
placement system. 
Once the natural and manmade barriers have been identified, it is 

necessary to develop mathematical descriptions of them which correctly mo
del the mechanisms controlling dispersion of the radionuclides contained 
in the waste. This requires data to be obtained from both laboratory expe
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riments and in-situ investigations /l/ so that input parameters to the mo
dels can be defined and eventually the models themselves verified under re
alistic conditions. Sensitivity analysis can now be carried out to identify 
not only the major radionuclides producing a potential exposure to man but 
also the main mechanisms and pathways which are important in the control 
and dispersion of the nuclides in the environment /2/. 

By giving input parameters a weighted range of values, it is possible 
to estimate the probability that a given nuclide will produce doses to man 
at different periods of time. 

A further aspect of the assessment is to investigate different poten
tial accidents which can be identified and to estimate their impact on the 
environment and on man. Here, the need is to obtain statistical data on 
fish catches, road, rail and ship transportation, population distributions, 
etc., and to apply them to models which describe the overall functioning 
of the disposal option, from the point of view of production in nuclear 
power plants to their final transport and emplacement in a deep ocean se
dimentary geological formation. 

The present paper will concentrate on two aspects of the assessment: 
the sediment barrier and the engineering technologv for emplacement. 

2. THE SEDIMENT BARRIER 

In undertaking the assessment of the sub-seabed option, a major area 
of attention has been the deep ocean sedimentary formations and the iden
tification and investigation of the characteristics of these zones. These 
areas are considered to represent one of the major barriers to the dis
persion of emplaced waste materials and it is thus necessary to develop de
tailed understanding of the ability of the sediment column to retard radio
nuclide migration. 

Two distinct areas in the sediment column have been considered for 
both the penetrato!" and the drilled option. These are: the near-field and 
far-field regions. 

2. 1 Near field 
The near field can be considered to be that region which includes the 

reactions and interactions of the canister, the waste form, the sediments 
and pore waters under the influence of heat and radiation fields produced 
by the initially hot waste. Although this region is physically small, it is 
particularly important as it is the source term for the radionuclides mo
ving into and through the far-field sediments. A number of phenomena with
in the near-field zone are being studied in order to gain a wider under
standing of the mechanisms controlling dispersion. 

2.1.1 Thermal fields and induced pore water movement 
The thermal conductivity of deep ocean clay sediments are such that 

the emplacement of heat generating waste will lead to the development of a 
zone of significantly higher temperature around the canister compared to 
the natural conditions of about 2°C. Depending upon the age of the emplaced 
waste temperatures of up to several hundreds of degrees may occur, leading 
to a number of changes in the properties of the surrounding solid media and 
associated pore waters. In order to assess the possibility of induced pore 
water movement leading to accelerated dispersion through the sediment co
lumn, thermal transport models are being developed. 

Attempts to characterise such effects have been carried out as part of 
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the drilled option feasibility study /3/, and in experimental studies in a 
centrifuge /4/. Although more investigations of the effects of heat on 
deep ocean sediments are required, two significant points resulting from 
these studies are worth mentioning: 
- the theoretical studies show that the temperature of the near field for 
HGU emplaced after cooling for 5 years is high: 500 C above ambient; 

- under certain conditions, in centrifuge studies, the material (kaolin) 
in the vicinity of a heater canister exhibited horizontal cracking. 
Whether the cracks are a result of the experimental procedures or are in
dicative of a mechanism which could occur in situ in deep ocean sedi
ments, is uncertain at this time ; 

- predictions suggest that for a 10 kWatt canister of 10 year old waste 
induced water movement in Pacific red clays would be of the order of 1 m 
in one thousand years. 

2.1.2 Canister corrosion 
In order to emplace and subsequently isolate waste material from the 

surrounding media during high thermal output periods, two concepts for 
containment are foreseen: the first uses relatively inexpensive mild steel 
(or other material) for the canister construction, having very thick walls 
making allowance for corrosion losses; the second uses a very corrosion-
resistant material such as titanium in a rather thin-walled canister. 

In Europe the study of the thick-walled corrosion allowance option 
assumes that wastes will be kept in intermediate storage for 50 years or 
more and on final storage the maximum temperature within the sediment co
lumn will not be greater than 100°C. In reducing sediments as occurs at 
some of the study sites, corrosion rates were some 3 orders of magnitude 
lower than in oxygenated pore waters /5,6/. 

The US assumption, at present, is that there will only be short in
terim storage of around 10 years, the temperature expected in the sediments 
will thus be considerably higher, in the range of 200-250 C. The potential 
canister material being investigated is the alloy Ticode 12 (Ti;0.8% NI; 
0.3% Mo). Information to date shows that this exhibits very low corrosion 
rates of about 1 pm per year. Investigations on hydrogen embrittlement (to 
which Ti is susceptible) in conjunction with stress corrosion have shown 
that hydrogen concentrations in excess of 1000 ppm are needed before sig
nificant breakdown of the mechanical properties of the alloy occurs. 

2.1.3 Waste form 
Borosilicate glass is the most favoured form for the solidification 

and stabilization of high-level wastes in Europe with a number of plants 
either already constructed, such as in France, or under construction. The 
US is also considering SYNROC, a titanium oxide-based, ceramic waste form. 

Most of the glasses proposed have densities of around 2.5 g.cm"^, 
however, if they contain large quantities of ZnO or BaO, this can increase 
to 3.2. The density of SYNROC is about 4.2. 

It seems likely that almost 100% of the non-volatile fission products 
will eventually be incorporated in the glass. Possible exceptions to this 
are the fission product insolubles that remain as dissolver sludges during 
the reprocessing of oxide fuel. The gaseous fission products (Kr and Xe) 
and almost all the iodine escape from the dissolver are at present dis
charged from reprocessing plants. The actinide content of HLW is somewhat 
difficult to define. Reprocessing attempts to remove all plutonium and 
uranium for re-use whilst leaving the other actinides, are under way. 

The rate of leaching is a measure of the speed at which radionuclides 
incorporated in the waste motion pass into the pore water of the sediment 
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matrix. This rate has usually been derived by measuring the samples' weight 
loss and dividing by the surface area of the sample, and the time taken 
for the experiment. Data obtained up to now have usually been derived from 
experiments done under high flow rates or at large leachant volumes, both 
conditions which seem unlikely in the case of disposal into seabed sedi
ments. However, a limited number of experiments have been carried out at 
much lower flow rates /!/. 

2.1.4 Chemical speciation 
In order to understand the processes which govern the migration of ma

terials within deep ocean sediments, it is necessary to know the speciation 
of the elements in solution and suspension taking into account the physi
co-chemical properties of pore water around the canister and the altera
tions caused by the thermal and radiation fields on the near-field sedi
ment mineralogy. 

From investigations carried out by US workers, it has been shown that 
the thermal loading from 10 year old reprocessed waste caused changes in 
pore water characteristics inducing a sharp increase in pH as acid condi
tions were produced by the precipitation of a magnesium hydroxysulphate 
phase and smectite. The formation of acid was then slowly neutralized by 
phases such as feldspar. 

The redox conditions within the sediment column are thought to be 
controlled by the relative amounts of organic carbon and reduced iron-
bearing phases (detrital in origin), and oxidized iron and manganese mine
rals (authogenic phases). 

A phenomenon which is of particular interest is the Soret effect. In
vestigations have shown that thermally driven diffusion can be very impor
tant in the near field. One of the main results is that major cations in 
the pore water are able to diffuse up a concentration gradient. Under stea
dy state conditions the concentration of these ions is approximately 40-
50% in pore waters less (in the hot area around the canister) than would 
normally be the case /8/. 

In order to correctly model specific ion activities of aqueous spe
cies, a number of models have been developed. Input data necessary for these 
calculations include hydrolysis constants for minerals, thermodynamic equi
librium constants, solubility products and formation constants. It is clear 
that at present there is a lack of such data and major effort is being made 
to produce this information. 

2.2 Far-field radionuclide transport 
The far-field region of the sediment barrier can be defined as that 

region which is unaware of the existence of buried waste from the point of 
view of a significant temperature and radiation field, and beyond the zone 
in which reprecipitation occurs. 

The movement of radionuclides through the sediment can occur in a 
number of different ways; diffusion through the pore water, advection of 
the pore water in which the nuclides are dissolved or suspended, physical 
displacement of the bulk sediment through thermal or erosional processes. 

Erosional processes are known to occur in some parts of the deep ocean, 
however, at the sites chosen for the sub-seabed option it can be shown 
that the sediments have been both stable and predictable for many millions 
of years. 

Advection of pore water can occur through natural processes or possi
bly be induced by the hot canisters during the first few hundred years of 
emplacement. It has been estimated that induced pore water movement will 
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be less than 1 m during the existence of a thermal field (500-1000 years). 
Natural pore water advection, on the other hand, must be assessed for each 
site /9/. Some recent data, however, has shown the occurrence of acoustic 
discontinuities at both the NAP and GME sites. More detailed studies are 
being carried out to assess their possible importance /9/. In general, the 
values obtained are so low that they are indistinguishable from zero move
ment of the sites of interest to the seabed option. Movement of radionu
clides by natural diffusional processes is extremely slow, even in the case 
of soluble mobile ions having very low adsorption coefficients /10/. The 
effect of the high ambient pressure which exists at these ocean depths, 
is being studied by the JRC /ll/. 

To assess the efficiency of the sediment as a long-term barrier, it 
is thus necessary to study the natural geochemistry of the sediment-pore 
water system and to develop mathematically realistic models in order to 
understand and predict the effect of the major controlling mechanisms in 
the emplaced wastes. 

2.2.1 Natural geochemistry 
Deep ocean sediments consist mainly of very fine clay minerals with 

additional amounts of biogenic carbonate and silicate material in biolo
gically productive areas. The pore water content of deep ocean sediments 
can vary greatly (specially in layered areas) between 20 and 80% (wet 
weight) in the upper layers, and is often enriched in dissolved ions as a 
result of redox controlled diogenic processes. Pore water movement in the 
clay systems is generally extremely slow in the areas of interest to the 
sub-seabed disposal of nuclear wastes, in the order of millimeters to cen
timeters per 1000 years. Thus the redox related processes are the most im
portant control of ion mobility. The supply or organic carbon and the rate 
that the organic material is buried controls the distribution oxidized and 
reduced sediments. It is these conditions that can affect the mobility of 
the emplaced radionuclides, either directly by altering their chemical 
form and reactivity, or indirectly by changing the form of naturally oc
curring ions which are instrumental in controlling the mobility of the iso
topes /12/. 

Redox ranges are difficult to estimate due to limited data. At some 
depuis (cm to meters) below the zone under the influence of dissolved 
oxygen diffusion (from overlying seawater), organic carbon oxidation uses 
nitrate as the electron acceptor and the nitrate is slowly consumed. As 
this occurs, solid-phase manganese and iron start to play the role of oxi
dizing agents. In strongly reduced sediments, dissolved sulphate is redu
ced to sulphide and bisulphide. By studying in the laboratory the distri
butions of dissolved nitrate, iron, manganese and sulphate, the thickness 
of redox zones of different intensities can be identified. The discovery 
of anomalous reaction zones within the sediment column suggests that che
mical short circuits may be available which could affect waste leach rates 
and ion adsorption capacity. For example, oxidation of reduced Fe and Mn 
causes co-precipitation of many dissolved ions. Under certain conditions, 
however, precipitation of iron phosphate and manganese carbonate can occur 
significantly reducing the concentration of these elements in the pore wa
ter. Also, iron silicate mineral formation appears to be an active process 
in some deep sea sediments reducing the concentration of soluble silicon 
which, in turn, would increase the rate of the vitrified waste. 

In order, thus, to assess the properties of the far-field sediments 
which act as a major barrier to the mobility of nuclides, it is clearly im
portant to study both the solid and aqueous phases of the system in detail 
in order to identify diogenitic, diffusional and physical disturbance pro
cesses /10/. 
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2.2.2 Nuclide distribution coefficients 
Studies have been undertaken by CEA in collaboration with IFREMER du

ring an océanographie research cruise to two sites inthe Cap Verdi Abyssal 
Plain (CV1, CV2) during which cores were taken by a Kullenberg corer to 
depths of 15 m. The sediment samples obtained were investigated for their 
capacity of retention of a selected number of actinide elements (Pu, Np, 
Am), and the fission radionuclide Cs. Among the physico-chemical parame
ters which may affect retention temperature was chosen in view of the fact 
that natural values of around 4°C may be increased due to the thermal out
put of canisters to around 100°C. studies on continental material have shown 
the importance of saturation effects. The retention was evaluated in terms 
of the distribution coefficient, K¿. 

The adsorption of Neptunium was practically invariable between 4 and 
15 C {K¿ = 300-500 ml.g-* depending upon the chemical species present), 
however, between 30 and 50°C it increased significantly to between 1300 and 
2700 ml.g-1. It appeared that these absorption reactions are reversible. 

The adsorption of Plutonium increased linearly with temperature, the 
Kd increasing from 1000 to 3000 ml.g-1· between 4 and 80°C. However, the 
reversibility of the adsorption is inversely proportional to the tempera
ture; at 4°C it was practically impossible to extract measurable quantities 
of Pu adsorbed on the sediment originally at 4°C, while at 50°C there was 
more or less equilibrium between the sorption and desorntion reactions. 

The adsorption of Americium was so strong by the sediments that the 
analytical methods enployed were not able to detect the remaining very low 
levels of concentration in the solution, and thus were unable to evaluate 
the influence of temperature. Six different types of sediments were ob
tained from the Cap Verdi site and investigated for their ability to ad
sorbe americium. The results for the K¿¡ values were, in every case, very 
high (between 4-10-1 and 8·10^ ml.g-1, and appeared to be independent from 
the sediment type (e.g. insensitive to the influence of carbonate). 

On the basis of experiments undertaken with sediment samples from 
other sites of Cap Verde and measurements made in other countries /13—16/, 
it is possible to conclude that the K¿] values of americium and marine se
diments lie within the range of 10^ - 10^ ml.g-1. 

In the range 4-30°C, the adsorption of Caesium in the absence of a 
scavenger is very little influenced by temperature, however, between 50 
and 80°C, K¿¡ values increase by a factor of 20-40 depending upon the sedi
ment sample. Although phenomena were confirmed experimentally with pure 
illite in seawater, no explanation is yet available why this occurs. For a 
sediment sample CVl it appears that the reaction is reversible for tempe
ratures lower than 30°C, but irreversible at 50°C in all the samples stu
died. The adsorption of Cs is sensitive to the mass of the element present; 
for an equal radioactivity, the adsorption of Caesium-135 is lower than 
that of Caesium-137. The ratio of the masses of Cs-135/Cs-137 is about 10^. 
The addition of a certain quantity of stable isotope, even as low as 10-6 
g.l-1 causes a significant decrease of the K¿j of Cs-137. 

From the above studies on the different CV sediments it may be conclu
ded that the effect of temperature must be taken into account in any stu
dies on the migration of Np, Pu and Cs in the zone close to emplaced canis
ters. The sorption of Am, on the other hand, appears extremely strong in 
all the cases studied, with Kj values ranging between 10 and 10^ ml.g-!. 
Furthermore, in the case of Cs investigations where the migration of Cs-135 
is simulated using Cs-137, the effect of the mass of the isotope must be 
taken into account. 
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3. ENGINEERING FEASIBILITY STUDIES 

In order to assess the engineering requirements of sub-seabed disposa], 
the CEC has undertaken a number of studies in collaboration with the UK and 
France. Taylor Woodrow Construction and Ove Arup and Partners, two UK com
panies, have conducted studies /17,18/ to assess in broad terms the feasi
bility of two methods of ocean disposal of HGW identified by the Engineerino 
Studies Task Group as worthy of further study. These methods are the free-
fall penetrator and the drilled emplacement options. 

3.1 Drilled option 
The drilled option study gave special consideration to environmental 

and geotechnical constraints; possible methods of transfer of radioactive 
material from the supply ship to the HGW disposal vessel (which may be 
either a semi-submersible platform or a ship); the problems of forming sui
table holes in the seabed; methods of drilling and emplacement of waste 
canisters; backfilling and final grouting of the drilled holes. In addition, 
optional logistics, problems of station keeping and procedures which would 
be adopted under fault conditions were studied. 

Although experience of the drilling of holes into the seabed at deep 
ocean depths is at present limited, the study concluded that most of the 
operations for emplacing the waste are within the bounds of existing or 
foreseeable technological development. 

The conceptual design of a drilled borehole vault which could be con
structed at suitable locations in the deep oceans, was devised to satisfy 
inter alia the following criteria: to provide a sealed enclosure for 300 
or more canisters containing HGW (the canisters having dimensions of 1.3 m 
length and 430 mm diameter), to reliably support canister deployment opera
tions, to be capable of structurally surviving exposure to deep ocean sedi
ments for periods of the order of 102 - 10 years. 

The outline design proposed by the study was that the borehole vault 
would consist of a removable re-entry cone with an opening at the top, mea
suring 5.5 m in diameter, a conductor casing which would penetrate approxi
mately 25 m into the sediment, and a lower steel-lined vault, 475 m in 
length and 610 mm in diameter. The vault would be accessed through a remo
vable aluminium or polyethylene casing segment, which can be reamed out 
and removed prior to the final closure of the vault. Closure of the vault 
is effected by pumping a special grout and/or reconstituted sediment mix
ture into the top section. A tentative sketch of the proposed drilled vault 
design is given as Fig. 3. 

It is proposed that the canisters are lowered into the vault on a drill 
string. The first pipe of the string would be a flexible lead pipe instru
mented to enable it to be mated with the re-entry cone to the vault. This 
would be followed by a number of pipes containing grouted in waste canis
ters (the load). When the load has entered the hole it is then lowered un
til it reaches the bottom of the hole and then disconnected from the lower
ing string. Several options exist for the type of disconnection joint 
which could be employed. Those which could utilise direct pressure through 
the lowering pipes or rotation and "jarring" actions are considered to be 
the most suitable for this purpose. 

The study proposes that the space between the pipe string containing 
the load be filled with delayed setting grout or non-setting material. 
This material is placed into the hole before emplacing the load. This pro
cedure obviates the need for a separate grouting operation to fill the 
annulers between the load and the casing. The grout selected must have 
certain design requirements, namely sufficient delayed setting time, pump 
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ability, adequate final strength and integrity, density and other proper
ties to enable the load to be emplaced and to provide a barrier to barrier 
to the movement of radionuclides. At the present time, the preferred mate
rial for grouting the hole would be a cement-based material, but the use of 
a granular material in a gel matrix could, with further research and de
velopment, be an alternative method. Additional work to examine the range 
of possible materials suitable for backfilling and sealing a drilled vault 
is planned. 

3.2 Free-fall penetrator option 
The penetrator option is possibly the simplest of those which have 

been considered for the ocean disposal of radioactive waste /19/. In out
line the method consists of the loading of one or more canisters of HGW 
into a penetrator - a large free-falling torpedo-shaped shell. The pene-
trators are transported to a sub-seabed repository area in the deep ocean, 
released and come to rest within the sediment at depths dependent on the 
physical properties of the sediments and on the weights and geometries of 
the penetrators. 

The primary objectives of the DOE (UK) and CEC joint study /18/ were 
to establish in sufficient detail the technical and operational feasibili
ty of the method to enable comparisons to be made with the alternative 
options. Disposal using free-fall penetrators is considered to be techni
cally feasible from an engineering standpoint, providing the following 
criteria can be met: the requisite embedment depth can be attained, the 
hole behind an embedded penetrator is closed, that the state of the dis
turbed zone (the near field) can be quantified, and repository design cri
teria can be satisfied. 

The study examined and considered several conceptual designs for pe
netra tors covering a range of containment options for the waste canisters. 
The canisters themselves were not considered as forming part of the engi
neered barrier because of their inherently low corrosion resistance. 

For both the drilled option and the free-fall penetrator feasibility 
studies, the reference designs of canisters chosen were those proposed by 
the CEC and the UK. The physical form of these canisters is similar but 
the dimensions and weights differ (Fig. 4). 

Preliminary radiological assessment /2,20/ of deep ocean disposal has 
given indicative evidence that there is little benefit in extending con
tainment life beyond 500 years unless it is extended to several thousands 
of years. Consequently, the study took the upper bound on containment de
sign life to be 500 years. 

The range of options studied for the engineered containment are clas
sified as: pressure resistant, corrosion resistant, corrosion allowance 
pressure resistant and transport overpack (penetrator body) designs. These 
designs were selected on the basis that the containment must resist and 
remain unbreached by hydrostatic pressure and exhibit adequate corrosion 
behaviour throughout the design lifetime. If the containment resists, in
dependently of support from its contents, the full hydrostatic load over 
its design lifetime (disregarding any material provided for corrosion al
lowance), this is called a pressure resistant design. 

Corrosion resistant materials examined /21/ were Hastelloy C, tita
nium and titanium-malladium; corrosion allowance is taken to infer that 
the material chosen for the penetrator body corrodes at a predictable rate; 
soft iron is the reference material selected for examination of this op
tion. For the corrosion resistant and corrosion allowance options the pene
trator body is designed to deform under the hydrostatic loads. 
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The transport overpack concept is similar to the pressure resistant 
containment option except that the thickness of the wall is sufficient to 
provide a degree of radiation shielding which would enable HGW containers 
to be transported within a safety normal condition. 

The reference design selected on the basis of the comparative advan
tages and disadvantages of these options is the pressure resisting design. 
Fig. 5 shows the reference design selected, capable of containing five 
canisters. This reference design satisfies inter alia the following opera
tional and technical criteria: the penetrator must be able to withstand 
the impact with the seabed to ensure satisfactory emplacement; the design 
is selected to achieve the greatest practicable embedment depth without in
curring unreasonable costs; the penetrator has sufficient structural inte
grity to be handled during: fabrication, assembly and emolacement opera
tions; the containment is designed to isolate the waste from the surroun
ding environment for a period of at least 500 years. It is proposed that 
the void between the canisters and the penetrator body be filled with a 
material which satisfies the requirements of mechanical strength, and which 
has good flow properties to aid positioning of the canisters during pene
trator assembly. In addition, the filler should not react deletereously 
with the canister or the penetrator body. 

3.2.1 Prediction of penetration depth 
A major effort has been made by the Commission of the European Commu

nities, UK and France to develop models which will allow a realistic pre
diction of tile depth of penetration in different clay sediments of known 
properties. Several methods of approaching this problem theoretically have 
been attempted. The one used in the UK and JRC studies is based upon simple 
Newtonian dynamics. During the embedment phase of the motion, the decele
ration of the penetrator is assumed to obey the following equation: 

M z = M  F  F  F 
g Β D Ξ 

where: ζ = depth below seabed; M = mass of penetrator; Fß = buoyant force; 
FQ = inerţial resistance of sediment; Fs = resistance due to soil stresses. 

Simplifying assumptions on the mechanisms giving rise to the inerţial 
and stress resistance of the soil have been made. Fs is taken from ele
mentary pile theory to be given by 

F = (Ν S + α,S ) C 
s ed o d b U 

with: S0 = crosssectional area; Necj = dynamic and heaving capacity factor; 
Sj, = surface area of penetrator; a¿ = dynamic adhesion term; Cy = soil shear 
strength. The inerţial resistance of the sediment is taken as being equi
valent to an effective hydrodynamic drag. 

This model can be used to estimate the penetration depth of penetra
tors of known sizes and weights (Fig. 6). One of the objectives of the pe
netrator field trials has been to validate the predictive utility of this 
model. The main objectives of the French work were to develop a theoreti
cal model based upon plasticity theory to predict the depth of penetration 
of a penetrator in a clay sediment (of known properties) and to develop 
instrumented penetrators as a means of undertaking geotechnical investiga
tions of potential future storage sites. The work /22/ was carried out 
along the following lines: 
 physical analysis of the phenomena of penetration by a torpedoshaped 
body into a deepsea clay to permit the development of a mathematical mo
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del· of penetration. The model· used is based upon rigid plastic medium 
and calculation of the energy expanded during penetration; 

- the model approach corresponds to a code already operational. Its vali
dation has been confirmed by comparisons with the data obtained from the 
present programme, as well as data obtained from in-situ experiments 
carried out by other national programmes; 

- centrifuge experiments undertaken with instrumental orojectiles in re
constituted clay. These tests, under acceleration of 50 gravities, al
lowed investigations simulating penetration, of very small instrumental 
projectiles into a clay medium scaled to a gradient of consolidation 
equivalent to that assumed to be present in-situ; 

- the small instrumental penetrator tests were undertaken in a basin filled 
with kaolinite and allowed the following: 
. testing of a rapid electronic data acquisition system for eventual use 
in large penetrators in deep water; 

. comparison of results obtained under presently known conditions (shal
low water, under consolidated sediment, etc.) with model predictions. 
The mathematical modelling was found to be reasonably simple and could 

be programmed on a desk-top minicomputer. In this context the "upper bounds 
method" seems particularly interesting; even though it theoretically only 
gives indications on the energy dissipated by deformation, it often allows 
a close approximateion to reality due to the possibility offered by the 
velocity field parameters to represent flow. 

During the penetration of a projectile in a marine clay, four phases 
can be distinguished: 
1) impact, penetration by the head of the penetrator; 
2) penetration by the body of the penetrator; 
3) penetrator burial, continuation of penetration (with or without hole 

closure); 
4) velocity sufficiently slow that the effects of viscosity are important. 

Each of the above phases is governed by a specific behaviour. In phase 
1) the clay has no limitation to flow. In phase 2) the behaviour of the 
clay can be modelled by application of a rigid-plastic law. The criterion 
adopted, therefore, is that of Von Mises with the limitation of flow as a 
function of depth. In phase 3) the phenomena of hole closure (or its ab
sence) cannot be studied using a rigid-plastic model, however, for simpli
fication this phenomenon is not taken into account and the model used in 
phase 2) is used. 

Modelling phases 2) and 3) of the penetration is carried out using 
the following simplifications: 
- rigid perfectly plastic medium; 
- medium which obeys the criterion of plasticity of Von Mises; 
- flow as a function of depth; 
- energy dissipated during the moment of impact not taken into account 

In order to investigate solutions not directly open to this method of 
plasticity, an approach using a method of "upper bounds" has been applied 
which is to say that calculating the excess energy dissipated by plastic 
deformation of the medium. To undertake this, it is necessary to imagine 
the velocity field for each point in the deformed medium, which is likely 
to undergo the physical processes. This velocity field must be 
- kinetically realistic in that it must rest within the imposed conditions 

of the velocity and incompressibility of the medium; 
- plastically acceptable, that is to say that at each point it is possible 

to associate a constraining tensor which is governed by a plastic beha
viour law. 

By applying the theory of extremes to the velocity (this is deduced 
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from the theory of maximum work), it is possible to show that the total 
energy dissipated by the simulated field is greater than that dissipated 
by the penetrator, and thus leading to an underestimate of the depth of pe
netration. The energy dissipated by the field can be separated into three 
terms: 
- energy dissipated in the bulk volume ; 
- energy dissipated by friction; 
- energy dissipated by internal interactions. 

A comparison has been made using the model with the velocity curves 
as a function of depth and deceleration with time for the sea trials un
dertaken in March 1983 by the Building Research Establishment and the Joint 
Research Centre - Ispra, at the Great Meteor East site in the North Atlan
tic /23/. From this comparison two aspects may be distinguished: 
- based on the global measurements of the penetration depth and the rate 
of penetration, the predictions given by the model are 10% less than the 
results reported. The missing 10% can, with certainty, be attributed to 
the lack of realism in the proposed velocity field; 

- concerning the precise shape of the velocity-depth curves, it appears 
that the model, which predicts very closely the initial three-quarters of 
the penetration (however, with a loss of velocity very slightly less ini
tially) , undergoes a much more rapid deceleration in the latter stages 
of penetration. 

One of the weaknesses of this modelling procedure is that it only 
takes into account rigid-plastic behaviour and cannot, thus, describe the 
eventual closure of the sediment column behind the penetrator. As a conse
quence, it is in general unable to correctly model the behaviour of the 
sediment once the projectile has entered well into the medium. 

3.2.2 Physical modelling in a centrifuge 
The object of this study was to simulate the penetration of a projec

tile containing radioactive waste in deep ocean sediments. The simulation 
is undertaken by firing small instrumented model penetrators, at realistic 
environmental velocities into a reconstituted sediment, in a centrifuge. 
This series of experiments was rather delicate to undertake and had the 
following aims: 
- to re-constitute at a scale of 1/50 depth, a clay sediment normally con
solidated, having a realistic cohesion gradient; 

- to fire, at real velocities, model penetrators and measure: 
. the degree and duration of the deceleration during penetration; 
. the degree and duration of the applied force on the projectile during 
penetration; 

. to verify, using X-ray radiography, the final position of the projec
tile in the clay after the centrifuge has come to a standstill; 

. to study, if possible and if it exists, the form of the track left in 
the clay after the passage of the projectile (using X-ray radiography 
after the centrifuge has come to a standstill); 

. to determine, if possible, the influence of the nose geometry on the 
main parameters of penetration. 
The centrifuge experiments were undertaken in three stages: 

- investigation of the total system and static tests; 
- initial tests in flight of experimental prototype; 
- final phase of tests, diring eight instrumented penetrators. 

The depth of penetration of the projectiles is measured after the 
flight using X-ray radiography. Analysis of the deceleration curves ob
tained during flight showed that the duration is of the order of 22 milli
seconds. The axial deceleration at the beginning of penetration is about 
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630 msec~l . 
While the deceleration curves showed a constant signal pattern, it ap

pears that for the force curves a variation of the results occurs around 
a mean value. This type of behaviour may be explained by a change in the 
flow patterns around the walls of the projectile. However, the distribution 
of forces of the soil on the projectile during penetration is not at all 
well known. The recorded forces in the range of 100200 Ν are compatible 
with the decelerations measured. 

On preliminary consideration, not taking into account the effect of 
Coriolis forces and taking the measured exit velocities from the canon 
and the depth of penetration measured by Xray radiography, the distribu
tion of the 8 firings undertaken in the final phase of the experiment, gave 
results which appear in good agreement with those measured insitu. 

Concerning the closure of the hole behind the projectiles, it was 
never possible to detect an indication of the presence of a track in the 
sediment column. The track, if it existed at depth, must have been under 
the detection limit of the Xray method. 

The curves of acceleration have been integrated two times in order to 
obtain the velocity and depth of penetration at each time period. The model 
has been run using the data obtained from the different trials. The den
sity of the saturated kaolinite has been taken as equal to 1.6 based on 
the results of experimental measurements. The value of the coefficient for 
the gradient of the critical state has been taken as 0.79; this value cor
responds to that found classically. 

The penetration curves for the shots agree, in general, to within 10% 
with the experimental depths measured on the basis of integration of the 
accelerator sensors and those given by the model (Fig. 7). The decelera
tions calculated by the programme agree well with the data obtained from 
the penetrators up to the point of hole closure (supposed). The programme, 
at present, does not take into account this phenomenon however. 

The results of the tests show that "hole closure" causes a change in 
the slope of the deceleration curve which becomes less during the later 
phase of penetration. 

3.2.3 Insitu penetrator trials 
Trials of model penetrators have been conducted at two of the study 

areas selected by the ΝΕΛ Seabed Working Group: Great Meteor East and the 
Nares Abyssal Plain. These trials have been collaborative exercises invol
ving the Building Research Station (Department of the Environment, UK), 
the Joint Research Centre, Ispra (CEC) in conjunction with the Institute 
of Océanographie Sciences (UK), Rijksgeologische Dienst (NL) and Sandia 
National Laboratories (USA). They form part of the 5year plan of the 
Engineering Studies Task Group /24/. The primary objectives of these deep 
ocean penetrator experiments have been to demonstrate in outline the fea
sibility of the freefall penetrator concept of disposal for HGW and to 
test the theoretically based predictive models for calculating the embed
ment depth of penetrators in deep ocean sediment. Additional objectives 
of the continuing penetrator trials programme are to measure the motions 
of penetrators through the water column and sediment, and to obtain geo
technical, geophysical and geochemical properties of the sediments of sig
nificance to both the drilled and penetrator options. 

Results from the first set of experiments have recently been reported 
/23,25/. Four penetrators to a design resulting from a study by Aermacchi 
/26/ were dropped at two locations in the Great Meteor East region of the 
North Atlantic. These penetrators, constructed of steel and of dimensions: 
3.25 m in length and 0.325 m diameter, were equipped with 12 kHz constant 



588 Murray et al. : Heat generating waste disposal 

frequency acoustic transmitters. The velocities of the penetra tors as they 
free-fall through the water column and impacted with the sediment, were 
deduced by measuring the Doppler shift of the received acoustic siqnal. 
Data of a remarkably high quality was gained from the first two penetra-
tor drops (in the final two drops the signal to noise ratio was not high 
enough to enable the velocity of the penetrators to be determined once 
the transmitters had entered the sediment). 

A comparison of the experimental data with predictions from the ele
mentary force balance method of describing the penetration event was made. 
These showed that the measured penetration depths (calculated by integra
ting the velocity time profiles during the motion through the sediment) 
agreed with the predictions to within a few percent. 

The second series of trials in March 1984 at Nares Abyssal Plain, were 
conducted with the intention of extending the database of results. Pene
trators of differing geometries and weights/densities were deployed so 
that the predictive methods used in the analysis of the first trials, could 
be subjected to verification and test across a wide range of penetrator 
parameters. A total of 17 penetrators to 8 differing designs were launched. 
The designs were selected to give a wide range of variation of density, 
weight, length to diameter ratio and nose sharpness. Two different systems 
of instrumentation were employed - ADSS (Acoustic Doppler Shift System)using 
constant frequency 12 kHz Doppler units and EATS (Explosive Acoustic Tele
metry System) developed by the Sandia National Laboratories. A schematic 
figure of the range of penetrators deployed is given in Fig. 8. 

Although the overall success of the second series of Denetrator trials 
was somewhat marred by the failure of some of the Doppler units, suffi
ciently high quality data was obtained to enable tentative conclusions to 
be drawn : 
- The force balance method of analysis again predicted the embedment depth 
of the penetrators with a degree of "engineering" accuracy; 

- Local variations in the lithology of the sediments do not seem to have 
a marked effect on the penetration behaviour; 

- The nose shape of penetrators is not a critical factor in determining 
the overall resistive force experienced by a penetrator during embedment; 

- The inclusion of a velocity dependent fluid drag like term as a resis
ting force during penetration improves the correspondance of the strength 
profiles of the sediment derived from data from each penetrator test; 

- This derived strength profile may be considered as a characteristic of 
the sediment - differing from the conventional shear strength obtained 
by laboratory tests. Once a given site or location has been characteri
zed with a derived strength profile - a penetrator resistance profile -
obtained from penetrator trials, the embedment behaviour of penetrators 
of a wide range of sizes and shapes at that location can be predicted. 

The full results of the second set of trials will be published in 
due course /27/. 

The conclusions drawn from the penetrator trials rest on untested as
sumptions: that the penetrator remains vertical during the embedment event, 
and that a unique value can be given to the velocity of sound in the acous
tically complex region in the sediment behind a moving penetrator. Further 
series of trials to investigate these as yet untested assumptions on the 
dynamics of penetrators during embedment, as well as the question of hole 
closure, are planned. It is expected that the results from these trials 
will remove some of the uncertainty about the dynamics of the penetrator 
during embedment. In addition, the decelerations of the penetrators are 
to be measured directly - using accelerometers - to remove the uncertainty 
which may be felt to exist in deriving this fundamental quantity from acous
tic measurements alone. 
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4 . CONCLUSIONS 

1. Two s tudy zones have been i d e n t i f i e d and a r e be ing i n v e s t i g a t e d i n the 
North A t l a n t i c , G r e a t Meteor E a s t and Nares Abyssal P l a i n , which a p 
pear to have c h a r a c t e r i s t i c s of i n t e r e s t to the sub-seabed o p t i o n . 

2 . The r e s u l t s of geochemical i n v e s t i g a t i o n s c a r r i e d o u t to d a t e show t h a t 
deep ocean sediments p o t e n t i a l l y forra a very e f f e c t i v e b a r r i e r to the 
d i s p e r s i o n of r a d i o n u c l i d e s . 

3 . S t u d i e s of two emplacement o p t i o n s us ing d r i l l e d o r p e n e t r a t o r t e c h n i 
ques have been made. No insurmountab le problems have so f a r been i d e n 
t i f i e d fo r e i t h e r t echnology , a l though more d e t a i l e d e n g i n e e r i n g a n a 
l y s i s w i l l be r e q u i r e d to de te rmine f i n a l t e c h n i c a l s o l u t i o n s . 

4 . The problems of s i t e d i s c o n t i n u i t i e s , ho l e c l o s u r e and thermal f i e l d 
development a r e under d e t a i l e d i n v e s t i g a t i o n to a s s e s s t h e i r p o s s i b l e 
e f f e c t s on the long- te rm s t a b i l i t y of the sediment column. 

5 . P r e l i m i n a r y e s t i m a t e s on the p o t e n t i a l c o s t of d i s p o s a l us ing the d r i l 
l ed o r p e n e t r a t o r o p t i o n depend s t r o n g l y on the number of c a n i s t e r s t o 
be d i sposed of a n n u a l l y . Un i t c o s t s a r e s i m i l a r fo r the two emplace
ment t e c h n o l o g i e s and appear comparable to land based a l t e r n a t i v e s . 

6. I n v e s t i g a t i o n s of o t h e r impor t an t envi ronmenta l compartments such as 
b io logy and p h y s i c a l oceanography, a r e being a c t i v e l y s t u d i e d . A f e a 
s i b i l i t y r e p o r t on the sub-seabed o p t i o n i s expected to be p u b l i s h e d 
in 1988 which w i l l review a l l a v a i l a b l e d a t a on the sub-seabed o p t i o n . 
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DISCUSSION 

D. GRAMBOW, HMI Berlin 

There seems to be contradiction in showing that a free-fall penetrator 
penetrates easily in the sediments and saying, on the other hand, that 
the sediments have a very low permeability; if the penetrator goes 
very deep, there might also be a way out for the radionuclides. 

N. MURRAY, JRC Ispra 

The problem of hole-closure is one that is being strongly investigated 
at the present time; there will be an international hole-closure 
programme next year. To look into this very effect, it must be shown 
that the bulk properties of the sediments, both geochemical and geotech-
nical, remain acceptable after the emplacement of the waste. And this 
has not as yet been done. 

R. ROMETSCH, NAGRA Baden 

How is the near-field defined? Is it mainly the metal of the penetra
tor, or are the other materials also considered? 

N. MURRAY, JRC Ispra 

The near-field is defined in the sub-seabed programme as that area 
which is under the influence of corrosion products, radiation field and 
thermal field, and therefore can be differentiated from the far-field 
which is not aware basically of the behaviour of the canister within 
the sediment column. 

W. NAGEL, KEMA Arnhem 

Assuming this project would be realized, a lot of different sorts of 
metals would be emplaced the one quite close to the other. There might 
be enhanced electro-chemical corrosion leading to dissolution of the 
containers. Has this problem been envisaged? 

N. MURRAY, JRC Ispra 

Effectively, studies were carried out in Europe as well as in America, 
using the same approach as for continental disposal, taking the thick-
walled constant corrosion rate approach for rather low temperature 
waste, being perhaps old waste that was stored for intermediate times. 
The Americans consider the titanium type alloy which is more corrosion 
resistant; of course, all the studies were carried out under the 
conditions present in the deep ocean, that is oxygenated sediments or 
reducing sediments and high pressure. 
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Summary 

A global approach to the management of radioactive waste must take 
into account not only the technological or safety aspects hut also 
economic and financial considerations. In this study, the costs of 
geological disposal of radioactive waste are initially evaluated for 
a certain number of representative cases of present tendencies in 
the European Community. These expenses comprise research, develop
ment and site validation costs, transport and interim storage costs 
and finally expenditure relating to various investment and exploita
tion phases of the disposal site as well as its closure. The possi
ble ways of financing are subsequently reviewed and the financial 
charges which resulted are calculated for each considered scenario. 

The study is based on the most recent technical knowledge. It has 
been carried out by national organisations involved in the manage
ment of radioactive waste : ANDRA in France, CEN/SCK and ONDRAF/ 
NIRAS in Belgium and DBE in F.R. of Germany on behalf of the Commis
sion of the European Communities. 

1. Basic hypotheses 

1.1. The waste considered is that arising from reprocessing of spent fuel 
elements and which requires longterm final storage in geological forma
tions. The fuel elements have been discharged from lightwater reactors 
and have a burnup of 33 GWd/ton. The waste is chiefly highlevel waste 
(HLW) as well as intermediatelevel waste (ILW) i.e. hulls, reprocessing 
sludges and technological alpha waste. Table 1 gives the characteristics 
of this waste and of its conditioning. The vitrified FLW, which contains 
11% fission product oxide content, is assumed to be disposed of in geolo
gical formation without overpack. 

The use of alternative or advanced methods for conditioning ILW can 
lead to an appreciable reduction in its volume. The influence of these 
methods on the cost of disposal has therefore been taken into considera
tion : the results will be subsequently published. 
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Table 1 : Charac ter is t i cs of condit ioned waste 

Waste HLW 
Medium Technological 

Hulls active Alpha waste 
waste 

Conditioning glass concrete bitumen concrete 
Conditioned 
waste volume 
in m /GWe/year 

19,5 40 

No. of containers 
per GWe/year 20 15 100 100 

Waste coming from mixed oxide fuel fabrication plants and dismant
ling of nuclear facilities, such as nuclear reactors and reprocessing 
plants, as well as geological disposal of spent fuel are not covered in 
the present study. 

1.2. Three continental geological formations are considered : clay, 
granite and salt domes. In order to study realistic cases, three sets of 
light-water nuclear reactor generating capacities of 10, 25 and 60 GWe 
respectively, all in operation for 30 years, are being considered. Three 
cases are representative of the existing or planned nuclear capacities in 
the Member States. 

Taking the origin of time when the first fuel elements are dischar
ged from the reactor, various scenarios were selected on the basis of the 
disposal dates of the two major waste categories, respectively 10, 30 and 
50 years after reactor unloading. In all the scenarios studied, it is 
assumed that the rates of waste production, loading and unloading at the 
interim storage site, waste transport and its emplacement into the 
repository, is identical. In this publication, it is assumed that waste 
transport is only carried out between two sites : one site for the 
reprocessing and conditioning; the other site, 800 km away, for interim 
storage and geological disposal. The reprocessing of spent fuel takes 
place five years after discharging from the reactor, and the HLW waste is 
vitrified ten years after. When the ILW waste is directly dispatched to 
the interim storage site after conditioning, the HLW waste, after vitri
fication, is stored for ten years on the reprocessing site before being 
sent to the interim storage site. 

Figure 1 shows, by way of example, the sequence of operations in the 
case where the geological disposal of the two waste categories is carried 
out simultaneously thirty years after unloading of reactor fuel elements. 
The waste disposal is carried out from between 30 and 60 years after the 
end of the electronuclear power production and the completion of the 
disposal cycle takes place 60 to 70 years afterwards. 

2. Cost of geological storage 

2.1. Taking into account the disposal scenarios, the types of geological 
formations and the nuclear reactor programmes considered, the annual 
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FIGURE 1 : PLANNING OF VJASTE DISPOSAL (SCENARIO : 25 GWE FOR 30 YEARS, 
SIMULTANEOUS DISPOSAL OF ILW AND HLW 30 YEARS AFTER UNLOADING FROM 
REACTOR) 

financial commitment was calculated in ECU (European Currency Unit). This 
expenditure covers research, development and site validation costs, 
transport and interim storage costs and finally expenditure relating to 
various investment and exploitation phases of the disposal site as well 
as its closure. The costs of waste conditioning have not been taken into 
account in the study. 

The schedule of expenditure, of extremely variable levels in absolu
te value, will range from several decades to a century. Figure 2 is an 
example of breakdown of annual expenses as a function of time. The abrupt 
fluctuation of the curves is characteristic of the results obtained. 

2.2. The interpretation of such curves is difficult and it is easier to 
analyse the components of the annual disposal cost when these curves have 
been smoothed out. Figures 3 to 5 show the results obtained in the case 
of a reference scenario : the quantity of waste corresponds to an instal
led nuclear capacity of 25 GWe for 30 years, the ILW and HLW being 
disposed of simultaneously 30 years after unloading of the fuel elements 
from the reactors. 

The annual breakdown of the cost of interim storage and transport is 
shown in Figure 3. The costs relate to the value they would actually have 
had in 1984. The two peaks correspond to the construction of the interim 
storage facilities of ILW and then HLW. The tabular form of the transport 
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FIGURE 2 : TYPICAL DIAGRAM SHOWING THE DISTRIBUTION OF COST COMPONENTS OF 
GEOLOGICAL DISPOSAL (DISPOSAL IN CRANITE, 25 GWE FOR 30 YEARS, ILW 10 
HLW 50) 

cost curve is to be observed : the first plateau corresponds to the 
transport of ILW, the upper plateau to the simultaneous transport of ILW 
and HLW and the last plateau to the transport of HLW waste. This distri
bution is valid no matter what the geological formation considered. 

Figure 4 shows the annual distribution of the costs of site valida
tion (crosshatching on the figure) and of geological disposal for the 
three geological formations . Site validation comprises the inventory of 
sites and their preselection, geological reconnaissance and deep borehole 
drilling and finally the construction and then the operation of under
ground laboratories or any underground facilities intended to validate 
the site. It can be seen that the validation costs for salt is high : in 
fact, at the repository level, a salt dome must be examined as a whole 
before the site validation is possible; the cost of constructing the 
repository is consequently reduced, as the gallery excavation will have 
already been carried out during the validation phase. The validation 
costs of the argillaceous and granitic sites are lower in view of the 
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nature of these formations; their storage cost is, on the other hand, 
higher and spread out over a longer period of time than in the case of 
salt. 

Figure 5 summarizes the annual distribution of the total costs for 
the three geological formations. The total cumulative cost of geological 
disposal has been estimated for each of the three geological formations 
at about 2 milliard ECU for a capacity of waste disposal corresponding to 
a nuclear programme of 25 GWe over 30 years. 

2.3. Figure 6 visualised the relative levels of the various cumulative 
costs for each component of geological disposal. If the average cost of 
site validation is taken as a reference, calculated here at 125.000.000 
ECU, the cost of interim storage is twice this average cost, that of 
transport three times and that of final storage ten times the average 
cost. In other words, one could say that the transport cost is a third of 
the disposal costs and that of interim storage is a fifth. The full 
extent of the transport costs which often tend to be neglected is clearly 
seen here. 
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FIGURE 6 : COMPARISON OF CUMULATED COSTS, IN ECU 1984, FOR EACH COMPONENT 
OF WASTE DISPOSAL (25 GWE, ILW 30  HLW 30) 

Figure 7 shows the scale effect of the nuclear capacity on the total 
cost of the disposal in the various environments. The straight transverse 
line represents the theoretical cost if the proportianality had existed. 
This effect is more marked for the disposal in a salt dome than in an 
argillaceous formation. 

Figure 8 shows the influence of the time at which the waste is 
disposed of, on the distribution of the total annual costs. The selected 
example is that of disposal in a salt dome. As it might be expected, the 
later the burial date, the more the costs are carried forward in time. 

Finally Figure 9 indicates the percentage of the total cumulative 
costs at the end of the period of electronuclear power production, or 
after thirty years in the example. At this date, it can be seen that if 
half the expenditure is made in the case of the disposal scenario after 
ten years for the ILW and fifty years for HLW, this percentage goes up to 
60% for the simultaneous disposal scenario after thirty years and is no 
more than a quarter of the total expenditure for the simultaneous dispo
sal scenario of fifty years. 
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3. Ways of financing 

3.1. The geological storage of radioactive waste is not a common opera
tion in today's industrial world. Not so much because of the amounts at 
stake but in consequence of the exceptional dimension which the time 
factor assumes. 

It has already been seen that it is necessary to count from 70 to 
100 years to dispose of radioactive waste for a given nuclear programme. 
If one supposed that nuclear energy has already existed since the begin
ning of the 1900's, it is only now that we would have finished burying 
the final waste produced by our ancestors. It is hardly likely they would 
have thought of the future economic upheaval which would subsequently 
occur and its consequence on inflation, interest rates and the parity of 
currencies. When all is said and done, who knows whether the waste 
producers of that time wouldn't have disappeared in this turmoil ? 

Considerations of this kind should give us cause to use sufficient 
discretion when interpreting the results such as those arising from the 
study in view of long-term economic and monetary uncertainties. 

3.2. It must be stated that there is not at present a uniform approach 
by the organisations charged with the management of radioactive waste, on 
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the ways of financing the disposal of such waste and that the application 
procedures are often imprecise or still being developed. 

For the sake of simplicity (Figure 10), it may be supposed that the 
costs can be borne either by the waste producer (under the circumstances, 
the manufacturer of electronuclear power), or by the community (i.e. the 
State), by taxation. If the cost is borne by the producer, three cases 
can be distinguished : 
- prorata payment of expenses, the charges being immediately 
financed the moment they arise; 

- payment by a fee on each kWh product; 
- payment by a fee on each unit of waste disposed. 

1. THE COSTS ARE FINANCED BY 

THE WASTE PRODUCERS 
(i,e, THE UTILITIES) 

THE COMMUNITY. 
(¡,e, THE STATE) 

ANNUAL FINANCING 
OF ARISING COSTS 

FEE ON PRODUCED 
KWH 

FEE ON DELIVERED 
WASTE IN THE 
REPOSITORY 

INCOME TAX 
OR CORPORATION TAX 

2. PRINCIPLE : THE POLLUTER PAYS THE COSTS 
FOR WASTE DISPOSAL 

FIGURE 10 : MODES OF FINANCING OF WASTE DISPOSAL 

There is general acceptance of the polluter-pays principle, whereby 
the conditioning and disposal of radioactive waste cost must, in the same 
way as other industrial waste, be borne primarly by the facilities which 
produce it. Application of this principle therefore rules out financing 
by the community which benefits from nuclear energy since equitable 
distribution by means of taxes is almost impossible. 

3.3. The first case considered is the simplest one : the waste producer 
pays the cost of geological disposal as and when the waste arises. 
Payment can be made annually or in accordance with multiannual financing 
plans of geological disposal. 

Another way of financing is the payment of a fee on each nuclear kWh 
produced (Figure 11). This is based on the fact that each kWh produced 
corresponds to a certain quantity of waste. In this case, a fund would be 
constituted which could be managed by a specialised body, under State 
control for example. Since the waste is stored for a period longer than 
that over which the electricity will be produced by nuclear means, the 
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interest of capital constituted in this way will contribute to covering 
this future expenditure. 
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FIGURE 11 : PAYMENT OF A 
CONSTITUTION OF A TRUST FUND. 

FEE PER EACH NUCLEAR KWH PRODUCED AND 

The diagram in the figure is split up into two parts : the upper 
part correponds to the annual expenses (curve I) and the lower part to 
the revenue (curve II). The producer, during the electronuclear power 
production phase, will pay a fee which is here presumed to be constant : 
it is represented by a straight horizontal line on the figure. Curve III 
represents the annual status of the fund thus set up : it is the annual 
difference between the expenditure and the revenue from the fee, supple
mented by the interest corresponding to that difference. The value of the 
fee is calculated in such a way that, on closure of the disposal site, 
the fund would have been completely exhausted. 

The last way of financing considered here is more complex. It 
chiefly concerns a fee paid by the producer or each unit of waste delive
red for geological disposal. The curve of total expenditure as a function 
of time (Figure 12) has again been plotted. Two phases can be distingui
shed here : 
- the first corresponds to all expenses incurred before the permit to 

construct the disposal repository is obtained; payment is made as and 
when the costs arise. 
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the second phase corresponds to the construction, operation and site 
closure. During phase IIa (repository construction), the costs are 
covered by the loan : the producer, for this period, provides security 
in the form of contractual committments which bind him to the operator 
for the subsequent waste disposal. The waste is disposed of during 
phase lib : at that point, a fee calculated by taking account of the 
repayment of the above-mentioned loan and of the interest on it, the 
disposal cost and the subsequent cost of site closure is levied on each 
unit of waste disposed of. 

(COST) 

■Phase I-

DIRECT ANNUAL 
FINANCING OF 
A RISING COSTS 

Phase 

LOAN FEE ON DELIVERED 
WASTE TAKING 
INTO ACCOUNT : 
-REIMBURSEMENT OF 

LOAN (PHASE Ila) 
.-DISPOSAL COSTS 

IPHASE lib) 
-CLOSURE COSTS 

IPHASE lie) 

FIGURE 12 : FEE PAID BY UNIT OF WASTE DELIVERED TO GEOLOGICAL DISPOSAL 
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3.4. Figure 13 shows a characteristic result concerning the nominal total 
costs, in constant ECU, for each of the geological formations, as a 
function of the various ways of financing. It concerns once again the 
reference scenario of 25 GWe over 30 years and simultaneous disposal of 
waste after 30 years. For the three ways of financing (annual payment of 
expenses, fee on kWh and fee on disposed waste) and taking account of a 
real interest rate of 3%, i.e. market rate less inflation rate, following 
costs in milliards of ECU have been obtained : 
- the total cost of disposal with due regard to margins of errors, is 
perceptibly the same for each of the geological formations concerned. 

- over the 70 years which the disposal cycle lasts, the financial cost of 
disposal to the producer, will amount to 2 milliards ECU in the case of 
pro rata financing of expenditure, to 1.4 milliard ECU in the case of 
the payment of a fee on kWh and 2.4 milliard ECU where a fee is made on 
each unit of waste disposed of. 

The difference between the last two ways of payment is considerable 
(from 1.4 to 2.4 milliard ECU). It can be explained by the fact that in 
the case of the fee on kWh, a repository trust fund is set up whereas in 
the case of the fee on buried waste, the interest of the contracted loan 
should be reimbursed. 
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It should be noted that the differences which appear between the 
various ways of financing would certainly be lessened if the total cost 
of disposal were evaluated, not only from the standpoint of the interest 
of the waste management body but also as regards the overall cost of 
nuclear energy considered as a whole. 

3.5. In the framework of this study, we varied the interests rates and 
the inflation rate on the basis of a multi-parametric study. We also 
assessed by means of simulation the impact of any cost overruns that 
might arise during disposal and studied the adaptation conditions of the 
fee as a function of the application date. 

By way of Figure 14 shows the variation of the nominal fee in 
thousandths of ECU (mill), for the reference scenario and the base-case 
in function of the real interest rates. The real interest rates are 
indicated in the X-axis and the fee is shown in thousandths of ECU on the 
Y-axis. This fee comes to about C.33 mill ECU for a real interest rate of 
3%. It increases with the lowering of the interest rate. It can be seen 
that salt is less sensitive to this variation than the other formations, 
which is explained by the relatively high level of the expenditure 
initially committed in the case of salt. 

(MILL ECU) 
0.7 

GRANITE 

FIGURE 14 : VARIATION OF THE NOMINAL FEE ON KWH FOR DIFFERENT GEOLOGICAL 
FORMATIONS IN FUNCTION OF THE REAL INTEREST RATES (25 GWE FOR 30 YEARS, 
ILW 30 - HLW 30) 
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Figure 15 should be compared with the preceding one. In the case of 
the fee per unit of waste delivered for geological storage, the sensiti
vity of the annual cumulative fee to the real interest rate is being 
studied here. In contrast to the preceding case, this fee increases as a 
function of that rate. Granite is relatively in sensitive to this varia
tion as a result of the better spread of expenditure over the disposal 
cycle. 
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FIGURE 15 : VARIATION OF THE CUMULATED FEE ON DELIVERED WASTE TO THE 
REPOSITORY FOR ONE YEAR IN DIFFERENT GEOLOGICAL FORMATIONS IN FUNCTION OF 
THE REAL INTEREST RATE (25 GWE FOR 30 YEARS, ILW 30  HLW 30) 

Conclusion 

(i) At present, the geological disposal costs can be reasonably assessed. 
The amounts at stake, although considerable in terms of absolute 
value, are relatively small compared to the total cost of nuclear 
energy production. Thus, the total cost of geological storage of 
waste coming from a set of 25 nuclear power stations of 1,000 mega
watts each, as has been previously defined, will be of the same order 
of magnitude as the construction cost of two such power stations, or 
about two milliard ECU. 

(ii) Marked differences between the disposal costs in clay, granite and 
salt domes have not been ascertained. Whichever way of financing 
chosen, these formations, taking into account the margin of error on 
the evaluations made, are quite similar. 
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(iii) Several ways of financing are possible, and each of them has both 
advantages and disavantages. 
- Under normal economic conditions, the formula of funds capitali
sed by paying a fee on the kWh is the most advantageous. For a 
nuclear programme of 25 GWe over 30 years, it is of the order of 
0.33 thousandths of ECU per kWh, corresponding to about 1% of the 
price of the kWh produced. This is the one which offers the 
largest guarantees as regards future payments since all waste 
produced corresponds to a pre-emptive taxation of the producers. 
It is still necessary that the perenniality of such funds be 
ensured in the long-term, at national or international level, 
whatever the circumstances may be. 

- One of the advantages of the pro rata payment for the waste 
delivered to geological storage is that it eliminates a great 
deal of the uncertainty about the effect of costs since, at the 
moment of payment, these costs are exactly known. What will 
happen to the payment, which is to be made well after the end of 
the nuclear programme, if the producer, who is also the payer, 
ceases to be solvent ? 

Therefore, it is to be remembered that the choice of a way of 
financing can not be based solely on financial considerations but must 
take into account social and economic factors in the long-term. Be that 
as it may, solutions do exist, but each authority has to find the one 
which seems optimal in its case. 
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DISCUSSION 

F. FEATES, DoE London 

Are the cost figures discounted? 

P. VENET, CEC Brussels 

Values given in the curves are expressed in 1984 ECUs. The influence 
of different economic factors, like inflation and interest rates on 
financing costs, has been studied. 

R. BOSSER, CEA Cadarache 

In France, the reference case foresees, for reprocessing of spent fuel 
from water-cooled reactors, a time of three years after unloading of 
the spent fuel. What is the base-case used for the calculations and 
curves, which have been presented? 

P. VENET, CEC Brussels 

The computations are based on a period of production of electricity by 
the reference nuclear power plant programme of 30 years. Reprocessing 
of the fuel is supposed to be carried out 5 years after unloading of 
the spent fuel elements, with vitrification following five years later. 
The vitrified waste is supposed to be stored on the reprocessing site 
for an additional ten years, before being sent to the interim storage 
or disposal site. 
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Chairman's Introduction 

Welcome to this session, in the course of which my colleagues present 
here, and myself, will be trying, in the light of the statements we have 
been listening to, and our respective experience, to make a summary of 
the scientific and technical achievements in the field of the safe and 
long-term disposal of high-activity and long-lived waste. The properties 
and characteristics of such waste fully justify the efforts undertaken 
and the means that are at our disposal for ensuring the protection of the 
public and of the environment against their potential noxious effects. 
The final objective of a good management of such waste must therefore be 
to confine them, thus avoiding any inconsiderate dispersal into our 
ecosystem. Such a solution, though unique in its principle, may be 
varied in its applications. A constellation of very different factors, 
either technico-scientific, e.g. the size of the electro-nuclear pro
gramme to take into account, the geological configuration of the coun
tries concerned, or socio-political, e.g. the public's understanding of 
what the risk is, or quite simply the public's sensitivity to nuclear 
energy, may considerably influence the final choice of the disposal 
system in one country or another, or in a given region. The statements 
we listened to throughout today, as well as the statements from yesterday 
and the day before, are an image of this range of possibilities which the 
scientists involved are forging. 

In the quest for a balanced solution, suitable for the national context 
but above all safe, the role played by the multinational bodies is 
capital. It is, in fact, the regular confrontation of ideas and results 
of research which will progressively give birth to a consensus on the 
development of systems acceptable to al]. 

Ten years after the Commission launched its coordinated programme in the 
field of radioactive waste management in general, and particularly in its 
disposal, it is reasonable to ask ourselves the question: "Are we tech
nically ready to answer this latest challenge, which is to implement a 
final solution for the disposal of radioactive waste, a solution accep
table for all but also valid for the generations to come?" 

To start answering this question, the Commission brought around this 
table some experienced research workers, who for many years, in the 
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Community and in two countries with which it has preferential links, have 
been working and directing teams in this matter. 

May I introduce to you successively: 

- Mr. Barbreau, who will tell us more particularly about reconnaissance 
and qualification of sites; 

- Mr. McCombie, who will tell us about engineered barriers; 
- Mr. Kühn, who will tell us about the technological problems and more 

particularly the mining problems; 

- Mr. Girardi, well-known for his work on the safety analysis of geo
logical disposal systems for radioactive waste; 

- Mr. Lyon, who will talk about performance assessment of disposal 
system components. 

On tackling these two last subjects, performance assessment and safety 
analysis, we are anticipating tomorrow's session a little, but we thought 
these important subjects, where the experimental results crystallize, 
could not be passed over in silence at this round table session. 

So, in order to have a complete round, we asked Mr. Feates to end this 
series of short statements, talking to us about institutional, legal and 
financial aspects of geological disposal. 

A. Barbreau 

Firstly, I would like to recall the interest in geological disposal. It 
results from the isolation of the waste, and the expected low probability 
of accessibility in the future, and also from the confinement of radio
activity, obtained by the barrier properties of the geological for-
mation(s) between the respository and the biosphere. Given the impor
tance of the safety of disposal, the qualification of a site will largely 
depend upon the confinement properties of the geological barrier. 
According to the situations and the rock types, this confinement may be 
of three types: 

(1) an absolute confinement, in which no nuclide can escape from the 
repository; this is an ideal situation; 

(2) a relative confinement vis-à-vis total activity of the waste, resul
ting from long time for nuclides to travel from the respository to 
the biosphere, i.e. from radioactive decay; 

(3) a relative confinement obtained when radiological protection stan
dards are met; this can be achieved by dilution and delayed relea
ses. 

Transport of radioactivity from a repository up to the biosphere will 
result from groundwater flow, if and when the integrity of the geological 
barrier itself is not jeopardized by internal or external factors. The 
studies to be carried out must therefore be oriented towards acquisition 
of data about groundwater flow, such as hydrodynamic and hydrodispersive 
properties of the medium. Rock permeability and porosity, size and shape 
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of aquifers, hydraulic head gradients, groundwater discharges, dispersi-
vity of the medium (combining molecular diffusion and cinematic disper
sion) must be known. Moreover, the spatial variability of these para
meters has to be taken into account. 

These data can then be used in order to define convection and diffusion 
phenomena in the overall mass transport equation. They must be comple
mented by the retention capacity of the medium vis a vis radionuclides 
and, in particular, long-lived emitters, which are the major safety 
concern in the geological disposal of radioactive waste. This retention 
capacity is known to play a major role, as was shown by numerous param
etric sensitivity studies. 

The possibility of constructing deep repositories in the medium con
sidered also has to be assessed. 

Finally, the long-term stability of the disposal system and its main 
possibilities for evolution in the future must be studied; this time 
factor is probably one of the critical aspects of disposal studies. 

In order to qualify a deep disposal site, various studies will have to be 
performed in several fields of research and with significant investi
gation techniques: detailed geological and geophysical mapping, deep 
drilling campaigns, borehole coring; hydrological, thermal and mechanical 
tests in underground laboratories, which allow investigations to be 
performed in actual realistic conditions; some basic aspects of deep 
groundwater flows can also be investigated. Very long time spans can be 
approached by considering "natural analogues". 

Presently, a wide range of adequate techniques exist, which enable us to 
investigate deep geological formations; new methods of higher sophisti
cation are being developed in several countries, mainly in the fields of 
predictive geology, of very low permeability measurements, and of acti-
nide speciation. It must be pointed out that underground disposal raises 
a number of specific problems which were, up to now, rarely considered by 
"conventional" Earth Sciences, such as long time spans, very low pearmea-
bilities, and actinide chemistry, as was pointed out yesterday by Mr. 
Peaudecerf. 

It is not the purpose of this talk to consider these various techniques 
in detai] ; however, some of them can be listed. Among geophysical 
methods, mention must be made of remote sensing (satellites, infrared 
scanning); seismic prospection by reflexion or refraction; gravimetric 
survey; a] 1 of these methods allow the determination of deep rock mass 
setting. Various geophysical methods, e.g. sonic, electric and neutron 
logging, can be performed in boreholes. 

Hydrodynamic parameters, such as transmissivity, pearmeability and 
storativity, can be determined by borehole hydrological testing, e.g. 
improved pumping tests, slug tests, packer tests, pulse tests. Hydrodis-
persive parameters (effective porosity and dispersivity) result from 
tracer tests between boreholes with convergent radial flow. Other 
techniques can complement the above methods (e.g. mapping of isopieo-
metric surfaces) in order to describe the hydrogeologicai features of 
deep underground systems. Flow .velocities can .be estimated by tracer 
tests; groundwater dating using C, 0, H, He may prove useful. 
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Among recently developed technologies, mention should be irade of the 
sinusoidal well testing, the PIEZOFOR probe developed by ΤELEMC (F) for 
low permeability and hydrostatic head measurements in boreholes, the 
probes for insitu measurements of Eh and pH. Fina]]y, studies of 
natural analogues are well under way in several countries. 

Let us turn now to deep insitu experiments in underground laboratories. 
The research programmes of Stripa, FanayAugères, Asse, Mol, Pasquasia, 
in the USA and Canada, have twofold objectives. On the one hand, thev 
allow (or will allow) better knowledge of deep geological media in 
representative repository conditions (rock mechanics, heat transfer, 
hydrogeology, radionuclide migration) to be obtained. On the other hand, 
they will favour the acquisition of expertise and knowhow, both neces
sary in order to characterize a real repository's environment. 

The situation is similar in the field of sourceterm characterization, 
and of radionuclide retention by geological formation, mainly for acti
nides; the behaviour of these elements in realistic geological environ
ments is the subject of intensive research already detailed during this 
conference: equation of state, Eh and pH stability diagrams for various 
actinide compounds, complexes with organic and inorganic ligands, and 
last but not least  techniques for measuring very low actinide concen
trations in solutions. 

Finally, a large number of calculation tools are now available, taking 
into account phenomena such as radionuclide convection, dispersion, 
retention and radioactive decay; others, such as the CASTOR cede, allow 
the consideration of evolution scenarios and, later, of the impact of a 
repository on the geosphere and biosphere. 

To conclude, a wide variety of investigation techniques, suitable for the 
study of the geological barrier, are now available; new ones are also 
being developed. Mention must be made of the deep seabed sediments as 
disposal medium; thanks to the knowledge already acquired, realistic 
impact studies (Pacific Ocean, North Atlantic) should now become possi
ble. 

C. McCombie 

As regards the engineered (or technical) barriers, I thirk that the main 
question "Are ve ready for disposal now" can be subdivided as follows: 

(1) do we understand and have we properly defined our requirements on 
the technical barriers? 

(2) have we developed concepts which are adequate to meet these require
ments; and here there is an addendum in waste disposal: how do we 
demonstrate, very convincingly, that they are adequate, more convin
cingly than other people have to do; and 

(3) have we optimized these concepts suificiently to justify beginning 
disposal now? 

The technical barriers themselves are, of course, systemdependent. Not 
all host rocks need all technical barriers. They should also not be 
discussed independently; they should be discussed in their context of 
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integrated near-field. In spite of this, I think I shall now make a few 
quick remarks on the standard technical barriers, the waste matrix, the 
container (overpack) and the backfill, as I perceive it, based on the 
results we had over the past couple of days. 

The matrix has undergone a long development; several options are avail
able. The basic options of vitrified waste (glass) or of unreprocessed 
spent fuel appear adequate. In fact, so much development work was done 
for unrealistically pessimistic assumptions (e.g. on water flows) that 
some characteristics may be more than enough. What can still be usefully 
done is clearing up further "newer" issues seen to be important (e.g. 
species which can result from glass dissolution in repository environ
ment) . 

Lifetime requirements for the container/overpack can vary according to 
the situation. No overpack may be envisaged for disposal in salt; it can 
be estimated that a 1000 years lifetime allows confinement of activity 
during most of the "thermal" phase; other concepts envision much longer 
lifetimes. The justifications for an overpack also vary considerably 
(e.g. redundancy in the multi-barrier system, or simply chemical con
ditioning). The work carried out to-date tends to indicate that these 
performances are achievable now, even for very long lifetimes; recent 
work has shown that various concepts exist (e.g. corrosion-resistant or 
"sacrificial" overpacks) which can produce lifetimes in the range of 100-
1000 years. The next stage here seems to be to move to full-scale type 
overpacks. 

In the area of backfilling, there are also adequate options. Sophisti
cated buffer materials may not always be necessary; when they are used, 
their important purpose is to ensure that radionuclide transport through 
them (if any) occurs by diffusion rather than by convection. Adequate 
solutions, primarily based on the use of tight clays of the bentonite 
type, have been developed. Whether they are optimized or not is another 
story. We have heard that research is being carried out on less deman
ding materials: more common clays, cement, spoil materials. 

These barriers are combined into an integrated near-field which, by 
itself, can bring a high degree of isolation with minimum requirements on 
geology. This near-field can also be "tailored" to enhance performance. 

Coming now to conclusions about these technical barriers, I would like to 
say that we now have concepts which would enable us to begin disposal 
immediately if we wanted to; we can demonstrate convincingly that these 
concepts offer adequate safety. However, there are areas where further 
optimization is possible. We do not have to begin disposal immediately; 
the critical path does not come from the development of technical barr
iers in the system, but either from strategy decision (e.g. length of 
intermediate storage, or from other aspects (e.g. the time needed for 
site characterization). The time we have should be used carefully, not 
to generate further options, but to optimize selected options and to 
validate them so that at time of disposal we have a yet wider body of 
evidence to convince ourselves and the public that we are implementing a 
safe disposal methodology. 
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K. Kühn 

I have been asked to say something about the state of the technological 
art in the field of highlevel waste disposal. There are 3 aspects I 
would like to consider: mining questions (repository construction) , waste 
emplacement, and then backfilling and sealing. 

There is a worldwide trend setting up underground laboratories. One of 
the first trials here with fully implemented techniques was in the middle 
of the 1960's already, at the Lyons salt mine in the USA. It was a 
successful demonstration; HLW could be put underground. Again, in the 
case of salt, disposal experiments have been made and are going on in the 
Asse mine in Germany and in the USA in the Avery Tsland mine. In gra
nite, a whole series of underground laboratories have been created: at 
the Troon site in Cornwall (UK), FanayAugèies (F). Perhaps more famous 
are the underground laboratories in granite at the Stripa mine in Sweden 
and at the Grimsel site in Switzerland. At present, the Underground 
Research Laboratory in Canada is going ahead; the shaft is 255m deep 
already. Last, but not least, we received papers this morning concerning 
the underground laboratories in clay at Mol in Belgium, and at Pasauasia 
in Italy, the latter being scheduled for this year. 

For repository excavation, one of the main questions relates to the 
sinking of shafts. The methods we have now make it possible to set up a 
repository; in Germany, we have taken this first step and are sinking two 
shafts in Gorleben. They are laid out so that, if there is a goahead, 
then we could certainly turn them into a repository. 

For excavations underground, the three formations are to be distin

guished. In Germany, we have already decided that we will use point
attack machines which will make it possible to excavate rooms without 
unnecessarily mechanically disturbing the host rock. There is a lot of 
experience in hard rocks, particularly in granite, so that there is 
nothing new there. In Sweden, very sophisticated methods have been used 
for drilling and blasting; in Grimsel, a fullface tunnelling machine has 
been used with favourable consequences on safety and cost. Other consi
derations have been made for excavating large galleries in clay at Mol: 
both ground freezing or direct excavation seem possible. Here, of 
course, further technological development remains necessary for an 
industrial repository. 

Transportation and handling of waste are pretty well settled; all coun
tries now have experience. They know how to manage and transport irra
diated fuel rods; containers and casks have to be adapted in dimensions 
and thermal performances; this should not be difficult. The scene is 
different as regards both machine and techniques in the case of HLW being 
disposed of underground. There are a number of engineering paper de
signs, in the US, for example, but none of them have really yet been 
tested and I think that this is an important element of the Part Β of the 
Community's next programme, as mentioned by Mr. Orlowski. 

A machinery for transportation and disposal of HLW underground has still 
to be tested out and checked for technical reliability. The same goes 
for the Mol facility, and in France when a site is selected. 

The last aspect is backfilling and sealing. Here, of course, there are 
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differences, which depend on the nature of the voids to be filled in. 
For the disposal hole for canisters, there are various designs and there 
should be no problems to put these into technical effect. In his presen
tation, Mr. Lake gave us an idea of what exists; this is probably a 
question of optimizing the procedure and finally choosing something, 
instead of endlessly proceeding with new ideas. An important point which 
has only been touched upon, is the development and testing of dams in a 
repository, where you have ground water (e.g. in granite) or where you 
might have water if something happened (in salt). Within the next EC 
programme, we are going to test a prototype which would be gas- and 
brine-tight; this should be available in time for the construction of the 
Gorleben repository. 

As regards the sealing of shafts, this results from mining experience, 
but, of course, the requirements are stricter than for any coal mine. 
But procedures are being developed which will successfully enable us to 
actually fill and seal the holes. 

So in technological terms, I would say that there are only a few problems 
left, and I think that we can put HLW disposal into effect. 

F. Girardi 

I would like to subdivide the question "Ready for implementation?" into 
two parts. Have we got the necessary criteria and rules, firstly as 
regards the protection of the public, and, secondly, as regards the 
protection of the environment? 

Let us consider the protection of the public. Of course, it is difficult 
to give a yes-or-no answer to the question: " Are we ready for implemen
ting HLW repositories from the viewpoint of long-term safety protection 
of the public?" The two processes, implementation of disposal, and 
set-up of laws and codes of practice for protection of the public, 
proceed in parallel from general concepts towards practical and concrete 
sets of rules and practice. Presently, the status is the following. 

The radiological protection criteria have been established long ago by 
the International Commission for Radiological Protection (ICRP), and the 
most recent revision of these rules (ICRP no. 26) has been incorporated 
in a CEC directive in 1980. They do not apply directly to the waste 
disposal case, in which there are aspects of protection involving future 
generations which are not specifically accounted for in the original 
publication. ICRP is presently drafting a recommendation which inter
prets the basic rules of ICRP no. 26 and applies them to the waste 
management case, which will become available in due course. The OECD-NEA 
has recently convened a group of experts in order to prepare a document 
in which proposals are made; since the composition of this experts' group 
also includes ICRP members, one can imagine that the ICRP recommendations 
will be set on similar guidelines. Mr. Lyon will expand on what the 
major issues are to meet these guidelines. My personal opinion is that 
there should be no overwhelming problem in meeting them. 

Now, as regards the protection of the environment, a fundamental concept 
of radioprotection is that if rules are established such as to protect 
man, they will be more than adequate for protection of the environment, 
since man is a complex organism, very sensitive to radiation. The 
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problem of environment protection, which is so acute nowadays, is not a 
radiological one, but essentially a problem of toxic chemical waste. The 
reasons are that these waste arise in much higher quantities (remember 
Mr. Orlowski's statement), that they are disposed of in the biosphere, 
and that they are noxious to specific environmental compartments. In 
comparison, high-level radioactive waste, which arises in small quanti
ties, will be disposed of outside the biosphere; and there is no special 
sensitivity to radiation of selected environmental compartments. There
fore, as far as environmental protection is concerned, my answer will 
then tend to be "yes, we are ready to implement HLW disposal". 

R. Lyon 

I have been asked to say a few words on the topic of post-closure perfor
mance assessment. By performance assessment, we mean the evaluation of 
how well a disposal system is expected to measure up to its acceptance 
criteria. For this short presentation, I would first like to suggest 
that there are a number of challenges facing us in performance assess
ment. Then 1 will describe a framework that more or less represents the 
methodology being developed in various countries to meet those challen
ges. Finally, I will express an opinion as to how far along we are in 
establishing the framework. 

The challenges that face us relate to: criteria, assimilation, uncertain
ty and variability, and validation. 

Dr. Girardi has given us a concise discussion of criteria and I would 
just like to add to this that, recently in Canada, the Radiation Protec
tion Association held a workshop on criteria, which included among the 
attendees representatives of the AECB and our environmental agencies; 
Messrs. Cadelli and Saltelli also represented the CEC. The conclusions 
from the workshop, which we are adopting in our programme, were that two 
basic criteria are appropriate: (a) that there should be a limit ex
pressed in terms of risk (as suggested by the NF.A) and (b) that there 
should be a limit on the probability of individual dose exceeding a 
particular level. 

There is a tremendous amount of research information being generated by 
the field and laboratory programmes around the world. As so clearly 
described by Dr. Verkerk on Monday, we face a major challenge in assimi
lating the detailed information to arrive at conclusions about harm to 
man. Our objective in performance assessment must be to focus light on 
the primary objective, which is to evaluate the potential of a disposal 
facility to cause harm to man or the environment. 

The systems to be analysed are highly variable¡hydraulic conductivity in 
one borehole in a geological formation may be quite different to that in 
a borehole a hundred metres away. Measurements of that hydraulic conduc
tivity will also contain errors of observation and interpretation, 
resulting in uncertainty in the values used. Further uncertainties 
result when phenomena are interrelated to evaluate complex processes, 
such as radionuclide migration, and all of this is compounded by extra
polation into the distant future. 

Validation is a particularly difficult challenge for performance assess
ment. Validation by comparison of predictions with observation obviously 
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cannot be achieved for the total system throughout the period of time 
that man must be protected from the waste. 

The framework that more or less describes the developing methodology in 
performance assessment is illustrated diagramatically below. Detailed 
research models interpret directly the field and laboratory research, and 
produce results which can be cast in the form of simplified submodels and 
parameter distributions for use in performance assessment calculations. 
Representation of parameters of the submodels as distributions rather 
than single values enables account to be taken of uncertainty and varia
bility. 

Performance vs. Criteria 

Probabilistic Performance 
Assessment 

Sub models 
Parameter Distributions 

Detailed Research Models 

Interpretation Validation 

Field and Laboratory 
Observations 

Quality Assurance 
Peer Review 

Direct comparison of predictions of the detailed research models with 
field and laboratory measurement provide for validation. The excellent 
presentation by Mr. Wallner this morning is an example of where this is 
being done concerning the thermomechanical behaviour of rock salt. 

It is, of course, also possible to interpret directly the field and 
laboratory observations and use expert opinion, empirical calculations 
and direct measurements to provide submodels and data distributions. An 
example of this process of assimilation is the use of a three-dimensional 
hydrological modelling code to interpret directly the borehole measure
ments at a site, to infer the total flow field. From the flow field one 
can then develop distributions of path lengths and water transit times 
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for use in a system model. 

Using the submodels and data distributions, the probabilistic performance 
assessment can then be used to evaluate how well the system measures up 
against the criteria. The performance assessment can then be used in a 
sensitivity analysis mode to identify how changes in the subsystems or 
components of a specific proposed disposal system affect the performance 
relative to the basic criteria. By this process, the proponent of the 
disposal system can optimise his site and design to meet the basic 
criteria. Note that it is not appropriate to define arbitrary criteria 
for the performance of the subsystems. This would unnecessarily limit 
the capability of the proponent to design his system to best meet the 
basic criteria. (I recognise, however, that this may be a contentious 
statement). 

Validation of the tota] system assessment can he achieved through a 
process of quality assurance and peer review which ensures that the total 
process of interpretation and assimilation is appropriate and has been 
performed with minimum error such that the end result is soundly based on 
the foundation of field and laboratory observation. 

Finally, where do we sit in terms of establishing the framework? 1 
believe that all the elements of this framework are established or in the 
process of being established. For example, we have heard at this con
ference papers on the detailed behaviour of waste forms, on container 
corrosion, on the behaviour of radioelements in the geological environ
ment, and on specific field work including underground experiments. 
Thus, the basic research foundation and the detailed modelling are 
becoming well established. Tomorrow we will hear about performance 
assessment methodology, including deterministic and probabilistic de
velopments. What remains is to consolidate the approaches, and in 
particular to strengthen the links between the performance assessment and 
the field and laboratory observation. 

F. Feates 

I have been given five minutes to address the question of whether we are 
ready for disposal with respect to national organisations, legal aspects 
and financing; so I hope you will understand that 1 will have to be a 
little superficial. 

I tried to find a common theme between the national organisations which 
now exist, and I thought I had found one. They all seem to spend lot of 
time finding names which would be a good abbreviation and still be 
pronounceable. That really is the only common theme we seem to have 
within the Community. V/e have organisations which are run by a Board of 
Management chaired by the atomic energy authority; we have some super
vised by Government Departments; some with public sector directors; some 
without public sector directors; i.e. a total mix of organisations. And 
this is not unreasonable; I do not think it matters, as long as they are 
organizations which do work within their own country. 

They also seem to have quite dispersed methods of financing. Some have 
direct invoicing of running cost against waste producers; some have means 
of pre-financing major systems; others have loaned; some combine all 
these functions together in one way or another. Again, I do not see that 
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it really matters, so long as we have structures which do the job. 

Are we really settling the legal problems which will face disposal? 
Well, public relations was not mentioned and will he addressed tomorrow, 
but "legal", I think, really means "public acceptability" because if the 
public accepts, then the law will allow. We have to recognise that this 
is a major problem the nculear industry has to solve. It has, I think, 
been tackled very effectively in Germany through a public hearing which 
cleared the air immensely and has allowed Germany to progress; it has 
been tackled in another way in France, which, again, seems to be very 
effective; it has not been tackled very effectively in the United Kingdom 
and we made little progress. So one can draw one's own conclusions from 
these facts. 

There is little left to be said about financing after P. Venet's paper at 
the end of the last session, but I would like to comment on it. He did 
say that the cost of the disposal facility would only be equivalent to 
about two nuclear power stations. He talked about 25 Gigawatts. My 
calculations suggest that it is about 10% of the capital cost in the 
nuclear power industry; and if you discount the costs in both directions 
(I have allowed for old plant which is operating and discounted the 
future cost) it could be a lot higher. That does worry me a bit, because 
at the time of the INFCE study a few years ago, we were talking about 1 
or 2%; we now seem to be talking about 10%. And, in the UK, we are very 
conscious of what we like to call the "Concorde Syndrom" (things do not 
always cost what you think they will cost); and you can draw very pretty 
graphs showing peaks and things like that; but they do not often bear 
much relationship towards what is actually spent. Unfortunately, what is 
actually spent is so often very much more. And I wonder if these systems 
which have been set up will actually provide for the additional cost 
which will be reeded maybe after the nuclear industry has ceased to 
operate, and the organisations may no longer exist. Perhaps that is a 
question that we should be addressing. 

We also have to recognise that technical problems can crop up: WIPP had 
to change direction at a very late stage; I do not know how much it cost, 
but it must have cost a bit; when the drilling was done at Gorleben, the 
salt dome was found to be not quite what was expected, and I am sure 
these problems, if they were problems, will be found on every side. 
Maybe our Belgian friends went the other way, and they found that all the 
expense that they had incurred freezing could perhaps be saved in a real 
repository. But we have to recognise these uncertainties. 

There is another uncertainty, and that is the one of the dreadful regula
tor, which keeps coming along wanting more things doing. It has cer
tainly not helped the American nuclear industry to get off the ground; 
and we may find the same sort of problems when we actually get to build 
repositories, that in response to public demands, there are additional 
regulations coming in at a very late stage and costing the industry a lot 
of money which they would claim they would never have thought of when 
they made the initial estimates. 

So if I could finish, I think that the answer to the question is "some 
are more ready than others". 
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Chairman's Conclusive Talk 

I will try to draw a few rapid conclusions, which Τ think we have reached 
a consensus on in this panel. 

Firstly, as for the geological barrier, we believe we have a clear idea 
of the essential part it plays in al] disposal systems, and we have an 
arsenal of techniques and instruments which allow us to characterize it 
in the field. Moreover, our laboratories are now well equipped to 
proceed with experiments, analyses and tests, all of which are indispens
able for validations. The study into natural analogues should allow us 
to better understand certain physicochemical phenomena and their evolu
tion in nature. 

Secondly, the processing and conditioning techniques for the waste allow 
us to obtain an endproduct whose characteristics meet the main needs of 
physical and chemical stability. Other engineered barriers, for example 
the backfilling materials, are already available and ready for implemen
tation. 

Thirdly, the intensive research over the past few years into the field of 
rock and soil mechanics have allowed us to tackle the particular problems 
linked up with the excavation of galleries and shafts, and their opera
tion. The most striking examples concern the deep drydrilling experi
ments in salt in the Asse mine and the excavation of the underground 
laboratory in clay at Mol. 

Fourthly, modelling calculations allow us already to forecast the be
haviour of rock masses according to a certain number of parameters 
relating to the disposal of waste. 

Fifthly, as for performance assessment, it is essential to have an 
indepth knowledge of the system components, including the disposal site. 
Performance assessment methodologies have now reached an advanced stage 
of development. We already have acceptance criteria, but we still have 
to look into safety in the future and this has to be done at the same 
time as developing systems. 

So to sum up, the development of a highlevel waste disposal system could 
already be envisaged, with of course certain complementary research, and 
the compulsory passage through a demonstration stage, demonstration aimed 
at confirming, at the true scale, the conclusions of the research and 
studies. Now, the time we have left for the construction of industrial 
disposal facilities allows us to pursue our efforts aimed at clarifying 
certain incomplete answers to some of our questions, and to optimize the 
system so that the best economic and safety conditions are created. 

The CEC 19851989 five year plan is undoubtedly aimed at obtaining these 
objectives. 
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Summary 

In 1982 the CEC launched, in the field of risk assessment, the PAGIS 
action (Performance Assessment of Geologic Insolation jSystems) which 
makes use of a methodology common to the EC countries and of realis
tic data representative of european sites, repository designs, and 
waste forms. 
PAGIS may therefore provide a commonly accepted basis for future 
national licensing exercises and contribute, by means of its rea
lism, to the acceptance of disposal solutions by the public. 
In PAGIS, the performances of geological media (clay, granite, salt 
and sub-seabed) and man-made barriers for isolating HLW from man and 
his environment are being examined on the basis of a well defined 
normal evolution scenario and several altered scenarios which are 
superimposed on to the normal one. 
Disruptive events will not be the object of consequence analyses, 
provided that their extremely low probability of occurence can be 
confirmed. 
Best estimates of both the individual and collective doses are being 
computed and risk distributions for probabilistic events will be 
evaluated, including the uncertainties affecting the essential 
parameters. 
The sensitivity analysis on the major parameters is expected to show 
to what extent the retention, retardation and dilution capabilities 
of the disposal system can be improved by an appropriate selection 
of the natural and engineered barrier characteristics. 
At present, all basic data have been selected and the first prelimi
nary evaluations are being made. The exercise will end with an 
evaluation of results in comparison with acceptance criteria. 

1. Introduction 
The pace of development of nuclear energy in Europe depends to a 

significant extent on the acceptance of solutions for the disposal of 
radioactive waste. 

In order to obtain such an acceptance, by the responsible regulatory 
authorities on the one hand, and by the public at large on the other 
hand, a convincing demonstration has to be presented of the capability of 
selected geological formations to delay the migration of the radio
nuclides until the bulk of the radioactivity has decayed and to even
tually allow thereafter their release into the biosphere at an extremely 
low rate with an insignificant risk to future populations. 

Therefore, all countries involved in nuclear energy are making 
substantial efforts in that direction, with a marked increase since 1977 
(1). For its part, the Commission of the European Communities (CEC) 
started sponsoring R&D work devoted, directly or indirectly to such 
safety aspects, as early as 1973. It was, however, only at the very 
beginning of the 80's that the time was judged particularly favourable to 
launch a major concerted action at Community level: the PAGIS Project 
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(Performance Assessment of Geological Isolation Systems); one of its 
objectives is to set up a methodology for evaluating the performances of 
HLW repositories, enjoying a large european consensus, and which could be 
regarded as an accepted basis for future national licensing procedures or 
more comprehensive system analyses. 

PAGIS, as it stands, deals with four disposal options for HLW 
arising from spent fuel reprocessing, namely clay, granite, salt as well 
as the sub-seabed. It benefits from the considerable amount of infor
mation available through the programmes carried out by the Commission of 
the European Communities and its member states. 

PAGIS is also a realistic exercise as it will be explained below. 
Many safety analyses have already been made in various countries and have 
shown that, when appropriate measures are taken, waste disposal is 
feasible and safe. In some cases, however, they are characterized by a 
generic approach and the lack of concreteness fails to gain the public 
confidence. In other cases, although based on realistic concepts, 
systematic conservative assumptions are made in order to cover the 
uncertainties inherent in long term risk assessment involving, for 
example, such elements as a model for the radionuclide migration in the 
host rock. But this approach, sometimes referred to as the deterministic 
approach, may result in an overdue penalization of the repository design. 
In order to avoid this drawback, other approaches have been developed 
which have recourse to probabilistic and statistic methods, and this 
appears the most promising way to face the problem. In this case, 
however, there is a risk that the transparency of the assessment, which 
is granted in the deterministic approaches, could be lost to some extent. 
PAGIS, on the contrary, makes clear references to real sites, today-
repository engineering, and presently existing waste forms. 

PAGIS is therefore expected to contribute to the acceptance of 
solutions for the disposal of radioactive waste. 

2. Guidelines adopted 
In setting up the methodology for the PAGIS action, four guidelines 

have been adopted, namely: 

a) PAGIS should be a realistic exercise; indeed, it was believed 
that enough studies had been done on the feasibility and safety 
"in principle" of disposing radioactive waste. What appeared to 
be needed was a study on the feasibility and safety "in practi
ce", with a clear reference to real sites having well defined 
geographical characteristics, using conceptual repository 
designs in accordance with present engineering standards and 
referring to waste produced, conditioned and packed with wel]-
proven technologies. 

b) PAGIS should be carried out with a methodology and mode] studies 
which not only should be made understandable for the scientific 
community but which also could be "translated" into comprehen
sible and convincing terms for the information of the public. 
The objective of PAGIS is, in fact, also a practical one: to 
increase the confidence of the public on the safety of waste 
disposal. The difficulty in implementing this guideline is, 
however, much greater than that expected to arise from the first 
one (point a. above). 
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c) The approach and methods adopted for PAG1S should be flexible 
enough both to accommodate the knowledge becoming available 
during the exercise and to adapt itself to the various possible 
radiological protection criteria which could be adopted in the 
future. It should also be able to accommodate minor changes in 
the waste management policies which could occur during the 
exercise. 

d) Finally, PAGIS should not only represent a scientific approach 
but, it should also have a relevant political content at the 
E.C. level; the degree of development of nuclear energy differs 
considerably within the European Communities, ranging from the 
case where countries have implemented the entire fuel cycle, 
including reprocessing and refabrication of fuel, to the case 
where countries, with nuclear power installed capacities, will 
be customers for the cycle services, including waste solidifi
cation, and eventually will need to dispose their waste within 
their own territory. There are also countries with no nuclear 
programme at all. It is essential for the european policy that 
the PAGIS exercise helps in creating within the European Commu
nity a harmonized view on the question of waste disposal and 
contributes in reducing the gaps existing between its countries. 

3. Aspects related to realism and credibility 

a) Realism 

Assuring the need for realism and concreteness contained in the 
first guideline implies a very large spectrum of aspects related 
to: 

the selection of the site itself and its characterization; 

- the engineering of the repository, its parameters and the 
materials to be used; 

- waste arisings, waste forms and conditioning. 

No real difficulty was found in selecting repository designs 
appropriate for the various options, nor for the waste form. 
However, various packagings, modes and backfilling materials are 
still under consideration and they might have a non negligible 
influence on the retardation effect of radionuclide migration 
during the first post-closure period, when the radioactivity 
still has high levels. 

b) Credibility 

Much more difficult is trying to be understandable and con
vincing. The most challenging problem which had to be faced is 
related to the scentific approach to the various phenomena which 
have to be taken into account. The evolution of the various 
barriers and their eventual degradation is normally reproduced 
by models which are assessed and validated at laboratory scale 
and, to a lesser extent, through in-situ experiments. But 
everybody is aware of the conflicting situation arising between 
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the need for long term predictions and the predictive capability 
of these models based on results obtained after tests carried 
out during several years at most. This is typically the case of 
the models developed for the waste form degradation and the 
corrosion of the waste packaging. But another difficulty is 
associated with the migration of the radionuclides through the 
backfilling, the geosphere and the biosphere, up to man. 
Various phenomena occur which need modelling: transport of 
radionuclides with the underground water movements and their 
dispersion, diffusion following concentration gradients and 
retardation effects due to several processes, such as ion 
exchange, sorption/desorption phenomena, filtration, etc. For 
each of these phenomena, global or, as is more generally the 
case, individual models are to be made available, and where 
individual models are used, their coupling results in a heavy 
mathematical complexity preventing analytical solutions. The 
mathematical burden, which results in exceedingly long computa
tion times, is jeopardized by the fact that the coefficients 
pertaining to each model need to reflect the properties of the 
medium through which the radionuclides are supposed to migrate 
and these properties are varying in space and time, or are even 
subject to discontinuities, as is the case for the fissured 
granite. Moreover, if the variability range of a given property 
in a given formation can be determined through appropriate 
in-situ borehole experiments, there is no hope of reproducing in 
a model the real distribution of the rock properties throughout 
the formation. 
Another kind of uncertainty was related to acceptance criteria 
for underground disposal of radioactive waste. Basic recommen
dations have been formulated by the ICRP and they have been 
adopted throughout the world. Some difficulties, however, are 
encountered when applying them to the case of underground waste 
disposal and criteria for practical application are being 
derived from these recommendations in various countries as well 
as within international organisations such as the IAEA and the 
NEA and the ICRP itself (2,3). For the moment, however, the 
absence of agreed, detailed, quantitative criteria makes the 
assessment an open ended problem, although progress is being 
made in this field and targets are expected to be fixed before 
the end of the exercise. 
Finally, in addition to the difficulties mentioned above, which 
are common to all safety assessments in the field of underground 
waste disposal, a specific one had to be faced in PAGIS, coming 
from the intrinsic differences between the various options. As 
an example, repositories in granite formations are likely to 
show an extremely low but continuous leak also in the case of a 
normal evolution scenario, whereas the absence of water in salt 
formations prevents almost any movement of the radionuclides 
unless a perturbation occurs. These formation-specific differ
ences may suggest different answers to the same question (such 
as "what is safe?") from teams used to studying different 
options. Such differences are not easy to reconcile without a 
substantial good-will of all assessors involved. 

4. Setting up the methodology 
Due to the nature of the problem and the existence of conflicting 
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requirements, the solutions adopted for implementing the guidelines 
outlined in Section 2 cannot always be ideal, but we believe that, on the 
one hand, they should satisfy the scientific community and, on the other 
hand, they should be sufficiently transparent so as to be appreciated by 
the members of the public and their representatives. 

a) The need for realism to be assured as a basic guideline sugges
ted the choice of real sites, independently from their final 
destination. The selection was essentially dictated by the 
availability of information resulting from in-situ experiments 
and this was possible in most cases. A catalogue of the geolo
gical formations in the European Community, recognised as 
satisfying predetermined criteria for undergound radioactive 
waste disposal was edited in 1980 (4). A very limited number of 
sites, however, has been the object of intensive in-situ inves
tigations such as those made, for instance, on the salt dome of 
Gorleben or for the Boom clay deposit at Mol. Moreover, in-situ 
explorations, even for research purposes, have been constantly 
delayed due to the resistance of local populations. Very few 
sites, therefore, offer enough information to enable a realistic 
assessment and they do not necessarily represent the location of 
HLW repositories since no site has yet been definitely chosen by 
the relevant national authorities. 
One reference site has been selected for each one of the conti
nental options: Mol for clay, Gorleben for salt domes and Auriat 
for granite formations. 
While Auriat is essentially a notional site, the activities 
carried out at Mol and Gorleben are impressive and the evolution 
of these sites from research to demonstration sites and, final
ly, to real repositories may be expected (if, of course, all the 
on-going and future studies provide the expected favourable 
results). 
Variants have also been selected but for some sites the ]imited 
amount of available experimental results had to be complemented 
with data expressed in the form of a range of values. This 
situation, which could be considered a weakness in the approach, 
will in fact be used in PAGIS in order to show, through sensi
tivity analyses within each option, the impact of the charac
teristics and properties of the formation on the overall perfor
mances of the disposal system. A similar situation was also 
found for the sub-seabed option for which areas were identified 
rather than sites. With the selection made (the GME, CV2 and 
SNAP areas in the Atlantic Ocean) it will be possible to evalua
te the sensitivity of the results to variations in sediment 
properties and in the ocean dispersion parameters and to two 
types of submarine floors, plateaux and distal abyssal plains. 
The selection of realistic repository design did not create 
major difficulties since reference designs appropriate to each 
option could be selected, which are based on proven techniques. 
For the waste forms, the selection of a borosilicate glass 
matrix as a reference was obvious, since the production of waste 
forms using this material has already been proven at industrial 
scale. 

b) The need to be comprehensible and convincing, as shown in 
Section 3, is much more difficult to fulfill when dealing with 
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extrapolations of situations occurring over periods of hundreds 
of thousands of years, as is the case for waste disposal sys
tems. Only the final results will show if this guideline was 
successfully implemented. 
Various evolution scenarios can be identified for each disposal 
site and they differ both in the expected consequences and in 
their probability of occurrence. In all cases, however, there 
is a typical evolution which can be described with a good 
approximation by assuming that no external event, from natural 
or human origin, would occur. Moreover, it represents the most 
probable scenario and in PAGIS it is assumed as the base case 
(normal evolution scenario). Human intrusion into the reposi
tory and altered evolutions due to natural phenomena are exami
ned together with the associated probabilities in order to 
evaluate the corresponding risks. Through these separate 
evaluations the sensitivity of the results to the various 
scenarios will be apparent and, eventually, specific measures 
for the repository design can be suggested. 
It is a common practice to select release scenarios on the basis 
of a list of possible events and this is how the first selection 
was made in PAGIS, after careful examination of the site speci
fic characteristics. However, this selection will be revised as 
well as the detailed description of each scenario (including the 
normal evolution) in order to take advantage of on-going geopro-
spective studies (5). There are projections into the future of 
established natural trends which make it possible to compare 
situations in the context of consistent and plausible scenarios 
at various points in time and appropriate to each site. 
The selection of predictive models describing the release and 
the migration of the radionuclides from the repository through 
the various pathways to man brings about a conflicting situa
tion. On the one hand, advantage must be taken of the most 
advanced results and data, which imply sophisticated subroutines 
and, on the other hand, sensitivity studies and uncertainty 
analyses require multiple calculations which may rapidly lead to 
prohibitive calculation times and costs. 
For PAGIS, it has been decided to use two sets of models: the 
one, with the most sophisticated approaches, will be used to 
provide best estimates; the other one, with simplified models, 
will be employed for sensitivity and uncertainty analyses . It 
is anticipated that, in order to ensure consistency between the 
two sets of results, a significant amount of adjustment work 
will be required, but with the approach selected one should have 
the essential advantage of a high transparency of the whole 
procedure. 
Both the variability of the rock properties and the uncertain
ties on their values are taken into account in PAGIS by using a 
probabilistic approach. Distribution functions of the parameter 
values reflecting the results of appropriate laboratory and 
in-situ experiments are established whenever possible. A 
statistical sampling technique, incorporated in a general 
managing code, will then show for each scenario the spectrum of 
the possible consequences through a predetermined number of 
runs. Such type of codes are going to be applied more and more 
to underground waste disposal safety assessments. These 
arguments will be developed in more detail in the next paper. 
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Uncertainties, however, affect the models themselves and it 
appears advisable, as a first step, to gain experience on the 
relative importance of the various chemico-physical processes 
and transport mechanisms modelled with respect to the final 
radiological consequences. Sensitivity studies are therefore 
being made in the framework of PAGIS in order to identify the 
most relevant phenomena for which, eventually, more sophisti
cated models will be needed. 
The procedure outlined above will certainly be essential in 
order to become familiar with the whole release and migration 
processes of the radionuclides, but does not entirely solve all 
the difficulties due to uncertainties since any model, as 
sophisticated as it may be, cannot be anything more than a 
simplified approach to the complex reality. 
As far as radiological protection criteria are concerned, no 
single dosimetric quantity appears to be an appropriate cri
terion for the acceptance of underground radioactive waste 
disposal facilities and, eventually, a combination of risk and 
of dose limitations would be a satisfactory means to grant 
security for present and future generations. In PAGIS, both 
individual doses and risks are computed; these, along with a 
wide spectrum of intermediate results, are expected to respond 
to the most probable formulations of the safety requirements 
which will have been agreed at the time. 
However, no attempt has been made to fully cover the require
ments of the ALARA principle recommended by the ICRP, since no 
cost evaluation is included in the assessment, nor are sub
jective aspects such as public perception of the risk or the 
value of health detriments taken into account, since no optimi
zation of the repository is sought in PAGIS. Collective doses, 
however, are also evaluated in PAGIS as an element of these 
optimization studies, which will be undertaken in the future. 
Moreover, it should be stressed that a comparison among the four 
options is beyond the scope of PAGIS; the comparison of the 
results with the acceptability criteria will rather allow to 
establish, through sensitivity studies within each option, which 
are the essential parameters and how improvements can be made by 
appropriate combinations of the natural and engineered barriers. 

c) Until now, the methodology adopted appears sufficiently flexible 
to be able to incorporate all new knowledge becoming available. 
The essential means for reducing the errors in a safety assess
ment is to ensure tight and continuous connections between the 
safety analysts, the modelers and the experimentators, with a 
two-way flow of information: on the one hand, for providing the 
experimentators with guidelines for the R & D work and, on the 
other hand, for developing models with the corresponding input 
parameters appropriate for given ranges of applicability. And 
this is what is happening, both at the level of the national 
teams and within the CEC programmes, where PAGIS provides the 
reference for all concerted actions, such as MIRAGE (6), for the 
migration studies and COSA for the rock mechanics or for the R & 
D work on the containers, the waste form and the buffer mate
rials . 
As the general trend of the R & D work is to proceed to in-sJtu 
experiments, it is hoped that PAGIS will be able to incorporate 
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in time the results of field test campaigns as well as evidence 
of the physico-chemical properties and the migration behaviour 
of natural analogues, which can provide data for the projections 
in the long term, missing in laboratory scale experiments, and 
contribute to the validation of the predictive models used. 

d) Concerning the political aspects of the PAGIS action, although 
it is premature to make any final statement, we can certainly 
say that the exercise has already been extremely useful in 
increasing the mutual understanding of the various national 
teams involved. Many views and opinions which looked diverging 
at the beginning, have gradually smoothed out, and the agreement 
reached on a common methodology is an evidence of success. 
Moreover, PACIS proved to be an excellent forum where exchange 
of information contribute to reduce the gaps between the various 
countries. 

5. Conclusion 
We believe that PAGIS is successfully developing in line with the 

guidelines outlined in Section 2. Of course, we do not know how the 
results will be appreciated in the end by the international community, 
but a big effort has been made in order to be understandable and credi
ble. The highest possible degree of realism has been incorporated in 
PAGIS and flexibility did not present a problem. On the other hand, the 
harmonization of the approach has been reached and all E.C. countries 
involved in nuclear energy are contributing to the exercise so that, in 
practice, its political significance and content is assured. The exerci
se will last for another few years before it ends with an evaluation of 
the final results in comparison with acceptance criteria. At present, 
all basic data have been selected (7) and the first preliminary evalua
tions are being made. The calculations are expected to be completed 
before the end of next year. As stated in Section 2, PAGIS is intended as 
an intermediate step between the generic performance assessments and 
those assessments which will be needed for licensing procedures to 
construct a disposal facility. 

On the one hand, the methodology developed will be a reference for 
the activities each country will undertake in the framework of licensing 
procedures for a particular repository; on the other hand, PAGIS provides 
the basis for setting up derived criteria for engineering use and some of 
the essential elements in view of a system optimization satisfying safety 
criteria such as ALARA. 

The exercise, as it stands at present, is limited to high activity 
waste disposal. Its successive extention to other types of waste should 
present only minor difficulties and will provide an overall evaluation 
for the entire fuel cycle waste. 

Cost estimates are not included in the present study, but the stu
dies presently underway in the Community concerning cost quantification 
should allow, in due course, this essential parameter to be taken into 
consideration for waste management optimization by techniques such as 
cost benefit analysis or multi-attribute analyis. 
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DISCUSSION 

R.B. LYON, AECL Whiteshell 

I just like to support the statement made by Dr. GIRARDI about the danger 
of incorporating very complex codes into a probabilistic performance 
assessment. I think the limitation on this is not just in terms of compu
ter power. There are a lot of other factors too. We will not be seeing 
the same increase in terms of personal thinking power over the next few 
years, as we will see in terms of computer power. The linkage of a complex 
three-dimensional hydrologicai model to, for example, a thermodynamic 
geochemical model, and perhaps even kinetic models, is a very complex pro
cess which would require linkages that we do not yet understand, and would 
demand data that we do not have. I would, however, very strongly support 
DeMARSILY's point about the requirement for validation. In the panel yes
terday, I did end up with the comment that the major thing that remains 
in the performance assessment developments in the future, is to strengthen 
the linkage between the performance assessment codes and the field and 
laboratory observations. 
Another reason for this also is that we want to bring in - besides the 
results of the detailed computer models - other aspects into the perfor
mance assessment, such as expert judgement, consideration of natural ana
logues, etc., which can be used to input at the simplified level and bypass 
the very detailed analyses, and can indeed be often a stronger support, a 
stronger validation than being able to apply a very detailed code. 

F. GIRARDI, JRC-Ispra 

Thank you for your comments. I think I can entirely agree with what you 
said. 

GRAMBOW, HMI Berlin 

I have a suggestion on how to validate or how to get confidence from the 
public for such codes. I think it is not so much a problem of having more 
and more processes to be considered. Why is it.not possible to predict 
what people will obtain in a laboratory? Surely, you cannot predict the 
whole model because we would have to wait 1000 years. But is it not pos
sible to predict sub-models? Is it not possible to suggest experiments and 
say: please, do this or that experiment, and I will promise you that you 
will get this or that result, and show that you get it? I mean, you will 
get confidence, because people like that. 

F. GIRARDI, JRC-Ispra 

This is perhaps the basic feature of the scientific methods, that you 
develop a model and then you eventually devise an experiment to check your 
model. The difficulty here is the extrapolation time; long experiments 
can be done, but there are the natural analogues which are experiments 
started by nature or by man, may be thousands of years ago. These ana
logues will certainly not be able to demonstrate that waste disposal is a 
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thing which can or cannot be done (I do not think that we have any of 
these analogues), but certainly they are able to show whether the model for 
a specific part of the assessment code is correct or not. 

J. HAMSTRA, AVORA B.V. Bergen 

To my opinion PAGIS is evolving towards too much effort in the release 
and radionuclide migration part of the total system performance assessment. 
I fully agree that the geosphere is the dominant component of the total 
system and that we must very carefully evaluate that barrier. But, as a 
conceptual designer, I strongly aim at primarily achieving an isolation as 
high as possible in capability of the total system. Then, more specifical
ly, the isolation capability in the near field area of the system. We 
should be able to assess that in some sort of performance assessment of 
that near-field area. 
From the point of view of public perception I think that, if you compare 
the two mechanisms: the isolation capability versus the effectiveness of 
the geosphere from the point of view of radionuclide migration, the iso
lation capability will win; it will be far more convincing to prove that 
the isolation is really high than to assume that there will be a release 
- because that is a negative thing - and then prove that that release 
will not harm. 

F. GIRARDI, JRC-Ispra 

We are always talking of the things where we have problems, and this is 
perhaps why radionuclide migration, radionuclide release and other things 
come up so frequently in discussions on risk assessment. I am convinced 
that the normal evolution scenario, which is the one into which we put the 
best of our knowledge, will prove that the release is zero in most of the 
cases which one can consider, and, if some release occurs, it will occur 
under conditions which can be considered as impossible. I think it is a 
false impression that we are giving too much weight to release and migra
tion. Of course, we want to be sure that the models we adopt are the best 
available. 
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ABSTRACT 

The assessment tools required to demonstrate the safety of a final 
storage for nuclear waste are computer codes which accommodate the 
mathematical models describing the physico-chemical processes which 
occur in the whole system. Identification of release scenarios, mo
delling of radionuclide transport up to the biosphere and man, dose 
and risk evaluation are the basic elements of the analysis. The uncer
tainty which affects the analysis results as a consequence of uncer
tainties in most of the input data may also be quantified; this is 
made with the use of statistical codes, which handle data in the form 
of probability distributions. Four computer code systems are being 
developed in the European Community, based on these common issues, 
which enable to consider them as a harmonized set. 

1. INTRODUCTION 

It is widely agreed that repositories mined in carefully chosen geolo
gical formations can offer an adequate solution for the final disposal of 
radioactive wastes generated in the nuclear fuel cycle. This conviction is 
based upon the geologist's statement that it is possible, on the basis of 
past history and present conditions, to identify formations which are like
ly to remain unaltered for geological periods of time, thus assuring that 
the enclosed wastes will be kept adequately segregated. 

Qualitative judgements of experts cannot, however, be considered as 
an acceptable demonstration that the disposal of radioactive wastes into a 
given site is consistent with present and future public health and welfare. 
It is necessary to demonstrate on a sound scientific basis that final dis
posal of nuclear waste can be effected in the site considered with the 
present-day technology, in a manner that meets pre-established requirements 
over extremely long time periods. 

As the direct demonstration of the safety of a particular disposal 
option is impossible, the proof can only be obtained indirectly, through an 
evaluation of the system performance, on the basis of a body of scientific 
and technical information [l]. 

Predictive modelling of repository evolution and radionuclide behaviour 
in the specific environment can provide the required answer to the demand 
for such a demonstration. Quantification of diffusive and advective trans
port of the various radioelements through the different barriers which are 
interposed between the nuclear waste repository and man constitutes, there
fore, the focus of the analysis. 
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The radionuclide's environmental dispersion may be triggered or modi
fied by the occurrence of different events having the potential to perturb 
and change the hydro-geological situation around the host rock. They are im
possible to foresee with any certainty, but their probabilities of occur
rence may be quantified, and taken into account, in comprehensive assess
ments [2]. Of necessity, the assessment tools are computer codes; they con
sist of a set of mathematical models used to describe the relevant physico-
chemical processes occurring in the system and the radiological conse
quences for humans. As our understanding of these processes increases, 
new models are developed; therefore, the computer codes must be sufficient
ly flexible, in order to accommodate easily the new or improved models. 

Of course, the results obtained will leave room for interpretation and 
judgement, due to the uncertainties implicit in future situations, and to 
the consideration of probabilistic events. It will be the role of the com
petent national authorities to examine the bases of the evidence furnished 
for the option safety, and to verify their compliance with pre-established 
objectives. 

2. METHODOLOGY 

The approaches which can be chosen to make the performance assessment 
for a given disposal option exhibit a considerable variability, as the me
thodology depends on both the purpose of the assessment, the type of geolo
gical formation and the amount of information available. A fairly simple 
methodology is appropriate for preliminary assessments, in which only a 
few release scenarios are considered; full assessments, on the contrary, 
require that all release scenarios be analysed, and uncertainties in results 
be quantified. 

The possible approaches rely, however, on a set of common issues: 
- identification and description of one or more radionuclide release sce
narios from the repository; 

- modelling of the radionuclide release from the repository and their 
transport through the various system components, following the scenario 
considered; 

- modelling of the radionuclide dispersion in the environment, and assess
ment of their concentration in different food chains; 

- assessment of the radiological consequences either to individuals or po
pulation groups, in terms of radiation exposure or risk; 

- identification of the parameters which affect more strongly the model re
sults ; 

- quantification of the doubt that the uncertainty in input data creates 
about the model results. 

The first item requires the identification of all the events and pro
cesses which could either initiate release of radionuclides from the waste, 
and cause their transport through the geosphere and the biosphere to man, 
or could influence release and transport rates. They are then grouped in a 
way which enables to define a number of release and transport scenarios. 

For any given type of geologic formation, there will be some processes 
which are certain to occur. These can be grouped together to define a 
"normal evolution scenario". The parameters and assumptions used in calcu
lating the consequences of this scenario are based on extrapolations into 
the future of present and past geological and climatic trends, and it is 
assumed that the repository is not disturbed by probabilistic external 
events (natural or human-induced) [3]. 
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A second class of events and processes are those which, if they occur

red, would perturb the normal situation, but not change conditions so sub
stantially that a completely different scenario is generated. These pheno
mena are dealt with by defining "altered evolution scenarios", consisting 
of sets of parameter values which are outside the normal range, and by ta
king into account the probabilities that the phenomena will occur [3]. 

Another type of scenario is that in which the radionuclide release 
conditions - linked to the occurrence of probabilistic events - are such 
that it is necessary to use different models to estimate their consequences. 
An example of such a scenario may be glacial erosion [4] or human intrusion. 
Again the probabilities of the triggering events have to be included when 
assessing the risks from such scenarios. 

Very unlikely events having the potential to cause abrupt, direct re
leases of radionuclides into the biosphere may be associated with "disrup
tive" scenarios: examples are the impact of large meteorites and the occur
rence of extrusive magmatic activity. 

The process of listing and grouping phenomena leads to qualitative de
finitions of scenarios. In order to provide a quantitative definition which 
can be used in a risk assessment it is then necessary to identify all the 
parameters required to calculate the probabilities and consequences of each 
scenario and to assign values to them. Even when the data base available is 
very large, assigning values to parameters is not an automatic, objective 
process. In almost every case judgement is required and the persons carry
ing out the assessment will need to consult experts in the appropriate 
fields. The choice of parameter values will also be influenced by the scope 
and purpose of the assessment. If it is a full assessment, including an un
certainty analysis, then realistic distributions of ranges of values of all 
parameters are needed. However, if the assessment is more limited, then 
conservative choices may be made (for example, assuming that a low probabi
lity event is certain to occur), provided that the degree of conservatism 
is emphasized when the results of the assessment are presented and discussed. 

Methods for calculating the risks associated with each scenario are 
currently the subject of some debate. In the past, two approaches have been 
used: either only doses have been calculated [5,6] leaving the user of the 
assessment results to apply the appropriate dose to risk conversion factors, 
or risks have been calculated as the product of the probability of occur
rence of the scenario, the dose (individual or collective) and the dose to 
risk conversion factor [7], 

The present trend is very much towards this "probabilistic" approach, 
although there are differences in the way risks are being calculated and 
it has been recognized that there is a need for information about the se
parate components of risk, as well as the combination of probability and 
consequence [8]. 

3. UNCERTAINTIES 

The results of long-term risk assessments always have uncertainties 
associated with them. Some of these uncertainties can be reduced through 
further research leading to better knowledge of the system under considera
tion, while others are inherent and irreducible. The use of "worst case 
analyses" does not resolve the uncertainty problem, because there will al
ways be arguments about what constitutes a "worst case". There is, there
fore, increasing interest in more exhaustive treatments which quantify the 
degree of uncertainty in analysis results, through the use of probabilistic 
methods. The procedure involves the use of probability distributions (pro-
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bability density functions) for the uncertain parameters, to cover their en
tire range of variability. The probability density functions have, as a 
rule, a familiar form: uniform, normal or log-normal distributions are the 
most common, otherwise they may be presented as histograms. Such distribu
tions are then fed into computer codes, which use them to generate the sets 
of values for the "Monte Carlo" simulations, and produce model outputs 
which are still in the form of probability distributions (histograms). 

The methodology for sampling values of the input variables assumes 
a particular relevance when the complexity of the model and the running 
time of the code limit the overall number of runs which can reasonbly be 
performed. A strategy of sampling may be adopted to allow a faster conver
gence of the output distribution, thus minimizing the number of runs re
quired, and saving CPU time. Instead of Monte Carlo, analytical codes do 
exist to handle data distributions, when the system's mathematics is simple; 
for instance, they are used in Fault Tree Analysis, where the mathematical 
relationships are elementary. These codes, however, become intractable with 
increasing model complexity so that they are of no practical use in compre
hensive assessments. 

In any case, this type of approach for uncertainty treatment leads to 
an output consisting of a probability distribution of doses, or risks, or 
any other quantity has been chosen to express the model results. A comple
mentary cumulative distribution can then be derived, which shows the fre
quency with which consequences greater than a given level are expected[7,8 ] . 

The statistical analysis of this output provides then all the required 
information (mean values, percentiles, probability of exceeding given ex
posure levels, and so on). 

4. RISK ASSESSMENT CODES 

In this paper the word "code" is used to describe computer programs 
which either solve sets of mathematical equations, manipulate input and 
output data, or control the running of other codes. The term "model" is 
used to refer to the set of mathematical equations which are used to repre
sent processes occurring in the repository or the environment. 

The common feature of risk assessment codes is that they are all based 
on models which predict the rates of release of radionuclides from the near-
field (i.e. the repository and its immediate geologica' environment), the 
rates of radionuclide transport through the far-field, rates and patterns 
of dispersion of radionuclides in the biosphere, and doses to man (either 
individuals or populations or both). The models used vary considerably in 
complexity and level of detail, depending on the purpose for which assess
ment results are to be used, as well as on the characteristics of the pro
cesses represented and the overall structure of the assessment code. 

In codes which are designed to produce "best estimates" of risks, the 
near-field, far-field and biosphere models are usually fairly complex and 
detailed, and their running times are such that it is not feasible to carry 
out extensive sensitivity and uncertainty analyses with them. The near-
field and far-field models in these codes are often 2- or 3-dimensional, 
while the biosphere models are usually of the compartment type. In all three 
cases numerical methods are used to solve the underlying equations. When 
the assessment code is designed to quantify the uncertainty in dose or risk 
estimates by utilizing sampling techniques (see Section 3), it is not fea
sible to use very complex models because the codes must be run many times 
for different sets of input parameters. Thus, in "statistical" codes such 
as LISA (see Section 5.1) and the various versions of SYVAC [Q], the under-
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lying models have to be the simplest ones which can be used to represent 
adequately the relevant processes. Such models may be either specially de
veloped for the purpose, or derived from more complex models, and, where it 
is possible, analytical methods are used to solve the relevant equations 
because these are less expensive in terms of computer time than numerical 
methods. 

The differences in, and common features of the structures of the va
rious "best estimate" and "statistical" risk assessment codes in use or 
under development in European Community countries are illustrated in the 
next section. 

5. DESCRIPTION OF CODES 

5.1 LISA 
The code LISA (Long-term Isolation Safety Assessment) is a statistical 

code. It has been developed at the JRC-Ispra, in order to analyse different 
release scenarios from repositories situated in sedimentary formations; it 
includes the following functions: 
- decay chain evolution of the source term; 
- radionuclide release from the repository and migration through porous 
media by diffusion and advection; 

- radionuclide dispersion into surface water bodies; 
- pathways to man and dosimetry; 
- dose rates conversion into risk. 

For the uncertain parameters, the procedure adopted in LISA involves 
the use of probability distributions. They are fed into the code which ge
nerates a distribution of the model results following a Monte Carlo simula
tion technique. The sampling from the input distributions may be performed 
either with random sampling or with the Latin Hypercube (LH) sampling, 
which allows a faster convergence of the output. Different distribution 
types are accepted as an input by LISA: uniform or normal distributions 
on linear or logarithmic scales are those most currently employed. A multi
variate input can be produced by imposing a rank correlation matrix on the 
LH matrix; otherwise, the input data matrix can be made "correlation-free", 
thus eliminating all the spurious correlations that the sampling may have 
introduced among the variables. Once the input distributions have been 
supplied, LISA runs through the various submodels for the given number of 
repetitions. 

The organization of the code is shown in Fig. 1. The INPUT data set 

F i g . 1 Data s t ream in the code LISA 
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contains the data pertaining to the decay chains (nuclide names and inven
tory, decay constants and specific activities), the parameters of the input 
data distributions with the requested correlations, the dose factors and 
transfer coefficients in the biosphere. 

The output from the main LISA is divided into two streams. The first, 
routed to FILE 1, is a record of the simulation characteristics (integra
tion and interpolation data). The second one, routed to FILE 2, contains 
the actual results; for each run, FILE 2 stores the following: 
a) the values sampled for the input parameters; 
b) the peak dose rate values with their times of occurrence, and the name 

of the major contributing nuclides; 
c) the curves of dose rate versus time. 
FILE 2 constitutes the input for the subroutine LISAG which performs the 
statistical analysis and sensitivity analysis. These results are stored in 
FILE 3, while the graphics are routed to the GRAPHIC FILE. 

The model results are presented in various formats: average and 95th 
percentile dose rates as a function of time, histograms of the peak dose 
rates, cumulative distributions, etc. Further, the doses are converted into 
a risk figure by combining them with the occurrence probability of the sce
nario over the time span considered. 

The comparison between the input data values associated to the highest 
doses and the probability distributions assigned to the corresponding para
meters permits the identification of the parameters which are more critical 
in governing the model results, following a procedure already utilized in 
SYVAC. 

A correlation analysis (Spearman correlation) is also performed to 
identify variables which are strongly associated with the output. 

The present version of the code has been implemented for a few cases 
which include: 
- permeable fracture scenario through a clay bed ; 
- glacial erosion scenario in a clay bed ; 
- normal evolution scenario in sub-seabed disposal. 
The two former scenarios have been analysed in the frame of the collabora
tion JRC/CEN-SCK for the safety analysis of a potential repository in the 
Boom formation [4]. The third scenario has been developed in the frame of 
a feasibility study of the sub-seabed option. 

5.2 NRPB codes 
The U.K. National Radiological Protection Board (NRPB) has three types 

of risk assessment code in use or under development. These are: 
1) simple codes, which were used in preliminary assessments; 
2) more complex codes designed to produce best estimates of risks from 

normal evolution scenarios and the principal altered evolution scenarios; 
3) codes which use sampling techniques to provide estimates of risk and 

which are to be used for uncertainty analysis. 

Each code has a modular structure, so that it can be adapted for use 
in assessments of disposal in several types of geologic formation by in
sertion of appropriate near-field, far-field and biosphere models. Fig. 2 
shows an outline of the structure of two codes, one for preliminary assess
ments of disposal in geologic formations on land, and one for detailed 
assessments of sub-seabed disposal. The latter can also be used for land 
disposal assessments since the program for predicting radionuclide dispersion 
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i n the ocean and doses t o man v i a marine pathways can be r e p l a c e d by BIOS 
[ l O ] , which p r e d i c t s d i s p e r s i o n i n the t e r r e s t r i a l environment around a 
r e p o s i t o r y and subsequen t ly th roughout the b i o s p h e r e , and doses to man v i a 
both t e r r e s t r i a l and marine pa thways . A l l t he NRPB codes p r e d i c t doses and 
r i s k s to members of c r i t i c a l g roups , and doses and r i s k s t o p o p u l a t i o n s , 
as a func t ion of t ime . 

While the simple and more complex " b e s t e s t i m a t e " codes a r e f u l l y d e 
ve loped , the s t a t i s t i c a l or sampling type codes a re no t y e t comple te . The 
approach be ing pursued i s t o d e r i v e s imple models for the n e a r - f i e l d , f a r -
f i e l d and b i o s p h e r e from the more complex "bes t e s t i m a t e " models a l r e a d y 
a v a i l a b l e a t NRPB. The sampling t echn ique to be used i s a s t r a t i f i e d one 
and i s based on methods developed for use in r i s k assessments of nuc l ea r 
i n s t a l l a t i o n s o t h e r than waste d i s p o s a l f a c i l i t i e s . 

5.3 The code MELODIE 

Under the r e s p o n s i b i l i t y of the " I n s t i t u t de P r o t e c t i o n e t de S û r e t é 
Nucléai re"( IPSN) of the Commissar ia t à l ' E n e r g i e Atomique (CEA), a r i s k 
a s ses smen t computer code , c a l l e d MELODIE, i s c u r r e n t l y i n development i n 
France s i n c e the middle of 1984. I t i s a d e t e r m i n i s t i c code , whose main 
g e n e r a l f e a t u r e s a r e : 

- i t s l a r g e m o d u l a r i t y , o b t a i n e d wi th a s t r u c t u r e which d i s t i n g u i s h e s the 
computa t iona l modules ( n e a r - f i e l d , f a r - f i e l d , b i o s p h e r e , thermo-mechani-
ca l e f f e c t s , e t c . ) and the management modules (choice of the time s t e p , 
c a l l of computa t iona l modules, i n p u t and o u t p u t p r o c e s s i n g , e t c . ) and by 
g a t h e r i n g a l l the v a r i a b l e s i n da t a f i l e s o rgan ized independen t ly of the 
modules. This f e a t u r e a l l ows a con t inuous upda t ing of the code a long wi th 
the p r o g r e s s o b t a i n e d i n the u n d e r s t a n d i n g and model l ing of the v a r i o u s 
phenomena i nvo lved . Moreover, the modu la r i t y g ive s a g r e a t f l e x i b i l i t y 
i n the u s e , depending on the needs , of complex models ( b e s t e s t i m a t e c a l 
c u l a t i o n s ) or s i m p l i f i e d models ( s e n s i t i v i t y s t u d i e s ) . At l a s t , the mo
d u l a r i t y makes i t p o s s i b l e to use the same code to e s t i m a t e the r i s k of 
d i s p o s a l i n the t h r e e g e o l o g i c a l media i n v e s t i g a t e d in France ( g r a n i t e , 
c l a y , s a l t ) , wi th models s u i t e d for each of them. 

- i t s i n t e r a c t i v e c o u p l i n g , a t each time s t e p , between the computa t iona l 
modules, i n o r d e r to take i n t o accoun t the p o s s i b l e phys i co -chemica l 
i n t e r a c t i o n s between the n e a r - f i e l d and the f a r - f i e l d . This way of coup
l i n g the modules has ano the r i m p o r t a n t advan tage : a t each p r e - d e f i n e d 
time s t e p , a l l the v a r i a b l e s w i l l be s t o r e d , and the job w i l l be s t opped . 
The user w i l l then have the p o s s i b i l i t y of examining h i s r e s u l t s , and of 
making, i f n e c e s s a r y , some m o d i f i c a t i o n s i n the job d e f i n i t i o n (change 
of modules, i n t r o d u c t i o n of new e v e n t s , e t c . ) . Of c o u r s e , the d i f f i c u l t y 
of t h i s kind of coup l ing r e s i d e s in the d e t e r m i n a t i o n of a common time 
s t e p for a l l the modules. 

The p r e s e n t v e r s i o n of the .".ELODIE code adapted to the g r a n i t i c f o r 
m a t i o n s , i s a v a i l a b l e s i n c e the s p r i n g of 1985, and i s c u r r e n t l y be ing 
t e s t e d . This v e r s i o n which i s a very s i m p l i f i e d one i s c o n s t i t u t e d by the 
coup l ing of the t h r e e fo l lowing modules : 

- t he phenomena involved in the n e a r - f i e l d a r e modelled by a code c a l l e d 
CONDIMENT which i s developed by the Waste R&D Department (DRDD) of CEA. 
I t d e a l s with the t r a n s p o r t of ground water through the eng inee red b a r 
r i e r s ( b e n t o n i t e ) , the c o r r o s i o n of the c o n t a i n e r , the r e l e a s e of r a d i o 
n u c l i d e s from the waste form and t h e i r d i f f u s i o n up to the f a r - f i e l d . For 
the m i g r a t i o n of some f i s s i o n p r o d u c t s , a Kd model i s used whereas for 
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the transport of the actinides, a more sophisticated modelling based on 
thermodynamical equilibria will be used. The code CONDIMENT is monodimen
sional and uses a totally implicit numerical scheme. 

 the groundwater flow rate and the transport of the radionuclides through 
the geosphere is calculated with the code METIS, developed by the Ecole 
Nationale Supérieure des Mines de Paris (ENSMP); this code assumes that 
the geological medium is a continuous porous medium. Two versions exist: 
the first one is monodimensional and will be used for sensitivity stu
dies. The second one is a twodimensional finiteelement version with an 
explicit description of the fractures (monodimensional joint elements) 
and is used for best estimate calculations. This model was tested in 
some calculations, among which are the INTRACOIN and HYDROCOIN interna
tional intercomparisons. 

 the transport of the radionuclides in the biosphere and the calculation 
of the doses to man will be performed by the module ABRICOT developed by 
the "Département de Protection Technique" (DPT) of CEA. 

This first version of the code MELODIE is used to perform the first 
part of the PAGIS calculations in granite, that is best estimate evaluations 
of the doses for the reference and variant sites, in the normal scenario. 
It will be completed by a sensitivity analysis algorithm in order to per
form the sensitivity studies foreseen in the PAGIS exercise. At the same 
time, studies are conducted in order to take into account the thermomecha
nical effects and the impact of future possible geological events (clima
tológica! and neotectonical events). 

5.4 Computer codes for the salt option 
Computer codes for assessing radiological consequences of water in

trusion into nuclear waste repositories mined in salt formations hivρ been 
developed and applied by the German project Ρ S E /11/ . for 
modelling purposes, the disposal system is divided into three subsystems: 
repository, geosphere and biosphere. For each subsystem either a new com
puter code has been developed or an existing one developed elsewhere is 
adopted. 

The code EMOS, developed at the Technische Universität of Berlin, cal
culates radionuclide releases from the repository to the covering layers. 
A series of barriers are modelled, taking account of the following effects: 
 flow resistance of backfill and sealing, during the brine intrusion; 
 radionuclides leaching from the conditioned waste forms delayed by the 
containers ; 

 solubility limits of the radionuclides; 
 radionuclide migration caused by temperature gradients, radiolytic gas 

transport, di ffusion,
 expulsion of the contaminated brine into the covering layers, by conver
gence . 

Due to the modular structure of the program, improvements in the sys
tem modelling or inclusion of further submodels would not pose major pro
blems. Changes in the disposal system either for modified disposal concept 
or due to different release scenarios can also be handled. The main program 
of the code prepares the input data, organizes the output and calls the sub
programs for each barrier, at every time step of the time interval consi
dered for the analysis. 

As a result, the release rate of each radionuclide into the overlying 
layers is given as a function of time. 
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The "SWIFT" code, by Intera Environmental Consults, models the migra
tion of radionuclides through the geosphere. It simulates transient, three-
dimensional transport processes in heterogeneous geological media, using a 
finite difference method. Processes considered are fluid flow, heat trans
fer and radionuclide transport. The fluid flow and heat transfer provide 
the velocity field, which governs the radionuclide transport; the trans
port processes modelled are advection, hydrodynamic dispersion, sorption 
and radioactive decay. 

As a result, the concentration of each radionuclide in groundwater is 
given as a function of time and space. 

The code ECOSYS, developed by the Gesellschaft für Strahlen- und 
Umweltforschung, Munich, calculates the nuclide migration through the 
biosphere. The following pathways are considered: 
- intake of contaminated drinking water ; 
- intake of vegetables irrigated with contaminated water; 
- intake of milk and meat from contaminated cattle. 

Finally, as a result of the calculations performed by the three codes, 
radiation doses are obtained as a function of time and location for all 
radionuclides considered. 

6. CONCLUSIONS 

In order to demonstrate that a final storage of nuclear waste can be 
effected in a given site in a manner consistent with present and future 
public health, predictive modelling of the repository evolution and of 
possible radionuclide releases and transport must be performed. 

The assessment tools are computer codes, which accommodate a set of 
mathematical models to describe the relevant physico-chemical processes 
which occur - or could occur - in the system, and to evaluate the radiolo
gical consequences for humans. 

Within EC countries there are a number of computer codes available for 
use in risk assessments of geological disposal. These vary considerably in 
complexity and level of detail, depending on the purpose and scope of the 
assessments in which they are intended to be used, as well as on the cha
racteristics of the disposal systems concerned. The lack of internationally 
agreed long-term radiological protection criteria for geological disposal 
has also led to some divergence in the assessment approaches used in the 
various countries. However, it is clear that once such criteria are agreed, 
the codes will be available to produce the required form of assessment re
sults, for all the geological formations of interest. 
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DISCUSSION 

J . HADERMANN, EIR Würenlingen 

You have shown us the d i f f e r e n t types of codes and e s p e c i a l l y the codes 
which a r e a l s o based on Monte Car lo methods, and then you have given us an 
example of showing what pa ramete rs a re i m p o r t a n t . I would say t h a t K, i s 
an i m p o r t a n t pa ramete r i s no t a ve ry new in format ion and one does no t 
need s t a t i s t i c a l codes for t h i s i n f o r m a t i o n . Could you t e l l us a l i t t l e 
b i t more about where you see the most advan tages of t he se Monte Car lo 
methods? 

G. BERTOZZI, JRC-Ispra 

The advantage of the Monte Car lo method i s very c l e a r . As the assessment 
i m p l i e s l a r g e u n c e r t a i n t i e s , we a r e o b l i g e d to take accoun t of them. When 
we a r e faced wi th pa ramete r s of which va lue we a r e no t c e r t a i n , we must 
cover t h e i r e n t i r e range of v a r i a b i l i t y . We cannot a s s o c i a t e to each p a r a 
meter a w e l l - p r e c i s e d v a l u e . To g e t model r e s u l t s which a re r e a l i s t i c , 
only s t a t i s t i c a l codes , u s ing p r o b a b i l i t y d i s t r i b u t i o n s for i n p u t d a t a , 
a l low us to perform such kind of t r e a t m e n t . 

J . HAMSTRA, AVORA B.V. Bergen 

Your convers ion from dose to r i s k and a l s o your LISA code i n c l u d e s two 
components which - i n my op in ion - cannot be a s s e s s e d wi th accuracy for 
f u t u r e r a d i o n u c l i d e r e l e a s e s . The one i s the assumpt ion about the uptake 
model in the f a r f u t u r e ; and the o t h e r one i s the p r o b a b i l i t y of h e a l t h 
e f f e c t s to i n d i v i d u a l s as a consequence of r a d i a t i o n exposure . As your 
assumpt ions in your model - in my op in ion - a r e based on the f a c t t h a t 
no th ing i s going to change, man w i l l remain as he i s and the cancerogenous 
e f f e c t s w i l l remain as they a r e . But t h a t makes your approach a pure ma
t h e m a t i c a l approach and i t might no t h e l p in ach i ev ing a c c e p t a b i l i t y for 
t h i s model c o n c e p t . Could you p l e a s e comment on t h a t ? 

G. BERTOZZI, JRC-Ispra 

Yes, I th ink I ag ree wi th you. I s imply o f f e r mathemat ica l r e l a t i o n s h i p s 
which l i n k dose r a t e s , d o s e - r i s k conver s ion f a c t o r s and p r o b a b i l i t y t h a t an 
i n d i v i d u a l w i l l r e c e i v e t h a t d o s e . Of c o u r s e , i t i s we l l p o s s i b l e t h a t i n 
the fu tu re we w i l l have a d i f f e r e n t va lue for the r i s k convers ion f a c t o r 
and t h a t the whole s i t u a t i o n , soc io-economica l and demographic, w i l l modify. 
But for the moment we have no reason to th ink t h a t the numer ica l v a l u e s w i l l 
be modi f ied . However, I th ink t h a t , i f t h e r e w i l l be any change in the 
numer ica l va lues of t he se p a r a m e t e r s , they w i l l not change by o r d e r s of 
magni tude . For i n s t a n c e , the d o s e - t o - r i s k conver s ion f a c t o r which i s now 
e s t i m a t e d of the o rde r of 10~2 p e r s i e v e r t , i s r a t h e r u n c e r t a i n . However, 
I do no t th ink t h a t i t w i l l be modified by o r d e r s of magni tude . I t may 
become twice o r one h a l f , b u t i t w i l l no t become l a r g e r by an o rde r of 10 
for i n s t a n c e . In any c a s e , we must perform the assessments wi th the i n f o r 
mation which i s a v a i l a b l e a t p r e s e n t . 
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CHAIRMAN 

I thank Mr. HAMSTRA for this question. I think that if we have some time 
left at the end, this point will be worth a more extensive discussion. 
In establishing criteria, undoubtedly this does not belong to us to es
tablish criteria, some weight should perhaps be given to the fact that 
scientific progress may alter the dose/effect relationship which we are 
presently using. 
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Summary 
One of the key elements in the assessment of the safety of a nuclear 
repository is the ability to predict the flow of water and transport 
of radionuclides through the geologic barrier. In order to provide 
some degree of confidence in its prediction, a model of radionuclide 
transport must be shown: 
(i) to incorporate all relevant physical and chemical mechanisms which 
influence the migration; 
(ii) to be mathematically accurate, i.e. to give correct numerical 
solutions of the set of equations describing the relevant mechanisms; 
(iii) to be validated by in situ experiments, laboratory experiments 
and/or interpretation of "analog" studies; 
(iv) to be given representative sets of the parameters describing the 
medium. 
In the last five years, large efforts have been made in the E.C. to 
develop or improve calculation tools representing a large number of 
physical and chemical mechanisms. In parallel, tests and comparisons 
have been set in order to verify the numerical accuracy, and improve 
the compatibility and efficiency of these tools. 
The validation of these tools in the laboratory is partially under 
way, but in situ verifications are still largely to be done. 
The development of satisfactory methodologies for measuring and esti
mating the value of the relevant parameters of a given site is present
ly receiving much attention. 
This paper will review the present status of these activities in the 
E.C. 

1. Introduction 
In the last ten years, a very significant effort has been made in E.C. 

countries to develop state of the art mathematical models and computer pro
grams to predict the release and migration of radionuclides from a 
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repository. In addition to fundamental development work, it is necessary 
to maintain an up to date review of relevant computer programs, to ensure 
that there is minimal repetition of development and to improve liaison bet
ween workers in similar areas of study. The Commission of the European Com
munities therefore commissioned Atkins R&D (UK) to compile a directory of 
computer programs, providing information on the existing models both in 
Europe and North America. This work will first be described here, as an over
view of the modelling "power" of the E.C. countries. 

2. Compilation of a Directory of Computer Programs 
A large number of computer programs are available for the prediction 

of various aspects of the flow and transport of radionuclides from a dispo
sal facility to the biosphere. Recent work (Broyd et al., 1983-1985) has 
led to a directory of programs, and has provided the following: 

a) an overview of the current development and use of appropriate com
puter programs in Europe and North America; 

b) a list of all such computer programs in a directory, together with 
detailed reviews of those which satisfied certain selection cri
teria. 

2.1. Scope of review 
It was decided to limit the review to a consideration of postclosure 

effects, since this is the region of greatest uncertainty. However, many 
of the computer programs listed may be equally applicable to earlier sta
ges in the life of a repository, e.g. the prediction of groundwater flow. 

Eight primary subject areas were identified as affecting the transport 
of radionuclides from a repository to the biosphere, as follows: 

- nuclide inventory - stress analysis 
- corrosion - heat transfer 
- leaching - groundwater flow 
- geochemistry - radionuclide transport 

Biosphere modelling, surface water flow and risk analysis have not 
been covered explicitly, but a section has been included which concerns 
those programs which are more relevant to an overall system assessment than 
to specific subject areas. Such codes have been considered in a separate 
category entitled "total system analysis". 

2.2. Methodology 
The method used to obtain information included the following: 

- literature searches, 
- postal (and telephone) requests to program authors for publi
shed program manuals and relevant reports. 

- visits to relevant organizations in Europe and North America. 
In all, more than a hundred different organizations were contacted 

during the course of the work, of which more than thirty were visited. The 
procedure followed was essentially the same for each program. Draft re
views of relevant computer codes were compiled using the published material 
received by post or in meetings. These were then sent to each of the pro
gram 'main contacts' to seek their approval of the assessment and also to 
request those points of required information not covered in the literature. 

2.3. Program Selection Criteria 
In compiling the directory, an attempt was made to identify all pro

grams which are applicable to the subject areas listed in Section 2.1. 
Due to the large number of programs that were identified, it was not possible 
to give the same level of review about each program. In all, four types of 
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program review were used, as follows: 
- detailed review - about 5 pages, covering aspects of author, numeri
cal model, validation studies and applications, program operation, 
program support, and references; 

- summary review - giving program name, summary of its capabilities 
and methodology, and list of references; 

- tabular review - giving program name and area of use; 
- total system analysis review - as summary review. 
The basic criteria employed when considering which level of review 

to present were as follows: 
a) Detailed reviews - a program should be: 

- fully documented; 
- directly applicable to radioactive waste repository analysis; 
- in use by organizations other than the developing body; 
- validated; 
- supported for external use. 

b) Summary reviews - were presented for those programs which have a defi
nite application in radioactive waste repository analysis but which 
failed to meet the criteria applied for detailed review status. 

c) Tabular reviews - were included for programs which had not been de
signed for the analysis of nuclear waste repository effects, but which 
could in principle be used in assessment studies. 

d) Total system analysis reviews - as per summary reviews, for those 
programs designed to handle a large number of individual subject areas. 
A total of 288 relevant computer programs have been identified and 
are reviewed in the Directory, of which 63 are presented in detail, 
161 in summary and 64 in tabular fashion. A summary of the number of 
programs reviewed in each subject area combination and of each type 
of review is given in Table 1. 

Table 

Nuclide Inventory (NI) 
Corrosion (C) 
Leaching (L) 
L + NI 
C + L 
Geochemistry (G) 
Stress Analysis (SA) 
Heat Transfer (HT) 
SA + HT 
Groundwater flow (GF) 
GF + HT 
GF + SA 
GF + HT + SA 
Radionuclide Transport 
RT + GF 
RT + GF + HT 
RT + L 
Total System Analysis 

TOTALS 

1: Summary of pre 

DETAILED 

3 
2 
0 
0 
2 
7 
1 
4 
6 
3 
6 
0 
1 

(RT) 14 
9 
3 
2 
0 

63 

grams 

REVIEW TYPE 
SUMMARY 

7 
0 
1 
1 
0 
9 
12 
14 
8 
18 
12 
5 
4 
37 
16 
9 
0 
8 

161 

TABULAR 

0 
0 
0 
0 
0 
0 
20 
5 
9 
18 
6 
4 
2 
0 
0 
0 
0 
0 

64 
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3. Model description and status 
We will focus here on the modelling of radionuclide release and migra

tion. We will use the following classification: 
- modelling of flow and transport in 2 and 3 dimensions, 
- simplified one-dimensional modelling of transport, 
- models for fractured media, 
- models of colloid migration, 
- geochemical modelling, 
- source term modelling. 

3.1. Modelling of flow and transport in 2 and 3 dimensions 
The modelling of the regional groundwater flow around a repository 

will in general require the use of a 3-D model describing a rather large 
area surrounding the site (e.g. several tens or hundredsof km ). 

For sedimentary rocks, with a succession of pervious and semi-pervious 
layers, a quasi 3-D multilayered model can however be used: the flow is 
assumed horizontal in the pervious layers (aquifers) and vertical in the 
clays and low permeability media. Such a model, NEWSAM, developed at the 
Paris School of Mines, has been used and applied by the CEN-SCK to repre
sent the flow around and through the Boom Clay at Mol. 

For fractured rocks (assuming that they can be represented by an equi·1 
valent continuous medium), or for porous rocks, four flow-and-transport 
codes have been specifically developed within the C.E.C, waste disposal 
programme. These are: 

NAMMU, NAMSOL and NAMTAR at the UKAEA (UK) 
TRANSFLOW at the BGS (UK) 
METIS at the CEA-Ecole des Mines (F) 
METROPOL at the RIVM (NL) 

The analysis of potential leakage paths from an underground repository 
in a well-characterized geological setting required general and flexible 
two -dimensional or three-dimensional computer codes. They must be capable 
of handling complicated geometries such as the surface topography, and per
meability contrasts arising from large-scale fault zones and sedimentary 
layers. The finite-element method is particularly suitable for solving such 
complex problems and thus it has been used as the basis of these four trans
port models. We will first describe the NAM series codes, and indicate the 
differences with the other codes. 

NAMMU and NAMSOL make use of an extensive library of general finite-
element subroutines written over some years at Harwell. This allows the 
use of several time-stepping methods, numerical integration schemes and 
choices of element. The partial differential equations themselves are inclu
ded in a very flexible ways, as are the material properties which can have 
arbitrary pressure, temperature and saturation dependence. 

NAMMU (Rae and Robinson, 1979) calculates the time-dependent ground
water flow and heat transport in a permeable medium with the possibility 
of incorporating sources. The heat transfer and fluid flow are fully 
coupled so that buoyancy driven flows arising from the heat output of high-
level waste can be treated. It can be used in either two dimensions or 
three dimensions and its numerical accuracy has been verified by comparison 
with two dimensional analytical solutions and with three dimensional so
lutions using an independently written program (Atkinson et al., 1984). 

NAMMU has been applied to a wide range of problems such as groundwater 
flow around a repository for heat-emitting waste in fractured hard rock 
(Robinson et al., 1980; Rae et al., 1983; Hodgkinson et al., 1983, Wickens 
and Robinson, 1984), and the pore-water and effective-stress response of 
clay sediments to a heat source (Wickens, 1984). It has recently been used 
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to model three-dimensional groundwater flows through three well-characteri
zed sites in Sweden (Atkinson et al., 1984a). An example of the finite-ele
ment mesh and water flow paths from a repository at a site which is cros
sed by intersecting vertical and horizontal fracture zones is shown in fig. 
1. This illustrates one of the many post-processing options of NAMMU, name
ly the ability to draw perspective plots of three-dimensional pathlines. 

Considerable effort has been made in order to make NAMMU easily use
able by people outside the development group (user's guide, user-friendly' 
keyword input, post-processing options). 

The time-dependent migration of radionuclides in a steady-state velo
city field can be calculated with the program NAMSOL (Dolman and Robinson, 
1983). This has many similarities with NAMMU, with the heat transport repla
ced by solute transport. Thus it can be used in up to three dimensions and 
it can handle complicated geometries and physical parameter variations. 
Decay chains of up to five radionuclides can be handled and hydrodynamic 
dispersion can be described by a general dispersivity tensor. Once again, 
a. User Manual has been written (Dolman and Robinson, 1983) and the "user-
friendly" input language can be used (Atkinson et al., 1984c). 

One problem with using the conventional finite-element method to sol
ve transport problems is that they can become unstable when dispersion 
effects are small compared to advection. Two alternatives are being pur
sued to overcome this problem. The first is to modify NAMSOL to use higher-
order time difference schemes, such as the Taylor-Galerkin method, which 
essentially adds in some numerical dispersion in order to stabilize the 
solution. The second approach, which is embodied in the program NAMTAR 
(Lever and Rae, 1981), uses a new numerical scheme for solving the trans
port equations. Its basic feature is the use of concentration contours of 
marked particles which are tracked in time. In addition to being able to 
handle problems where the dispersion is relatively low, it has a number 
of other advantages. Complex models for various processes which change the 
concentration, such as diffusion into the rock matrix and kinetic sorption, 
can be readily incorporated while the explicit time-stepping means that 
it should be efficient to run. It should retain these advantages when exten
ded from its current two dimensions to three dimensions. The phenomena 
currently included in NAMTAR are advection, linear equilibrium sorption 
and anisotropic dispersion. Radioactive decay chains, diffusion into the 
rock matrix and more complex geochemistry effects can be added as required. 

The other codes quoted above have, with some minor differences, essen
tially the same characteristics. TRANSFLOW has an extended capacity to re
present various forms of sorption. METIS has focused on the representation 
of fractured systems, in 2-D, with linear elements to represent selected 
major faults and a double-medium approach to include matrix diffusion. 
METROPOL is still in the stage of development and is specially written for 
representing the behaviour of very dense brines around a salt dome. Many 
of these codes have been used in intercomparison studies, in the E.C. (see 
paragraph 4) and outside the E.C. (INTRACOIN, HYDROCOIN). 

A special note must be given to the code developed at present at Ismes, 
Italy, from an existing code, TRAITEME, used in geothermal studies. This 
code will compute the coupled mechanical-thermal-hydrological behaviour 
of clay at high temperature and pressure. Although it is not exactly a 
migration and transport code, this program will give the flow of water in
side the clay generated by the heat and mechanical stresses applied to the 
clay. This flow can then be introduced into a transport code. 

3.2. Simplified one-dimensional modelling of transport 
The very complex 2 or 3-D models described above will probably be used 
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to represent the global behaviour of a repository; however, in safety stu
dies or sensitivity analyses, it will often be necessary to represent the 
transport of radionuclides along one flow path, e.g. the shortest flow 
path between the repository and an outlet. A one-dimensional model is much 
simpler and preferable to do so. 

Again four transport models have been developed with this purpose in 
the E.C. countries: 

MICOF, at the CEN-SCK (B) 
NAM1D, at the UKAEA (UK) 
SIMRAP, at the CEA-Ecole des Mines (F) 
COLUMN, at the RISØ (D) 

They generally represent advection, longitudinal dispersion and sorp
tion. 

The first one solves the transport equation analytically, using the 
method of Laplace transforms. 

The second is semi-analytical, using a numerical inversion technique 
of the Laplace transform. The last two are numerical, using simple finite 
differences. The code COLUMN is now used in the Safety Assessment code 
LISA at the JRC, Ispra. 

In MICOF, the analytical solutions of the migration model have been 
expanded to the complete range of source parameters, including those cau
sing complex arguments, and to the range of times greater than the time 
for depletion of the source. The code runs on an IBM VMS system. 

Different calculations have been done with the program to evaluate 
the importance of the migration of the most important radionuclides pre
vailing in the HSLW. A remarkable result of these computations is given 
in fig. 2. This figure gives the concentration of the radionuclide Np 237 
as a function of time and distance for four different source scenarios, 
namely: 
51 = a source with a concentration constant until depletion of the source, 

and equal to the solubility of the radionuclide in the interstitial 
clay water. 

52 = total linear dissolution of the solidified waste block in a period 
of 2,000 years. 

53 = total linear dissolution of the solidified waste block in a period 
of 10,000 years 

SA = instantaneous dissolution of the total amount of radionuclide dispo
sed (no concentration limit). 
The figure shows that at a distance of more than about 6 meters from 

the source,-the concentration of Np237 stays always lower than the MPC 
value of 10 Bq/m for drinking water and that after a few thousand years 
and a distance of a few meters there is no difference between the four 
source scenarios. 

The parameters of the medium assumed in this.example are: 
pore water velocity: 7x10 m/a 
retardation factor of Np: 400 (linear Kd) 

In comparison with MICOF, NAM ID can handle any complex form of linear 
interaction between the solute and the medium (e.g. kinetic reactions, 
matrix diffusion). SIMRAP and COLUMN, using spatial discretization, can 
handle variability of the properties along the flow-path, and any complex 
interaction mechanisms. All three can also handle chain decay. 

3.3. Models for fractured media 
In many rock-masses, the groundwater flow is predominantly through 

a network of near-planar fractures with separations of many meters. The 
conditions under which the continuum approach, used for example in NAMMU 
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and NAMSOL, adequatly approximates such a fracture network are not well 
established. Clearly it can only be valid on a length-scale which is large 
compared to the fracture dimensions. However, there may also be other li
mitations on its validity. For instance, the diffusion-like approximation 
conventionally used for modelling hydrodynamic dispersion due to mixing 
at fracture intersections may only be valid at very large times (Dieulin, 
1984). Also, the retardation mechanisms for fractured and porous media can 
be different. For example, the time-dependent diffusion of radionuclides 
from water flowing in fractures into stagnant water in the micropores of 
the rock should be considered (Rae and Lever, 1980; Glueckauf, 1980; Cur
tis, 1980). Thus models have been developed which take explicit account 
of fracture characteristics, as discussed below. 

3.3.1. Single fractures 
Before the properties of fracture networks can be studied, it is ne

cessary to know some of the physical and chemical characteristics of sin
gle fractures. Thus some special models to analyse field experiments in 
single fractures have been developed. In addition related models of migra
tion in a single fracture have been used to investigate the relative im
portance of different phenomena (Goblet et al., 1979, 1982, 1984; Hodg-
kinson, 1984; Glueckauf, 1981; Hodgkinson and Lever, 1983; Lever, 1984). 

Radionuclide migration in a single fissure assuming that the solute 
can diffuse in the matrix has also been modelled (Bradbury et al., 1982; 
Hemingway et al., 1983; Lever et al., 1983; Lever and Bradbury, 1984; 
Goblet, 1984). 

3.3.2. Fracture networks 
A completely deterministic fracture flow model would require a detai

led knowledge of the positions, orientations, lengths and apertures of all 
fractures in the region of interest. Detailed information on these quanti
ties is unlikely to become available. Its collection would probably be 
prohibitively expensive and destroy the site being investigated. It is 
also unnecessarily detailed given the large number of uncertainties in 
modelling radionuclide migration. 

The alternative approach being followed at Harwell and elsewhere is 
to incorporate the essential features of the fracture system into a model 
in a probabilistic rather than a deterministic way. The data requirements 
are thereby reduced to manageable proportions (Bourke et al., 1982). 

The basic assumptions of the model are that fractures are planar, of 
finite extent, occur randomly in the rock-mass and have orientations, 
lengths and hydraulic apertures which are described by probability distri
butions. In addition, information is required about the number of fractu
res per unit volume. In principle, further fracture characteristics des
cribing such phenomena as channelling and sorption could be included in 
the present stochastic approach (Robinson, 1984b; Marsily, 1985; Wilke et 
al., 1985). 

Given this limited statistical information, it is possible to cons' 
truct a computer model of the fracture system and calculate the flow of 
water and transport of contaminants through it. Fractures with appropriate 
orientations, lengths and apertures are generated by random sampling of 
the probability distributions until the required fracture density is rea
ched. In this way, it is possible to generate a large number of statisti
cally equivalent fracture networks. 

One application of this approach is to study the validity of conti
nuum models. Also it can be used to aid the interpretation of experimental 
data, to simulate field experiments, and to provide permeability values 
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for use in a regional flow model. It is currently being used to examine 
connectivity, water flow and hydrodynamic dispersion using some idealised 
probability distributions in two dimensions. In addition, some results on 
connectivity in three dimensions have been obtained. 

3.A. Models of colloid migration 
At the present state of knowledge, a large gap exists between the 

models used in the risk assessment studies and those needed to account for 
the laboratory experiments. Such a gap appears particularly wide when 
colloid migration is considered. 

In this respect the work carried out at the JRC of Ispra on Am 
colloids has been useful in lightening up that: 
a) in no way colloid migration can be modelled by an "equivalent" or 

"average" Kd; 
b) existing models on colloid migration were not appropriate to describe 

the behaviour of the pseudocolloids generated by the degradation of 
a glass matrix; 
The main finding of the study was in fact that such pseudocolloids 

are distributed in a range of particle sizes, so that the conventional so
lution of the filtration equations based on a single filter coefficient 
was not adequate to describe the outcomes of the experiments. In the follo
wing the experimental results are briefly recalled, and the main features 
of the model are outlined. 

3.4.1. The experiments 
In the experimental set up· borosilicate glasses, simulating high level 

waste (HLW), were leached with an aqueous solution representative of the 
water present in the aquifer which overlies the Boom clay formation in Bel
gium. The porous strata overlying the clay bed is a sand layer containing 
glauconite clay mineral. A series of columns were filled with this material, 
and the contaminated solutions, generated by the leaching of glasses, were 
used as the source term for the column percolation experiments. _„„ 

„Many results were, obtained with glasses doped alternatively with 
Pu, Np, Tc and Am. In parallel with the column percolation experi
ments, ultrafiltration tests through membrane filters of different porosi
ty have been carried out._The model described here interprets a set of ex
periments conducted with Am doped glass. The experiments are also des
cribed in (Avogadro et al.; 1980, 1981; Bidoglio et al., 1983). 

The results of the filtration experiments are shown in fig.3 where 
the percentage φ of americium retained as a function of the filter porosity 
is reported. Also the.complementary curve φ' = 100  φ is plotted. 

In fig. 4, the Am concentrations in molar units are reported for 
three columns, corresponding to the 28, 80 and 170 days loading experi
ments. 

3.4.2. The model 
The large percentage of Am retained on the filter membranes (fig.3) 

suggests that the Am transport is largely dominated by the colloidal spe
cies. The presence of Am colloids in similar chemical conditions has also 
been reported in the literature (Starick and Ginzburg, 1961; Olofson et 
al., 1982). It is also evident from the smooth shape of the curve in fig.3 
that the colloid size is better described as a distribution rather than 
with a single value. 

The complementary curve can be thought of as a cumulative distribu
tion, i.e. each point in this curve represents the percentage of colloid 
having a size smaller or equal to the value on the horizontal axis. Poly
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dispersion of the Am (pseudo) colloids is also being confirmed by Photon 
Correlation Particle Analyser tests conducted at the JRC Ispra. 

The model which has been developed to account for the three filtra
tion profiles shown in fig.A originates from the integration  over the 
size of the particles  of the solution of the monodispersed filtration 
equation. In practice, a distribution function is derived from fig.3 for 
the size of the colloids. If λ is a filter coefficient and f(A) is its dis
tribution function, the fraction of particles whose size ranges between 
λ and A+dA is simply Co f (A)dA, where Co is the total colloid concentra
tion at the inlet, and 

f(A)dA = 1 
J co 

If C=C g(x,t,A) is the solution of the transport problem for the mo
nodispersed colloid, the solution for the polydispersed one can be obtai
ned by writing: 

d Cp = C f(A)dAg(x,t,A) 

for a generical infinitesimal fraction of the polydispersed colloid, and 

Cp = C 
o gU,t,\)f(\)dA 

for the total colloid concentration. 
In fig.5, the fit obtained for the 170 day experiment is reported 

as an example. It is to be mentioned that the model also accounts for the 
sorption of the colloid, which has to be introduced as a further term in 
the filtration equation. The sorption of the colloid is described by a 
Langmuir isotherm, the sorption capacity of the column being saturated al
ready in the 28 day experiment. A complete illustration of the features 
of the model is given in Saltelli et al., 1984. 

In conclusion, the following dominant processes were identified: 
a) Colloid filtration: this is governed by a distribution of values of fil

ter coefficient (i.e. the colloids are polydispersed). 
b) A saturation phenomenon: this appears after a very short time and can 

be adequately described by a Langmuir isotherm. 
c) Escape of unretained species: after the saturation, a small fraction 

of the input activity flows through the column with practically no 
retention. It can not be ascertained at present whether this anionic 
fraction is given by the lower size microcolloids or by soluble spe
cies. 
One of the main limitations of the model is the role (if any) of the 

soluble noncolloidal forms (see point c above). The experimental eviden
ce indicates that in?the chemical conditions of the leaching water, the 
two species Am (CO.,) and Am (HCO.,),, should predominate (Bidoglio, 1982), 
in a ratio of 3 to 1 approximately. In the present model, the sorption 
mechanism has been attributed to the colloids themselves, but it could be 
due as well to the anionic carbonate complex, generated with some kind of 
kinetic by the colloids. Furthermore, the model does not include colloid 
dissolution while a series of scanning tests performed on loaded columns 
have shown that washing the columns with uncontaminated water slowly remo
ves the activity. 

Conversely, incorporating the above phenomena in the model would in
crease the number of parameters and consequently the validity of the fit 
would be reduced. 
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It is evident, in conclusion, that a better fit of these experiments 
would require more systematic experimental effort. At this stage we can 
say that a general identification of the main transport mechanisms can be 
considered as achieved. 

3.5. Geochemical modelling 
One geochemical speciation code, WHATIF, is being developed in the 

E.C. at Riso (D). From an initial list of constituants (metal oxyde, C0_, 
H„0), the code calculates which mineral is formed as a function of the 
progression of the reaction index (i.e. analogous to the progression of 
the time). It also gives the speciation of the ions in solution (simple 
or comlex ions). Such calculations are needed to predict the form under 
which the radionuclides will leave the source and migrate in the medium 
(or precipitate). If the element remains in solution, its retardation by 
the medium will indeed be a function of its ionic form (complexation, 
charges, ... ). 

If it precipitates, can it form colloids ? Will it be stable inde
finitely ? Such geochemical models can also incorporate adsorption. 

This kind of modelling is required first close to the source, then 
in the medium, if the geochemical conditions vary (temperature, pressure, 
oxydation state, pH, new minerals in the rock, new elements in the solution 
from a superficial source, etc...). 

Other E.C. countries are also testing existing geochemical codes (see 
paragraph A). Also attempts are being made to couple these geochemical co
des with the transport codes: this is essential to correctly represent the 
interaction mechanisms, the simple "Kd" approach used mostly so far having 
been found insufficient. 

This task is just at its beginning nowadays and will require conside
rable efforts of modelling, verification and validation against experi
ments or analog studies. 

3.6. Source term modelling 
Many countries are developing source term models for different types 

of waste. The classical "congruent dissolution" model or the "constant 
release" model are often no longer considered valid. Solubility-limited 
release models are being developed: these are closely related to the geo
chemical models briefly described above since the solubility of a given 
element will be a function of the composition and speciation of the solu
tion surrounding the waste. 

These source term models generally include the simulation of the en
gineered barriers: corrosion of canister, or transport through a layer of 
buffer or backfill. Complex transport mechanisms can thus be represented 
in these models. 

Model development is taking place in particular at: 
- JRC, Ispra 
- HMI, Berlin (code EMOS) 
- CEA, Fontenay 
- UKAEA, Harwell 
- ECN, Petten 
- CEN-SCK, Mol 
- etc. . . 

but, apart from the code EMOS which has already been applied for the study 
of a repository in a salt dome, in the FRG, most of these codes are still 
in the development stage. 
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4. Computer program intercomparison studies 
During the compilation of the Directory (paragraph 2), reliance was 

placed on information provided by the developers of the computer programs 
identified. Whilst this was a necessary method of procedure, it did not 
allow truly objective comments to be made concerning the use of particular 
programs in realistic situations, the ease of data input and the general 
adaptability of different codes. Furthermore the intercomparison of compu
ter programs is a valuable technique for instances where verification 
against field or experimental data is not practicable. Such objective com
parisons have recently been made for computer programs in two specific to
pic areas: 

 radionuclide migration (Broyd, 198Λ) 
 geochemistry (Atkins R&D, 1985). 
These comparison studies have differed from other recent work such 

as the INTRACOIN project (SKI, 198A), in that they have attempted to com
pare both the results and useability of the programs by means of indepen
dent observation of program runs during short visits to each participating 
organisation. 

4.1. Methodology 
The methodology was similar for both intercomparison studies and pro

ceeded as follows: 
 Potential participants in E.C. countries were identified and 
meetings were held to discuss overall procedures and general 
aspects of test cases. 

 Series of test cases were derived and tested using the study 
organisers' inhouse codes. 

 Visits of two days duration were made to each participating 
organisation during which the running of test cases was obser
ved. Details of test case data had not been provided to parti
cipants prior to the visits. 

 Results were analysed and discussed during a further plenary 
meeting of participants. 

This methodology worked well for both of the intercomparison studies 
attempted and enabled the results to be reported within a few months of 
the start of each piece of work. 

4.2. Results 
The radionuclide migration and geochemistry studies included five and 

eight participating organisations respectively, which are listed in Table 
2. About ten different types of test case were considered in each study. 
The type and number of test runs carried out by each organisation provi
ded a rudimentary comparison of userfriendliness and extent of application 
of the programs used. 

It would be erroneous to consider these studies as tests of the accu
racy of participating computer programs or their data bases. The result 
should best be used in deciding in what areas there is general agreement 
or disagreement between the programs and, where disagreement is apparent, 
some attempt has been made to ascertain the root cause. Fig. 6 and 7 show 
typical results from each intercommparison study. A detailed consideration 
of each study is beyond the scope of this paper and the reader is directed 
to (Broyd, 1984; Atkins R&D, 1985). 
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Table 2: Organisations participating in intercomparison studies 

Country 

Belgium 
Canada 
C.E.C. 
Denmark 
F.R.G. 

France 

U.K. 

Organisation 

SCK/CEN, Mol 
AECL, Whiteshell 
JRC Ispra 
Riso 
GSF, Braunschweig 
BRGM, Orléans 
EMP, Fontainebleau 
AERE, Harwell 
Atkins R&D, Epsom 
BGS, Keyworth 
UWIST, Cardiff 

Migration 

X 

Έ 

$ 
X 
X C·') 

Geochemistry 

X 
* 
* 
* 
* 
£ 

*(*) 
$ 
«*) 

(") indicates coordinating organisations. 

5. Conclusion 
The development, improvement, testing, verification and validation 

of computer programs are an endless enterprise: as long as the last repo
sitory of the last E.C. country will not have been sealed, model improve
ment and application in waste disposal will have to take place. Why is that 
so ? Because a model is in the first place a representation of the under
standing of the mechanisms taking place in the real world; as scientific 
knowledge of such mechanisms increases, so must models be improved. On the 
other hand, the mathematical techniques for solving a given set of equa
tions is constantly evolving as well as the computing power of the standard 
scientific computers. Therefore a model which is not constantly improved 
and modified soon becomes obsolete and cannot any longer be of any use. 

Modelling efforts in the E.C. countries will therefore have to conti
nue. In this respect, what can be the specific roles of the Commission ? 
Several can be imagined: 
(i) Help develop, in each country, at least one strong modelling group 

capable of making a performance assessment, using its own models or 
models provided by other groups, 

(ii) Improve the general capability of the E.C. countries by model compari
sons, exchanges of codes, subroutines and methodologies, by modelling 
of case studies, 

(iii) Avoid duplication of efforts and endeavour to make model improve
ments or developments done in one country available to the other E.C. 
countries; "clubs" of specific group of modellers could be set up in 
this view, 

(iv) Provide a European independent methodology for validation of the 
codes which will be used in a final assessment, to improve their cre
dibility. 
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Fig. 2 CONCENTRATION OF NP237 AS A FUNCTION OF TIME AND DISTANCE FOR 
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DISCUSSION 

C. McCOMBIE, NAGRA Baden 

I ara not entirely in agreement with the conclusion that we need necessa
rily a constant updating to avoid obsolescence. It is conceivable that 
we could arrive at a position where we have adequate models for our pur
poses. I mean: for demonstrating that waste disposal can be safe enough, 
for example. We can have adequate models which are not necessarily best 
models. They could be improved for other purposes, for pure research-type 
purposes, for example. 
Besides, referring to the car story: if we only need a car which takes us 
to work reliably, then we can stop when we have a VW-beetle; we do not 
have to develop Rolls Royces. And what we have to avoid is what happens 
with motorcars, where competition that offers the most chromium and the 
biggest trim, etc., wins. 

G. DE MARSILY, Ecole des Mines Fontainebleau 

I do not agree with you. I think modelling needs are enormous; improvement 
possibilities are still gigantic. We heard earlier Mr. BERTOZZI who told us 
that probabilistic modelling is necessary and that this type of modelling 
should be carried out with simplified models because it is not reasonable 
to use complex models. Now, I do not think this is very satisfactory in
tellectually. Why should we restrict ourselves? For purely economic reasons; 
It is also a fact that by making a mistake in simplifying approximations, 
you are making the results less credible. Now, without adding trimmings to 
the models, I think that evolution in the equipment - computers are evolving 
very quickly from one year to the next - in order to maintain models which 
use the expertise and equipment, and in order to be able to use these 
models in a more and more representative and complex way in probabilistic 
modelling, there are possibilities of improving things and coming up with 
Roils Royces which are not all chromium. 

P. PEAUDECERF, BRGM Orléans 

I disagree with the judgements issues by Mr. DeMARSILY when he said that 
at the moment there is no model which allows you to calculate the evolution 
of a site. Two days ago I presented the geoperspective works in which we 
integrate models which take into account the constraints and variations in 
permeability, for example. Now, I am not saying that the problem has been 
solved; there is still a lot to be done, but I think we are already working 
in the right direction. 
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ABSTRACT 

The methods adopted for the Performance Assessment of Geologic Isolation 
systems (PAGIS) in clay, salt, granite and sub-seabed sediments are 
described, with special reference to the release scenarios adopted and 
the mathematical models used. The similarities and differences of 
approach used for the four formations are discussed and some preliminary 
results from models are presented. Phase 1 of PAGIS was completed in 
1984, involving the collection of basic data on HLW inventories, 
repository designs, sites, release scenarios and radionuclide dispersion 
models. The current Phase 2 of PAGIS (1984-86) includes the 
implementation of an agreed methodology for calculating doses and risks 
using the material collected in Phase 1, and involving both sensitivity 
and uncertainty analysis. 

1. INTRODUCTION 

During 1982-4, the Commission of the European Communities (CEC) began 
the first phase of a Performance Assessment of Geological Isolation Systems 
(PAGIS) for the disposal of high level radioactive wastes. The objectives of 
the study have been described in another paper at this conference |~1 ], the 
major ones being to evaluate different disposal options and to identify 
research priorities. Several organisations in EC countries are involved in 
the work, along with the Commission's Joint Research Centre at Ispra, Italy. 
Disposal in clay formations is being assessed at the Centre d'étude de 
l'Energie Nucleaire/Studie Centrum voor Kernenergie (CEN/SCK) in Belgium; in 
salt formations, at the Gesellschaft fur Strahlen und Umweltforschung (GSF) 
in West Germany; in granite formations, at the Agence Nationale pour la 
gestion des Déchet Radioactifs and the Commissariat à l'Energie Atomique 
(ANDRA/CEA) in France; and finally, in sub-seabed sediments, at the National 
Radiological Protection Board (NRPB) in the UK. The other organisations who 
have made significant contributions to the work are the Hahn-Meitner 
Institute (HM1) in West Germany and the Stichting Energiegonderzoek Centrum 
(ECN) in the Netherlands. 

PAGIS is divided into three phases each lasting approximately two years. 
Phase 1 was completed in 1984 and included the collection of basic data; the 
choice of sites and repository designs; the choice of release scenarios; and 
of the methods and models to be used for the assessment of dose and risk. 
The current Phase 2 of PAGIS (1984-6) is designed to implement the methods 
and models, and to do calculations for the performance assessment of the 
various options. A subsequent Phase 3 will review the results and make 
recommendations on research and development requirements. 
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2. DESCRIPTION OF THE PAGIS METHODOLOGY 

The CEC have published a summary report of Phase 1 of PAGIS which 
contains a general description of the methodology adopted [2]. The basic 
methodology is to identify the events and processes which could result in a 
radionuclide release from repositories in each formation (a scenario), and 
then to use appropriate mathematical models to estimate radionuclide 
dispersion in the geologic formation and the environment generally, so that 
doses and risks to man can be calculated. The release scenarios can be 
classified into those which are certain to occur, representing the normal 
evolution of the formation, and those where the repository or its surrounding 
geology is perturbed by events of a random (probabilistic) nature which can 
alter the normal evolution of the formation. For each formation, the normal 
and altered evolution scenarios can be different, and they are classified 
into their expected time of occurrence ie, the short, medium or long term-
The scenarios selected for the four geologic formations in PAGIS are shown in 
Table 1. They do not include highly disruptive scenarios, such as meteorite 
impacts or volcanism, because these are assumed to have a very low 
probability, and therefore the radiological impact will not be assessed. 

For all the formations, the repository, its surrounding geology and the 
general environment are divided into the near-field, far-field and biosphere, 
to facilitate the mathematical modelling of radionuclide dispersion and the 
calculation of doses and risks to man. The near-field consists of the 
vitrified wastes, the containment, any backfilling and sealing material and 
the surrounding rock. For three formations, clay, granite and sub-seabed 
sediments, a common near-field modelling approach will be used, but for salt 
there will be differences because the near-field is assumed to contain the 
whole of the host rock. In the far-field, the strata for all formations is 
assumed to be a saturated porous medium, which is a good approximation for 
most formations. A common approach to biosphere modelling can be used for 
the land disposal options, but for sub-seabed disposal, a different model has 
been adopted, describing the dispersion in the oceans in detail. 

3. SELECTION OF BASIC DATA, RELEASE SCENARIOS AND RELEASE MODELS. 

In order to apply the methodology proposed for PAGIS, it is necessary to 
decide on inventories and the form of the high level radioactive waste; to 
collect together the relevant data on geologic formations and repository 
designs, and to implement radionuclide dispersion models in the near-field 
far-field and biosphere, having chosen the release scenarios representing the 
expected normal evolution and the possible altered evolution of the geologic 
formation. With the exception of the high level waste inventory, where a 
common data base can be used (the reference being vitrified high level waste 
from Light Water Reactors), many detailed features of the repository design 
and modelling are specific to the geologic formations, and these are 
discussed in subsequent sections. It should be emphasised that the choices 
have been made in PAGIS for the purpose of completing a successful 
performance assessment, and are therefore based primarily on the availability 
of data. They do not signify any intent, especially in respect of siting 
repositories or of repository design. 

3.1 Clay 

For the purposes of PAGIS a reference site in Belgium has beer, chosen at 
Mol, with two variant sites in Italy (Val d'Era) and the UK (Harwell), as 
shown in Figure 1. The Mol site has been chosen as the reference site 
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because it is well documented and has been the focus of an Κ & D programme 
for many years, including repository design, hydrogeology and risk 
assessment. The top of the clay formation is 160 m below the surface and is 
about 100 m thick in places. It is a tertiary clay, representative of the 
open coast type formation, and the reference repository design adopted for 
PAGIá is shown in Figure 2. The variant sites have a different geology; the 
Val d'Era site is a representative for the intra-continental deposition 
environment while Harwell is intermediate between the two. 

The normal evolution scenario used for the consequence analysis, 
involves the natural degradation of the artificial barriers in the repository 
including corrosion of the waste containers and subsequent leaching of 
radionuclides from the glass into the surrounding clay. (Figure 3). 
Dispersion through the clay will be dominated by diffusion rather than 
advection mechanisms, with radionuclides eventually reaching aquifers above 
and below the Boom clay, and thereby entering the ground water flow regime. 
The migration of radionuclides in the clay will be calculated using a code 
based on an analytical solution of a one dimensional advection/dispersion 
equation. For dispersion in the aquifers a more complicated three 
dimensional transport equation has been adopted, where advection rather than 
diffusion effects dominate, and this is also solved analytically. Radiation 
exposure is then assessed by assuming that a well is situated in the upper 
aquifer, immediately above the repository. 

3.2 Salt 

There are two main types of salt formation in EC countries, the bedded 
salt formations and salt domes, the latter being extrusions from a lower 
bedded salt formation, forced by pressure, heat and buoyancy effects. As a 
reference in PAGIS, a salt dome near Gorleben has been chosen, this site 
having been the subject of extensive geologic investigations. The variant 
sites include salt dome and bedded salt formations in the Netherlands and 
France respectively, as shown in Figure 1. 

The normal evolution scenario for the salt dome assumes that direct 
water intrusion into the repository is prevented by the surrounding salt 
formation. However water contact is possible due to subrosion effects, where 
the salt formation and its overlying strata are dissolved, but this is not 
expected to occur before a million years have elapsed. (Figure 4) 

One of the altered evolution scenarios assumed for salt is human 
intrusion in the future, for the purposes of resource exploration or for salt 
extraction. If this scenario occurs before the closure of the drift system 
by convergence it is similar to water intrusion via an associated anhydrite 
formation. Up to the present this scenario has been treated in a 
deterministic way, by assuming immediate, post-operational intrusion via the 
anhydrite, with a minimum flow resistance for water passing through this 
formation. However, it is intended that the human intrusion scenario will be 
treated in a probabilistic manner in PAGIS, using available borehole 
statistics. A near-field code has been written to assess the normal and 
altered evolution scenarios, which can allow for human intrusion via the main 
anhydrite formation and a limited brine intrusion via brine pockets in the 
salt dome itself. In addition to this, codes have been written to calculate 
radionuclide dispersion and transfer in the far-field and biosphere. 
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3.3 Granite 

Three granite formations have been selected for PAGIS, the reference 
site being at Auriat in France which is a good example of an outcropping 
formation. The variant sites are at Barfleur in France, which is i. coastal 
granitic formation, and at a representative site in the North East of 
England, where the granite is overlaid with sedimentary rocks. (Figure 1) 
The normal evolution scenario for this formation involves contact of the 
waste with the small amounts of groundwater in the granite. In the absence 
of disruptive fissures, this water can move slowly through the near field and 
eventually contact the waste and lead to radionuclide release into the far 
field and biosphere. (Figure 5) The altered evolution scenarios include an 
enhanced water movement in the repository due to geologic faulting, and also 
intrusion scenarios, such as inadvertent site investigation (drilling). 
These are expected to occur in the medium to long term: in the short term, 
radionuclide release due to incomplete backfilling and sealing will be 
considered. 

In order to calculate doses and risks, two main approaches will be used. 
One will focus on the traditional separation into near-field, far-field and 
biosphere, considered as individual blocks for modelling purposes. The other 
will involve a code developed by IPSN which deals with the three above blocks 
directly in an integrated manner. It describes the joint evolution of the 
system as a whole, incorporating a 2-D radionuclide transport code which can 
allow for fracturing, thermal and geochemical effects. 

3.4 Sub-seabed sediments 

In comparison with the other geologic formations, the investigation of 
sub-seabed sediments as a suitable medium for a HLW repository is not as well 
developed, and the extent of basic data for the formation itself and 
repository design is on a lesser scale. However there is sufficient 
information for a performance assessment, and recent developments in 
modelling allow the biosphere to be comprehensively described. Three sites 
with sufficient data available for the study have been identified, (Figure 6) 
the reference case being in the Great Meteor East area, which is over 500 km 
from the nearest fracture zone and is a smooth abyssal plain with scattered 
elevations. The variant sites are in the Cape Verde Rise and in the South 
Nares Abyssal plain. These are also relatively flat and geologically stable. 
Two main repository designs are being considered at present, free-fall 
penetrator emplacement and drilled emplacement. (Figure 7) For the purposes 
of PAGIS the penetrator emplacement option is the reference repository 
design. The normal evolution scenario for the penetrators in sub-seabed 
sediments allows for thermal effects and the direct contact of the waste 
container with sediment pore water. The container is assumed to corrode over 
500 years leading to direct contact with the vitrified waste and radionuclide 
release. (Figure 8) This is modelled in the near- and far-field using 
computer codes which allow for sorption effects on the sediments, in addition 
to diffusion/advection and decay terms. Eventually some radionuclides will 
reach the sediment/water column interface and become dispersed in the worlds 
oceans giving the possibility of exposure via bioaccumulation or by direct 
irradiation from sediments. The altered evolution scenarios consider the 
likelihood of incomplete hole closure, and therefore early direct contact of 
the waste container with sea water, and of thermal transient effects which 
could enhance radionuclide dispersion in the surrounding sediments. These 
could both be short term effects and in the linger term the possibility of 
human intrusion will be considered, as a result of mining or drilling 
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activities. In all cases, the latest modelLing techniques will be used for 
the sea biosphere, incorporating the recent work done for the ΝΕΑ site 
suitability review. 

3.5 Discussion and preliminary results 

Having compiled the methods, models and data during Phase 1 of PAG1S, 
the next Phase of the programme is to carry out calculations for radionuclide 
release and dispersion, and for the doses and risks to man. At present only 
preliminary results are available for some formations, and these will be 
briefly described. A fuller description of Phase 2 of PAG1S is given in 
Section 4. 

For the clay option, the migration of radionuclides in the clay layer 
has been calculated assuming a layer thickness of 40m. The results are based 
on an analytical solution of the diffusion/advection equation in one 
dimension and, as the advective term in clay is much less than the diffusive 
term, radionuclides disperse slowly through the clay layer. In order to 
estimate dose rates to a maximum exposed individual, a small water well is 
assumed to be based in the upper aquifer, just above the repository. 
Calculations show that it would take several million years before a maximum 
concentration of even a relatively mobile radionuclide like Np-237 is 
established in the well-water. Preliminary estimates of exposure from 
drinking water extracted from the well, give doses less than 1 μί>ν from Tc-99 
and Np-237 assuming the repository contains 9000 m^ of vitrified high level 
waste and has a total surface area of 1 Km^. 

For salt, some calculations have been carried out for the scenario 
involving water intrusion into the repository via an associated anhydrite 
formation. The calculations show that convergence effects reduce the water 
flow considerably, and if temperature effects are included due to the 
presence of high level waste, the convergence effects are enhanced. By means 
of a limited sensitivity analysis it has been possible to show that, even if 
brine did contact the waste, the effects are limited by the convergence 
effect. 

For granite, the implementation of dispersion codes has begun and some 
calculations of the thermal effects of vitrified waste on the host rock have 
been completed. The maximum temperature in the centre of the vitrified waste 
blocks will be about 190°C, 10 years after emplacement, for the reference 
repository design. Similarly, for the interface between the waste container 
and the granite, the maximum temperature of 120°C is reached after 10 years. 

For the sub-seabed option, results have been obtained using the sea 
biosphere model, which is a three dimensional compartment model describing 
water flows in the North Atlantic and the World's Oceans. The sensitivity of 
radionuclide concentrations in seawater and doses to man have been 
investigated for variations in release rate to the ocean, dispersion in the 
ocean, and sedimentation parameters. Calculations have been performed for a 
number of activities, including Np-237 and Pu-239, showing that water 
concentrations are more sensitive to changes in sedimentation parameters than 
are doses to man, while both are equally insensitive to release rate into the 
ocean. 
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4 . PAGIS PHASE 2 

The main aim of Phase 2 of PAGIS is to use the data and models collectée 
during Phase 1 to calculate doses and risks to man. Τίτε basic framework 
includes the calculation of radiation exposures to individuals and 
populations; the calculation of probabilities that doses will be received; a 
sensitivity analysis for selected parameters; and the evaluation of 
uncertainties associated with doses and risks. "Best" estimates of the 
consequences for normal and altered evolution scenarios will be obtained 
using comprehensive models, while sensitivity analysis and uncertainty 
analysis may utilise simpler models, because a large number of calculations 
will be required. In order to place the results of assessments in 
perspective, the spatial and temporal distribution of individual risks will 
be calculated, with special emphasis on the time of occurrence of the maximun 
level of risk in the future. Although there is no intention to compare 
options in PAGIS, collective doses will be calculated to see whether these 
quantities are useful in performance assessments. It is expected that the 
uncertainties in the long term effects will limit the application of 
collective dose calculations. 

In assessing the best estimates of dose and risk, only one dose vs time 
curve will be produced for each release scenario, utilising best estimates 
for all parameters and using comprehensive mathematical models. For 
sensitivity and uncertainty analysis, the use of simpler models will allow 
sampling of parameters from a distribution of values. Computer codes airead; 
exist for such calculations, and have been described in a previous paper in 
this session [3]. In general they produce a histogram or frequency 
distribution of dose as a function of time, and provide detailed information 
on uncertainties and important parameters. Although different codes may be 
used for each of the geologic formations considered within PAGIS, a 
consistent approach will be adopted. This will include the method by which 
radiation exposure is calculated: a hypothetical individual will be assigned 
to each pathway, as representative of a group which would receive the highes 
exposures via that pathway. This individual will be an adult, unless it is 
clear that children or infants would receive higher exposures from the 
pathway, due to their diet or an age related factor. 

5. CONCLUSIONS 

Although it is obviously too early to draw any firm conclusions from 
PAGIS, because the project is not yet complete, there are some general 
conclusions which can be made at this stage. There have been virtually no 
problems in collecting together the data and models necessary for an EC 
performance assessment of the geologic isolation systems but, inevitably, 
there are differences in the amount of data available and the types of 
mathematical model used. It has also been possible to agree a general 
methodology for the assessment, common to all formations. However, the 
choice of methodology has been a far more difficult task, complicated by the 
lack of a wider international agreement on how to assess the long term 
effects of radioactive waste management, and on criteria for judging the 
acceptability of various options. This is a rapidly developing subject and 
it is hoped that some of the problems caused by this lack of agreement will 
be resolved during the lifetime of PAGIS. 
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Table 1. Scenario selected for the four options in PAGIS 

OPTION 

CLAY 

GRANITE 

SALT 

SUB-SEABED 

NORMA], EVOLUTION 

. Waste degradation 
and diffusion 
Thermal effects 

. Waste degradation, 
diffusion in near-
field and transport 
in fissured rock 
Thermal effjects 

. Thermal and conver
gence effects 
Residual uplift 

. Subrosion 

. Waste degradation 
and diffusion 
Thermal effects 

Short term 

. Unexpected effects 
in the near-field 

. Convection in 
near-field 

. Convection in the 
shaft 

. Water intrusion 
Thermal and 
convergence effects 

. Incomplete hole 
closure 

. Thermal transients 

ALTERED EVOLUTION 

Medium term 

. Human intrusion 
(water wells) 

. Change of frac
ture pattern 
(far-field) 
. Human intrusion 

. Human intrusion 
(solution mining, 
drilling) 

. Human intrusion 

Long term 

. Tectonic 
displacement 

. Climatic changes 

. Tectonic 
displacement 

. Climatic changes 

. Climatic changée 

. Tectonic 
displacement 

. Human intrusion 

. Climatic changes 
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Fig. 1 Formations favorable fo r waste disposal 
selected in the European Cataloaue 
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Fig. 5 Scheme of the normal evolution scenario in granite 
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DISCUSSION 

C. McCOMBIE, NAGRA Baden 

I was somewhat surprised to hear you classify glaciation as a disruptive 
event with very major consequences you implied. Anyway I realise that it 
has major consequences in biosphere modelling. But, on the other hand, for 
most places in Europe glaciation should belong to the normal evolution of 
the site and must not be a disruptive event by definition. 

M. CLARK, NRPB Chilton, Didcot 

Yes, perhaps I misled you there. What I meant was exactly that. You can 
have something which is disruptive for the biosphere but obviously for 
deep repositories and the sub-seabed repositories, glaciation would not be 
disruptive for the repository itself. 

R. ROMETSCH, NAGRA Baden 

In the sub-seabed and variants you have not mentioned the old story about 
using the subduction zones. Why is that kind of scenario not taken into 
account? Have you special reasons for that? And if so, could you comment 
on that? 

M. CLARK, NRPB Chilton, Didcot 

I think I could comment in two ways. I'd stand to be corrected here, but I 
am not sure whether there are many subduction formations - what we would 
call - available in Europe. Obviously, the main one, off the coast of 
Japan, looks attractive, but it is not something which we would want to 
study within the European concept. So, I do not think it is available as 
the other options, and we would prefer to concentrate on the two designs 
described. 
Then, there are the other arguments which I am sure you are aware of, 
whether one should put waste near such an active tectonic feature. I think 
that the general feeling should be that one should place high-level waste 
a fair distance away from such features. 

G. De MARSILY, Ecole des Mines Fontainebleau 

A few years ago in Luxembourg at the European Conference, Mr. GIRARDI ex
plained the safety concepts which would be used in the future to study re
positories, and actually what he said goes along the same lines of what 
you presented here today. 
The IAEA has also carried out comparative studies of various repositories. 
This was published also four or five years ago. Could you stress the dif
ference in the PAGIS approach with respect to these previous approaches? 
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M. CLARK, NRPB Chilton, Didcot 

This project, as I see it, is a potential first within the EC to do this 
sort of assessment, to bring the various national authorities and bodies 
together, to compare their approaches to this problem and to devise, where 
possible, a common approach, while maintaining the necessary differences. 
I have already described one, that is for repositories in salt. There is a 
genuine difference in the performance assessment there. So I think that it 
should be seen in that context, that it is not the first performance 
assessment carried out, and we would make no claims for that, but it is 
the first to be carried out within Europe; hopefully in a coherent and 
cohesive manner. 

R. ROMETSCH, NAGRA Baden 

You have been rather negative in stating the absence of common criteria of 
radioprotec tion to be compared with the safety assessment results. So, I 
would like to ask whether you think it is really so negative or is there 
not the beginning of a consensus in this field? 

M. CLARK, NRPB Chilton, Didcot 

I did not mean to be totally negative. I mean, in the situation now, one 
cannot point to a document which sets out criteria which are internationally 
agreed, but I did try and say that it is a fast moving field, and there 
are documents, I would cite the recent NEA document on long-term radiation 
protection objectives, which outlines an approach. That was a report by a 
group of experts; I think it does represent an international consensus in 
a way, but it is not recommendations to member states. 

CHAIRMAN 

I am afraid that I have to interrupt the discussion; I will try to reserve 
some time at the end for this point, which I think really deserves a more 
extensive discussion. On the other hand, some of these points will be 
dealt with both in the presentation of Mr. Bertozzi and in mine. 
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Chairman 

Presents the panel and invites Mr. Heremans and Mr. Hübenthal (on behalf 
of Mr. Kroebel ) to recall the conclusions of the two preceding technical 
panels on HLW-disposal and on Waste Treatment Processes respectively. 

R. HEREMANS 

I should like to present several conclusions in respect of which a con
census has been reached at the Panel meeting on Geologic Disposal of HLW. 

As regards the geological barrier, we believe that we possess a clear 
idea of the essential role that it plays in any disposal system and we 
have available an arsenal of techniques and instruments which enable 
us to characterize it in the field; our laboratories are nowadays well 
equipped to carry out the indispensable expert assessments, analyses 
and tests. A study of similar situations in nature will allow us to 
achieve better understanding of the occurrence of certain physico-
chemical phenomena in nature. 

- With the waste-processing and conditioning techniques available at 
present, a final product is obtained which possesses characteristics 
that comply with the essential requirements of physical and chemical 
stability. Other engineered barriers, such as filling and plugging 
materials, are now available and ready to be used. 

- The intensive research conducted over the last few years in the field 
of rock and soil mechanics have made it possible to identify more 
clearly the special problems associated with the excavation of galle
ries and, perhaps, with their use and their ultimate operation. The 
most striking examples concern the dry deep-drilling experiments in 
the ground at Asse and the construction of the laboratory in the clay 
at Mol. 

Modelling calculations now make it possible to forecast the behaviour 
of geological formations as a function of certain parameters specific 
to waste burial. 

- Where performance assessments are concerned, it is essential to have 
thorough knowledge of the various system components, including the 
disposal site. The methods used for performance assessment have now 
reached a very advanced stage of development. Fundamental acceptance 
criteria already exist, but can be applied to analysis of the safety 
of final waste disposal only in parallel with the development of 
systems. 

It is already possible to consider developing a system for the burial of 
high-activity waste after certain additional research work has been 
carried out and the obligatory demonstration stage, intended to confirm 
under actual operating conditions the conclusions reached in the research 
work and the studies, has been completed. The time which is still avail
able to us for setting-up industrial-scale underground disposal instal
lations nonetheless allows us to continue our work with a view to obtain
ing more detailed answers to certain questions and to optimizing the 
system so as to ensure that the operation will be conducted under the 
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best possible economic and safety conditions. The five-year (1985-89) 
plan of the Commission of the European Communities is undeniably aimed at 
attaining these objectives. 

K. HUBENTHAL 

For many low and medium active waste streams, a variety of treatment and 
conditioning methods for LLW, MLW and gaseous waste are already being 
applied or. an industrial scale; further processes have qualified for 
operation on the more difficult long-lived MLW after extended R and D 
efforts. 

In fact, a recent independent review of the waste management practice in 
France by the Castaing Commission came to the conclusion that waste 
management and non-geologic disposal of wastes resulting from fuel 
reprocessing had reached industrial maturity. 

The disposal of low and medium active waste has also practically been 
demonstrated for years in land based facilities. I shall add, that 
disposal in the ASSE mine was discontinued for non-technical reasons. 

So the present situation is not the lack of technical possibilities. 
The questions we face are rather whether and for what waste type we 
should select which of the options. The selection must clearly be the 
result of an adaptation and optimisation process: 
The waste treatment process must be adapted to the process requirements 
upstream and the disposal criteria downstream. It must also be optimised 
to satisfy the ICRP's ALARA principle. 

The optimisation should mainly cover such aspects as: 
- volume reduction 

improvement of waste package performance 
separation of long-lived nuclides 

in view of identifying strategies, that keep radiological consequences 
"as low as reasonably achievable", taking account of economic factors. 

The panel welcomed the Commission's initiative to carry out such optimi
sation studies in its 3rd cost-sharing programme by means of systems 
analysis. 

The adaptation of processes to acceptance criteria also implies the use 
of Quality Assurance methods to assure adequate and consistent perfor
mance of the final waste products. The control of the quality of such 
final waste products may still be improved by advanced non-destructive 
testing methods. Nevertheless, the systematic and comprehensive control 
of the production process will remain the most important factor in 
achieving satisfactory product quality. 

Chairman 

May we now discuss these conclusions under the important aspect of 
safety? 
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R. ROMETSCH 

Radioactive waste apparently causes more uneasy feelings and downright 
fears than any other toxic waste. Whatever the reasons for this situa
tion, it has lead, in many countries to an essential social-political 
requirement, namely, that proof of the feasibility and long-term safety 
of waste disposal must be established. 

The technical-scientific community has accepted this challenge and this 
conference and the tremendous effort placed in the PAGIS studies are a 
direct proof of this acceptance. 

At least half a dozen safety assessments for waste disposal have been 
completed in and outside the EC. Some of these are generic, some specific 
for certain geologic formations and very few practically site-specific or 
carried out for reference cases. The results of all these studies are 
formulated in the careful way to which we are accustomed in the techni
cal-scientific community. Results and remaining uncertainties are 
discussed with a great degree of prudence. 

In a number of countries, radiation protection objectives have been fixed 
pending the establishment of such goals by the ICRP. A certain concensus 
on such protection goals is emerging on a dose to individuals in the 
order of 10-100 millirem/year. By comparison the doses resulting from 
the waste disposal as computed in the safety assessments are generally a 
number of orders of magnitude lower. This shows the large margin of 
safety incorporated in the kind of projects studied today. It can be 
stated with confidence, that the safety of final disposal is confirmed in 
principle and, in particular cases, the feasibility of its implementation 
is recognised in spite of the remaining uncertainties. I know of only one 
case, Sweden, where such a careful scientific statement has been the 
basis for a clear political decision to justify and permit the continua
tion of nuclear energy generation. 

In Switzerland we are approaching a similar situation, as the project of 
a safety assessment for final disposal has been submitted to the govern
ment and the national and international experts appointed by the govern
ment have begun to examine this project. We hope, that in about one year 
a clear-cut political decision, that the required proof has been estab
lished, will be taken. 

Generally, however, the safety assessment studies, and this also appears 
to be the case with PAGIS, will remain statements by the scientific 
technical community. The requirement, that a safety assessment has to be 
convincing, has only been applied to the scientific work and not suffi
ciently in view of convincing the general public. This very important 
step has yet to be done by all of us, i.e. to convince the public and to 
gain public and political acceptance for our disposal projects. 

R.E. GREEN 

Let me say at the outset how much I appreciate the opportunity I've had 
this week to listen to so many excellent presentations on the Community's 
Programme on Radioactive Waste Management and Disposal. I have been 
impressed with both the scope and depth of your activities and also 
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pleased to discover that our programme in Canada is very much in tune 
with yours. 

In my remarks to-day, I would like to address the question of public 
acceptance, in the context of how we should be planning our future 
activities in order to sustain the excellent programmes we have insti
tuted, and to bring them to a successful implementation stage, with the 
continuing support of our various publics and their governments. 
Why is this question of defining our future programme so important? 
Well, I recall that less than 10 years ago, the publics in various coun
tries were quite agitated about the problem of nuclear waste, so much so 
that the nuclear industry in some countries was faced with a moratorium 
on future growth until the 'problem' could be solved. 

Subsequently, many excellent programmes on waste management were put in 
place, including your own. Since then, however, the world has changed. 
The economic recession has virtually stopped the commitment of new 
nuclear power plants, and the public, the utilities and governments seem 
to have lost interest in the waste management problem. We don't hear 
much of disposal anymore, but rather interim storage, for decades maybe. 
Given this new climate, how to keep our programmes in place and pro
gressing towards their logical conclusion, and receive public acceptance 
for our waste disposal concepts? 

I believe the message is clear from what we have heard this week, 
Mr. Chairman. There seems to be a consensus that we are at the point 
where we have done enough research to determine the most promising 
options, and that we now need to get on with the next phase, which might 
be called System Verification or Engineering Development. This does not 
mean that further research will not be needed. On the contrary, the 
engineering development phase will focus the research activities and new 
research needs will appear as the engineering projects proceed. 

From the viewpoint of public acceptance, the engineering development 
phase will show the public that steady progress is being made towards a 
solution of the problem. It may be different to get public acceptance of 
disposal based only on mathematical models, so engineering demonstrations 
could help us achieve our goal. Furthermore, if we continue with more and 
more research, the public could assume that the problem must be much more 
difficult than we have said. Some of you will recall how difficult it 
was to get geological field research going, because of the public's 
suspicion that disposal was about to take place. In this regard ' an 
engineering demonstration phase would be a more reasonable step to 
disposal. In any case, as I mentioned earlier, disposal appears to be 
much further in the future and my concern is that unless we keep the 
momentum in our programmes, the investment we have made in people and 
technology will be lost and would have to be regenerated at some future 
date. 

Tn summary then, I would recommend that all programme managers plan their 
future programmes towards site-related engineering projects, as the most 
logical step in gaining public acceptance. In parallel, all of us need 
to spend as much time as we can convincing the politicians and the gene
ral public that radioactive waste is not all that magic, is not unmanage
able, and that we have the solution in our hands. 
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Chairman 

I would now like to ask Mr. Dejonghe to comment this from the viewpoint 
of international cooperation. 

P. DEJONGHE, CEN/SCK Mol 

The papers presented this week have demonstrated what has been achieved 
in Europe in the context of international cooperation. That cooperation 
has intensified over the years and during the fiveyear plans. 

The two fiveyear plans have made it possible: 

for us to reach an agreement on the major fields to be studied and 
their respective levels of importance; 

 to avoid duplication of effort while ensuring that all essential 
aspects are covered; 

 to create a climate suitable for intensive cooperation between insti
tutes and persons; 

 to promote common attitudes in areas which require consent, for 
example the approaches to safety where discharges and storage are 
concerned and confidence in the results obtained. 

The third period of the joint programme should bring about industrial 
maturity or, at the very least, the adoption of definitive solutions with 
regard to storage and processes to be used to prepare the waste for 
disposal or storage and inspire confidence in broad sectors of the public 
and in the authorities concerned. 

It should also be stressed that such cooperation is not restricted to the 
Community Member States, but has been extended, in certain forms, to 
other European countries, North America and the Far East. 

Now is perhaps the time to emphasise the role of catalyst played by other 
international bodies (ΝΕΑ, IAEA) and certain professional associations. 

How can the importance of international cooperation in the field which 
concerns us, radioactive waste management, be illustrated? 

This is a subject which, by its very nature, goes far beyond the 
sphere of interest of a single society or of a single country; it 
concerns entire continents if not, in the long term, humanity as a 
whole. 

 Exchanges of ideas and of methods of approaching the problem are a 
source of intellectual enrichment, but their chief contribution is 
that they make it possible to attain objectives more rapidly and, I 
would say, to have the solutions devised and the conclusions reached 
to be accepted by a broader spectrum of the scientific and technical 
community. 
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This cooperation will result in the acceptance of common bases for 
assessment of the safety of nuclear installations which, of course, 
will have to be applied case by case in the countries concerned. 

- The R & D programmes have been stabilized by means of coordination in 
the European Communities, which serve as a meeting place, not only for 
heads of programmes, but also for political leaders. 

Work sharing has made it possible to develop a wide range of solu
tions, each Member State having appropriate access to the results of 
its neighbour's work. 

Future prospects: 

- Large scale in-situ experimental installations are an indispensable 
stage in making a definitive choice in view of the situations specific 
to each Member State. The programmes are extremely serious, and it is 
important to obtain the maximum benefit from the results of programmes 
in neighbouring countries (maintenance, backfilling, etc.) by directly 
associating a reasonable number of research workers in other coun
tries . 

In order to ensure that such work progresses satisfactorily, it is 
also important for all such programmes to be coordinated with regard 
to both subjects and timing. 

As regards the more distant future, and in view of the fact that we 
consider that the safety problems have been solved or can be solved by 
means of appropriate application of the methods and systems at our 
disposal, it will be necessary to expand cooperation up to and 
including joint operation or any form of cooperation where final 
storage is concerned. Several ways of doing this can be considered, 
with regard both to the scenarios and compensation formulae. 

- Sight should not be lost of more restricted subjects which could 
benefit considerably from cooperation: 

- technological development of processes, 
characterization and interaction with the environment. 

Research must continue in order to validate concepts and contribute to 
their optimization and to promoting a climate of confidence. 

Chairman 

Before continuing the discussion on these aspects, ]et me ask Mr. Purple 
to give us some advance information on recent developments in the United 
States. 

R. PURPLE 

In the US, a national decision has been made regarding high-level waste 
management, which in my terminology essentially comprises spent fuel. 
Through passage of the Nuclear Waste Policy Act of 1982, the DOE has been 
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authorized and directed to locate, construct, and operate ? geologic 
repository for high-level waste. We have also been directed to locate a 
2nd repository, but authorization for its construction has not yet been 
given. 

In December 1984, the DOE issued draft Environmental Assessments on 9 
potential repository locations. The documents have been undergoing 
public review and comment (10000 comments to date). The assessments 
provide a comparative evaluation of the nine sites and propose three of 
them for site characterization. The DOE will formally nominate these 
three sites to the President later this Summer. If he approves, we will 
initiate a site characterization programme at each of the three sites. 
This programme will run for 4-5 years and cost about at 700 million 
dollars per site. In 1990 or 1991 we will then recommend one of them to 
be the site for construction of the first repository, - which, by law, 
should be in operation by 1998. 

Note that the repository sites are all in the Western part of the US 
(Texas, Nevada, Washington). The majority of nuclear power plants are in 
the East. Transport by road and rail therefore become a very important 
issue. 

As a result of extensive systems analysis the DOE has now decided that 
another major facility should be constructed as part of the overall waste 
management system for spent fuel. This facility is called Monitored 
Retrievable Storage (MRS). It will be capable of receiving fuel ele
ments directly from power plants, consolidating the fuel pins, packaging 
the fuel for ultimate disposal, and providing for temporary above-ground 
dry storage. The facility would cost about 1 billion dollars and could 
be ready for operation in 1996. This cost is partially offset by a 
decreased cost of surface facilities at the repository. 

In a public announcement made yesterday, the DOE has released two docu
ments that explain our decision as to the need for an MRS and the pre
ferred locations for it. We have proposed three locations - all in the 
State of Tennessee, with the preferred location being at the site of the 
Clinch River Breeder Reactor at the Oak Ridge National Laboratory.. 
The MRS will significantly reduce the overall transportation of spent 
fuel, will simplify the design and licensing of the repository, will 
provide for better and more flexible management of the movement of waste, 
and will provide higher assurance that the waste management system will 
be ready to accept waste by the mandated 1998 date. 

It is important to note that this new facility is not yet authorized for 
construction. Tt is our intent to submit a formal proposal to Congress 
in January 1986 seeking this authorization. We expect some form of 
approval action within the next year. 

Chairman 

I will now call upon the panel members to ask questions or make state
ments preferably on the topic: what shall we do next? This Conference has 
clearly established where we stand now, but, although the previous 
speakers have touched on this subject, I would wish to reach some, at 
least preliminary conclusions about the way ahead. 
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J . LEFEVRE 

My comments do not exactly deal with the future activities, but rather 
with the manner in which we should present our results. We have just 
heard the technical conclusions reached at this conference and they can 
be said to be very satisfactory. However, all technical solutions put 
forward are conditioned by the objective to be attained, and this is 
determined by the radiationprotection criteria. 

I should like to be able to share the confidence expressed by Mr. Girardi 
at the Panel meeting yesterday evening on the future recommendations of 
ICRP. 

Last week, I participated, as did several others here, in the most 
interesting seminar held in Paris by the ΝΕΑ of OECD, which brought 
together (may 1 dare to say brought into confrontation) radiationprotec
tion specialists, safety specialists and specialisti; in the management of 
radioactive waste, and I did not leave it reassured. Those in charge at 
ICRP seem to me to be far more like theoreticians of radiation protection 
than concerned by the practical applications of the rules recommended. I 
shall take as an example the study presented on the "de minimis" (or 
exemption) value, which, starting from the mean value of natural radioac
tivity (2 m.Sv/year) 200 mrem/year resulted, after reductions by factors 
of 10 dictated by prudence, in 1 mrem/year (10 microSv/year) as the 
proposed value. That is to say that, in the case of a country like 
France, where natural radioactivity generally varies from 100 rem to 
several rem per year according to the locality, only an additional value 
of 1 mrem/year would be tolerated, or one hundredth of the new recommen
dation for the population dose, which is 1 mSv/year (instead of 5 mSv/ 
year). Is this reasonable? 

Faced with these results, I stated at that seminar that such a recommen
dation was virtually of no further interest, since it would not even 
allow general use of certain materials, the natural radioactivity of 
which gives rise to exposure to doses greater than that threshold: this 
is only one example. 

It is essential to remain realistic with regard to the radioationprotec
tion objectives and not to alarm the public pointlessly by exaggerating 
the importance of negligible risks, such as doses of 10 mSv, particularly 
if account is taken of other risks with which'we are faced. I am think
ing, in particular, of chemical risks and those arising from toxic 
products, an aspect very competently emphasized by Mr. Orlowski in his 
talk last Monday. 

It therefore appears to me very important that results, particularly when 
they involve very considerable safety margins, be expressed so that they 
do not cause the protection objectives to be altered. 

Chairman 

I am satisfied to note that your criticism is addressed to another 
meeting and not this Conference. 
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F . FEATES 

I would like to address the questions of what should be done next and the 
issue of the public perception of our work. 
I am in full agreement with the comments made by Mr. Green, that our 
objective now should be to demonstrate to the public that radioactive 
waste, at least in the short term, does not present the risks in which 
many members of the public believe. To do this we must go beyond the 
underground laboratory stage and construct a facility to accommodate real 
waste or real fuel in such a way that the public can visit that facility. 
I therefore hope, that the model of the CLIMAX facility in the US, could 
be repeated somewhere in Europe. I admit that I would prefer to see such 
a demonstration located in a major city as a part of a Science Museum, 
but this may be wishful thinking. But we all recognize, that from the 
point of view of safety, it could be done. 

As to the problem of public perception, I can see a major communications 
block between the scientific community and the public. I am rather 
pleased, that there were no members of the public here this morning, 
because, like Monsieur Lefèvre, I would have been concerned that they 
would have gone away unconvinced and not assured. The more we do to 
convince our scientific peers, the less we seem to convince the public. 
To explain this, I recall Monsieur De Marsily's unnatural analog of the 
motor car; I feel he is looking at the wrong time frame. He should have 
taken the situation of 100 years ago, when Daimler wanted to introduce 
the motor vehicle. Then it was unknown and we went through a long period 
of public acceptance. The public e.g. feared to be suffocated by high 
speeds or by the engine fumes. We also have such problems of popular 
misconceptions now and we must, in the next programme, place a serious 
effort explaining our projects to the public. 

My other concern is the way, in which some problems, which the public 
would generally not recognize as such, are highlighted. For example, 
when we discuss the necessity for bigger computers to improve the ac
curacy of our "forecasting" programmes, the public will, by analogy, 
believe that risk assessments could be as unreliable as weather fore
casts. The scale here is wrong, but we must spend some time explaining 
to the public, what the scale is in our case. 

Then there is the image that nuclear industry projected in the fifties 
and which emphasized the technology and the skills acquired to handle the 
risks of nuclear energy. We now all know, that matters are not so 
complicated and dangerous. 

My last point is, that we should pay more attention to the actual con
cerns of the public. I do not believe that the public really is con
cerned about a glacier moving over Manchester (in 50000 years) and, our 
inquiries in the UK confirm this. Glaciation if a worry for the scien
tist, not the public. A member of the public is concerned about risks he 
is familiar with, and we do not address these risks. Such risks include 
fire or flooding in a repository or subsidence. The public is also 
worried about the quality of the drinking water. It is therefore more 
important to explain the scale of risk in these areas to the public, in a 
way the average citizen can understand, than to place all effort on the 
all-embracing systems analysis, which expresses risks in complex mathema
tical terms. 
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Prof. G. ZORZOLI 

I agree with the view that the principal result of this conference has 
been to demonstrate that, henceforth, future programmes will have to be 
centred on what Mr. Green defined as an "engineering project" and I 
prefer to call systems experimentation. 

Where this subject is concerned, we find ourselves in a situation similar 
to one in which the principal components of a nuclear power station have 
been developed, but the power station itself has not yet been construct
ed. 

Everyone knows that the problems of managing a power station are not only 
more numerous than those to which individual components give rise, but 
are also of various types and cannot always be predicted through studies 
and experiments on each component. 

For the sake of analogy, it seems to me that this applies to the current 
problems associated with radioactive waste management. 

The transition to systems experimentation accordingly represents a 
significant step forward and provides confirmation that a technological 
research and development phase has been in a large measure completed. In 
the light of present knowledge, however, it would be risky to consider 
systems experimentation purely and simply as a phase of verification of 
solutions that have been substantially consolidated. To subscribe to 
this view would be equivalent to denying the complexity of waste disposal 
procedures and ignoring the experience in this field which was acquired 
in other technological programmes. 

On the other hand, systems experimentation also represents the most 
rational instrument for identifying which lines of research are still 
important and significant and for avoiding as far as possible the risk of 
academic or abstract research. 

Given the present state of knowledge, the most important objectives to be 
achieved are in fact linked with more rational and safe radioactive waste 
management and involve optimization of the immobilization matrices and 
volume-reduction techniques, particularly, in my view, through intensive 
separation of long-lived actinides and the development of specific 
techniques for removal. 

However, after consistent systems experimentation, these objectives could 
change in importance. Neither the problems relating to sufficiently 
consolidated standardization, in particular for the qualification of 
sites and the subsequent licensing of the repository, nor those asso
ciated with the development of adequate quality-assurance procedures can 
be solved without the practical experience that can be acquired with the 
management of a radioactive waste disposal system on a significant scale 
(international cooperation). 

Once again the experience acquired with the operation of nuclear power 
stations is of decisive importance in this connection. It is only as a 
result of their operation that we have succeeded in developing adequate 
and reliable standardization. It might be objected that the nuclear 
plant is a more complex system. 
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However, a nuclear plant is already a standardized system today and will 
be so to an even greater extent in the future, while the characteristics 
of future repositories will always vary considerably from case to case; 
furthermore, from the standpoint of significance and measurement preci
sion, the experimental data obtained are difficult to compare with those 
that are typical of a nuclear power station. 

I have left to the last that aspect of systems experimentation which is 
more important in the long run, i.e., its unrivalled capacity to ensure 
technical and economic optimization from the standpoint of both safety 
and protection. The "escalation" in cost estimates, as has been con
firmed at this conference, is a phenomenon to follow with the closest 
attention at the moment when there is a transition from programmes 
focused on individual products and individual research and components to 
programmes in which there is greater emphasis on systems experimentation. 
It is specifically in the field of cost analysis that the incentive could 
be found to revise solutions that today already seem to be consolidated. 

It might be objected that this way of interpreting the future phases of 
our development activities relating to radioactive waste could give rise 
to a feeling among the public that there was still too much uncertainty. 

Well, my personal experience has convinced me of the contrary: the man in 
the street no longer puts his trust in excessive certainties or in 
affected optimism, but is more prepared nowadays to accept a description 
of the situation which points up the progress achieved and the rationa
lity of future programmes which will henceforth be based - and this is 
the point to be emphasized - on sufficient factual data to make trust
worthy management of radioactive waste a realistic objective. 

FINZI 

In attempting to sum up what our conference has to say to the Commis
sion's departments responsible for managing this programme, I think it 
can be said that the indications given by the technical panels, primarily 
the one chaired by Mr. Heremans, are very clear. 

These conclusions have been accepted as valid by the other members of the 
panel, and for my part I support this while stressing the need for 
precise definition of the terms used in order to avoid misunderstandings, 
the terms I have in mind being "model", "validation" and "demonstration". 

But apart from looking at what remains to be done, let us also consider 
how it is to be done. 

I would like, while referring to Mr. Dejonghe's comments, to talk about 
cooperation as an important element in the success of Community R & D 
programmes. 

We are flattered by, and grateful for, Mr. Dejonghe's remarks on the way 
in which collaboration has been achieved in the programme hitherto, and I 
would like to describe this collaboration with a few additional thoughts 
of my own: 

The first aspect of Community cooperation is its depth. In trade union 



Concluding panel 701 

parlance it extends to the "rank and file", involving some 400 Community 
research workers who have been working together in close and frequent 
collaboration, often for more than ten years. This represents a degree 
of coordination of Community action which is quite remarkable. It is, 
moreover, interesting to note that these researchers come both from 
countries heavily committed to nuclear energy and from countries which 
are still undecided. 

The second aspect is that this cooperation is very flexible in the forms 
that it takes, the most rigid being the sharedcost contract and the most 
flexible the informal meetings between project officers who share the 
same concerns. The 12year Community plan of action (19801992) adopted 
by the Council of Ministers in 1980 provides the necessary framework. 

The opening up of three projects for experimental underground installa
tions in Germany, Belgium and France to teams from other Community Member 
States who wish to take part, within the framework of the programme 
financed by the Commission of the European Communities, is yet another 
example of this flexibility. Perhaps it could be a source of other ideas 
on wider international cooperation. 

The latter is the subject of my third comment: any activity concerning 
radioactive waste gains from being opened up to the outside. This 
certainly applies to Community research, as our bilateral cooperation 
agreements with Canada, the USA, NAGRA in Switzerland and soon perhaps 
with Sweden, and our very open relationships with the Agencies in Paris 
(ΝΕΑ) and Vienna (IAEA) amply demonstrate. 

I feel, therefore, that international cooperation in general in the field 
of radioactive waste is well developed and we should not be tempted to 
stimulate it artificially too much and too quickly: especially as far as 
the final stage of waste management, i.e. the industrial construction of 
the large underground dumps of the future is concerned. 

The creation of a mutual understanding, almost a "common culture" as an 
important fruit of research is the first stage which opens up plenty of 
opportunities for more ambitious collaboration in the future. 

Chairman 

May I now invite questions or comments from the audience. 

R.B. LYON, AECL Canada 

In respect to Dr. Feates statement about public concerns I wish to add 
the following: Risk assessment for disposal facilities is normally 
divided into the preclosure and the postclosure assessments. The 
preclosure analysis examines the impact on people "here and now", i.e. 
the impact of transportation, construction and operation of a facility. 

In fact, in Canada in 1981 a probalistic performance assessment and a 
preclosure assessment were published and widely distributed for comment 
to the public and the scientific communities. 
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As a result, essentially all of the comments from the scientists con
cerned the post-closure assessment, all the comments from the public 
addressed the pre-closure phase. They were concerned with aspects as 
transportation and the question of curtailing union activity because of 
the dangerous nature of work, e.g. restricted right to strike. So I 
would support Mr. Feates's call to consider what the public wants to know 
and also stress that assessment of the pre-closure impact is necessary 
for the implementation of disposal facilities. 

T. MARZULLO, ENEL Roña 

My comment also addresses the aspects of public opinion. I believe, that 
it is proper to launch a large research programme to study the impact of 
disposal, but that we should carefully choose, what should be presented 
to the general public and how. By investigating the consequences of 
practically incredible and impossible events, we produce anxieties in the 
public, because the public does not reason in the same way as we do. 
Hence, the public cannot appreciate the extremely remote and unlikely. 
Therefore, if we discuss the migration of radionuclides in geological 
formations, the public draws the conclusion, that this radioactivity can 
spread widely, e.g. from Switzerland to Italy. 

We should therefore restrain from publicising the scientific work in such 
areas without presenting the results and explaining these results to the 
public in a way everyone can understand. 

A. SUGIER, CEA Fontenay-aux-Roses 

I do not agree with the ideas about the general public implied by the 
last speaker. The public is not necessarily simple-minded. If the 
public is confronted by too complex problems, it will look for competent 
persons outside the circle of people associated - or believed to be 
associated - with the nuclear industry and its pressure groups. It will 
ask these other scientists, whether they are convinced (by the safety 
assessments). It is therefore necessary to have scientifically sound 
arguments, and if our results can be understood by other scientists not 
involved in nuclear work, the public will be convinced by the response of 
these other scientists. We should therefore not seek to simplify too 
strongly, but continue to do our job in an honest and serious scientific 
manner. 

Chairman 

I believe we must first, as Mr. Feates said, understand, what information 
the public wants and needs. You, however, feel that only the full 
scientific facts should be issued without simplification, which might 
obscure the truth. 

E. VAN KOTE, ANDRA Paris 

It is one of my tasks to prepare, together with my colleagues, the 
documents intended to convince the licensing authorities and the public 
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of the acceptability of nuclear waste disposal facilities. Performance 
assessment is certainly an important part of the evidence needed to 
convince the public, the political bodies and the licensing authorities, 
but is only one of several parts required. In support of this somewhat 
abstract and theoretical evidence, one has to prove, that due care has 
been taken in the original choices of the concepts, the selection and 
characterization of candidate sites and the realism and soundness of 
engineering methods to be employed. 

Finally, the documents establishing the safety of such facilites must 
show, that a comprehensive system of quality assurance will warrant the 
correct implementation of all safty features. 

Chairman 

I had understood, that we were now embarking on comprehensive experimen
tal facilites because these will be by far more representative of real 
disposal than studies, on which we have based our arguments until now. 
As the results of these experimental and demonstration facilites will 
closely model these in the future large repositories, they should be more 
convincing. This was the motivation for orientating our research to the 
in-situ underground laboratories in which disposal activités and condi
tions can be reproduced authentically. 

J.P. PONCELET, Service Programmation de la Politique Scientifique 
Brussels 

I note with interest that our scientific community, having convinced 
itself of the feasibility of these projects, now turns to the problems of 
public acceptance of these solutions. This will certainly become a major 
issue in the future, but we should bear in mind that public acceptance 
depends, to some extent upon irrational factors, which will not be 
overcome by calculations. We must understand these irrational reactions 
of the public, since we deal with risks which extend well beyond the life 
of our generation. Thus acceptance will largely depend on trust, trust in 
the scientific community and in the institutions. 

In this sense, I would like to raise a point we briefly touched at the 
recent CGC meeting and which essentially is in the competence of the 
Commission: Mr. De Jonghe has spoken about the expansion of the coopera
tion in the demonstration projects. Why shouldn't we extend this coope
ration to the actual disposal sites and endeavour to create truly Commu
nity repositories? 

In practice, is it imaginable, that, one day, waste from other countries 
than Belgium will be emplaced? 

I feel, that a truly integrated European solution of these problems could 
satisfy many people of our generation, who feel they are citizens of the 
world and expect that the solution to such a problem should extend beoynd 
national borders. 

The Commission, I believe, should be the political advocate of such 
proposals. 
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Chairman 

Do you suggest we become citizens of this world by disposing our wastes 
in someone else's backyard? 

S.P. PONCELET, Service Programmation de la Politique Scientifique 
Brussels 

Not exactly, I rather suggested that a common European approach could 
stimulate more confidence than solutions merely based on national struc
tures. 

P. DEJONGHE 

This is an important issue and I will not try to treat it exhaustively. 1 
only want to make one point. If we categorically refuse to share our 
disposal facilities with our neighbours, we undermine our own experiments 
about the safety of disposal. This statement may be slightly exagerated, 
since in fact there are exchanges of wastes between countries, but these 
are far from being optimized. 

Another point: one may think lightly of such matters, but I personally 
take them rather more seriously. In his very interesting paper, Monsieur 
Venet yesterday showed, that although the effect of repository size is 
not the most important factor in the cost of repositories, it is a very 
important one. We have also seen, that financing conditions and the 
actualisation of cost have an important influence on disposal cost and 
thus upon the price of the KWh. This contributes to major savings, if it 
were optimized on a larger European scale. These implications are cur
rently being investigated by the European Community and the OECD, but we 
have to wait for the results of these studies. 

R. ROMETSCH 

Coming back to my previous statements I repeat that we must gain public 
acceptance by explaining our projects to the people of each country. We 
have to discuss these problems with the public in its own language and 
take account of their concerns. 

In order to implement a large international repository, we must first 
have the examples of some national repositories. Once we have reposito
ries in, say, ten countries, then we can proceed to optimize on an 
international level. 

S. 0RL0WSK1, CEC Brussels 

May I recall, that the European institutions, the Commission and the 
European Parliament have always encouraged and called for cooperation in 
the field of radioactive waste disposal. In the beginning of the 
senventies the European Parliament had made a study of a European ap
proach and submitted it to the governments. The latter felt, that this 
study was interesting but very premature. More recently, at the beginning 
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of 1980, when the Commission presented its 12-year Plan of Action on 
Radioactive Waste to the Council, it suggested to work toward a European 
network of disposal facilities. 

The Plan of Action was approved, but the reference to a European disposal 
system was once again qualified as premature and deleted. We shall 
continue to bring this approach to the attention of the Council and 
progressively work toward such a solution. As Mr. Finzi explained 
earlier, such developments should not be forced hastily, but implemented 
in cautious steps at the appropriate time. 

G. DE MARSILY, Ecole de Mines Paris 

May I comment an idea of Mr. Finzi on the definition of terms for the 
future programme: I am a bit worried, as a scientist, about the necessity 
to repeat experiments, like the CLIMAX facility, with the only objective 
to demonstrate that one is capable of handling high-level waste disposal 
operation. 
I could agree that such a demonstration may be necessary for the sake of 
acceptance, but it has no scientific value whatsoever. I therefore 
recommend that we should only build one such demonstration in Europe. On 
this example at least we could demonstrate European cooperation . But 
when it comes to in-situ experiments in suitable geologic formations, 
and this should be the real objective of the planned underground 
laboratories, these must be built at various sites. Of course, the 
scientific work here should be coordinated, but we must draw a clear 
distinction between demonstration facilities and underground scientific 
laboratories. 

B. VERKERK, ECN Petten 

Coming back to the subject of public acceptance, we need the help of the 
press and the other media as they are capable of translating our techni
cal language to the public. In the past, we have had very little access 
to the press, but this is changing and we will nowadays be accepted by 
the press. 
I therefore suggest that, in our institutions and whenever we can, we be 
as open as possible to the press and the other media. 

M.J. CLARK, NRPB Chilton 

Could I ask the panel a question about what we should present to the 
public? I am sympathetic with the argument, that there is no point in 
presenting cumulative probabilities or similar data at a public meeting. 
These would not be understood by some scientists, let alone the public. 
What however, if a witness at a public inquiry claimed that we had not 
done as thorough an assessment as those carried out in other countries, 
e.g. Canada or the USA, or that we were not capable of doing so. Such 
statements would have a strong political effect and therefore we must 
carry out the risk assessments seriously and we must try to present their 
results understandably. 
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Chairman 

I understood you have also raised a point on international relations, 
i.e. that one could accuse you of doing less than others in this field. 
This conference, among others, promotes cross-fertilisation of science, 
giving you opportunity to exchange views and to learn about progress 
elsewhere. 

G. Z0RZ0LI 

One small comment to this issue of concensus. We should not forget, that 
there are other scientists, who are part of the anti-nuclear movement. 
These persons have access to all the information to which we have access 
and this is certainly a positive fact. None of us wants to place an 
embargo on information. If, in informing the public, we omit some 
information, these people will claim that we are trying to hide the one 
or other element. Since trust in our institutions is the basis of public 
acceptance, we cannot run this risk. We must expose the problem to the. 
public in a correct ranking order, explaining what is important and 
decisive and what is of second priority, but still laying out to the 
public, that in the vast overall scrutiny of all hypotheses, whe have 
enhanced safety, and not lost any of it. 

R. GREEN 

What we obviously need is a collection of messages. On one hand we must 
satisfy the authorities and fellow scientists with the sophisticated 
models, but on the other, we need a different kind of message for the 
general public, which deals with their concerns. 
The long-term risks in the post-closure phase, as Mr. Lyon pointed out 
earlier, are of concern for the authorities, but also for certain anti-
nuclear scientists. 

In respect to Mr. de Marsily's comment about demonstration, I would 
agree, that we do not need a CLIMAX type demonstration. What I was 
suggesting earlier was a demonstration facility, which at a later stage 
could be turned into a final repository. It should not be a mere show-
project, but a first step toward a commercial repository. Then, if 
something goes wrong, you could still stop the further construction of 
the commercial repository and start building it somewhere else. 

F. FEATES 

I agree with Mr. Clark about the necessity for a detailed scientific 
assessment. My concern is, that we do not present it well enough to the 
public. As scientists we are trained to identify and highlight the 
uncertainties of our work. When, however, we present the results to the 
public we should highlight the certainties without hiding the uncertain
ties . 
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Chairman 

I must now close this debate. I feel we can go from here as optimists. 
From the technical point of view it appears, that the problem is well 
under control. Even for long-lived and high level waste, the situation 
is better in hand than for non-nuclear waste. This was echoed a number 
of times at this Conference. 

There is a small danger in this. Probably more attention should be paid 
to non-nuclear waste. It would not be such a bad idea to draw the 
attention of the public and the authorities to this fact but we should 
not believe, that it would distract them from the nuclear problem. The 
two problems exist and we in the nuclear field have to deal with ours. 
We cannot escape from this task by referring to the non-nuclear waste. 

When we talk about our future work, we think of in-situ experiments in 
underground laboratories to improve representativity. As to the problem 
of acceptance by the public and the relationship with the public, first 
of all it has become apparent from the discussion, that public relations 
are not a scientist's job. Scientists are not PR specialists, they must 
be accurate and objective. Under no circumstances should they leave that 
role. Above all, any attempt to select what can be said to the public 
from the results, would be very dangerous indeed. So let us stick to our 
scientific competence, to our objectivity and to the truth while trying 
to understand what the other side wants to know. We must take the 
different concerns of the various partners in this exchange into account, 
but retain a certain candidness. 

I was particularly struck by the international aspect of this meeting. I 
had been told that the scientists in this field form a gang, even a mafia 
and in more polite terms a scientific community. But these references 
were always affectionate; all specialists in this field work closely 
together and reach very similar conclusions and, most important, they 
give the same advice to the political powers. This is the result of the 
close cooperation and a considerable trump-card in the prospect for 
political decisions. 

Political decisions in this field are mainly taken on a national basis. 

As political leaders have the common problem of public acceptance, they 
will also tend to look across the fence to their neighbours to see how 
they deal with the problem. Here agreement among the international 
scientific community is of eminent importance. 

I now take the opportunity to greet the large Japanese delegation, which, 
for the first time has come to one of our conferences. I hope that they 
will show the same interest for our next conference on this subject in 
five years. 

(The chairman then thanked and congratulated the contributing authors, 
speakers and the Conference staff). 
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The European Community has, since 1973, carried out successive 
research and development programmes on 'Management and 
disposal of radioactive waste'. Their prime objective is to find 
effective means for ensuring the safety of man and his environment 
againstthe potential hazards arising from such wastes. In 1980the 
Commission of the European Communities held its first major 
meeting on the subject, and published the proceedings, discussion 
and results. This volume presents the proceedings of the second 
such conference, following the completion of a research and 
development programme in the five intervening years. 

The main topics discussed are: treatment and conditioning 
technology, testing and evaluation ofwaste formsand packages, 
geologicdisposal, migration, and performanceanalysisof geologic 
isolation systems. The proceedings present an analysis of the latest 
results achieved by sustained collaboration of leading laboratories 
in Europe as seen by the major exponents in the fiel d throughout 
the European Community. 
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