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SEMINAIRE ON THE EVALUATION OF THE RISKS ASSOCIATED 
WITH THE STORAGE OF RADIOACTIVE WASTES 

ISPRA, 30th May - 3rd June 1988 

EVALUATION OF THE RISK ASSOCIATED WITH THE STORAGE OF 
RADIOACTIVE WASTES 

THE DETERMINISTIC APPROACH 

J. Lewi 
CEA - Institute of Nuclear Safety and Protection, 

Safety Analysis Department 

INTRODUCTION 

Radioactive waste storage facility safety depends on a certain number of barriers 
being placed between the waste and man. These barriers, certain of which are 
artificial (the waste package and engineered barriers) and others are natural 
(geological formations), are of characteristics suited to the type of storage facility 
(surface storage or storage in deep geological formations). The combination of 
these different barriers provide protection for man, under all circumstances 
considered plausible. 

Justification, for the storage of given quantities of radionuclides, of the choice of the 
site, the artificial barriers and the overall storage architecture, is obtained by 
evaluation of the risk. It being this which provides a basis for determining the 
acceptability of the storage facility. 

One of the following two methods is normally used for evaluation of the risk: the 
deterministic method and the probabilistic method. This address describes the 
deterministic method. 

This method is employed in France for the safety analysis of the projects and works 
of ANDRA, the national agency responsible for the management of radioactive 
waste. It should be remembered that in France, the La Manche surface storage 
centre for low and medium activity waste has been in existence since 1969, close to 
the reprocessing plant at La Hague and a second surface storage centre is to be 
commissioned around 1991 at Soulaines in centre of France (département de 
l'Aube). Furthermore, geological surveying of four sites located in geological 
formations consisting of granite, schist, clay and salt were begun in 1987 for the 
selection in about three years time of a site for the creation of an underground 
laboratory. This could later be transformed, if safety is demonstrated, into a deep 
storage centre. 
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CERTAIN PARTICULARITIES OF RADIOACTIVE WASTE STORAGE FACILITIES 

Waste storage facilities differ from other nuclear installions essentially in: 

• the extremely !ong periods (some thousands or hundreds of thousands of years) 
during which the potential risk remains significant; 

• the essential role played by the geological environment. Indeed, in view of the 
periods of time involved in storage, it would not be realistic to assume that safety 
could depend on artificial barriers. These have a particular role to play during 
the operations preceding storage (handling, stockpiling and transport) and 
during the initial stages of storage (ie the first few centuries) in which there is 
considerable beta and gamma activity. Artificial barriers can also, in certain 
cases, contribute to long-term safety, essentially by their breakdown products (for 
instance in modifying the chemical properties of the storage facility environment). 

It must also be pointed out that, as is not the case in normal nuclear installations 
which benefit from the operating experience obtained from many hundreds of 
installations, only limited operating experience from the few surface storage centres 
(the La Manche storage site in France for example) and "exercises" concerning 
deep centres (KBS studies, the GARANTIE project and the PAGIS project) is 
available. Although limited, this experience is precious insofar as it makes it 
possible to substantiate the feasibility of the different methods proposed. 

These features, which are specific to waste storage, result in considerable 
uncertainty with regard to the data necessary for risk evaluation. These 
uncertainties reflect: 

• the difficulty of characterizing certain events liable to affect the integrity of the 
storage facility in the future (natural phenomena or events of human origin), 

• the problems involved in the validation of models for the periods of time 
envisaged, 

• the impossibility of extrapolating certain data into the future, particularly as 
concerns the biosphere and man (mode of life, feeding habits and resistance' to 
radiation), 

• the variability of the characteristics of certain geological media, and the difficulty 
of making representative measures in them. 

Some of these uncertainties would appear to be impossible to clarify (for example 
those concerning man or certain future events, such as human intrusion). On the 
hand ethers can be reduced by intensifying the effort concerning not only the 
characterization of the artificial and natural barriers but also studies making it 
possible to better understand the mechanisms involved in the evolution of these 
barriers and the transfer of radioactivity to man. 
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It should be borne in mind that the risk evaluation studies are also the occasion of 
throwing light upon the contribution of the different uncertainties to the uncertainty 
regarding the risk assoc it6o with waste storage. This clarification makes it 
possible t j re-orientate (if necessary and possible), the research necessary to 
reduce such uncertainty. 

THE DETERMINISTIC METHOD 

To determine the acceptability of waste storage facilities, reference is normally 
made to the recommendations of publication No. 46 of the International 
Commission for Radiological Protection: 

• for events which are certain or highly probable and in the case of prolonged 
exposure, the individual dose equivalence must be less than 1 mSv/year, 

• for random events, acceptability of the storage facility depends on an individual 
risk criterion. The individual risk is defined as the probability of effects on the 
health of an individual or his descendance. It is thus the product of the 
occurrence probability of an event and the probability of exposure associated 
with the event having an effect on health. In view of the risk/exposure 
relationship which is of the order of 10 - 2 effect/Sievert, the limit of 1 mSv/year for 
certain exposure corresponds to a risk of the order of 10~5/year. 

By extension of the dose limit system for certain events, the International 
Commission for Radiological Protection recommends that the individual risk 
associated with random events be less than 10'5/year. It must be borne in mind that 
it is necessary to allow for all events liable to occur during one year and, therefore, 
to check that the sum of the risks associated with the events which can liable to 
occur simultaneously during the year is less than the 10*5/year limit. 

It is possible to represent probability in terms of consequences for the acceptability 
of a waste storage facility (Figure 1), as defined above. 
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It should be noted that the International Commission for Radiological Safety aiso 
recommends optimization of radiological protection efforts, the objective being to 
limit exposure to the minimum reasonably attainable (ALARA principle). We shall 
not consider radiological optimization problems here. 

The International Commission for Radiological Protection has not given any time 
limits for the recommendations concerning risk or dose limits. In certain countries, 
such the USA and Canada, ft has been considered that the evaluations should be 
limited in time to 10 000 years, in view of the decrease in the overall radiological 
toxicity of the waste stored to levels comparable to those of natural substances, and 
also in view of the increasing uncertainty of evaluation with time. No official position 
has yet been adopted in France1. 

In the deterministic method, to ensure observance of the values recommended by 
the International Commission for Radiological Protection, a limited number of 
scenarios are considered which are representative of the different plausible 
situations and chosen in such a manner that the associated consequences are 
more severe than those of other situations of the same type. Each scenario is 
associated, generally approximately and in a subjective manner (expert opinion), 
with an occurrence probability. The most probable scenario, generally termed the 
normal scenario, is assigned a probability of one. For each scenario, the 
radiological consequences for an individual are evaluated as a function of time in a 
reasonably conservative manner. We shall later return to the methods which can 
be used to make such evaluations. 

The storage facility can be considered to be acceptable if the maximum radiological 
consequences are within the limits, for all situations taken into account, in view of 
the probabilities of the situations. Thus, considering probability in terms of 
consequences, each scenario corresponds to a particular point; acceptability of the 
storage facility is deduced from a comparison of the position of these points with 
respect to the acceptability curve of the International Commission for Radiological 
Protection mentioned earlier. 

It should be pointed out that the deterministic approach applied to the evaluation of 
the risk associated with radioactive waste storage facilities is coherent, in its nature, 
with that used for calculation of the risk associated with the operation, under normal 
or accident conditions, of conventional nuclear installations: reactors or fuel cycle 
installations. It differs from the probabilistic method insofar as the scenarios 
correspond simply to different events liable to affect the integrity of the storage 
facility. They cannot be construed as corresponding to the different representations 
of the storage facility conceivable on the basis of the different values possible for 

1 It would nevertheless be noted that the members of a working group added by Professor Goguel 
set up by the French Ministry for Industry for proposing technical criteria for the choice of a deep 
site came to the conclusion that it was indispensable for the site choice to guarantee that the 
geological barrier would retain its confinement performance, subject to a certain margin of 
acceptable change, for 10 000 years in the absence of random events and that, for these first ten 
millenea, the demonstration of safety should be based on accurate modelling, with realistic 
hypotheses regarding the effectiveness of the barriers. After 10 000 years, the safety 
demonstration should be based on a comparison between an estimate of the minirr'im residual 
effectiveness of the geological barrier and the evaluation of the effectiveness level necessary to 
attain the established radiological objectives. 
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the design parameters in view of their uncertainty. Indeed, a single representation 
of the storage facility corresponds to reality. Uncertainty concerning this 
representation cannot be considered to be the origin of different situations to which 
a probability of occurrence can be attributed, and this applies even if the uncertainty 
concerning the basic data is determined by statistical methods. 

REASONABLY CONSERVATIVE EVALUATION OF THE CONSEQUENCES 

The reasonably conservative evaluation of the consequences associated with the 
storage facilities, on which is based, for each of the scenarios considered, the 
deterministic approach, allows, implicitly or explicitly, for the uncertainty concerning 
the scenarios, models and data. 

Two methods can be used. 

The first method consists in using conservative data and hypotheses for the 
calculations. This method is applicable when the number of parameters involved is 
relatively limited, as is for example the case in surface storage facilities. Indeed, for 
these, in French practice (see basic safety rule example No. 1-2 concerning safety 
options and design basis for surface storage centres), the choice of the type is to be 
such that not only the area affected by storage should be of limited extend and 
perfectly isolated in hyd.ogeological terms, but also that the geological formation be 
easily modeled, ie that it only contains a few strata of relatively homogeneous 
properties. 

In the case of deep storage facilities, the volume of the geological formation affected 
by the storage facilities is extremely great (a number of km 3 to a number of tens of 
km 3 ) . Furthermore, the natural heterogeneity of the formation, particularly in the 
case of crystalline rock, results in characterization involving a very large number of 
parameters. 

Under these conditions, to systematically take conservative values for all 
parameters would result in two types of problems: firstly is never possible justify the 
fact that truly conservative values have always been taken and secondly the fact 
that conservative values have been systematically taken for all the parameters 
would risk extremely great if not unacceptable radiological consequences to be 
artificially predicted. 

The characterization of gaological media shows that it is generally possible to 
represent the parameters by statistical distribution functions representative of both 
the intrinsic variability of the parameters and the uncertainty inherent in the methods 
of measurement (number of drillings necessarily limited and representativeness of 
the results). 

To obtain a reasonably conservative evaluation of the radiological consequences, 
the method most usually used consists in calculating "best estimate" consequences 
associated with the scenario under consideration and assigning them a reasonable 
estimate of uncertainty. The "best estimate" consequences are obtained by giving 
reference values to the design parameters, generally central values of statistical 
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distribution. It should be noted that the result thus obtained is not necessarily 
equivalent to the most probable dose, in view of the non-linear nature of the 
radionuclide transfer equations. Obtaining a reasonable uncertainty value involves 
statistical techniques. The basic idea underlying the use of these techniques is that 
uncertainty concerning the result must reflect allowance for all possible uncertainty, 
both that which would positively affect the reference values and that which would 
negatively affect it. 

To illustrate this situation, we shall now describe firstly the application cf the 
deterministic method to evaluation associated with the risk at the Aube surface 
storage centre and secondly certain considerations relating to the application of this 
method to deep centres. 

AUBE CENTRE EXAMPLE 

The Aube centre is a surface storage facility proposed by ANDRA for wastes of low 
and medium activity of short or medium half-lives (less than approximately 
30 years). Its utilization, which is to start in 1991, is expected to last for 30 years. 
The authorization to create this centre is expected for the end of 1988, on the basis 
of a preliminary safety analysis which reviews the possible radiological 
consequences associated with the principal radionuclides liable to be contained in 
the wastes stored. The quantities of each are indicated in Table 1. 

The storage system chosen is shown schematically in Figure 2: the packages of 
waste are placed in concrete storage structures, which themselves stand on a 
concrete raft. These structures are placed under a cover designed to only allow an 
extremely small proportion of rain water to infiltrate. A drainage network is provided 
for recovery of rainwater infiltrating into the storage facility under certain conditions. 

The storage facility is located ?n the side of a small hill on the bank of a small river 
named "Les Noues d'Amance" \Figures 3 and 4). The storage structures stand on a 
stratum of sandy clay approximately 10 m thick ahove the highest level of the water 
table in the lower part of the sand. Thick strata of clay (a number of tens of metres) 
separate the ground water located immediately below the storage facility from the 
deeper ground water. The studies carried out have shown that the eventuality of 
significant transfer of radioactivity between these ground water levels was 
extremely improbable, in view of the low permeability and high retention of the clay 
strata and the absence of signs of major faulting. Furthermore, piezometric data 
indicate that the "Noues d'Amance" river drains all the ground water affected by the 
storage facility. 

It must be remembered that French practice specifies that the site must be 
monitored for at least 300 years after the end of the utilization period of the storage 
facility. Throughout this time, the artificial barriers play the major role (limiting the 
quantity of water coming into contact with the wastes, significant retention of the 
radioactivity by the package, and recovery of any caching water by a drain system) 
limiting to extremely low levels any radiological consequences which may be 
associated with the radionuclides stored. These barriers thus allow the greater part 
of the radioactivity of the short and medium half-life emitters to fall to extremely low 
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levels. After the monitoring period, the site is derestricted, ie it can be used for any 
purpose without limitation. Beside, it is assumed that the artificial barriers will have 
lost their integrity at this stage. 

Choice of the scenarios used for preliminary evaluation of the risk associated with 
the Aube centre allowed for all the preceding conditions. Reasonably conservative 
analysis of the consequences gave the following results: 

a} Normal situation 

A fraction of the rainwater percolates through the cover (during the monitoring 
phase) or through the soil (after derestriction). This water leaches the packages of 
waste which are no longer protected by their casings. The water carries the 
desolved radionuclides to the raft. It was assumed that in view of the very low rate 
of infiltration through the cover up to 300 years, the water percolating through the 
raft and entring the water table would carry radionuclides with it. It is also assumed 
that after 300 years the cover will have lest all effectiveness and that the land will 
have returned to its natural condition. The water then circulates in the water table 
where the radionuclides undergo physico-chemical reactions before flowing away 
freely at the surface. The radionuclides are then ingested by an individual of the 
critical group in accordance under maximum water usage conditions (consumption 
of drinking water, ingestion of contaminated plants or animals) which allows for the 
local feeding habits. 

These calculations have shown that the maximum dose equivalents reached are 
the following: 

• in the monitoring phase: 5x10 - 6 Sv/year, 99% of which is attribuable to tritium, 
three years after the beginning of the monitoring phase, 

• after derestriction: 2.5x10" 6 Sv/yefj, essentially attribuable to carbon 14, 
300 years after derestriction of the site. 

b) Accident situations 

During the monitoring phase, the only accident allowed for is one involving loss of 
integrity of a fraction of the cover. Calculations have shown that, for collapse of the 
cover over 100 m 2 and delay of repair for one year, the radiological impact would 
not be more than 20% greater than in a normal situation. 

After derestriction, two types of degraded situations can occur: 

• a situation leading to an increase, with respect to the normal situation, of the 
quantity of contaminated water ingested, as compared to the normal situation, of 
the quality of the contaminated water ingested: this would be the creation of a 
well in the immediate vicinity of the storage facility. Under this hypothesis, man 
would short circuit part of the geosphere by drawing water directly from the water 
table in which the concentration per unit volume of radionuclides is higher. 
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Calculations should shown that, with the water used for drinking and irrigation of 
a vegetable garden, the maximum radiological consequences would be: 

- 2 . 5 x 1 O 3 Sv/year, essentially attribuable to strontium 90, 50 years after 
derestriction of the site, 

- 1x10 3 Sv/year, due to carbon 14, 2000 years after derestriction of the site. 

• A situation causing radioactive dust to be placed in suspension and inhaled. 
Two types of situations have been considered: 

- the construction of an expressway through the centre of the site: the effective 
dose equivalent at 50 years is 1.8x10"3 Sv, mainly due to inhalation during the 
construction work of dust containing plutonium 239 and americium 241, 

- the construction of a residential area: at the very beginning of the derestriction 
phase, external exposure, mainly due to caesium 137 would be largely 
preponderant and attain 3.3x10 3 Sv/year. This exposure rate would rapidly 
decrease with time (after 50 years, exposure would drop \o 1 . 8 X 1 0 3 Sv/year) 
and tend towards a limit of about 4x10~* Sv/year due to the presence of long 
half-life alpha emitter radionuclides. 

The preceding results, obtained by using conservative hypotheses, have made it 
possible to conclude that the Aube storage centre would be acceptable for the 
quantities of radionuclides that it is planned to store there: 

• the dose equivalent associated with the normal scenario is well below the limit 
recommended by the International Commission for Radiological Protection, 

• the dose equivalents associated with the accident scenarios are acceptable. 
Indeed, although it is not possible to accurately evaluate the probabilities of 
occurrence of the events considered, it would appear subjectively that these 
probabilities are very low, at least in the first few centuries following derestriction 
of the storage facility (during which the consequences are greater and exceed 
what is acceptable for a certain event), in view of the memory of it that will remain 
(human memory and archives), also the nuisances that will remain (large 
quantities of concrete, poor quality of water making it unsuitable for 
consumption). 

Figure 5 shows, in terms of probability against consequences as in Figure 1, all the 
different results obtained. For the purposes of this representation, a probability of 
0.1 was assumed for accidental events, which is extremely conservative. This 
representation illustrates the fact that the Aube storage centre is acceptable for the 
quantities of radionuclides that it is planned to store there. 

It must be pointed out that the studies concerning evaluation of the safety of the 
Aube centre are continuing, both to reduce the considerable uncertainty which 
persists concerning the behaviour of certain radionuclides (carbon 14, niobium 94, 
americium 241 etc.) and also to make allowance for the capacity to retain 
radioactivity of the concrete of which the storage structures are made, the materials 
with which they are filled and the material of which the raft is made, and finally to 
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make allowance for all the radionuclides liable to be found in the waste, and not 
only the major ones. These studies should indicate that not only, throughout the 
monitoring phase, the release of activity into the environment is not only acceptable 
if not virtually inexistant, but also to make a certain degree of optimization of the 
storage concept possible. 

THE CASE OF DEEP STORAGE FACILITIES 

For deep storage facilities, application of the deterministic method necessitates: 

• defining scenarios adapted to the site and the storage concept. We have already 
emphasized the fact that, being of limited number, the scenarios must be 
representative of the different plausible situations and be selected so that the 
associated consequences are greater than those of other situations of the same 
type; 

• the use of models which are as realistic as possible, but compensating by 
conservative hypotheses either for the absence of sufficient understanding of 
such mechanisms or for the impossibility of using models which are too complex 
in view of the calculation resources which would be necessary; 

• data specific to the sites in question. We have already mentioned the 
unavailable nature of certain types of uncertainty concerning this data. It is 
necessary to emphasize the need for the sites to have been sufficiently 
accurately characterized to provide, for each parameter, statistical distributions of 
values making it possible to confidently make "best estimate" calculations and 
uncertainty calculations. 

A geological survey programme for the selection of a site for building an 
underground laboratory, which can be later transformed into a deep storage facility, 
has begun in four regions of France: Deux-Sèvres (granite formation), Maine-et-
Loire (schist formation), Aisne (clay formation) and Ain (salt formation). The choice 
of the site will be made with reference to a set of technical criteria proposed by the 
working group headed by Professor Goguel. Amongst these criteria, the following 
are noteworthy: 

• very low or zero water flow rates: this implies not only very low permeability of the 
host rock but also very low hydraulic pressure gradients, 

• the need for extreme stability of the geological conditions. 

The work conducted in the underground laboratory will make it possible to conduct 
the safety cnalyses on the basis of which the site will be chosen and the decision to 
build a storage facility will be made. 

Models have been developed in France by ANDRA and IPSN which will make it 
possible to apply a deterministic method. The MELODIE model developed since 
1984 by IPSN has already been used for making calculations to evaluate the 
radiological consequences of the granite option of the EEC PAGIS project. It 
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associates models representative of the source term, the geosphere (flow and 
radionuclide transfer calculation) and the biosphere. In addition, it makes it 
possible to calculate uncertainty and sensitivity to parameters by statistical methods 
(parameter sampling of the Latin Hypercube type, the result obtained by a 
regression of technique on the response area). 

As concerns the scenarios which need to be taken into account, it is generally 
possible to determine the types in the following manner: 

a) Normal scenario 

This corresponds, for each geographical formation, to extrapolation of the current 
climatological and geological phenomena trends. It covers: 

• Climatological events: glaciation, variations on sea level etc. These events 
notably involve modification of the relief of the site (erosion) and ground water 
flow. Records of past glacial action and the current forecasting models, based on 
the Milhankovic theory, would indicate heavy glaciation in the coming 
100 000 years, minor glaciation within 5 000 to 6 000 years, a medium 
glaciation within about 20 000 years and heavy glaciation within 60 00O years. 

• The events associated with neo-tectonics: recent plioquaternary deformations 
affecting recent structures characterized by plastic or brittle vertical movements. 

Different stages of the process of site selection for a geological storage facility 
depend on the surveying of areas which are stable from a tectonic and magmat'u 
activity viewpoint. The probability of this type of phenomenon having a significant 
effect on the quantities of radionuclides released in these areas can a priori be 
considered to be very low. The consequences of strong tectonic activity could 
possibly be included in the degraded scenarios. 

b) Degraded scenarios 

Amongst the degraded scenarios, the first category which it is particularly important 
to consider includes all dsfects in construction of the artificial barriers liable to 
create preferential pathways or locally increase the permeability of the 
surroundings: faulty well sealing, percentage of defective packages, incorrect filling 
of engineered barriers resulting in a high percentage of voids. 

These degraded scenarios must, in particular, be considered during the first few 
centuries following closure of this storage facility. Indeed, it is during this period 
(period of time of the order of 300 to 1 000 years) that the effects of any defects in 
construction of the artificial barriers would be felt. The role o f the package, if such a 
fault exists, would be particularly important in limiting the consequences. In 
addition, it must be pointed out that during this period the activity is greater than 
before, th? medium and short half-life beta and gamma radionuclide ot yet having 
disappeared by radioactive decay. Also, for vitrified waste during this period, the 
thermal gradient is significant and the transfer of radionuclides could be facilitated 
by thermoconvection phenomena or increased permeability on a large scale 
caused by thermomechanical phenomena. 
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The degraded scenarios also include certain evenis of low probability of natural 
origin such as. 

• higher tectonic or seismic activity than planned: this activity could have the effect 
of modifying the permeability of the soil or creating preferential hydraulic 
pathways by the opening of new fractures, 

• climatological changes greater than allowed for in the geoprospective studies, 

• the presence within the geological formation of undetected heterogeneity 01 
undesirable nature (anhydrite or pockets of brine in salt), 

• the reopening, for example due to thermomechanical effects associated with the 
thermal phase, of faults not identified during the site survey, 

• the fall of a meteorite. 

Finally, human intrusion must be considered. Amongst the human activities liable 
to result in intrusion into a geological storage facility, the following should a priori be 
taken into consideration: 

• exploration or excavation of the rock for resource surveying. This includes all 
human activities leading to deterioration of the host rock, the creation of hydraulic 
passages, the extraction of minerals (for example exploratory drilling and mining 
work) which would have the effect of reducing the confinement properties of the 
deposit; 

• the use of the surface of the land or the host rock in the vicinity of the deposit. 
This includes the construction of dams (modifications of the flow characteristics of 
ground water), the use of the area for storage of other materials (toxic waste of 
non-nuclear origin, petroleum products etc.) and all types of activity liable to 
deteriorate the host rock and the hydraulic systems. 

To conclude this section, I would like to mention a few results which illustrate the 
sequence of calculations by which it is possible to evaluate, for a deep storage 
facility, the consequences associated with a given scenario. The following example 
is taken from the calculations carried out with the MELODIE model as part of the 
PAGI3 project granite option. It concerns the normal scenario considered for the 
Auriat site and storage concept A. 

Figures 6 and 7 show the choice of a "2-dimensional section" and the 
corresponding grid. Figures 8 and 9 show evaluation of flow in this section. Finally, 
Figure 10 shows results of evaluation of the transfer of radionuclides and the 
consequences for man. It is found in the case under consideration that the 
maximum consequences are reached after 3 million years and are equal, 
considering the dose factors recommended by the International Commission for 
Radiological Protection in publication No. 48, to approximately 6x10"6 Sv/year, 
essentially attribuable to neptunium 237 (52%), thorium 229 (26%), uranium 233 
(11%) and caesium 135 (7%). Allowed for uncertainty concerning the parameters 
results in roughly doubling the preceding value. 
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CONCLUSION 

The deterministic method unambiguously indicates the acceptability of a radioactive 
storage facility, with reference to criteria such as those recommended by the 
International Commission for Radiological Protection in its publication No. 46. The 
implementation of this method naturally necessitates thorough characterization of 
the barriers placed between the waste and man. The choice of the site and the 
storage concept, as well as allowance for their particularities, makes it possible to 
define a set of plausible scenarios of which the consequences require evaluation. 
A continuous effort to finalize models which are as representative of reality as is 
reasonably possible is also indispensable. Finally, it should be noted that the 
sensitivity studies which constitutes the final stage of evaluation of the reasonably 
:onservative consequences make it possible to orient the research so as to 
determine the safety margins available and to optimize the system. 
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TABLE 1 

RADIOLOGICAL CAPACITY OF STORAGE FACILITY 

Radionuclides 

Uncoated Coated 

Radionuclides Platform Cavity Platform and cavity Radionuclides 

TBq (CO TBq (CO TBq (CO 

3 H 4x101 (1.1x103) 0 0 4x103 (1.1x105) 

14 C 1 (2.7x101) 10-3 (2.7x10"2) 2x102 (5.4x103) 

60 Co 4x102 (1.1x104) 3x101 (8x102) 4x106 (1.1x10s) 

63 Ni 4x101 (1.1x103) 3 (8.1x101) 4x105 (1.1x10y) 

90 Sr 4x101 (1.1x103) 7 (1.9x102) 4x104 (1.1x106) 

94 Nb 4x10"4 (1.1x10"2) 10"5 (2.7x10^) 4 (1.1x102) 

137 Cs 2x102 (5.4x103) 5x101 (1.35x103) 2x105 (5.4x106) 

237 Np 3x10-3 (81x10'2) io- 2 (2.7x10"1) 1 (2.7x101) 

238 U 0.5 (1.35X101) 0.5 (1.35x101) 0 0 

239 Pu 1 (2.7x101) 101 (2.7x102) 2.3x102 (6.2x103) 
240 

241 Pu 1x101 (2.7x102) 2x101 (5.4x102) 2.3x103 (6.2x104) 

241 Am 1 (2.7x101) 4 (1.1X102) 3.5x102 (9.5x103) 

13 



LEGENDES 

FIGURE 2 

1. Completed structure 

2. Road 

3. Receiving structure during utilization 

4. Receiving structure prior to utilization 

5. Temporary collection network 

6. Segregated underground gravity network 

7. Sample taking 

8. Treatment 

9. Surface water sump 

10. Storm pound 

11. Pound outlet 

12. Flow measurement 

13. Figure 2 
Design of storage facility and segregated underground gravity network 

FIGURE 3 

1. Les Sapins intake (project) 

2. Storage 

3. Aptian sand layer 

4. Main isopieze curve 
15-25/03/1986 (low water) 

5. April 1986 piezometry 

6. Flow direction 
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7. Albian 

8. Upper Aptian sands 

9. Lower Aptian clay 

10. Piezometry at Aptian and ciassification index 

11. Piezometry in Portlandian (DP) 
Piezometry in Barremian (DB) 

12. Figure 3 
Geological and piezometric map of fold section 

FIGURE 4 

1. West 

2. "Les Sapins" bore-hole (projection) 

3. Static level of Aptian sands 

4. Static level of Baremian sands 

5. Static level of lime stone 

6. Soulaines source 

7. Cavity 

8. Collapsed cavity 

9. Storage facility 

10. Noues d'Amance 

11. Fault 

12. Fault 

13. Valanginian to sandy Barremian ("Wealdian") 

14. Cretaceous 

15. Albian 
upper 
Aptian 
lower 
upper 
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Barremian 
lower 
Hauterivian 

16. Valanginian 

17. Jurassique 

18. Portlandian 

19. Clays 
Sands (10 m, K = 7x10 5 m/s) 
Clays (25 m) 
Sands(9 m, K = 3x105m/s) 
Clays (22 m) 
Limestone (10 m) 
Sands (0 to 1 m) 
Limestone (140 m) 

20. Stratigraphie series 

21. Figure 4 
Diagram of hydrogeological situation of "fold" site 

FIGURE 5 

1. Probabinty of scenario 

2. Normal situation 
Maxima corresponding to tritium (+ 3 years) and carbon 14 
(+ 33 000 years) 

3. "Residence" scenario 
Maximum associated with long-term alpha emitters 

4. Area of unacceptability of storage facility 

5. "Well" scenario 
Maxima corresponding to strontium 90 (+ 350 years) and carbon 14 
(• 2 300 years) 

6. "Residence" scenario 
Maximum associated with caesium 137 at 300 years 

7. Consequence 

8. Figure 5 
Representation in a probability/consequence terms of the results of 
evaluation of the risk associated with the Aube centre. 
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Note: The consequence maxima dates are counted from the beginning of the 
surveillance phase. 

The probability of the different accident scenarios considered has been 
arbitrarily set at 1 0 1 for the requirements of the graphic representation. 
This value subjectively appears to be extremely conservative. 

FIGURE 6 

1. Auriat massif 
Rear bassin limit 
Massif limit 
Captured source 
Flow in l/second (04/83) 

FIGURE 7 

1. S.S.W. 

2. N.N.E. 

3. Nouhaud lake 

4. Borings 

5. Crest 

6. La Vige 

7. Figure 7 
Representation of Auriat site 

FIGURE 8 

1. Auriat: pore speed field 

2. (Borings) 

3. Altitude (m) 

4. Pore speed (m/year) 

5. (approximate situation of repository) 
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FIGURE 9 

1. Main outflow 

2. Figure 9: 
Auriat: 
Trajectory of particles from crest moving in two-dimension represention of 
site 

FIGURE 10 

1. "Les Pallands" 

2. Figure 10 
Individual annual dose as a function of radionuclide (CIPR 30) 
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West 
"Les Sapins" bore-hole 
(projection) 

Static level of Aptian sands 

Static level of Barremian sands 

Cavity Collapsed cavity 

F langinian to 
i miy barremian 
Wealdian") 

Cretaceous 

upper 
Aptian 

lower 
upper 

Barremian 
lower 

Hauterivian 
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Jurassique Portlandian 
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HrS 

Clays 

Sands ( 10 ra, K z 

Clays (25 m) 

Sands (9 m, K = 3 x 10 

Clays (22 m) 

Limestone (10 m) 
Sands (0 to 1 m) 
Limestone ()Ho m) 

-5 m/ï 

Stratigraphie series 

FIGURE k : Diagram of hydrogeological situation of "Le Pli" 



Probability of scenario 

Normal situation 
Maxima corresponding to tritium (+ 3 years) and carbon 14 
(+ 33 CO years) 

(Sv/an) 

Figure 5 
Representation in a probability/consequence terms of the results of 
evaluation of the risk associated with the Aube centre. 

Note: The consequence maxima dates are counted from the beginning of the 
surveillance phase. 

The probability of the different accident scenarios considered has been 
arbitrarily set at 10' 1 for the requirements of the graphic representation. 
This value subjectively appears to be extremely conservative. 
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Figure 7 : Representation of Auriat site 



Figure 8 : Auriat : pore velocity field 
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Main outflow 

Figure 9 : AURIAT - Trajectory of particles from crest moving in two-dimension 
represention of site 
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