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Abstract

SCK-CEN is studying the disposal of high and long-lived medium level waste in the Boom Clay at Mol, Belgium.
In the performance assessment for such a repository time extrapolation is an inherent problem due to the
extremely long half-life of some important radionuclides. To increase the confidence in these time extrapolations
SCK-CEN applies a combination of different experimental and modelling approaches including laboratory and in
situ experiments, natural analogue studies, deterministic (or mechanistic) models and stochastical models. In the
following an overview is given of these approaches and some examples of applications to the different repository
system components are given.

INTRODUCTION

Since 1975 the SCK-CEN at Mol, Belgium is studying the geological disposal of radioactive
waste in the Boom Clay layer. The Boom Clay is a plastic clay of Tertiary (Oligocene,
Rupelian) age. It was deposited in a shallow sea between 33 to 30 millions years ago. At the
Mol site the Boom Clay is situated between 190 and 290 meters depth. The HADES
underground research facility was constructed at 225 meters depth in 1983-1984 and further
extended in 1987. Currently a further extension of this laboratory, including the construction
of a new shaft, is carried out in the framework of the PRACLAY project. The availability of
this facility has strongly enhanced the research on the behaviour of radioactive waste and
construction materials in the Boom Clay and their influence on the Boom Clay, the research
on the geo-chemical and hydro-geomechanical behaviour of the Boom Clay and the study of
the migration of radionuclides in the Boom Clay. The HADES facility has allowed us to make
observations under in situ conditions over a period of more than a decade. Yet this period is
very short compared to the period over which high level radioactive waste or spent fuel
remains dangerous.

For the Mol site it is clear that quantitative performance assessments are at the best, only
meaningful for a period up to the next expected severe glaciation, i.e. about 60 000 years from
now. However the Belgian legislation does not include a cut-off time for these studies.
Therefore the assessments are pursued until maximum flux out of the Boom Clay for each
radionuclide has been reached. Due to the strong retardation properties of the Boom Clay, the
maximum flux for some radionuclides is only reached after several millions or even tens of
millions of years. The results of the performance assessment over such time frames should
only be regarded as qualitative indications of the confinement capacity of the Boom Clay and
not as quantitative predictions of the dose to a critical group far into the future.

In the following, first a short description is given of the methodology used in the long-term
performance assessment studies. Then for each component of the repository system, an
overview of the available experimental observations is given together with description of the
way in which those observations are or can be used to assess the future evolution of the
repository system. Finally the main conclusions of the above are given.
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EXPERIMENTS

At SCK-CEN three kinds of experimental approaches are taken: laboratory experiments, in
situ experiments and the observation of natural systems.

The laboratory experiments are in general performed to measure parameters used in the
performance assessment (PA) calculations. To increase the confidence in the PA calculations
experiments are also performed to study the underlying mechanisms (e.g. radionuclide
complexation studies). The parameters are also measured applying different experimental
conditions simulating repository conditions that could occur in different periods of the
repository lifetime. Specifically aimed at time extrapolation, experiments can also be
performed under accelerating conditions. Typical examples of the latter are corrosion
experiments at elevated temperature and leaching experiments using high surface to volume
ratios.

In situ experiments are performed to study phenomena under as close as possible repository
conditions. In situ experiments are also performed to scale up both in space and time. While in
the laboratory we are often limited to perform experiments on centimetre or decimetre scale,
in the field experiments can easily be performed on metre, decametre or even larger scale, e.g.
hydraulic conductivity measurements. In in situ experiments the boundary conditions are often
set by nature and very stable, without active control, while in the laboratory they have to be
maintained by carefully controlling them. This makes it for example possible to perform in the
HADES underground laboratory migration experiments that last more than a decade. By
carefully installing in situ experiments one can also avoid the problem of taking undisturbed
samples needed for laboratory investigations.

At SCK-CEN the observation of natural systems in concentrated on performing geological,
geochemical and hydrogeochemical studies over the whole area where the Boom Clay occurs.
The aim of these studies is to understand the hydrogeological system, to find the
hydrochemical signature of the last ice ages and to observe the behaviour of natural
radionuclides and trace elements that can be regarded as chemical analogues to some
important radionuclides. The paleohydrogeological study is performed to support the time
extrapolations for the current hydrogeological system over the next glaciations. The natural
analogue study is performed to support the time extrapolations of radionuclide migration
through the clay.

TIME EXTRAPOLATION METHODOLOGY AND PERFORMANCE ASSESSMENT

First a description is made of the radioactive waste disposal context for which the
performance assessment has to be made. This includes the description of the waste types i.e.
in Belgium non-heat generating long lived medium level waste, high level vitrified waste
(from reprocessing) and spent nuclear fuel, and the description of the repository system as
shown in Fig. 1. Then an extensive list of features, events and processes (FEPs) which can
influence the repository system is drawn up. This list is then screened to extract the relevant
FEPs.

Reasons for screening out FEPs are for example: low probability of occurrence (< 10~8 y"1),
not relevant for the considered waste type, host rock or site. Then the scenarios are derived
based on the relevant FEPs. Those FEPs which are about certain to occur, are grouped
together in the so-called normal evolution scenario and the other FEPs are used to derive the
altered evolution scenarios. For the latter scenarios a top-down approach (OECD 1991) is

70



used: first the repository system is split in three components (or barriers), i.e. the near field,
the host rock clay and the geosphere (or aquifer system; the biosphere is treated separately);
each component is supposed to be either present or by-passed; then the remaining FEPs are
listed according to which components they affect. In this way a maximum of eight future
repository states is derived. The main altered evolution scenarios for the Mol site are:
exploitation drilling (exploitation of the lower aquifer), greenhouse effect, fault activation,
severe glaciation, failure of the sealing of the repository, gas effects, exploratory drilling
(Marivoet 1997a).
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FIG. 1 Scheme of the overall repository system.

Once the scenario descriptions are available, conceptual models covering these descriptions
are developed, followed by the translation of the conceptual model into mathematical models
and boundary conditions. Then suitable computer codes are selected or developed. The
following step, which is often quite difficult, is the determination or selection of the required
parameter values. Finally the performance assessment calculations are performed and the
results are compared to the risk or dose criteria. Time extrapolation is an inherent part of this
process. Therefore, SCK'CEN applies two approaches in parallel, i.e. the deterministic
approach and the stochastic approach.

In the deterministic approach, a specific potential future evolution of the repository system is
assessed in a single calculation based on physical relations and their parameters describing the
considered processes. Those physical relations and their parameters are derived from
experimental studies, i.e. short-term observations. In the experimental programme it is often
tried to accelerate the studied processes or to simulate possible future chemical or boundary
conditions. Often also supporting fundamental research (experimental as well as theoretical) is
performed to discover the main underlying process or to discriminate between several possible
basic mechanisms. In this approach it is often possible to include detailed research models or
time dependent parameters in the performance assessment calculations.

The stochastic approach is used to perform uncertainty and sensitivity analysis. In this
approach a large number of computer runs of the performance assessment model for a specific
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scenario are executed. In this case a distribution (a probability density function) is attributed to
each parameter in the PA model. Then a Monte Carlo technique is applied to build the
required number of independent parameter sets needed for the computer runs. The results of
those runs are then converted into the time evolution of the expectation value (i.e. the mean)
with its confidence band and the percentiles (the x percentile is the value of the output for
which x % of the output values are smaller than this value). The width of the confidence band
and the spread of the percentiles are measures of the uncertainty in the results. An example of
such an output for the disposal of spent fuel is given by Marivoet 1996.

RESULTS AND DISCUSSION

NEAR FIELD

Waste packages and engineered barriers

Influence of concrete on the pH in the near field

In the Belgian concept for the disposal of vitrified HLW or spent fuel, concrete is only present
in the gallery liner (about 25 cm thick) and its influence will be rather limited. However in the
concept for MLW disposal concrete will be present as liner, backfill and waste matrix. In the
MLW disposal galleries about 4 ton of cement will be used per meter length of gallery. The
use of cement in the near field will result in strongly basic chemical conditions, which will
strongly influence the solubility of some radionuclides (e.g. the actinides). The cement will be
leached by the ground water and the pH will drop. Therefore it is important to assess over
which time frame the pH will remain high.

Before hydration Portland cement is composed of 60-70% CaO, 17-25% SiO2, 3-8% A12O3,
0.5-6% Fe2O3, 0.1-4% MgO, 1-3% SO3, 0.5-1.3 Na2O + K2O (Jiang 1994). Shortly after
hardening hydrated cement will be composed of 40-50 % hydrated calcium-silica gel (CSH-
gel), 20-25% portlandite (Ca (OH)2), 10-20 % etteringites, monosulphates and ferritic phases,
10-20% pore water, 0-5% minor components (NaOH, KOH, Mg (OH)2) (Berner 1992). At
early times the pH in the concrete will be very high (about pH13.5) due to the NaOH and
KOH. Those components are very soluble and reactive and are thus quickly released or
neutralised. After this initial phase, the pH will be governed by the Ca++ concentration in the
pore water and thus by the solubility of portlandite and the CSH-gel. The CSH-gel shows
incongruent dissolution depending on the calcium-silica ratio (C/S). On the basis of the
analysis of concrete's of different types and with different ageing times, Berner (Berner 1992)
has been able to show that the pH in the concrete pore water remains higher than 12 as long as
the C/S ratio in the hydrated cement remains higher than 1. If calcium is leached further the
pH will quickly drop to about neutral.

In the Boom Clay the calcium leaching will not only be determined by dissolution in water
and diffusion through the clay, but also by chemical reactions with the pore water
constituents. The Boom Clay pore water contains about 15 mmol of bicarbonate (HCO3") that
will react with the Ca++ leached from the cement and precipitate as calcite according to the
following reaction:

OH" + HCO3" + Ca" <=> CaCO3 + H2O

The precipitation calcite will decrease the Ca++ concentration in the pore water and thus
enhance the leaching from the cement. Based on the diffusion coefficients for Ca++ and HCO3,
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derived from diffusion experiments on Boom Clay cores, Walravens (Marivoet 1997a) has
been able to show that the phenomenon dominating the leaching is diffusion of calcium from
the MLW gallery into the clay where it precipitates as calcite. Based on this model, the
estimated period over which the pH in the near field of the MLW will remain higher than 12,
was assessed to be about 50 000 years. The concrete can thus strongly influence the release of
radionuclides from the MLW galleries over a long time frame.

The above deterministic assessment is a typical example of how short term observations (e.g.
diffusion experiments, chemical analyses of concrete) can be used to derive mechanisms and
parameters that can then be used in the long-term safety assessment.

Radionuclide release from the nuclear waste

Corrosion of the HLW glass

As for the vitrified HLW glass, the overpack is designed such that it will only fail after about
500 years which corresponds to the thermal transient period. The glass corrosion will thus
only occur at the in situ temperature of about 12 to 13°C. Laboratory and in situ experiments
with durations up to respectively 5 and 7 years, have shown that the corrosion rate for the
vitrified HLW under Boom Clay chemical conditions (pH about 8 to 9) is 0.3 um/y. On the
long-term this corrosion rate will decrease because of saturation of the surrounding medium
with glass constituents mainly by silica. In the Boom Clay, the glass constituents accumulate
as a result of the strong diffusion limitations. To take this phenomenon into account in the
performance assessment model a time variable (decreasing) corrosion rate should have to be
used. In the literature mechanistic models taking into account these saturation and diffusion
limitations have been developed for various geological waste disposal concepts. Examples of
these models are Curtis' model (Curti 1991), Predaver (Jollivet 1995) and Grawnbow's model
(Grambow 1988). For the disposal concept in Boom Clay, insufficient data are currently
available to incorporate such a model in the performance assessment studies. Therefore we
have chosen to apply the stochastic approach for the glass corrosion rate. The corrosion rate
distribution has been chosen such that it covers as well the short term as the long-term
corrosion rate. Based on the available experimental results and literature data a triangular
distribution with 0.4 um/y as maximum, 0.3 um/y as mode and 0.002 um/y as minimum.

Influence of geochemical conditions on solubility limits

Sensitivity studies performed in the performance assessment studies for vitrified HLW and
spent fuel have shown that the solubility limits belong to the parameters influencing most the
radiation dose to a critical group (Marivoet 1996, Marivoet 1997b). As already indicated
above the pH in the near field will be influenced by the presence of a concrete liner and in
case of the MLW by the concrete in the waste and the backfill. The CERBERUS test has
shown that radiation and temperature has almost no influence on the redox conditions and
only lead to a pH decrease with about 1 pH unit. With geochemical codes such as CHESS
(Van der Lee 1993) and PHREEQE (Parkhurst 1985) the influence of pH on the solubility of
radionuclides can be calculated using thermodynamic constants. However pH is not the only
factor determining the solubility: some radionuclides show a complex behaviour in which
coprecipitation, organic complexation and the degree of crystalinity of the solubility limiting
mineral plays an important role. For some radionuclides the thermodynamic database is not
complete or of poor quality. Therefore we have chosen not to incorporate directly the
calculation of the pH evolution and the evolution with time of the solubility limits in the
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performance assessment model. This would also require large computer resources. An
alternative is to apply a combination of the mechanistic approach to assess the time over
which the pH is controlled by the concrete (i.e. pH >12), combined with the stochastic
approach to assess the solubility limits under different pH conditions i.e. two sets of pH
distributions have been derived, respectively one for high pH conditions and one for the Boom
Clay pH conditions (pH 8 to 10). Table 1 gives the ranges of the solubility limits for some
radionuclides.

Table 1. Solubility limits of some important elements under different chemical conditions
(mol/1) (Marivoet 1999)

Element

Se

Sn

Tc

Np

Pu

U

In

min

1.

3.

3.

1.

1.

io-9

10"8

io-9

io-1 0

10"9

1 Q r i o

situ Boom Clay pH

BE

5.5 10"8

5. 10"6

3. 10"8

1. 1O"6

5. 1O"7

3.2 1O"8

max

3. 10-6

i. io-5

5. 10"8

I . IO-5

5. 10"5

1.1O"5

Concrete environment

min

i. io-13

7. 1O-10

1. 10"8

3. 10-9

6. lO"11

1. 1O"8

BE

5. 1O"7

3. 1O"5

3. 10"7

1. 1O"8

2. 1O-10

3.6 10"6

max

3.10-4

2.10"4

3. 10"3

1. 10"7

1. 10"8

1.10-4

Influence of heat and radiation on the evolution of the properties of Boom Clay in the near
field

The thermal transient period will last in the case of vitrified HLW several hundreds of years
and in the case of spent fuel several thousands of years. The longer duration of the thermal
transient period in the case of the disposal of spent fuel, will also lead to a larger heat affected
zone. Although the containers or overpacks of these waste types is designed such that no
radionuclide release might occur during the thermal transient period, irreversible changes can
occur in the near field which influence radionuclide release into the biosphere.

Within the framework of the EC CERBERUS project (Noynaert 1999), the effect of heat and
radiation on the hydraulic and chemical properties of the Boom Clay are studied. In the
CERBERUS in situ experiment the temperature and gamma radiation field of a COGEMA
type vitrified waste canister after 50 years cooling time was simulated. The Boom Clay and
the experimental set up was heated and irradiated during 5 years.

The analysis of water samples taken before, during and after the CERBERUS test showed that
irradiation caused a slight oxidation of the interstitial Boom Clay water mainly indicated by
the presence of thiosulphate and oxalate. However the global geochemical conditions
remained reducing (Eh <-200 mV) and slightly alcaline (pH about 7.5). The mineralogy of the
clay minerals remained nearly unchanged: no illitization could be observed. Pyrite is slightly
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oxidised leading to high sulphate concentrations accompanied by thiosulphate, an
intermediate species in the pyrite oxidation process. Recrystalization of pyrite was observed
near the source, a supplementary evidence indicating that the environment remained still
reducing. The pyrite and calcite content of the Boom Clay gives it a high buffer capacity,
which over a period of 5 years was not exhausted even close to the heat and radiation source.

The results of the diffusion experiments performed with Tc (a redox sensitive element) and
Am (a pH sensitive element) close to the CERBERUS radiation source, were very similar to
the results on unperturbed clay samples. This observation is consistent with the observed
minor changes in hydrochemistry and mineralogy.

Measurements of hydraulic conductivity were also performed before, during and after the
heating phase of the CERBERUS experiments. These measurements show an increase in
hydraulic conductivity during the heating phase but after cooling no significant difference
with hydraulic conductivity measured before heating was observed. The increase in hydraulic
conductivity during heating can be largely explained by the decrease of the viscosity of water
with increasing temperature. The increase is however slightly larger than what can be
explained by the decrease of viscosity, this might be due to a thermo-hydro-mechanical
coupling as also observed in the mechanical tests. Similar observations were made around the
in situ thermo-mechanical experiments CACTUS and ATLAS (Bernier 1996).

The above mentioned observations of heat and radiation effects on the Boom Clay show no
clear trend or mechanism, which could degrade the Boom Clay retardation and diffusion
properties. However such effects cannot be completely excluded: the Boom Clay buffer
capacity might get exhausted and show mineralogical processes might change the clay
mineralogy after several hundreds of years. In this case a mechanistic approach cannot yet be
applied, therefore these near field effects can be included in the stochastic approach in two
alternative ways: we suppose that the Boom Clay in the near field is not effective in retarding
the radionuclides and thus either the range of the effective clay thickness is extended to lower
values or the range of diffusion and retardation factors is extended to respectively higher and
lower values.

FAR FIELD

The Boom Clay

All performance assessment studies (Marivoet 1988, 1996, 1997b) for the Belgian concept of
geological waste disposal in the Boom Clay, have shown that the Boom Clay is the main
barrier in the disposal system and consequently its transport parameters belong to the most
sensitive parameters. The Boom Clay is such a good barrier because its hydraulic conductivity
is so low that all mass transport occurs by diffusion, advection contributes only about 1% to
the total radionuclide flux out of the repository. Advective mass transport can only become
important if, due to some geological process, the hydraulic conductivity and/or the hydraulic
gradient increases. Such processes are not expected over the next few ten thousand years.
However over a longer time frame, geological processes such as up-lift and glaciations (with
important sea level drop) can lead to an increased erosion and thus unloading of the Boom
Clay layer and to dramatic changes in the aquifer system with the possibility of large hydraulic
gradients over the Boom Clay.

Since the construction of the underground research facility HADES, a large number (about
100) of measurements of the hydraulic conductivity of the Boom Clay have been performed
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both in the laboratory on samples and in situ. An overview of these results, related to the
geophysical loggings, is given in Wemaere and Marivoet 1997. These results are summarised
in Table 2. Reconsolidation experiments (Henrion 1988) and experiments on artificially
compacted clay cores (Volckaert 1992) have shown that the hydraulic conductivity of the
Boom Clay depends also on the degree of compaction. This hydro-mechanical coupling is
well explained in Horseman et al. 1996.

In the framework of an internal SCK-CEN project, with as one of the aims the spatial
extrapolation of hydraulic parameters of the hydrogeologic system in north-east Belgium and
a project funded by NIRAS/ONDRAF, the Belgian waste agency, three boreholes have been
core-drilled over the full thickness of the Boom Clay. At the locations of these core drillings,
the Boom Clay is present at different depths (between 0 and 400m). On these cores a large
number of measurements of hydraulic conductivity and grain size distribution will be
performed. This study is still ongoing. The results for Mol and Zoersel are given in Table 2
(Wemaere 1997). At Zoersel the Boom Clay is situated between 90 m and 190 m depth. The
load of the overburden at Zoersel is thus only about half the load at the Mol site. The results in
Table 2 show that the hydraulic conductivity of the Boom Clay is a factor of two to three
larger at Zoersel compared to Mol.

Table 2. The hydraulic conductivity of the Boom Clay at different locations

Hydraulic conductivity Mol site (HADES) Zoersel

10"12m/s

Kv (vertical)

Kh (horizontal)

laboratory

1.6

4.6

in situ

2.2

4.8

laboratory

5.7

11

Another possibility to determine the effect of unloading on the hydraulic conductivity, is to
measure the hydraulic conductivity of a fully confined sample and then to unload it step wise
and to let it swell while measuring the hydraulic conductivity at each step. The first results of
such an experiment (see Table 3) illustrates the influence of unloading on the hydraulic
conductivity.

Table 3. Hydraulic conductivity evolution when unloading a clay sample

Sample length (mm)

porosity (%)

KvlO"12rn/s

50.0

40

4.3

52.5

42.8

5.2

55.0

45.5

6.0

56

46.4

7.6

Measurements of diffusion properties of non-retarded species are only performed on samples
from the Mol core drilling, or on samples taken from the underground laboratory or are
measured in situ (De Canniere 1996). However some measurements have been performed on
samples reconsolidated at different stresses (Henrion 1991). On the basis of these

76



measurements De Canniere 1996 has been able to show the validity of the Bruggeman
equation, which relates the porosity to the diffusion coefficient in the pore water as follows:

With: Dp = diffusion coefficient in the pores (m2/s)

n = porosity

For the time extrapolation of the transport properties the following mechanistic approach
could be applied in principle: assess from a geoprospective study the expected change in load
on the Boom Clay, then derive from the change in load the change in hydraulic conductivity
and porosity, and finally derive from the change in porosity the change in diffusion
coefficient. However, to be able to apply such an approach, further results of the ongoing
studies are required.

The most sensitive transport parameter i.e. the retardation factor, is not covered by the above
research. Retardation factors are derived from laboratory or in situ diffusion experiments,
which have a maximum duration of 5 to 10 years. Although one can expect that the
retardation or sorption properties of undisturbed Boom Clay will not very much change even
over long time frames, the problem remains that observations over about a decade, have to be
extrapolated over hundreds or even millions of year.

Therefore a natural analogue approach is developed in the framework of a PhD study. In this
study the distribution of rare earth elements (REE's), thorium and uranium (and their isotopes)
as function of depth is studied as well as the distribution of those elements over the different
components of the Boom Clay i.e. pore water, clay minerals, pyrite, carbonates, heavy
minerals. The aim of this study is to determine which geochemical changes might have
occurred in the Boom Clay over the last 30 million years and to determine from the currently
observed distribution of REEs, U and Th and their daughters what their transport parameters
(especially the retardation factors) are. Those parameters will then be compared with those
obtained with chemical analogue elements in laboratory diffusion, experiments and the PA
model for migration through the Boom Clay will be applied to explain the observed
distributions. In this way a mechanistic approach based on a natural analogue study will be
applied to support the time extrapolation of the migration parameters. Figure 2 shows the
correlation between lithology, U, Th and their daughter radionuclides for the Mol 1 core
drilling (De Crean 1999). One can clearly notice the large disequilibrium between Ra-226 and
Th-230 due to the transport to the aquifers.

The aquifer system

The dilution of the radionuclide flux from the Boom Clay into the upper and lower aquifer has
direct impact on the radiation dose to the critical group. In the PA studies a local scale
hydrogeological model covering a few tens of square kilometres is used. This local model is
derived from a regional model covering the whole north-east of Belgium (60 x 80 km). This
regional model is based on the piezometric data from more than 100 observation wells located
at about 40 locations (Wemaere 1995). The regional hydro-geological model has been
calibrated to the hydraulic head in the different aquifers measured over a period of more than
10 years. The current hydrogeological situation is thus rather well characterised. However,
based on Milankovitch astronomical model a moderate glaciation can be expected over the
next 20 000 years and a more severe glaciation over the next 60 000 years. Three of such
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glaciations occurred over the last 300 000 years. Although the glaciers and icecap did not
reach as far south as Belgium, they came close to only a few tens of kilometres from the Mol
site.
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FIG. 2. U and Th natural isotopes in the Boom Clay at Mol (after De Craen 1999).

During such glaciations, permafrost occurred throughout Belgium. It is clear that under such
conditions the hydrogeological system undergoes dramatical changes. Therefore SCK has
launched, within the EC fourth framework programme, the paleo-hydrogeological project
PHYMOL. This project is a co-operation between SCK, as co-ordinator, CEA and Universite
de Paris Sud in France and the Technical University of Delft in the Netherlands. In this project
the aquifer system is geochemically characterised. This geochemical characterization also
includes the measurement of stable isotopes such as 2H, 16O, ' O and natural radioactive
isotopes such as 14C. The stable isotope composition of a groundwater is an indication for the
mean earth temperature when is was precipitated and the radioactive isotope composition can
be used to estimate the age of the water.

Although dispersion obscures the picture, the observed 0/ O ratios still carry the signature
of the temperature variations during the last glacial cycle (between -120 000 and -
10 000 years) (Marivoet 2000). The C-14 results give a much less clear result due to the
combined effect of dispersion and radioactive decay. The modelling results compare rather
well with the trend in the observations. However one should remind that the uncertainties in
this kind of complex modelling remain large.

In the PHYMOL project a supra-regional hydrogeological model covering the whole North-
Sea basin is developed. This model incorporates the hydrogeological effects of a glaciation,
e.g. the formation of an icecap, sea level drop and permafrost. This model is coupled to the
regional and local model for the Mol site. The next step in the project is to use the
hydrogeological model and geological evidence concerning the last glaciations to explain the
currently observed hydrogeochemistry and isotopic compositions of the groundwaters. In
combination with the predictions of Milankovitch orbital theory, in principle the model can be
applied to predict the groundwater flow during the coming glaciation. This is also an example
of a mechanistic approach to time extrapolation.
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CONCLUSION

Due to the high radiotoxicity and the presence of important quantities of long-lived
radionulcides in MLW, vitrified HLW or spent fuel, time extrapolation is an inherent problem
encountered during the safety assessment for the geological disposal of these waste types. In
countries where the legislation does not include a cut off time for the safety studies and where
large/important climatic changes can occur over the next 100 000 years, the time extrapolation
problem is even more difficult to treat.

For the time extrapolation of short term observations it is necessary to know the underlying
phenomena or mechanisms and to know the potential evolution of the boundary conditions.
The evolution of the boundary conditions should be derived from the scenario analysis,
including known geological and climatological evolutions. To discover the underlying
mechanisms, experiments can be performed under a wide variety of conditions covering the
potential future evolutions. In the above several examples of this approach are given. For the
assessment of future conditions in the far field, studies of the past geological evolution and
their geochemical signature can be very helpful. In a similar way, natural analogue studies can
be used to uncover the main mechanisms.

However the real systems are often very complex and the short term observation give not
always enough information to allow a mechanistic/deterministic approach. In such cases a
stochastic approach can be applied. The parameter distributions should then be chosen such
that they cover a wide range of potential future evolutions. The advantage of this approach is
that by applying sensitivity and uncertainty analysis, one can show which repository
compartments are the most important for the long term safety.
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