
KEMAKTA AR 92-10

A review of the uncertainties in the assessment of
radiological consequences of spent nuclear fuel

disposal

Prepared by a working group at KEMAKTA Konsult AB

for

Swedish Radiation Protection Institute

and

Swedish Nuclear Power Inspectorate

June 1992

K f MAKT A KONSULT AB PIPERSGATAN 27 S 112 28 STOCKHOLM SWEDEN
TEL 08 54 06 80 FAX03 52 16 07 TELEX 15660 KEMAKTA S



KEMAKTA AR 92-10

A review of the uncertainties in the assessment of
radiological consequences of spent nuclear fuel

disposal

Prepared by a working group at KEMAKTA Konsult A3

for

Swedish Radiation Protection Institute

and

Swedish Nuclear Power Inspectorate

Contract number SSI P537.89 June 1992



Working group:

Marie Wiborgh
Mark Elert
Lars Olof Höglund
Celia Jones
Bertil Grundfelt
Kristina Skagius
Akke Bengtsson



\BSTRACT

Radioactive waste disposal systems for spent nuclear fuel are designed to isolate the
radioactive waste from the human environment for long periods of time. The isolation is
provided by a combination of engineered and natural barriers. Safety assessments are
performed to describe and quantify the perfonnance of the individual barriers and the
disposal system over long-term periods. These assessments will always be associated with
uncertainties. Uncertainties can originate from the variability of natural systems and will
also be introduced in the predictive modelling performed to quantitatively evaluate the
behavior of the disposal system as a consequence of the incomplete knowledge about the
governing processes. Uncertainties in safety assessments can partly be reduced by
additional measurements and research.

The aim of this study has been to identify uncertainties in assessments of radiological
consequences from the disposal of spent nuclear based on the Swedish KBS-3 concept.
The identified uncertainties have been classified with respect to their origin, i.e. in
conceptual, modelling and data uncertainties. The possibilities to reduce the uncertainties
are also commented upon.

In assessments it is important to decrease uncertainties which are of major importance for
the performance of the disposal system. These could to some extent be identified by
uncertainty analysis. However, conceptual uncertainties and some types of model
uncertainties are difficult to evaluate. To be able to decrease uncertainties in conceptual
models, it is essential that the processes describing and influencing the radionuclide
transport in the engineered and natural barriers are sufficiently understood.

In this study a qualitative approach has been used. The importance of different barriers and
processes are indicated by their influence on the release of some representative
radionuclides.



List of Contents

1 INTRODUCTION I

2 BASIS FOR THE STUDY 3
2.1 General 3
2.2 Description of the repository system 3
12.1 Spent fuel " 5
12.2 Near-field 5
12.3 Far-field 7
2.2.4 Biosphere 8
2.3 Uncertainties 9
2.3.1 Classification of uncertainties 9
2.3.2 Tne treatment of uncertainties in a perfonnance assessment 10
2.3.3 The approach chosen for this study 10

3 SPENT FUEL 13
3.1 General 13
3.2 Amounts of spent nuclear fuel 13
3.3 Radionuclide inventory 14
3.4 Physical condition of the spent fuel 15
3.5 Conclusions 16

4 NEAR-FIELD 18
4.1 General 18
4.2 Near-field hydrology, influence of mechanical / thermo-mechanical effects 19
4.2.1 Conceptual and modelling uncertainties 19
4.3 Stability of buffer materials 20
4.3.1 Conceptual uncertainties 20
4.4 Canister life-time 21
4.4.1 Conceptual uncertainties 21
4.4.2 Model uncertainties 23
4.4.3 Data uncertainties 23
4.5 Radiolysis 24
4.6 Dissolution and release of radiociuciides from the spent fuel 25
4.6.1 Conceptual uncertainties 25
4.6.2 Model uncertainties 28
4.6.3 Data uncertainties 28
4.7 Redox front formation and propagation 28
4.7.1 Conceptual uncertainties 28
4.7.2 Model uncertainties 29
4.8 Transport of released radionuciides in the near-field 29
4.8.1 Conceptual uncertainties 30
4.8.2 Model uncertainties 32
4.9 Dissolution of radionuciides at the redox front 34
4.10 Boundary conditions near-field/far-field 35
4.11 Conclusions 35



5 FAR-FIELD 39
5.1 Generat 39
5.2 Hydrology 40
5.2.1 Conceptual uncertainties 40
5.2.2 Mode1 uncertainties 42
5.2.3 Daui uncertainties 44
5.3 Migration 45
5.3.1 Advection-dispersion 45
5.3.2 Matrix diffusion 50
5.3.3 Sorption and precipitation 51
5.3.4 Colloids 53
5.4 Conclusions 55
5.4.1 Conceptual uncertainties 55
5.4.2 Modelling and data uncertainties 55
5.4.3 Long-term changes 56

6 BIOSPHERE 58
6.1 General 58
6.2 Interface geospherc-biosphere 59
h.2.1 Conceptual uncertainties 59
'i.2.2 Model and data uncertainties 60
6.3 Radionuciide transfer between physical components of the biosphere 62
6.3.1 Conceptual uncertainties 62
6.3.2 Model uncertainties 68
6.4 Foodchain modelling 70
6.4.1 Radionuciide concentration in plants 71
6.4.2 Radionuciide concentration in domestic animals 74
6.4.3 Radionuciide concentration in aquatic animals 75
6.4.4 Radionuciide concentration in drinking water 75
6.4.5 Food processing 76
6.4.6 Radionuciide consumption by man 76
6.4.7 Other exposure pathways 76
6.4.8 Multiple pathway dose assessments 77
6.5 Dose to man 77
6.5.1 Dose via ingestion and inhalation 77
6.5.2 External exposure 78
6.6 Bi sphere development 78
6.6.1 Short-time scale 79
6.6.2 Longer-time scale 80
6.6.3 Intrusion 80
6.6.4 Treatment of uncertainties associated with mood ling into the far future 81
6.7 Conclusions 81
67. l Present-day conditions 82
6.7.2 Future biosphere conditions 83

7 SUMMARY AND CONCLUSIONS 85
7.1 Identified uncertainties 85
7.1.1 Radionuciide release and transport in the near-field 85
7.1.2 Radionuciide transpor: in the far-field 89
7.1.3 Radionuciide transport and accumulation in the biosphere 93
7.2 Classification of uncertainties 96
7.2.1 Classification of present level of uncertainty 96
7.2.2 Classification according to time scale of uncertainty 97
7.2.3 Classification according to origin of uncertainty 97



~ 2.4 •• Lissification baseu on l imnat ions in possibilities: of reduction UH
~-2.5 Summary oi classified uncertainties °K
^ 2 f i Summary ot the importance 01 barriers and processes tor different radionucl ides 9 8
7.3 Final remarks 101

References 103



INTRODUCTION

Background

Iii assessments of the radiological consequences of the disposal of radioactive waste, mathematical
models are used to quantify the release of activity from the repository, its subsequent transport
ihrough the geosphcre and the biosphere, and the resulting exposure of man and the environment
to radioactivity. The use of models to describe complex natural processes in mathematical terms
requires simplifications. Such simplifications may give rise to considerable uncertainty. This is
especially true tor systems which are not conceptually fully understood. Moreover, there are often
uncertainties regarding the validity of the formulation of the models used. Examples of
uncertainties introduced by application of models with restricted validity are the characterisation
of the host rock as a porous medium and the description of the biosphere as a series of
interconnected, perfectly stirred compartments. Finally, all mathematical models use input data
which have associated uncertainties.

There has been little effort to estimate the importance of conceptual uncertainties in the
formulation of the mathematical models used, or in the scenario analysis. However, there have
been attempts to quantify or identify the uncertainties in selected parts of (he system, (e.g..
BIOMOVS. 1988. INTRACOIN. 1986. HYDROCOIN. 1991. PSACOIN. 1988). Some of these
studies have been concerned mainly with developing and evaluating techniques to propagate
parameter uncertainties. These techniques have hitherto not been used in full-scale performance
assessments. Since the previous studies have been mainly concerned with methodology
development and analysis of limited parts of the system, there has been a need to broaden 'Jhe scope
in order to allow for a balanced view on the uncertainties in all parts of the model system.

Purpose

This study has been setup to give an overview of the nature of uncertainties in all parts of the
assessment system. The study has been related to the Swedish design concept for disposal of spent
nuclear fuel as described in the KBS-3 study [KBS 3,1983] developed by the Swedish Nuclear
Fuel aud Waste Management Co. (SKB). The objective has been to identify the main uncertainties,
and to compare the uncertainties associated with the different parts of the safety assessment. Efforts
have also been spent on identifying areas in the safety assessment where it is not possible to reduce
the uncertainty further and those areas where further studies would be beneficial, e.g. to improve
the scientific understanding of processes, the representation of processes in modelling, and the data
available for modelling. It should be noted that the study is not indented to be a review of the
uncertainties associated with any particular safety assessment, but only to serve as an overview.

The study has been jointly sponsored by the Swedish Radiation Protection Institute (SSI) and the
Swedish Nuclear Power Inspectorate (SKI). The project has been conducted in parallel with other
activities in the nuclear waste disposal area currently performed in Sweden. Examples of such
activities are Project 90 [SKI. 1991], the SKI-SKB scenario development project \Andersson ctal..
1989), and the Nordic efforts on criteria development \SKI/SSI/STUK. 1989}.

The present study could together with other ongoing activities serve as a background for decisions
about research priorities and other activities related to SKI's and SSI's roles as safety authorities
for the disposal of spent nuclear fuel.



Scope of the work

The uncertainties discussed in this study are associated with the possibility to predict and describe
(he future behavior of the repository system. In a safety assessment the level of ambition is
normally limited to showing that the health effects are below a given criterion. It is often possible
to show satisfactorily that such a criterion is met. e.g. by bounding calculations even though there
are large uncertainties associated with the description of the evolution of the system. It should thus
he noted that it might be possible t< make firm statements about the safety of the system even
though a process is judged to be associated with large uncertainties.

No efforts have been spent on the quantification of uncertainties or evaluation of uncertainties in
scenanos. Only the possible influence of scenarios on the expected behavior of the process system
as defined in Chapter 2 have been considered, and not uncertainties associated with the scenarios
themselves.

Uncertainties involved in the sequence of events and processes determining the release of
radiouuclides from the fuel matrix, the radionuclide transport through the engineered and natural
barriers and finally conditions determining the resulting dose to man have been studied. The report
anil the study have been divided into the traditionally adopted areas of interest. For these areas
different uncertainties such as. conceptual, modelling and parameter uncertainties have been
identified and compiled.

"Pie basis for the study is presented in Chapter 2. together with a brief introduction to the studied
areas and their interaction with each other are given.

In Chapter 3 uncertainties involved in the assessment of the physical and chemical condition and
radionuclide inventory of the spent fuel are presented.

In Chapter 4 uncertainties involved in the release of radionuclides from the near-field are
presented. Topics that have been studied are the canister life lime, the dissolution of the spent fuel
and the subsequent release of radionuclides from the near field.

In Chapter 5 uncertainties with respect to the groundwater flow system and its influence on the
radionuclide transport through the far field are presented. Phenomena such as sorption and colloid
transport are also treated here.

In Chapter 6 uncertainties involved in the biosphere modelling are presented e.g. the release of
radionuclides to the biosphere and the subsequent environmental dispersal, uptake of radionuclide
and dose to man.

Finally, in Chapter 7 the main identified uncertainties in the different areas are compiled and
summarized. An attempt has also been made to classify uncertainties and to give the relative
importance of different processes for the release of some specific radionuclides.



BASIS FOR THE STUDY

2.1 GENERAL

In this chapter the basis for this review of uncertainties involved in the assessment of
radiological consequences of disposal of spent fuel is presented.

Firstly, an overview is presented of the defined repository system and major processes
determining the eiease from the repository.

Secondly, the classification of uncertainties introduced in this study is presented, and some of
the mam categories of uncertainties are discussed together with brief descriptions of the methods
used for their evaluation. The Section is concluded with some comments on how the
classifications have been used in this report.

In the next chapters uncertainties identified in the different areas of the assessment system are
given and discussed in more detail. The uncertainties introduced by different scenarios is
commented. The uncertainty in the description of these alternative scenarios are. however, not
discussed in this studv.

2.2 DESCRIPTION OF THE REPOSITORY SYSTEM

This study is based on the Swedish design concept for disposal of spent nuclear fuel as described
in the KBS-3 study [KBS 3. 1983]. The conceptual layout of the repository system is given in
Figure 2.1. The evaluation of uncertainties has been divided into the following main areas of the
assessment system:

• Spent fuel
Near-field
Far-field
Biosphere.

Internationally, a number of different definitions of these areas exist. A general theme is that the
near-tield should be the repository and its immediate surroundings which are affected by the
repository, whereas the far-field is the part of the host rock which i< essentially undisturbed by
the repository. This general definition has been used in a loose way in this report although a
stringent use may result in that the whole host rock must be regarded as near-field in some
scenarios. Consequently, special attention has been paid to the near-field to far-field interface
and to the far-field to biosphere interface. In Figure 2.2 the interaction between the main areas
involved in the modelling for assessments of radiological consequences of spent nuclear fuel
disposal is indicated.

In the following sections a brief description of the major features of the spent fuel, the near-field,
the far-field and the biosphere is given. A short summary is also included of processes which
are thought to be of importance for the repository performance. The radionuclide release from
a repository will be determined by a combination of processes describing the base case scenario.



Figure 2.1 Conceptual layout of the repository system for spent fuel defined by (he
KBS-3 concept [KBS 3.1983]
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Figure 2.2 he interaction between the main areas involved in the modelling for
assessments of radiological consequences of spent nuclear fuel disposal



:.2.1 Spent fuel

Tiie nuclear power program forming the basis lor this study is the Swedish program
encompassing 9 BWRs and 3 PWRs in operation until the year 2010 \KBS 3. 1983]. The amount
of spent luel is given by the size o' the nuclear power program and the burnup of the fuel. The
radionuclide concentration in the spent fuel is determined by the initial fuel composition, the
lime for the disposal and the conditions for reactor operation. The radionuclide concentration in
the irradiated fuel is calculated by computer programs. These programs require as input a
description of the geometry of the reactor core, data on the initial fuel composition, data on the
nuclear properties and data on the fuel burnup.

In this report the term physical condition of the waste" means the availability of the
radionuclides for release to the groundwater subsequent to a failure ot a waste canister. This
could include many different items such as fracturing of the uranium dioxide pellets, distribution
of different radionuclides between lattice of the uranium dioxide and the grain boundaries, etc.
The physical condition of the waste is a function of the temperature history of the fuel. i.e. the
specific power and its variation in time and space.

2.2.2 Near-Held

The repository is located in deep Swedish granitic rock at approximately 500 meters depth. The
spent fuel is. alter a period of 40 years of intermediate storage, put into pre-fabricated copper
canisters and sealed by either of two methods: filling with lead and applying a welded lid of
copper, or by a sintering process in which powdered copper is treated by hot isostatic pressing.
The repository is accessed through vertical shafts connected to tunnels leading to the disposal
caverns. In the disposal caverns vertical holes are drilled at locations where no major fractures
are expected. The canisters are placed in these disposal holes and are held in place by a
surrounding highly compacted bentonite buffer material, see Figure 2.3. The excavated tunnels
and shafts are back-filled with different mixtures of clay materials and sand. Important features
of these materials are; to restore the mechanical stress of the rock by means of the swelling
pressure following water uptake, and to replace the excavated rock material with a material
which has at least as low hydraulic conductivity.

Canister lifetime

The release from the spent fuel must be initiated by a canister failure. The canister lifetime is
therefore essential in predictions of repository performance. Initial canister failure can be caused
by failures in manufacturing or handling of canisters, which have not been discovered in Uie
quality control program, e.g. poor welding. For an intact canister the lifetime will be determined
by the corrosion of the canister material or by mechanical disrupts caused by e.g. major faulting.

The copper canister is thermodynamically stable in pure water. However, the presence of certain
components, dissolved oxygen and sulfide. in the groundwater and buffer materials will enable
oxidation of the copper and induce corrosion. The expected lifetime of a copper canister with
a wall thickness of 100 mm is more than one million years. Mechanical failures of the copper
canisters at an early time are unlikely, although the failure of a few canisters cannot be
completely ruled out.
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Figure 2.3 A description of the emplaced copper canister in the disposal cavern
[KBS 3,1983]

Dissolution of fuel

Once the canister has failed, the spent fuel becomes exposed to the groundwater and dissolution
of the uranium matrix can start. For the major part of the radionuclides, the release into the
groundwater will be determined by the oxidation rate of the uranium dioxide matrix. The
oxidation of the uranium dioxide to hexavalent uranium compounds has been assumed to take
place by the formation of oxidizing substances formed by the radiolysis of water entering the
canister.

Some radionuclides, such as noble gases, cesium and iodine, may due to heat effects during
reactor operation be released from the fuel matrix and will collect in cracks in the fuel or in the
gap between the pellets and the cladding. Other radionuclides are enriched near the surface of
the uranium grains and thereby be more easily released.

Radionuclide transport in the near-field

The near-field barriers: the canister with its Tilling material, the bentonite buffer and the rock
close to the deposition holes, will determine the release to the flowing groundwater for most
radionuclides. The hydraulic conductivity of the bentonite buffer material is expected to be so
low that practically no water-flow is anticipated in the near-field. This means that diffusion will
be the predominant transport mechanism for the radionuclides in the bentonite. Many
radionuclides are sot bed onto the mineral surfaces of the buffer material and surrounding rock.
This mechanism will retard the transport, which may be significant for short-lived radionuclides.

An oxidized zone may form in the near-field due to radiolysis of groundwater. This will increase
the solubility of some redox sensitive radionuclides which thereby are more easily transported



i way trom the canister. When these oxidized species meet the reducing grnundwater. or other
redox tnilferine components in ihe near-tieid. the solubility will drop arid the radionuciides are
precipitated. Thus a moving redox tront is obtained in the near-field system.

The transport in the near-field may be affected by a number of processes. The formation of
precipitates, such as corrosion products and reprecipitation of uranium minerals, may reduce the
transport of radionuciides in the near-field. The presence of certain organic compounds in the
groundwater. e.g. humic acid, may influence both the solubility and the sorption of some
radionuclides. e.g. amencium. If the dissolved radionuciides form colloid species the sorption
properties may be different from those of the hydrolysed species, thereby increasing the mobile
fraction.

During the rarly limes the dissipation of heat from the repository due to the decay of
radionuciides needs to be considered. The bentonite buffer material is expected to be thermally
stable well above 100°C but will be altered by excessive heating. The heat production in the
canisters may also influence the mechanical stress in the rock by thermo-mechanical effects and
thereby affect the hydraulic situation around the repository.

Interface »ear-field/far-field

The exact location of the interlace between the near-field and the far-field is a matter of
definition. In the present study the near-field is assumed to comprise the engineered barriers
around the canister and the part of the rock which is directly influenced by the presence of the
repository.

At the near-field/far-field interface the water flow is influenced by mechanical decompression
of the rock due to repository excavation, thermal effects and thermo-mechanical effects. The
chemistry may be influenced by the redox front, if it moves out into the rock.

2.2J Far-field

(Jroundwater flow system

The primary transport process for radionuciides in the far-field is considered to be transport as
solutes in the flowing groundwater. i.e. adveclion. Thus a substantial effort has been made to
determine ihe hydrology in the bed rock, focussing on water flow rates and the nature of the
(low paths.

The repository is planned to be located away from large fracture zones. The rock between the
large fracture zones contains smaller fractures of which some are water bearing. Continuous
paths of flowing water may thus lead from the repository to the large fracture zones. Evidence
strongly indicate that the water flow in the rock is very heterogeneous, e.g. it may be
concentrated to only a few fractures. Also within these fractures the How is concentrated to
certain areas, channels. In 'he large fracture zones the wnter flow rate is higher, but the
variations in flow rate may be significant.

The main driving force for water flow is a difference in hydraulic head, largely determined by
the surface topography. Differences in water density due to gradients in temperature or salinity
may also be of some importance. During an initial phase the heat generated by the waste may
create a thermally induced flow. However, the heat generation will decline with time. The heat
from the waste will also generate mechanical stresses in the host rock, changing the aperture of
existing cracks or forming new cracks.



Radionuclide transport

Apart from advection with flowing groundwater. the radionuclide transport is affected by a
number of other processes, e.g. hydrodynamic dispersion, matrix diffusion, sorption OD fracture
coating material, and sorption in the rock matrix. These processes are to a large extent influenced
by the distribution of the How in the fractures. The fracture surface area in contact with the
mobile water has a profound influence on the matrix diffusion and sorption. while the dispersion
will be dependent on velocity distribution and the degree of corjiectivity between different flow
paths.

Sorption in the rock matrix is of great importance for the retardation of radionuclides in the
geosphere. Sorption is a common name for the effect of a number of physical and chemical
processes such as adsorption, ion exchange, etc. The sorption ability of a radionuclide will be
influenced by several factors, e.g. the redox conditions, chemical composition of the groundwater
and the nature of the rock surface. The long-term behavior of sorbed radionuclides and the
presence of natural complexing agents are other factors of importance for the sorption process.

The retardation of radionuclides may be less effective if they are present in colloidal form. In
describing this process the retardation of the colloidal particles themselves, by physical and
physico-chemical mechanisms, must be also be taken into account.

2.2.4 Biosphere

The radionuclides released from the far-field will eventually reach the biosphere where they can
become accessible to man. The aim of the biosphere modelling is to transform the release from
the geospherc into radiological dose to man. The primary recipients for radionuclides may be
wells, springs, surface water, soils, and sediments.

Radiological dose can arise from a number of different pathways which often interact, e.g.
ingestion of contaminated well water or contaminated food stuff, inhalation of dust, or external
exposure from contaminated sediments or soils. The doses are usually calculated for a number
of different populations, e.g. individual doses are calculated for members of a critical group, and
collective doses are calculated for the population in a given region or for the global population.

The very large size of the biosphere considered, particularly where regional or global collective
doses are to be the end point of the assessment, makes biosphere modelling very different to
modelling of Lhe near and far-fields in many respects. The large areas involved together with the
fact that the processes involved in the transfer of radionuclides in the biosphere are very complex
have led to the need for great simplifications in die assessment models used. The models used
for biosphere transport are different from those used in the near-field and far-field in that they
are compartmental models using transfer coefficients often empirically derived. The evolution
of the biosphere may give rise to additional modelling complications and will add to the
uncertainty of the results.

Several biosphere assessments have been carried out and a fairly standard methodology has
emerged. It is convenient to divide the biosphere into separate stages with respect to the way in
which it is usually modelled in waste-disposal assessments. These are:

the transfer over die interface between the geosphere and the biosphere
the transfer between physical compartments in the biosphere
the transfer in the foodctiains
the calculation of dose to man



I ̂ CERTAINTIES

The penormance of a radioactive waste repository' is affected by many complex physical and
chemical processes which act over very long time spans. In order to assess the performance of
;i repository, it is necessary to use mathematical models to quantify these processes. The use of
models 10 describe complex natural processes in mathematical terms are associated with
uncertainty. The term uncertainty can be interpreted as lack of knowledge, usually lack of
knowledee of the exact stale of the natural world.

2.3.1 Classification of uncertainties

In order to treat uncertainties consistently and to ensure comprehensiveness it is necessary to use
some kind of classification. This may also be a basis for subsequent attempts of comparing and
ranking of the uncertainties. Depending on the purpose of the study such classifications can
made from different perspectives.

The most well-known and straightforward classification is made from the perspective of the
<rigin of the uncertainties in the course of a performance assessment. The following classes of

uncertainties belong to this classification:

Scenario uncertainties, comprising the general uncertainty in predicting the future, even
from well known initial conditions. These uncertainties often relate to the large scale
development of. e.g., climate, plate tectonics and human civilization, and their impact is
especially important for the biosphere. As already stated in Chapter 1, scenario
uncertainties are outside the scope of this work.

Conceptual uncertainties, being due to both:
limited knowledge about the geological structures, on all scales, of a site for a
repository, ard
limited understanding of the processes governing evolution of the site and the
behavior of radionuclides in this evolving system.

Data or parameter uncertainties, comprising:
generic data, e.g. thermodynamic data applied for calculation of mineral stabilities
and elemental solubilities, and
site specific data, e.g. on hydraulic conductivities, distribution of minerals and rock
porosities:
errors in measurements and in selection of data:
limitations in the completeness, consistency and representativeness of data.

To this list of the more traditional classes of uncertainties should be added:

Model uncertainties, being due to:
approximations and simplifications made in transforming structural information into
a model:
limitations in (he understanding how different processes art together and how they
should be described in physical and mathematical terms.

In the judgment of the importance of different uncertainties it is important to know how they
relate to different time scales, e.g. on what time scales they should be considered. A performance
assessment is usually based on tbe present-day situation in what regards the events and processes
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accounted for. This perspective is complemented with predictions and descriptions of possible
consequences of long-term changes in the repository conditions, in this context

short-term uncertainties are influencing the present-dav situation or the period that can be
overviewed so that the behavior of the system can b* extrapolated with at least some
confidence:

long-term uncertainties are due to long-term changes in the repository conditions governed
by processes acting over very long lime periods or by events that are expected to >ccur
only in the very far future.

Yet another classification of uncertainties can be made according to what extent they may be
reduced in the near future. This reducibility of uncertainties is important for making priorities
and allocating resources for research and development, in general, short-term uncertainties are
more reducible than long-term uncertainties. Some uncertainties can be reduced already by
decisions about localization and design of the repository whereas others may be reduced by
additional measurements or development of better methods for experiments and site
investigations.

Finally, it may also be attempted to classify uncertainties according to their impact on the
performance assessment. Such a classification is only valid for a rather well-defined disposal
concept, e.g. a given design and geology. Although a quantitative estimate of the impact from
various uncertainties is generally made in performance assessments such an undertaking is far
beyond the scope of this work. On the other hand, the experiences and outcome of such
assessments, e.g. KBS-3. Projekt Gewähr. Project 90 etc [KBS. 1983: NAGRA, 1985: SKI, 1991],
constitute an important basis for this study. However, uncertainties are treated differently in a
performance assessment, according both to their importance ard their nature (see next section).
Thus, the different handling of uncertainties may be used to define a scale for the level of
uncertainty. (For further discussion of this concept see Chapter 7.)

To conclude, the following classifications of uncertainties have been identified:

according to their origin;
according to their time scales of importance;
according to reducibility;
according to their level.

2.3.2 Treatment of uncertainties in a performance assessment

A performance assessment is based on a quantitative evaluation of consequences considering
uncertainties in the calculated results. Methods must then be available both for estimation of the
input uncertainties, e.g. parameter distributions, and for calculation of the impact of uncertainties.
In cases when input uncertainties are very large, or when they can not be quantified, it is
necessary lo make pessimistic (or conservative) and bounding assumptions for modelling and
in choice of parameter values. This holds for uncertainties of all origins according to the
classification presented above.

A brief presentation is given below of how some kinds of uncertainties may be treated in a
performance assessment.
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' onceptual and modelling uncertainties

Uncertainties in the conceptual aspects of the system structure and the uncertainties involved in
selection of appropriate models are less readily quantified than are experiineuially or otherwise
determined model parameters.

One approach is to make calculations for the different alternative concepts and models, which
is part of the sensitivity analysis of a performance assessment. This will give little direct
information on the total global uncertainty in the results, however, since there are no obvious
means to weigh the outcome from the use of different models. There are two ways around this
problem, either to rely on expert judgment or consensus in choice of oniy one model, or to chose
the model giving the most pessimistic results.

Ii should be mentioned that considerable efforts have been made within the scientific community
to establish the validity of models, e.g. as shown by the international cooperative projects
INTRAVAL. for geospbere transport, and BIOMOVS for biosphere modelling. One important
conclusion from such studies is that it is difficult, if not impossible, to obtain validation in a
generic sense for a concept or a model. Only for a given repository concept, and even for a
given site, it may be possible to assure acceptable validation.

Data or parameter uncertainties

Techniques for analysis of uncertainties have been developed to address the problem with
inaccurate parameters, or even lack of sufficient data.

Data or parameter uncertainties can often be quantified on the basis of available information.
Even in cases where experimental or other evidence are insufficient or lacking there are hardly
ever instances where nothing at all is known about the possible ranges of parameter values.
Thus, there is normally a means of assigning some kind of probability or probability density
function to the parametei values. It should be recognized, however, that this probability density
is in many cases subjective. Techniques have even been designed to obtain probability densities
by structured questioning of groups of experts. Especially in such cases, the end result will still
only be an educated guess, a fact that lends to be forgotten when the parameter distributions are
employed in subsequent calculations.

For analysis of parameter uncertainties and how they contribute to the global uncertainty in
calculation of consequences probabilistic methods and computer codes have been developed \cf.
Davis et al.. 1990: Thompson et al., 1990]. Such methods are based on calculation of the
probability or probability density of a given model output from the probability densities of the
model parameters. This can normally only be done numerically. A common way is to use a
sampling scheme, such as random sampling (Monte Carlo) or some structured sampling scheme
(e.g. Latin Hypercube), to repeatedly calculate the model output with different sets of model
parameters. The probability of each of these realizations is then calculated from the probability
densities of the parameters and the realizations are arranged so that a probability distribution of
the model output is obtained.

Sensitivity analysis can also be applied in order to find out which parameter uncertainties that
contribute most to the overall uncertainty and it can be used both in deterministic calculations
or in connection with a probabilistic evaluation. In the latter case, when a sampling scheme has
been used for the uncertainty analysis it is fairly straight forward to apply regression analysis
to explore the sensitivities to the individual parameters. If the parameters are normalized, i.e. the
parameter values are divided by e.g. the mean or the standard deviation of the parameter
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distribution, the slope ot the regression curve can be used as a sensitivity coefficient. This type
of analysis will rapidly show the major contnbutions to the overall uncertainty.

2.33 The approach chosen for the present study

The aim of the present study has been to identify, classify and. when possible, rank the
uncertainties associated with the performance assessment of a repository for spent fuel.
Quantification of uncertainties has not been attempted. An additional objective of the study has
been to indicate which uncertainties may be reduced.

In the following Chapters 3 - 6 a description of processes affecting the repository performance
is provided for each of the main areas defined in Section 2.2. The uncertainties associated with
these processes are identified and discussed according to the classifications presented above, hi
this descriptive part it has not been found necessary or even feasible to strictly adhere the
identified uncertainties to one of these classifications. In most cases the classification according
to origin has been followed, but discussion of uncertainties in terms of the other schemes also
occur. For example, in Giapter 6 on the Biosphere it was felt necessary to discuss the some
uncertainties also in terms of time scales.

In Chapter 7. where the main identified uncertainties are compiled, a more systematic and strict
classification is attempted according to the principles given here.
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SPENT FUEL

3.1 GENERAL

The spent fuel consists of cylindrical pellets of uranium dioxide enclosed in cladding tubes made
of zircaioy. The cladding tubes with the pellets - the fuel rods - are bound together in a fuel
assembly. Radionuclides are generated by fission and neutron absorption in the uranium dioxide
tuel. and by neutron absorption in the metal pans of the fuel. The radionuclides created in the
uranium dioxide constitutes more (ban 99 % of the total radioactivity in the repository [KBS 3.
1983]. Therefore the following discussion will focus on these.

The waste inventory in a repository for spent nuclear fuel is described by three entities:

i» The amount of waste
ii) The radionuclide concentration and distribution in the waste, and
nit The physical and chemical properties of the waste.

The two first are reasonably well known or could be calculated from an assumed scenario for
how the reactors will be operated and available data with a fair precision. One exception is
neutron activation of poorly specified impurities in the fuel, which may form radionuclides that
are not predicted by the calculations. However, impurities at such low concentrations that they
arc not detected in the quality control program in the fuel fabrication, are unlikely to form
radionuclides in such amounts that they would pose a risk in the final disposal.

The future nuclide composition of the spent fuel could also change relative to current projections
if the operating mode for the reactors is changed. One such possible change would be the
introduction of Mixed Oxide (MOX) fuel or the use of recycled uranium from reprocessing
plants. Such changes in fueling practice have not been included in this study but could
significantly change the amounts of some radionuclides [Liljenzin, 1990].

The physical properties of the irradiated fuel and the distribution and chemical form of
radionuclides is considerably more difficult to prognosticate. The data available are mostly
empirical and there have been comparatively few efforts to translate these data into theoretical
models necessary to extrapolate tLj chemical and physical properties of the fuel.

3.2 AMOUNTS OF SPENT NUCLEAR FUEL

The amounts of spent nuclear fuel from a nuclear reactor program is well defined by the total
power output from the program, the bumup for the fuel and the fuel composition. The Swedish
reactor program presently (1990) consists of twelve reactors with a total power output of about
10 GW, corresponding to the annual generation of 67 TWh of electrical energy.

The Swedish reactor program consists of both light-waier BWRs and PWRs. They differ slightly
in the generation of nuclear waste. The luel in the PWRs is generally used to a higher specific
bumup. The amount of spent fuel is therefore less per kWh but this is compensated for by a
higher concentration of radionuclides. and the amount of transuranium elements per kWh is
larger. There has been a trend in recent years to increase the maximum burnup both for PWRs
and BWRs. Table 3-1 shows the projections for the burnup as given in the KBS 3 study [KBS
3,1983]. According SKBs more recent projections [SKB Plan 90,1990] the average burnup of
(he BWR fuel is 33 000 MWd per tonne uranium in 1990 and 38 000 MWd/tU after 1990. The
corresponding data for PWR fuel are 38 000 MWd/tU and 41 0 0 0 MWd/tU. Thus there has been
an increase in expected burnup from the 1983 projections to current expectations. In an
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niiepenilent study [Liiienzin. !^o\ :i maximum bumup 01 52 500 MWd/tU has been assumed
:or some BWRs and öl 700 MWd/tU tor some PWRs.

A comparison between the three quoted studies [KBS 3. I9H3: SKB Plan 90. 1990; Liiienzin.
1990) shows that if all 12 reactors arc operated to year 2010. the amounts of spent tuel
discharged from the reactors will be between about o 800 tonnes and 7 800 tonnes depending
largely on the assumptions made regarding the bumup. This indicates that the uncertainty
associated with the amounts of spent fuel is small for a given reactor operation scenario.

Table 3-1: Planned average bumup in Swedish reactors (MWd/tU)

Year of discharge BWR PWR

- 1985 30 000 34 000
1986 - 1990 32 000 38 000
1991 - 36 000 40 000

3.3 RADIONUCLIDE INVENTORY

During the irradiation of the fuel in the reactor, radionuclides are formed in two ways: nuclear
fission and neutron activation, hi the fission reaction neutrons which initially have a high energy
are formed. These are soon moderated" down to thermal energy through collisions with nuclei
in the fuel, in the construction material and in the moderator. The probability that a neutron is
taken up by a fissile nucleus followed by fission of the nucleus is much larger for thermal
neutrons than for fast neutrons. The neutrons migrate some distance from where they were
generated bjfore they are brought down to thermal energy and react with an atomic nucleus.

The radionuclide concentrations in the spent fuel is a function of the initial fuel composition, the
conditions in the reactor and the decay time subsequent to the discharge of the fuel from the
reactor. These parameters are all associated with uncertainties that affect the composition of the
spent fuel. An additional uncertainty is introduced through possible accuracy limitations in the
computer codes used for calculating the spent fuel composition.

The neutron migration and reaction calculations are quite straightforward. The theory behind the
processes is well founded and validated and the input data necessary are in most cases known
with a fair precision. Several computer programs have been devised to carry out such
calculations. They arc based on some different algorithms which have weakness and strengths
for calculation of different radionuciide concentrations in (he fuel. Usually the variations between
the programs are largest for the actinides formed by neutron absorption. In a benchmark exercise
the results from the codes CASMO. CASMO-EXT. BEGAFIP. ORIGEN and BURNUP were
compared [Liljenzin, 1990). For most of the actinides the calculated toncenira«ions were within
a couple of tens of percents. For a few short-lived actinides large deviations were obtained, e.g.
Am-242 a factor of 700 and for Am-241 a factor of four [Liiienzin.1990). A comparison between
the ORIGEN 2 code (which was used in KBS 3) and the CASMO code yielded deviations in
the same range [Edlund. 191J]. In a study initialized to support SKI's review of KBS 3 [SKI.
1984) the Swedish National Defense Research Institute judges the accuracy of the radionuclide
concentrations calculated with the ORIGEN 2 code to be 20-40 % for the actinides uranium-
curium and SO % for heavier actinides. The accuracy of the fission products concentrations is
judged to be 20-30 %.



iTie inventory 01 the iong-Jiveti radionuclides which are of interest lor the performance
issessmenls of repositories for hieh-level waste is a tuncuon of the burnup. The inventory of
iong-lived fission products can be shown to be approximately proportional to the buraup whereas
the actinides follow other functions of the burnup [Edlund. 1983]. In KBS 3. the spent fuel
composition was calculated assuming that all fuel was PWR-fuei with a buraup of 38 000
NfWd/tU. This gives an overestimation of the radionuclide inventory of 20% in comparison with
what would be using the data in Table 3-1 [KBS 3. 1983].

In order to give an accurate spent fuel composition the computer code requires a good enough
specification of the initial composition of the fuel. There are two groups of materials involved.
The fuel constituents and the fuel assembly construction materials such as cladding, spacers,
control rods and rods with burnable neutron poisons. In addition there may be impurities in the
fuel.

The main constituents of the fuel are the fissile components which are kept track of in the
Nuclear Safeguard" program and can be assumed to be well known. The construction materials

for the fuel assemblies and other core components are also known with a sufficient precision
either because of materials testing programs to guarantee the mechanical properties or to avoid
unintentional neutron poisons in the core. As mentioned earlier the radionuclides formed in the
construction materials have not been included in this study. One additional source of activation
products is paniculate impurities in the cooling water which are neutron activated and deposited
on the surfaces of the fuel elements. They pose a special problem as they are more easily
released than radioactivity deep inside corrosion resistant materials. The radionuclides in such
corrosion products are, however, mostly short-lived compared to the time scales of interest in
high-level waste disposal.

The trace elements in the fuel and other core components give comparatively low quantities of
activation products compared with the fission products, but some of the elements of the
activation products are from other parts of the periodic system with other chemical and
radiological properties so they could still pose significant new problems when released. There
are also examples when potentially significant radionuciides have appeared unexpectedly in the
spent fuel. The reason for their unexpectedness is that they originate from poorly defined and
specified impurities in the fuel. One example of such a radionuclide is "Cl which may be of
importance due to its long half-life and low sorption ability.

A radiologically significant radionuclide which may be of importance in some radionuclide
release scenarios is 14C. This is formed both by fission processes in which three nuclei fission
fragments are produced (ternary fission) and by neutron activation. The difficulty to estimate the
formation of I4C has been pointed out in tbe review of the KBS 3 study [SKI, 1984].

3.4 PHYSICAL CONDITION OF THE SPENT FUEL

The radionuclide release from the spent fuel will be dependent on the physical condition of the
pellets in the spent fuel (degree of cracking etc) and the distribution of radionuclides between
the uranium dioxide lattice, the grain boundaries, and the surfaces of the pellets.

The physical condition of the spent fuel is determined by the history of the waste, of main
importance is the conditions that have prevailed during operation of the reactor unit. The extreme
temperatures, temperature gradients and intense neutron radiation all contribute to both a change
of the physical properties of the core materials and a migration of certain radionuclides within
(he fuel. The effects have been studied both on a macroscopic and a microscopic scale but not
very many attempts have been made to generalize the results. Even less, there exists a solidly



toundeii tiieorv oi how to extrapolate the results of measurements to times and radiation levels
hitherto not reached.

Several processes may give a change in the physical condition of the fuel. Recrystallization of
the fuel matrix makes it less homogeneous and more brittle, possibly leading to a larger surface
tor attack of water. The recrystallization may also give a swelling of the fuel. Swelling may also
he caused by internal pressure buildup from helium and gaseous fission products. This swelling
could compromise both the integrity of the fuel cladding and as the gaseous products gather st
grain/crystal interfaces it may lead to fragmentation of the fuel.

The changes in fuel structure during reactor operation have been extensively studied, but there
are large uncertainties of how the structure will change in the long-term. These uncertainties are
of importance when extrapolating experimentally derived leaching rates. An increase in effective
area may increase the leiching of more easily solved radionuclides. Furthermore, the increase
of contact area between the uranium fuel and water will have an effect on the production of
oxidants through a-radiolysis.

During reactor operational, fission and activation products, either gaseous or with a high vapor
pressure at the prevailing temperatures, migrate towards the grain boundaries and the gap
between the fuel pellets and the cladding where they are more easily accessible for release.
Measurements indicate that the fraction cesium and iodine present in the gap is less than 10%.
but the chemical form is not very well known. Although the uncertainty in the fraction of
activity in the gap is relatively small it may be of importance since especially iodine present in
the gap often is among the niost significant radionuclides in safety assessments.

3.5 CONCLUSIONS

The uncertainties in the inventory can be assigned to the following general groups:

Uncertainties which will decrease when the final decisions are taken

All uncertainties associated with the reactor operation mode, i.e power rating and bumup of the
fuel, total energy generated possible uses of other types of fuel such as MOX fuel and fuel
containing recycled uranium will decrease. This means that the basic input for the calculation
of the amount of spent fuel and the radionuclide content in the spent fuel will be known with
a fair accuracy.

Conceptual uncertainties

The main area where there are conceptual uncertainties is in the description of the physical
condition of (he spent fuel and in the disuibution of radionuclides between the uranium dioxide
lattice, the grain boundaries and the outer surfaces of the fuel pellets. There is currently no good
model for extrapolating empirical data on the physical condition and radionuclide distribution
to the high power levels and burnups anticipated in the future.

Uncertainties in the mathematical model and data base

The accuracy of the calculated amounts of radionuclides have been judged to be 20 -40 % for
most of the radionuclides, with a larger deviations for a few short-lived actinides. This
uncertainty stems from a combination of approximations in the computer codes and data
uncertainties. As the most important nuclear data are well investigated and exposed to an
international reviewing process, (e.g. through OECD/NEA) the contribution from the data is
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probably the smaller contribution. The uncertainty associated with approximations in the codes
can be reduced significantly by performing exhaustive calculations with a code based on the
Monte Carlo method and an as complete description of the core physics as possible. Such codes
are. however, time consuming to run.

The occurrence of poorly specified impurities in the fuel is a source of uncertainty that might
be of importance. In particular, such impurities can give rise to unexpected radionuclides.
Although the likelihood of unknown impurities in the fuel is not zero, the probability of them
giving rise to radionuclides which would be of significance in the safety assessment is low.
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NEAR-FIELD

4.1 GENERAL

The major features of the near-field concept as described in [KBS-3. 1983] has been assumed
as the basis for this study. The repository is located in deep Swedish crystalline rock at 500 m
depth. The unprocessed spent nuclear fuel is contained in copper canisters, i.e. direct disposal
of spent fuel after about 40 years of intermediate storage. The canisters are placed in disposal
holes in the rock drilled where no major fractures are observable and surrounded by a highly
compacted bentonite clay buffer material. Also the access tunnels to the disposal holes are filled
with a low permeable clay material, e.g. 85%sand and 15% bentonite.

Different types of uncertainties related to the near-field performance are identified and discussed
with reference to a basic case. A schematic structure of the interactions between different areas
and processes is presented in Figure 4.1. Uncertainties in site location, repository design, canister
design and material, choice of buffer material etc. are all directly influenced by decisions taken
by man. These uncertainties will not be discussed to any depth in this chapter.
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Figure 4.1 The schematic structure of the interactions between different areas.

The different topics where uncertainties may occur are discussed in the foUowing sections
whenever applicable according to a tentative sequence of events which may lead to the release
of radionuclides from the near-field. The overall sequence can be described in the following
order:

near-field hydrology and its response to mechanical/thermo-mechanical effects (section 4.2)
stability of buffer material (section 4.3)
canister life-time (section 4.4)
radiolysis (section 4.5)
dissolution of fuel and radionuclide release (section 4.6)
redox front formation and propagation (section 4.7)
radionuclide transport in the near-field (section 4.8), influence on transport by:
dissolution of radionuclides at the redox front (section 4.9)
boundary conditions near-field/far-field (section 4.10).

No attempts are made in this report to study these topics in detail. This study should therefore
be regarded only as an inventory of possible uncertainties.



4.2 NEAR-FIELD HYDROLOGY. INFLUENCE OF MECHANICAL / THERMO-
MECHANICAL EFFECTS

4.2.1 Conceptual and modelling uncertainties

The presence of a repository cavern in the rock will influence the water flow in the rock. If the
caverns or the rock material around the caverns are more permeable than the rock, water flow
rates will increase near the caverns compared with the undisturbed rock. The flow inside the
caverns will most likely be very low due to the low permeable clay buffer. The excavation of
the caverns will influence the properties of the nearby rock. e.g. due to fracture formation. In
this section some implications of altered rock properties in the near-field for the water flow will
he discussed. The uncertainties related to water flow in fractured rock are treated in detail in
Crumer 5.

Mechanical effects

Excavation of repository caverns will give a decompression of the bed rock which may lead to:
widening of existing fractures, creation of new fractures, and increased water flow in the vicinity
of the repository. Theoretical studies have shown, that the direction of water flow versus the
direction of the tunnel axis is important for the water flow rates in the disturbed zone [Bengtsson
et al. 1991|. The low permeability of the clay Suffer will, however, restrict the water flow inside
the caverns to very small values.

Consideration must also be given to the possible creation of so called skin zones, which, as a
result of convergence of the rock near the cavern, could seal existing radial fractures close to the
excavations. This may reduce the water flow in the excavated tunnels, but may also produce
preferred flow paths for water if some fractures are not sufficiently sealed. Rock mechanic
models may give indications of the potential changes of the average fracture sizes due to
decompression of the rock around excavations.

Thermo-mechanical effects

In the same way as decompression of the rock due to excavation, the heat generation by
radioactive decay in the spent fuel may produce uneven thermal expansion of the nearby rock.
Such volume expansion may act to widen or close existing fractures. If the heat generation is
intensive it may also open up new connections between different fractures or else change the
transport routes in the nearby rock.

Thermal effects may therefore influence the rock and lead to changed wetted area of the fracture
surfaces due to opening or closing of fractures. This is important since it may influence the
sorption of radionuclides in the nearby rock.

Convection due to heat generation

Due to the heat generation from canisters thermal convection may increase the water flow rates
in the near-field. Thermal convection is caused by the density changes when water is heated. In
the WP-Cave study the thermally induced flow of water was estimated and it was concluded that
thermally induced flow could dominate the flow rate during the first 10000 years whereafter it
declines [Skagius and Svemar. 1989]. The thermal load is however higher in the WP-Cave
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concept, it thermal convection takes place this may increase the exchange of dissolved species.
i.e. corrodants and radionuclides. between the near-field and the ground water.

The uncertainties introduced by each of the mechanisms listed above are probably difficult to
estimate and to reduce. However, it is sometimes possible to estimate the overall effects on the
repository performance by scooping calculations bracketing the estimated consequences of these
uncertainties in total.

4.3 STABILITY OF BUFFER MATERIAL

4.3.1 Conceptual uncertainties

The buffer material should provide a mechanical suppot to keep the canisters in place at a
certain distance from the rock wall. The buffer should also absorb movements of the rock,
thereby, protecting the canisters from damage. The buffer should finally act as a hydraulic barrier
and reduce the flow of water near the canisters. A low water flow also restricts the supply of
rorrodants and chemical substances in the groundwater forming complexes with radioelements.
The stability of the buffer material is. therefore, an important factor to ensure that the canisters
remain intact over extended periods of time. Further, the buffer may act to restrict the water flow
in the near-field and the release rate of radioelements. Consequently, it is desirable to
demonstrate the long-term stability of the buffer material under repository conditions.

The dissipation of heat from the canisters will lead to a certain increase in the temperature of
the canister wall, the surrounding clay buffer material and the rock material. This temperature
rise is determined by the heat production in the spent fuel (which can be regarded as well known
since it can be measured before disposal), the heat conductivity of the canister (which is very
high), the heat conductivity of the clay buffer material (which is dependent on the water
content), the heat conductivity of the rock and by the distance between canisters in the
repository. It has been stated to be essential that excessive heating of the clay buffer material do
not take place since this may change the properties of the bentonite (KBS-3, 1983; Pusch and
Kamland, 1990]. During the early period, i.e. the very first years, die bentonite clay will be
fairly dry with low water content and reduced heat conductivity. As water is taken up the
swelling pressure will increase and establish a low hydraulic conductivity. Some uncertainty
remains regarding the ability of the bentonite buffer material to dissipate the heat generated
during this initial time without exceeding the desired maximum temperature of 100°C at the
surface of the canister. The water uptake close to the canister wall may also be influenced by
the beat generation. Once the bentonite has become waier saturated the heat conductivity is
expected to be high enough to dissipate the heat from the canister.

Inhomogeneities in the buffer material such as packing density variations, piping and erosion
may be important parameters for the ability of the buffer to restrict the water flow in the near-
field. It is. however, probable that the bentonite inhomogeneities are self-adjusted due to the high
swelling pressure. The piping and erosion of bentonite has been investigated by SKB. The results
indicate that predictions can be made by comparing the drag forces induced by the flowing water
with the forces acting between particles in the clay gel [Pusdt et at., 1987]. The results from
modelling and experimental work suggest that erosion is initiated at a water flow rate of about
1(T* m/s. It is not anticipated that such high water flow rates will be obtained in the rock. It may
need to be demonstrated that locally increased flow rates in fractures in a disturbed zone around
the repository caverns will not reach the critical water velocities.

The formation of solid corrosion products from canister may have implications on the function
of the barrier material. This effect is further discussed in Section 4.4.1.



in the SKI-SKB Scenario development project \Andersson cr at.. 1989} it was pointed out that
inloreseen changes ot ground water chemistry could result in degradation ot the bentonite
minerais. possibly leading to reduced swelling or cementa(ion with increased risk for channeling
(low around the canisters. The potential impact on the repository performance may be es(imated
by calculations.

The formation of the mineral beidellite and precipi(ation of silica has been reported as alteration
products from monlmorillonhe [Pusch and Kärnland. 1988a}. If potassium is present in
sufficient concentration hydrous mica will be formed. Simultaneous heating above 130°C will
lead to beidellizalion [Pusch and Kärnland. 1990]. The beideilization is accompanied by (he
precipitation ot silica under hydrothermai conditions. It has been reported that silica is
precipitated when heating bentonite at 150-200cC for one year \Pusch and Kärnland. 1988a].
In ground water with low salinity and at (emperatures below 130°C montmorillonite is very
stable [Pusch and Kärnland. 1990].

Natural evidence from the ben(oniie bed a( Hamra, presently si'uated at a depth of 515 meters
hut with a possible historical depth of more than 2000 meters, indicate thai montmorillonite has
been altered to a mixed layer system of hydrous mica/montmorillon»».? and pure neoformed illite
[Pusch and Kärnland, 1988b]. The investigation further indicates (hat cementation has not
occurred. This proposes that the illite was formed from the dissolution products of the
montmorillonite. The amount of illite formed has been interpreted by (he authors as an indication
ol a restricted dissolution of montmorillonite when heated under hydrotuermal conditions, with
an estimated temperature of 1 l(M20°C [Pusch and Kärnland. 1988b]. An attempt has also been
made (o model (he transformation of smectite to non-expanding minerals assuming the process
to have an Arrhenius-lype tempera(ure dependence [Pusch and Kärnland. 1988b]. It may be
appropriate to investigate whether the formation of layered structures are relevant for repository
conditions, and if so, its effect on the near-field hydraulic system.

4.4 CANISTER LIFE-TIME

The life-lime of (he canisters is of significant importance for the release of radionuclides from
the repository. As long as the canisters remain intact no radioactive material will be released
from the repository. Further, if the canisters can contain the radionuclides long enough, the
remaining amounts may decrease considerably due to radioactive decay. This is especially
important for short-lived radionuclides which are easily released from the spent fuel and with
low retardation in the near-field and the rock, e.g. MC. Other radionuclides. which have low
solubilities and are strongly retarded during transport by sorption, are not equally dependent on
the longevity of the canisters, e.g. plutonium, neptunium.

Two possible methods for encapsulation have been proposed [KBS-3, 1983]:
• lead filling with a welded copper lid on the canister
• hot isostatic pressing of copper powder producing a monolithic structure

Al the time of the KBS-3 study both encapsulation methods were considered and bo(h still
appear appropriate. In their review \SKl. 1984} pointed out that sufficiently detailed knowledge
was desired (o enable a choice between different copper qualities and different encapsulation
methods. At present date, also other encapsulation alternatives are considered by [SKB, 1S90],

4.4.1 Conceptual uncertainties

Two mechanisms could limit the canister life-time; corrosion and mechanical disrupts. Since the
general corrosion is extremely slow, only localized corrosion and mechanica disrupts could



possibly lead to an early penetration ot the canisters. Based on present day knowledge, corrosion
is not expected to be a risk dominant process for trie canister life-time in comparison with
mechanical disrupts. Corrosion and mechanical disrupts are in turn discussed in the following.

Corrosion

The copper canister will remain reasonably intact during very long lime periods due to the high
resistance to chemical attack from the ground water. Estimates show that the expected functional
life-time of an intact 100 mm canister wail is more than 1 million years for the anticipated
behavior in the ground water environment [KBS-3. 1983].

Copper is thermodynamically stable in pure water but tray corrode by the action of certain
dissolved species in ground water. The possibility for hydrogen evolving corrosion of copper in
water has been investigated, but as expected this effect '.vas ruled out [SKB, 1987]. The corrosion
of the copper canister will be largely controlled by the low permeability of the bentonite buffer
material which restricts the water How in the near-field and. thereby, limit the supply of
corrodants from the groundwater. The amount of corrodants in the ground water and in the
buffer material, mainly dissolved oxygen, sulfide and sulphate in combination with organic
material, will determine the life-time of the canister. Sulphate may be reduced to sulfide by
microbial activity, provided that a carbon source is available. It is expected that the available
carbon sources will limit the microbial activity, and it is unlikely that sulfide concentrations will
rise above those observed in the ground water. Under the assumption that S.6 mg of organic
matter gives rise to 1 mg S2', the potential oxidation of copper was estimated to 9.5 kg during
MO6 years exposure [The Swedish Corrosion Research Institute, 1983]. In connection with long
term extrapolations, the conceptual uncertainty with respect to the exact knowledge of the
chemistry and kinetics of corrosion reactions will always remain at a certain background level.

Some uncertainty remains regarding the possible localized corrosion of the copper which would
reduce the life-time compared with an even attack over the whole surface. Passivation of parts
of the metal surface, as well as inhomogeneities in the bentonite buffer material at the metal
surface may be important factors for development of localized (pitting) corrosion, hi KBS-3,
the localized corrosion rate was assumed to be between S and 25 times higher than the average
corrosion rate. [SKI, 1984] has given the comment that the lower value may be more relevant
for the long term assessment of the corrosion.

Penetration of different canisters will be distributed in tune. In KBS-3, penetration due to
corrosion has been assumed to start at 10s years and that more canisters are penetrated up to 106

years when all canisters are assumed to be penetrated. The uncertainty in these assumptions are
certainly very large and the assumptions are probably pessimistic. Attempted probabilistic
calculations indicate life-times of a 0.1 m copper canister wall to be in the range of 8-10s -
4.6-10" years [Nielsen and Videm, 1988 ]. Verification and validation aspects of probabilistic
modelling of canister failure is discussed by [Pigford and Chambré. 1987], who concludes that
predicting and validating failure distribution seems very difficult at present. A penetration before
10" years of the canister, e.g. dee to mechanical disrupts, is very important for radionuciides with
half-lives of up to about 10* years since decay is an important factor for the amount being
released from the repository.

Dissolution of copper from the canister wall could also produce precipitates of corrosion
products, e.g. copper oxides/hydroxides/sulfides. The volume of these precipitates are larger than
the volume of the corroded copper meaning that precipitation will take place against a
considerable swelling pressure from the buffer clay material, or could lead to partial blocking
of pores and small fractures in the surrounding rock. This could produce an impervious layer of
corrosion products which may influence the water flow in the near-field, the rate by which



•.MCtants are supplied trom the eround water to the corroding copper surtace. the corrosion rate.
.ind the transport away Irom trie corroomg surface of the corrosion products as well as of
iissoived radionuelides. In a safety analysts, however, it appears extremely difficult to reliably
account tor the effects of an impervious layer of corrosion products, irrespective its possible
importance.

Mechanical disrupts

Possible mechanical disrupts resulting from fabrication t residual stress, material defects,
weldings >. from external loads I lithostatic pressure, swelling pressure of clay buffer) and internal
pressurization (formation of helium due to alpha decay) have been investigated [KBS-3. 1983].
The potential for mechanical failure of the canisters will be minimized by means of extensive
quality control before emplacement in the repository. Some uncertainty will, however, remain
whether small defects not detectable in the manufacturing controls could influence the canister
life times. It was pointed out by [SKI. 1984] that environmentally induced fracture growth
resulting from the residual stress from fabrication cannot be completely ruled out. In more recent
studies SKB has investigated whether it is possible to produce hot isostatic pressed copper with
properties resembling those of pure oxygen free high conductivity (OFHC) copper. The results
are positive [Ekbom and Bogegård. 1989]. Further, it has been found that hot isostatic pressed
copper does not show any tendency to stress corrosion cracking [Ekbom and Bogegård. 1989].
In a study by [Farmer and McCriglu. 1989] ammonia in near neutral water was shown to
promote stress corrosion cracking of oxygen-free copper.

In SKI-SKB Scenario development project [Andersson et al., 1989] the effect of internal
corrosion of the canister was included due to the presence of certain compounds in the fuel. e.g.
bromine, but also remarks that the effects are easily estimated from the content of such
components in the fuel. This effect appears to be unimportant.

4.4.2 Model uncertainties

The estimated canister life-time has been based on simplified assumptions, such as mass-balance
with respect to corrodants and pitting factors. The simplified corrosion models do not account
tor influence of different chemical parameters, and do not consider the fate of reactants and
corrosion products. Long-term extrapolations of pitting corrosion based on pilling factors may
be difficult to validate. More realistic and detailed modelling including relevant transport
processes for reactants. estimated kinetic effects, and dissipation/precipitation of reaction
products could be applied to give an increased understanding of the relevant time scales.
Particularly the localized corrosion would benefit from increased understanding. The use of
thermodynamic computer programs as well as coupled chemistry and transport programs (both
types of programs are available) seems appropriate.

The consequences of distributed canister penetration times appears to be an excellent area for
probabilistic modelling. Perhaps this type of models also could be further developed and applied
to the estimation of mechanical disrupts and their frequency.

4.4.3 Data uncertainties

The uncertainty in the corrosion rates as well as other thermodynamic and kinetic data will
always be of importance since ''-ey influence the results directly. The extrapolation over
extremely long time periods further stresses the need for high quality data to be used in an
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analysis, or at least that the modeler should aim at getting a good grasp ot the effects of changes
in the data.

Precise data for the ground water composition and the amount of impurities in buffer materials
may be difficult to obtain. However, the amount of impurities in samples have been well
established. The amount of corrodants in the ground water is one of the major factors that
determine the time for canister penetration. Therefore reasonably well founded data, as well as
a range of natural variations in these data, are desired.

4.5 RADIOLYSIS

Radiolysis is of interest primarily because oxidants are formed which may react with the spent
uranium fuel, thereby successively converting the fuel matrix into an oxidized form which is
more soluble.

The amount of oxidants formed by radiolysis of the ground water is determined by the radiation
doses absorbed by the ground water (influenced by the contact surface between fuel and water)
and the net yield from various chemical reactions induced by the irradiation. The radiolysis will
decrease with time due to decay, and is approximately proportional to the alpha content.

The yield of oxidants is influenced by the composition of the ground water. Generally, the
presence of different species in ground water will result in increased recombination with reduced
radioiytic yield of oxidants as a consequence. The transport of hydrogen and hydrogen peroxide
are additional factors influencing the amount of oxidants formed by radiolysis.

In the KBS-3 study the production of oxidants (H,O:) has been assumed to take place in pure
water which can be expected to yield the theoretical maximum amount of oxidants, taking into
account also the time when the canister failure occurs. In a real system the yield of oxidants is
expected to be lower than in pure water due to an increased number of recombination reactions
between dissolved species (but this will partly be compensated if the contact surface between
spent fuel and water is enlarged compared with the fuel pellets). The oxidant production from
radiolysis by spent fuel was calculated by [Christensen and Bjergbakke, 1982] for different
chemical compositions of (he irradiated water in contact with the fuel. It was concluded that the
presence of dissolved iron acted as a trap for the oxidants resulting in a reduced net yield of
oxidants. Experiments performed by [Shoesmith et al, 1985] indicate that spent fuel oxidation
by H,O; is about 200 times faster than oxidation by O2. Both mechanisms are also reported to
be pH dependent.

Comparisons with the natural analogue in Oklo indicate that the radioiytic yield could be less
than one percent of the theoretical maximum value [KBS-3,1983].

The presence of different redox buffering substances may significantly influence the net-
oxidation of the uranium dioxide since the oxidants will partly be consumed by competing redox
reactions, e.g. oxidation of Cu from the canisters, and Fe(ll) dissolved in the ground water or
as solid compounds in the buffer material. This might delay or reduce the fuel dissolution
considerably.



4.6 DISSOLUTION AND RELEASE OF R ADIONUCLIDES FROM THE .PENT
FUEL

4.6.1 Conceptual uncertainties

Flie dissolution ot the uranium dioxide matrix determines not only the release of uranium itself
*ut also the release of other radionuciides contained in the uranium dioxide lattice. The first part
ot this section discusses uranium dissolution, whereas, dissolution and release of other
radionuciides are discussed in the second part.

Dissolution of uranium

Uranium leaching from the fuel has been studied in laboratory and low leach rates in the order
ot 510*—1-10"' d' have been reported [KBS-3.1983). The experiments also show that the redox
conditions are important. Reducing conditions give lower leach rates. In oxygen-free waters
uranium dioxide is stable and has a low solubility. The solubility of uranium is reported to be
three orders of magnitude lower under reducing conditions [Werme and Forsyth, 1989]. Studies
ot the dissolution kinetics of uranium dioxide for reducing conditions indicate the formation of
.in acidic surface complex between uranium dioxide and the hydrogen ion. the dissolution of
•vhich is promoted by hydroxide [Pcdersen. 1988]. No effect of carbonates on the rate of
uranium dioxide dissolution has been found [Pedersen. 1988]. If the fuel is exposed to oxidizing
conditions uranium dioxide is dissolved, but the leach mechanism is expected to comprise the
precipitation of oxidized uranium) VI)-minerals. This could have the effect that, although the
solubility of uranium itself is still a limiting factor for its release from the system, other
components of the fuel could be released from the uranium dioxide matrix [KBS-3, 1983].

A mechanism for the uranium leaching in oxidizing water has been described in [KBS-3,1983)
where the UO,(s) matrix is continuously converted into hexavaient uranium compounds which
are reprecipitated. This means that the uranium concentration increases due to oxidation, but also
that other radionuciides contained in the UO2(s) matrix can be released. Consequently, the leach
rate of uranium from the fuel may give misleading indications for the rate of conversion of
UO,(s) into hexavaient uranium compounds, and thereby, also for the rates of leaching of other
radionuciides incorporated in the UO,(s) matrix. Strontium has been given as an example of
radionuciides which can be expected to be evenly distributed in the UO,(s) matrix and to be
congrucntly dissolved with the conversion of the UO;(s). A comparison between the leach rates
for strontium from fuel in oxidizing and reducing waters shows a decreased leaching for
reducing conditions. This should also be expected if the leach mechanism described above is
relevant. The initial leach rate of strontium in oxidizing water is reported in the order of
1 10*7—?• 10"6 d1. whereas, in long-time experiments the strontium leach rates are approximately
1 % of the initial values [KBS-3, 1983). This indicates that strontium may at least temporarily
be leached at a higher rate than expected from uranium leach data when assuming congruent
dissolution of strontium. The uncertainties in the evaluation of the leach data may be reduced
to some extent by a more detailed modelling of the leach experiments. In a more recent study
[Forsyth et ai. 7956) the strontium leach rate was measured for extended leaching times to:
3-1O'7 d~' for oxidizing conditions, and HO'7 d~' for reducing conditions.

The conversion of uranium dioxide to hexavaient uranium compounds is dependent on the
supply of oxidants. Two potential sources of oxidants were identified in KBS-3; oxidants
dissolved in the ground water and oxidants formed by radiolysis of ground water. The oxidant
production by radiolysis was treated in Section 4.5 and will not be repeated here. The amount
of oxidants transported to the repository by the ground water can be expected to result in a very
limited uranium oxidation. The maximum amount of oxidants can be estimated from the content
in (he ground water, the groundwater flow rate and the rate of diffusion through the buffer
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material. The uncertainties in these estimates mainly concerns the groundwaier How rates and
the possible future changes in the eroundwater composition. A general comment is that the
amount of oxidants in the deep ground water can be expected to be very small, if at all present.
Hence, radiolysis can be expected to be the predominant source of oxidants.

Some radionuclides are expected to have low solubility also when the uranium in the spent fuel
has been converted to an oxidized form. The release of these radionuclides will remain !ow due
to a restricted solubility, even if the fuel conversion rate would be higher. Examples of these
radionuclides are plutonium, thorium and zirconium.

Within the WP-Cave project [Ska%ius and Svemar, 1989} the fuel oxidation rate 340 years after
discharge from the reactor was calculated to 8-1O"7 d1 by [Christensen and Bjergbakke, 1987]
assuming Uiat oxidation of UO,(s) is as effective as the oxidation of Fe2*. This value is higher
than those which have been observed in fuel corrosion tests under oxidizing conditions. Lacking
detailed data, a reduction of the assumed fuel oxidation rate to 5-10"6 a'1 (1.4107 d1) was
suggested [Skagius and Svemar, 1989].

The actual solubility of hexavalent uranium can be expected to be largely influenced by the
content of carbonates in the water contacted with the fuel. At high carbonate concentrations the
soluble uranium species is then UO2(CO,),4~ with uranium oxides, silicates or phosphates
assumed to be candidates as the solid phase [KBS-3, 1983]. In [SKI, 1984] it was pointed out
that the uranium concentrations determined in the leach tests do not correspond to the
theoretically expected values in a ground water. In the KBS-3 study it was discussed whether
this could be attributed to sorption phenomena, or to the fonnation of sparingly soluble uranate
phases. Calculations in which Na2U2O7(s) was assumed to be formed displayed solubilities of
the same order as the observed values. In support to this KBS-3 refeis to geological evidence
for surficial ground waters in which very low uranium concentrations have been found as a result
of the presence of low soluble hexavalent weathering products of uraninite. In the KBS-3 study
it was concluded that for such low uranium solubilities the fuel dissolution lime would be very
long, in the order of 10* years. Based on later research the solubility limiting solid phase is
expected to be schoepite, UO,-2H2O(s), but consideration is also given to the schoepite-
monohydrate, UO,H2O(s), and rutherfordine UO2CO,(s) [Puigdoménech and Bruno, 1988].
Oxidation of UO2(s) to schoepite is reported to comprise the formation of an intermediary solid
product, U3O7(s) [Grambow et al, 1990]. The solubility of UOJHJOCS) is reported to differ by
a factor of 20 between amorphous and crystalline form [Werme and Forsyth, 1989].

The content of carbonates in deep granitic ground water is expected to vary in the interval
90-275 mg/1, whereas a carbonate concentration of 273 mg/1 was assumed for the calculations
presented in KBS-3. It is important to notice that, apart from the rate by which carbonate is
supplied by the flowing ground water, the transport rate of carbonates in the buffer material may
be a limiting factor for the carbonate supply, as well as the transport rate across the interface
between fractures and buffer material. If the groundwater flow rate is low, the amount of
carbonates possibly dissolved from rock minerals, fracture filling materials and the buffer
material could be of some importance. The effect might be that the release of uranium follows
the rate by which carbonates are supplied, at least for high carbonate concentrations. At low
carbonate concentrations hydrolysed uranium species will dominate in solution. This topic is
discussed in further detail in Section 4.8.1.

Different silicate and phosphate phases may be worth further consideration as candidates as
solubility limiting solid phases for the hexavalent uranium. Especially silica will be present in
any ground water system.

The dissolution of some radionuclides (including uranium) from the fuel may be influenced by
kinetic effects. If this is the case the thermodynamic solubilities may never be reached. It was



pointed out hv \SKI. I^S4] that different kinetic effects couid play an important roie in the
-hemicai systems of interest, one exampie being the difference in solubility between freshly
precipitated solid phases tin the form 01 hydroxides) and dissolution of aged minerals (in the
form of oxides». The question arises whether the reprecipitation of uranium could exhibit such
features. A related question is if equilibrium or disequilibrium concentrations should be expected
at the redox front. Also the formation of complexes may be kmetically hindered. Kinetic effects
introduce uncertainties which are very difficult to assess.

An interesting question is whether the precipitation of solid corrosion products from the canister
or reprecipitating uranium minerals could form a surface coating on the fuel, thereby decreasing
or inhibiting the oxidation and dissolution of the fuel. It should be stressed that a distinction
must be made between effects of surface passivation and kinetic effects when extrapolating over
extended periods of time. However, in calculations it will be possible to treat the fuel dissolution
by bounding estimates, e.g. by assuming that the net-oxidation equals the peroxide formation by
radiolvsis.

Dissolution and release of other radionuciides

Apart from the dissolution of uranium also the chemical/physical form of other radioelements
in the fuel are of importance. Many radioelements form compounds of a suitable form to be
incorporated in the uranium dioxide matrix. It has been shown that precipitation of hexavalent
uranium minerals are accompanied by the coprecipitation of other radionuciides. especially other
actinides. This leads to a considerable immobilization of these radionuciides. Solid solutions are
formed, the dissolution of which can be expected to be determined by the conversion of the
uranium dioxide. However, also when the uranium dioxide has been converted and precipitated
as hexavalent minerals at the fuel surface, some of the radioelements forming the solid solutions
with uranium, e.g. plutonium and thorium, will still remain undissolved due to its low solubility.
Incongruent dissolution of plutonium in deionized water has been reported [Werme andForsyih,
1989).

Grain boundary release

Yet other radioelements can become enriched during reactor operation at the surfaces of the fuel
grains. Such radioelements may then be released from the fuel by selective leaching, i.e. by
incongruent dissolution. The release rates of some of these elements can be expected to be larger
than the fuel conversion rate. Some radioelements may also be contained in the gap between the
fuel matrix and the fuel cladding which may lead to a rapid release when exposed to water after
canister penetration. Consequently, the release mechanism will be different for different
radioelements depending on the way they were formed in the fuel and on their chemical form.

Selective leaching of the elements cesium, antimony, technetium and molybdenum from spent
fuel under reducing conditions has been interpreted as an indication of their presence in
inclusions, fuel cracks, fissures or at grain boundaries. Cesium has been found to have the same
release rate in oxidizing and reducing conditions [Werme ond Forsyth. I9S9]. The release
mechanism for strontium is not fully clear, although experimental investigations indicate a
congruent dissolution from the spent fuel. The release of strontium is slightly reduced for
reducing conditions, which would not be expected from chemical judgements. This indicates a
tendency to congruent dissolution of strontium. The leaching of antimony correlates neither with
uranium dissolution, nor with strontium releases. The authors interpret this as antimony is
released from isolated inclusions in (he fuel [Werme and Forsyth, 1989]. Technetium and
molybdenum showed weak response to the redox conditions. Authors interpret this as segregation
of these elements in the fuel [Werme and Forsyth, 1989].
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In summary n seems that some knowledge is still lacking regarding the leach mechanisms ot
different radioeiements from the spent tuel. indicating the need for continued research.

4.6-2 Model uncertainties

The evaluation of different leach experiments seem to lack some of the fundamental
understanding of (he mechanisms involved as mentioned above. However, the use of more
detailed models of generalized form. e.g. chemical equilibrium programs or coupled chemistry
and iransport programs, may be helpful in sorting out different mechanisms and thereby enable
a better judgement of important parameters governing the system. Modelling, as a part of the
evaluation, may also identify the need for measuring additional data, to be able to correctly
describe a complex system. Ideally such models should also include relevant kinetic data for the
studied system. This may, on the other hand, lead to models of overwhelming complexity, which
may increase the problem to interpret the results.

Modelling of the supply of oxidants to the fuel and possible interaction between oxidants and
materials acting as redox buffers in the repository may change the estimated fuel dissolution
rates. If the canister could act as a redox buffer, the rate of fuel dissolution could be significantly
lowered. The assumptions made in the modelling may significantly influence the obtained results.

4.6.3 Data uncertainties

The uncertainty in the thermodynamic data are of significant importance. The different types of
uncertainties introduced by the selection of data for calculations can be summarized in a number
of questions which may need consideration:
* Have sufficiently complete sets of data been selected? Missing or misused data may produce

misleading results.
* Are the data selected applicable for the environmental conditions considered?
* Will true equilibria be obtained in the system or will e.g. metastable phases determine

solubilities?
* Are kinetic effects known in sufficient detail for the studied system? Are kinetic data

available to correctly describe or at least indicate the importance of kinetic effects for the
studied system?

* Are extrapolations in temperature, ionic strength, redox conditions made with reliable
methods? Are sufficient data available to admit such extrapolations?

No attempts are made in this report to study these questions in detail. This study should
therefore be regarded only as an inventory of possible uncertainties.

4.7 REDOX FRONT FORMATION AND PROPAGATION

4.7.1 Conceptual uncertainties

The interface between the oxidized zone around the canisters and the reducing ground water is
denoted the redox front. The location of this redox front will vary with time, slowly spreading
radially outwards from the penetrated canister. The prerequisite for development of the oxidized
zone is the generation of oxidants by radiolysis at the fuel surface, and elsewhere where the
ionizing radiation is intensive enough to form appreciable amounts of oxidants.

The spreading of the oxidized zone is also determined by the amount of reduced (oxidizable)
material brought into contact with the oxidizing water. This redox buffering is obtained from
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reduced species, mainly Feilli. in the ground water emenne the near-tield. reduced materials in
Mie day buffer and in ihe surrounding rock and fracture filling materials. Investigations have
shown ihat only part ot (he divalent iron present in bentonite is accessible for reaction with
nxidants formed by radioiysis 15KB. 1988].

Not considered in K.BS-3. 1983 is the potentially very large redox buffering from the copper
canister itself if onJy a small part of the canister has been penetrated. The possible formation of
passivating precipitates which could cover the copper surface and thereby disable the redox
buffering capacity of the copper may w -d consideration if credit is to be taken in such
mechanisms. The same precaution is relevant for reducing compounds in the surrounding rock
and fracture filling materials which could be blocked, e.g. by the precipitation of uranium
minerals.

When the radionuclides and other compounds oxidized by radioiysis are transported away from
the fuel they will eventually meet the reducing ground water at some distance from the fuel
matrix. Many radioelements are less soluble in a reducing environment and may therefore, be
precipitated when contacted with the reducing ground water. The concentration in solution after
precipitation may differ from die therniodynamic equilibrium concentration if intermediary solid
phases with higher solubilities are formed, e.g. for kinetic reasons. Radionuclides which are
reduced when passing the redox front may possibly form colloids. Some radionuclides may also
be coprecipitated with the uranium) FV) or iron» HI) at the redox front. These processes may then
change the expected retardation o» the radionuclides at the redox front and influence the amounts
discharged into the geosphere.

4.7.2 Model uncertainties

Modelling of thermodynamic equilibrium systems are straight forward in the sense that solving
the equations are generally not a large problem. However, the interpretation of the conceptual
understanding of a system to the correct governing equations and compilation of a correct
assembly of thermodynamic data could also be a part of the modelling. In the latter process the
uncertainties are introduced by the modeler (and the experimentalist).

Development of models to study the sensitivity to changes in the assembly of thermodynamic
data may be a way of putting brackets on expected uncertainties.

Application of coupled chemistry and transport models to study the spreading of the redox front
and the processes occurring in the vicinity of the fuel and canister as well as at the redox front
may significantly contribute to the understanding of the processes governing the radionuclide
retention in the near-field.

4.8 TRANSPORT OF RELEASED RADIONUCLEDES IN THE NEAR-FIELD

This section describes some uncertainties related to transport ot radionuclides in the near-field.
Consideration is given to different factors that may influence the overall mass transfer rate in
the near-field. In this study, the influence of different geometries, such as axial and radial
diffusion around canisters, size of canister penetrations, interface between buffer material and
rock fractures, for the radionuclide release from the near-field has not been considered in detail.
This was. however, treated in recent studies by [Bengtsson et al, 1991: Widen et al, 1991;
Bengtsson and Widen. 1991]. In Figure 4.1 a tentative overview of different factors which may
influence the mass transfer rate in the near-field is outlined in graphical form.
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Figure 4.1 Overview of different factors which may influence the mass transfer rate in
the near-field.

4.8.1 Conceptual uncertainties

Major transport mechanism

Due to the low water flow rates expected in the buffer material the transport of radionuclides
will be governed by diffusion through the clay buffer. Hence advection and dispersion are not
considered to influence the radionuclide transport within the clay buffer.

The possibility of an inhomogeneous water flow through some parts of the repository near-field
may need to be high-lighted. Such a situation could perhaps occur if the clay buffer material
would fail due to local erosion, inhomogeneous packing, or if excessive healing by the fuel has
altered the properties of the clay in an unfavorable way. The possible increase of the water flow
rate in the vicinity of fractures may be of importance for the release of radionuclides.

Canister penetrations

The penetration of the canisters is likely to be quite local which means that the leached
radionuclides would have to be released through a small fraction of the total area of the canister.
This could reduce the release rate of (he radionuclides. Further, it is likely that not all canisters
will be penetrated at the same time which would tend to spread out the fuel dissolution in time.
In KBS-3, the canisters have been assumed to be penetrated over a time period between 103—106

years. The uncertainties with respect to this parameter could possibly be reduced by more
detailed modelling based on less pessimistic assumptions. However, it can be expected that the
reduction in uncertainty by such an approach would be less than the remaining uncertainty in



:;e :iciuai penetration limes. Hie effects on the resulting radionuclide releases by changed
ustnbutions in the penetration times couid be estunated bv means of parameter variations or by
neans of probabilistic approaches.

Canister filling and fuel claddings

The tact that the canister wall has been penetrated does not mean that the spent fuel is
immediately exposed to water lat least when canister penetration has occurred by corrosion). The
canister is filled with copper, lead or other material, to form a monolith. This means that the
tilling material will constitute at least a substantial resistance for mass transport by reducing the
surface area of the spent fuel which is exposed to leaching by water. The canister filling may
also temporarily give full protection of the spent fuel. In addition, the fuel claddings will offer
a certain protection of the spent fuel from direct contact with water. Afier water has penetrated
the fuel claddings they will restrict the surface area of the spent fuel exposed to water.

Clay buffer, oxidized zone

The precipitated hexavalent uranium compounds can be redissolved and be transported by
diffusion in the clay buffer through the oxidized zone around the canister. As the dissolved
uranyl species reach the boundary of the oxidized zone, uranium will interact with reduced iron.
FetllK and precipitate as uranium)IV). The redox buffering capacity of the nearby rock and the
groundwater are important factors whicb may be difficult to determine under repository
conditions.

For high carbonate concentrations in the groundwater uranyl carbonate complexes will dominate
in solution, whereas for low carbonate concentrations hydrolysed uranyl compounds will be
predominant. In the former case, carbonate will be released when the uranium is reduced and
precipitated as uranium(lV) at the redox front. As a consequence, an almost stationary carbonate
concentration profile will be established with a maximum concentration corresponding to the
groundwater composition at the location of the advancing redox front. This mechanism may also
influence the pH locally. It is presently not known if this mechanism could influence the supply
of carbonate for uranium dissolution.

The possible formation of a dense layer of corrosion products could significantly uuluence
(reduce* the rate by which radionuclides (after penetration of the canister) are released from the
repository. This effect has been disregarded in KBS-3. since it has been judged to be difficult
to provide relevant information on the transport properties. It is concluded, however, that the
possible corrosion products are highly insoluble and will remain near the location at which they
are formed (around the canister) and that their densities are lower than the density of the
corroding copper. As a result a volume expansion of 50-100% can be expected. Since this
expansion will take place against the high swelling pressure of the clay buffer material the
resulting layer of corrosion products may become very impervious and offer a high resistance
to water and radionuclide transport. This has not been credited in previous performance
assessment studies.

The redistribution of large amounts of uranium and other radioelements inside the near-field may
block the available pores and hinder the subsequent diffusion of radionuclides through the near-
field barriers and in the nearby rock. A related question is whether precipitated solid phases
could passivate the uranium fuel matrix from further oxidation by blocking the fuel surface.

When the radionuclides reach the boundary between the clay buffer and the fractured rock, i.e.
when the radionuclides are discharged from the diffusion controlled region in the clay into the



.idvecuon-dispersion controlled region in the rock, an other type ot uncertainty arises hum the
unknown geometry and transport capacity of the rock fractures.

The influence of thermal gradients on the transport of radionuclides has not been considered in
KBS-3. Such phenomena have been studied [de Marsily et al. 1987] and it has been
demonstrated that coupled thermo-chemical processes could be appropriate additional factors to
he considered for the transport of radionuclides in the near-field, as well as for the corrosion of
canister materials. This particularly applies for the early time when heat generation is still
significant. It has also been found from natural analogue studies that so called
thermogravnational diffusion may be the cause of formation of mineral deposits in geologic
media over time periods of 103—10° years, which could be an applicable lime scale for a
repository. It should be noted that thermally induced effects could either add to the diffusion rate
or counter-act the diffusion process. However, the data given by [de Marsily etal. 1987] indicate
that both uranium and copper could have an increased transport rate from the warm area (near
the canister) to the cold area (the surrounding rock).

Gas formation and subsequent dissipation from the canister may need to be discussed for
scenario cases where early canister failure could resuit in increased hydrogen formation by
radiolysis of water. Gas formation may possibly lead to partial displacement of contaminated
pore water from the buffer material and rock fractures in the near-field.

Colloids

The formation of colloidal aggregates of radioelements, or colloidal particles from the clay buffer
and from the corrosion products (copper etc.) onto which radionuciides may sorb, could be an
important mechanism for radionuclide transport in the near-field as well as in the far-field. The
mobility of such particles may be different from the dissolved radionuclides. In unfavorable
cases the colloids may be transported at a higher rate than the dissolved radionuclides, e.g. due
to low sorption. On the other hand, if the radionuclides are strongly attached to the colloidal
particle and the colloidal particle is adsorbed or physically hindered in some other way, e.g. by
some filtering effect, the carried radionuclides may be immobilized.

4.8.2 Model uncertainties

Major mass transfer mechanism

The first question which arises is whether diffusion will always be the predominant mass transfer
mechanism in the near-field. Diffusion is the governing process judging from measured
properties for the buffer clay, but for instance if the buffer material is subjected to structural
changes, e.g. by heating, piping phenomena or erosion, advection-dispersion may need to be
considered.

The very complex chemical processes occurring in the near-field of the repository can only for
simplified analyses be treated by common diffusion theory. To make better founded predictions
the coupled chemical and transport processes must be appropriately modelled. Such studies
would probably benefit from including also thermal effects on water and solute transport.

In KBS-3 (he copper filling and fuel claddings have not been accounted for when estimating the
penetration times which may underestimate time during which the fuel is protected from the
action of ground water.



Ii has been assumed in KBS-? (hat when penetration of the canisters has occurred the fuel is
completely exposed to ihe ground water. The size of the penetrations is not considered but it is
reasonable to expert that, at least if localized corrosion is considered, only a small part of the
c mister wall is actually penetrated. This could influence the rate of fuel dissolution and the rate
ol transport from the canister.

Treatment of radionuclide decay chains need consideration in the modelling since daughter
nuclides may have chemical properties different from the mother nuclide. This is particularly
important if decay chains are to be included in modelling of coupled processes and in systems
with redox sensitive sorption.

Film resistance models commonly used to describe the interface to the far-field, need the supply
of representative dala describing geometries, water flow rates in the near-field including the
disturbed zone. To set up such models requires a good conceptual understanding of the behavior
of the real system as a whole.

Sorption

Many dissolved radioelements will interact with solid surfaces, this is generally referred to as
sorption. In safety studies the sorpuon processes are approximated by a linear sorption isotherm.
i.e. the amount sorbed is a linear function of the concentration in solution, the so called Kd-
concept. The validity of the ^-concept has been the subject of much debate during recent years,
hut possible criticism regarding the simplifications in the actual mechanisms has so far been
dealt with by assuming pessimistic data (for example in \KBS-3,1983]).

Different kinds of sorption has been identified for different radioelements and different chemical
conditions [KBS-3. 1983]:

physical adsorption, non-specific forces acting on the different species in solution regardless
of species concentration and mineralogy, fast and reversible
electrostatic interaction, attraction between charged species in solution and mineral surfaces
of opposite sign, ion-exchange processes is the most typical example, concentration
dependent, stronger attraction of species with higher charge, dependent on ionic strength in
the solution, dependent on the mineralogy, reversible
chemisorption, specific chemical interaction, concentration dependent, temperature
dependent, slow, partially irreversible
substitution, exchange of species in solution for corresponding elements in the mineral
phases, concentration dependent, slow, partially irreversible
precipitation (treated elsewhere)

The sorption processes may be significantly influenced by different environmental conditions,
e.g. pH. ionic strength, concentration and speciation of radionuclides. organic ligands. mineral
composition, temperature etc. In KBS-3, a number of sorption experiments are presented, which
forms the basis for selection of the data used in the calculations.

Since sorption processes are of such vital importance for the retardation of radionuclides it would
be comforting to have a well founded fundamental understanding of the actual processes
governing the sorption of the different radioelements, presently usually lumped together as a Kd-
value. Development of models that account for a detailed interaction between different solute
species and solid phases may prove a useful tool for predicting the retention of radionuclides in
Ihe near-field. Such efforts have been made in recent years, e.g. the development of surface
complexation models, but so far a complete understanding has not been reached.
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Sorpnon m the oxidized zone

An important topic is the change ot sorption behavior for different radionuclides when moving
trom an oxidizing zone to a reducing zone, hi connection with this a distinction must also be
made between changes in sorption behavior and changed solubility.

The formatton of new solid surfaces e.g. the precipitation of uranium and other radioelements
or corrosion products from the canister may influence the average sorption characteristics of the
buffer c lav and the nearbv rock. This effect has scarcely been studied.

4.9 DISSOLUTION OF RADIONUCLIDES AT THE REDOX FRONT

When radionuciides meet the reducing ground water, either in the clay buffer or in the nearby
rock, many radionuclides will be reduced and precipitate as different mineral phases. This is
caused by the lower solubility of many chemical elements in a reducing environment. However,
some of the radionuclides may also be co-precipitated e.g with the precipitation or uranium
dioxide.

The precipitation of redox sensitive radionuclides at die redox front may for some conditions
produce colloids which could display transport properties different from those of dissolved
substances.

The dissipation of radionuclides from the near-field may be estimated from the amount of water
passing through the near-field and the solubility of the radionuclides. The amount of water is
determined by the water flow rate and the cross-sectional area collecting the groundwater. In turn
this cross-sectional area is determined by the advancing redox front since dissolution can be
expected to occur just outside the oxidized zone around the canister. Now, if the redox front is
not sharp, the cross-sectional area may be considerably increased, meaning that the amount of
water to be accounted for is also increased. However, observations at the natural analogue at
Pocos de Caldas indicate that very sharp fronts are actually to be expected [McKenzie et al..
1990]. The effects of a disturbed zone around the repository caverns must be considered when
estimating the water flow rates. The unknown geometry of the nearby rock and its fracture
system makes an assessment of the degree of homogeneity of the water flow uncertain.

It is important to notice that the radionuclides will be present in a reduced and low soluble form
just outside the redox front. The thermodynamic solubility under reducing conditions would then
constitute the boundary concentration for release into the reducing groundwater of the
surrounding rock. In the case of uranium the solubility will be limited by uranium dioxide. An
interesting notation is that in Sweden, deep groundwaters in granitic rock not seldom have a
natural uranium concentration close to saturation with uranium dioxide. If this is the case, hardly
any uranium could actually be dissolved by the groundwater. The possible occurrence of
different completing agents in the ground water may change this. e.g. humic substances, but
judging from present day observations this would not be a significant effect.

A critical question is whether a thermodynamical equilibrium system is obtained at the redox
front. If radionuclides remain in a state of supersaturation alter they have passed over the redox
front, the release from the repository would increase compared to estimates based on
thermodynamic equilibria. The opposite would be the case if the groundwater which passes by
the redox front does not become saturated with radionuclides.

At repository scale an additional uncertainty adds on due to the fact that ground water may pass
more than one canister on its way through the repository area. Due to the preferred flow along
the caverns in the disturbed zones there is an increased chance for the water to pa3s by several



ministers on its way through the repository area. This may have the effect that dissolution
equilibrium can be reached already during passage of the first canister. If so. the dissolution from
the following canisters may be significantly reduced. This example stresses the importance of
assessing the total amount of ground water which passes through the repository near-field taking
into account the full scale water How situation in the rock and disturbed zones.

4.10 BOUNDARY CONDITIONS NEAR-FIELD/FAR-FIELD

Ideally there should be no need for special treatment of the interface between near-field and far-
iield models. The general rule should be that the boundary conditions used in ihe two models
should be the same. This can only be accomplished by using well defined and consistent data
sets for the whole sequence of calculations in the safety assessment studies. However, the
geometry of the near-field may be too complicated to fit into the far-field model and certain
actions may need to be taken.

The first parameter that needs to be considered is the exact location of the interface, i.e. which
are the geometrical extensions of the near-field and the far-field models. This means that the
near-field model and the far-field model should have a common interface, where the boundary
conditions are compatible.

The second key parameter is to determine the relevant amount of water which enters and leaves
the repository near-field. The same amount of water should also go into the far-field model.
Treatment of possible thermal convection cells around the repository due to heat generation in
spent fuel may also need consideration. The second issue should also define how the spreading
of the redox front should be reflected in the assumed water flow collecting dissolved
radionucudes from the near-field (the amount of water increases with increased radius of the
redox front). This problem may be circumvented by including a sufficient volume of rock in the
near-field model which, however, introduces additional complexity in the model.

The third issue which needs to be resolved is the behavior of radioelements when they leave the
diffusion controlled buffer material and enter the advection dispersion controlled fractured rock.
Assumptions for the near-field model and (he far-field model should be consistent.

4.11 CONCLUSIONS

Some uncertainties identified for the near-field are summarized below. The uncertainties are
discussed in a sequence following the hypothetical fate of a canister and its contained
radionuclides in the repository environment. A short summary of identified uncertainties in the
near-field is given in Table 4.1.

The water flow through the near-field will be influenced by the geometry of the rock and rock
fractures. The geometrical description of the rock and the understanding of its hydraulic
properties will not be complete, judging from present day knowledge. Further, the impact of
different mechanical and thermo-mechanical effects on the rock adjacent to the repository
caverns will contribute additional uncertainties. The effects of these uncertainties can probably
be estimated by bounding calculations.

The buffer material will act as a hydraulic barrier around the canisters. Due to its plasticity the
clay also supplies a certain mechanical protection of the canisters from rock movements. Heating
from spent fuel in the canisters or changes of the geochemical conditions in the rock may
possibly change the properties of the clay buffer. The rate of these changes are not known in
detail, although some efforts are made to investigate the involved processes. The clay buffer will



reduce the risk lor certain tvpes ol mechanical disrupts ot ihe canisters although the risk lor
.>iher types ot mechanical failure will remain with varying likelihood, e.g. trom manufacturing
etc. Inhomogeneities in the clay buffer mav possibly increase the risk for localized corrosion of
the canisters. The extent of localized corrosion is difficult to assess, and may lead to unrealistic
estimates for the canisters.

The canister life-time, whether determined by the rate of localized corrosion or by mechanical
disrupts will be of large importance lor short-lived radionuclides (due to the beneficial effect of
radioactive oecay for these radionuclides). In addition, the time distribution of the failure of
different canisters may be a critical parameter for some of the radionuclides that are rapidly
leached from the spent fuel after the canister penetration. For radionuclides that are less readily
available the distribution of the canister penetration time is less critical.

The convergence of groundwater flow into a disturbed zone around the repository caverns may
locally result in high water flow rates. It is not known if local erosion of the clay buffer could
become a relevant process in this situation.

Once water penetrates the canisters, radiolysis of the water will produce oxidants which will
gradually oxidize the uranium fuel matrix. The rate of oxidant formation is connected with a
certain degree of uncertainty. Further, the fate of the oxidants formed are not fully clear.
Oxidants may react with the spent fuel, with the copper canisters or with compounds in the clay
buffer or ground water. The oxidation of the fuel will result in an increased solubility of the
uranium. Radionuclides contained in the uranium dioxide lattice will potentially be mobilized
when tiie uranium i.s oxidized.

The leaching of spent fuel has been studied for some radioeiements but it seems that a complete
understanding of all relevant processes and parameters has not yet been obtained. The system
is rather complex. Some radioeiements are contained in the fuel matrix; some are enriched in
fissures, at fuel grain boundaries or in the gap between fuel grains: and yet other elements are
trapped in isolated inclusions in the fuel. The solubility of different radioeiements may also be
influenced by the supply of different completing species from the ground water, e.g. carbonate.

Radioeiements dissolved from the spent fuel will diffuse outwards through the surrounding
buffer material. The diffusion rate in the buffer material may be considered reasonably well
known.

Close to the canisters an oxidized zone may be formed due to the radiolysis and spreading of
oxidized uranium. When the oxidized material meets reduced material in the ground water
uranium will be precipitated as uranium dioxide. This will form a more or less sharp boundary
between the oxidized zone and the reducing groundwater, a so called redox front. As uranium
is precipitated also a number of other radioeiements may be coprecipitated. The exact extent to
which different radioeiements are coprecipitated has not been established. Further, kinetic factors
may result in a less definite boundary between oxidized anr* reduced zones. This could mean that
a larger zone than expected becomes influenced by oxidation. On the other hand, the presence
of different redox buffering substances in the buffer clay and the nearby rock. e.g. precipitated
ferrous iron or the canister, would dramatically retard the propagation of the oxidized zone.
Uncertainties in the exact behavior or the redox front and redox sensitive radioeiements must be
considered fairly large. It is however, anticipated that calculations based on conservative
estimates can put brackets on the possible impact of these uncertainties for the repository
performance.

When the radionuclides reach the boundary between the clay buffer and the fractured rock, i.e.
when (he radionuclides are discharged from the diffusion controlled region in the clay into the
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idvecuon-dispersion controlled region in the rock, another type ot uncertainty arises from the
unknown geometry and transport capacity of the rock fractures.

The solubilities of radionuclides in the groundwater passing through the redox front into the
reducing zone will determine the actual discharge from the near-field. These solubilities may be
difficult to calculate realistically since the actual chemical environment is unknown and difficult
to observe without disturbing the natural system. Studies of natural analogues may be a way of
increasing the knowledge and thereby reduce some of the uncertainties.

At the redox front so called auto-oxidation of radioelements due to irradiation caused by decay
of other radionuclides may need consideration. Alpha-recoil may possibly influence the retention
of some radionuclides. It is. however, not known if these effects could significantly influence
the radionuclide release.

Radioelements can be transported in the form of colloids. Colloids can be formed as weathering
products from clay or rock minerals but may also be formed due to chemical
aggregation/precipitation from saturated solutions. The latter process has increased probability
to occur when saturated solutions are exposed to different types of chemical gradients, e.g. when
saturated solution from the oxidized zone reaches the redox gradient at the redox front. It must
be stressed that the formation of radiocolioids do not necessarily mean an increased mobility of
the radioelements since sorption and other processes may immobilize the radiocolioids. The
formation of radiocoltoids and their behavior in the repository environment can be essential for
ihe performance assessment studies.



Table 4.1 Summary 01 uncertainties in the near-field.

uncertainties which will be reduced when final decisions have been taken:
location (depth, type of rock, water flow rates)
design (repository lay-out, canister design etc.)
canister material (copper, lead, steel etc.)
buffer material (bentonite. sand/bentonite. concrete etc.)

conceptual uncertainties:
canister corrosion (mechanisms correctly understood?, extent of localized corrosion)
evolution of ground water chemistry with time
fuel dissolution (correct interpretation of experimental data?)
sorption (are the sorption mechanisms known to sufficient detail?)
kinetic effects (fuel dissolution, sorption, precipitation)
water uptake in buffer material (swelling, capillary effects, effects of heat generation)
will the canister material act as a redox buffer for oxidized species dissolved from the fuel?
mechanical effects from the excavation of the repository (decompression, skin zones)
thermal effects (thenno-mechanical effects on the rock and hydraulics, convection)

uncertainties in mathematical/numerical models:
are me processes correctly interpreted
are the simplifications introduced allowed for the anticipated use of the model (or just lor
special cases?)
are the correct equations set up for the processes
are the boundary conditions correctly defined
are the equations solved in a correct way

uncertainties in data for the models
thermodynamic data for the fuel dissolution
kinetic data for the canister corrosion
ground water flow rates
chemical composition for the ground water
chemical characterization of buffer material and bed rock
rock mechanical data
thcrmo-mechanical data for the rock
temperature effects on the buffer material
diffusion data (buffer material, corrosion products from canister material, precipitates from
oxidized fuel, rock fractures, rock matrix)
redox capacity (buffer material, canister material, bed rock, fracture filling material in rock.
ground water entering the near-field)
formation rate of oxidizing substances due to radiolysis (H2O2, O2)
extent of localized corrosion of canisters
distribution of penetration time for different canisters
leach rates of different radioelements from the fuel
sorption data (buffer material, corrosion products trom canister material, precipitates from
oxidized fuel, rock fracture filling material, rock matrix)



FAR-FIELD

5.1 GENERAL

This chapter treats uncertainties connected to far-field processes, including hydrology as well as
various migration processes. These processes will interact with processes in the near-field and in
the biosphere in several ways. A schematic structure of these interactions is shown in Figure 1. The
water flow in the far-field is of importance for transport processes both in the near-field and in the
far-field. In Section 5.2 the uncertainties in assessing the water flow in the rock are described with
the main emphasis on their effect on the far-field transport. The influence of uncertainties in the
hydrology on the near-field is treated in Section 4.2. In this section are also treated the various
effects that the presence of the repository may have on the water flow in the rock, e.g. thermal or
mechanical effects.

NEAR-FIELD

\
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HYDROLOGY
-i.irimnu water [low
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Figure 5.1 The schematic structure of the interactions between different areas.

The release of radionuciides from the near-field will constitute the source term to the far-field
transport. The interface is chosen to be located in the rock surrounding the deposition hole. The
complex redox reactions occurring are treated in the chapter covering the near-field. Chapter 4.
Thus, the interface is here defined to be at the position of the redox front in the rock, not at an
exact distance from the deposition hole.

The migration processes for radionuciides in the far-field are treated in Section 5.3. The primary
process is considered to be transport as solutes in the flowing groundwater, advection. Thus much
effort has been spent to study the hydrology in the bed rock. The migration is also affected by a
number of other processes, such as hydrodynamic dispersion, matrix diffusion, sorption on fracture
coating material, and sorption in the rock matrix. Fast transport of radionuciides could occur if they
are present in paniculate or colloidal form.
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The release 01 radionuclides irom the tar-tield will in turn constitute the source term to the
biosphere, which will be treated in the subsequent chapter. Also here it is difficult to provide a
definition of the interface. The special uncertainties related to understanding this interlace are
treated in Section b.2.

5.2 HYDROLOGY

In the K.BS-3 co:. ept the spent nuclear fuel repository is located deep in the crystalline bed rock
away from large fracture zones. Also the rock between the large fracture zones contains smaller
fractures of which some are water bearing. Continuous paths of flowing water may thus lead from
the repository to larger fracture zones and from there flow to the surface and mix with surficial
groundwater.

The hydrological conditions in the rock have of course a direct influence on the transport of
radionuclides with the flowing groundwater (advection). but they will also affect other migration
processes. A summary of entities found to be important for the radionuclide transport is given
below:

The water flow rate has a ven large influence on both the near-field processes and on the
transport of radionuciides in the far-field.

The water velocity has a great importance for the transport of non-sorbing nuclides.

The travel path length for the radionuclides in the geospbere will have an equally gTeat
influence on the far-field migration as the water flow rate, but is in general better known.

The nature of the flow paths determines the water velocity distribution in the rock and the
degree of connectivity between the individual flow paths. This will in turn determine the
radionuclide dispersion.

The interface flowing water-rock will be of very great importance for retarding processes
such as matrix diffusion and sorption.

5.2.1 Conceptual uncertainties

The main driving forces for water flow are the difference in hydraulic head, largely determined by
the surface topography, and to less extent by differences in water density due to gradients in
temperature or salinity.

During an initial phase the heat generated by the waste may create a thermally induced flow.
However, the heat generation will decline with time, in KBS-3 thermally induced flow was
considered important for a period of 10000 years. Since the expected life-lime for the copper
canisters used in the KBS-3 concept is 100 000 years, thermally induced flow was not considered
in the release calculations in the KBS-3 Safety Report \KBS, 1983]. However, thermally induced
flow may be of importance if a canister has initial damage and for alternative concepts with other
canister materials with lower resistance to corrosion, e.g. in the WP-Cave concept [Skagius and
Svemar, 1989].

Nature of flow paths

The rock is heterogenous on many different scales, ranging from small fractures, larger fractures,
fracture zones, heterogeneities within fracture zones. Since the water follows the fractures, also the
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t!ow will be heterogeneous. Studies have shown that the water flow is located to only a tew
! raciures and also in these fractures the flow is located to certain pathways, channels. Investigations
have aiso indicated that flow in the fracture intersections may be of importance [Gustafsson et al..
l989:AbelinetaL1990].

The water flow is higher in the larger fracture zones, but also here a heterogeneous flow has been
observed. An example is the sub-horizontal fracture zone in Finnsjön, where narrow sections with
considerably higher conductivity have been detected [Andersson et al.. 1989].

The heterogeneous distribution of flow paths in the rock and resulting spatial variation of the water
flow will affect a number of processes important for the safety of the repository. The scale of
interest for the spatial variation will be different for the different processes. For the near-field the
inflow of corrodants to a deposition hole is of importance for the life-time of the canister. The flow
distribution on that scale will thus be of importance for the life-time distribution of the canisters.
In the far-field the distribution of flow within an individual fracture will affect the efficiency of
surface sorption and matrix diffusion. If flow occurs only in a limited domain (a channel) of a
fracture, the effective area available for sorption and matrix diffusion will be reduced. The degree
of mixing between different flow paths will be of importance for the hydrodynamic dispersion, as
is discussed in Section 5.3.1.

Due to the importance of the detailed flow pattern it is not enough to know only the average flow
rate in the rock, but a more detailed understanding of the flow is required. However, in practice
the actual knowledge of the flow paths will always be limited. With an understanding of the flow
paths and a knowledge of the distribution, suitable methods for averaging over larger domains may
be developed. At present large efforts are made to find this suitable method. This will be further
discussed in Section 5.2.2.

Long-term changes and thermo-hydro-mtchanical phenomena

Although a sufficient understanding of the present flow pattern may be obtained, it is more difficult
to predict future changes. Observations from nature indicate that flow paths have disappeared due
to precipitation of fracture filling material [Abelin etai, 1990]. Changes in the stress field may also
create new fractures or change the geometry in old ones by shear. The host rock is subjected to in-
situ stresses. The current stresses in the rock are in most cases not the same as those that created
the cracks. The magnitude of the stress normal to the fracture surfaces will be of great importance
for the fracture aperture and thereby also for the fracture conductivity. The stress field in the rock
may also undergo future changes, for example from stresses induced by the building of the
repository or from an overlying ice cover during a glaciation period. Glaciation and deglaciation
will give rise to very high both vertical and horizontal stresses (in the order of tens of MPa) [Shen
and Stephansson. 1991].

Tectonic movement occurring since the previous glaciation have resulted in post-glacial faults at
some places in Sweden [Bäckblom and Stanfars, 1989]. A major issue concerning these faults are
whether they follow old structures in the rock or if they can give rise to a new fracturing. The
displacement of rock joints and fracture zones can only be estimated by examining existing
geological evidence from previous glaciations or by computer simulations. Geological studies of
the post-glacial fault at Lansjärv in northern Sweden have concluded that the cause of the post-
glacial movement was a combination of tectonic activity and deglaciation. and that it only resulted
in a reactivation of existing structures {Bäckblom and Stanfors. 1989].

Computer simulations of glaciations associated with great uncertainties, e.g. in the description of
the mechanical behavior of rock joints. Calculations made for the SKI Project-90 generic reference
site indicated that a 3 km ice sheet causes closure of horizontal fracture zones and a shearing along
inclined major fracture zones. Most of the deformations recovered during deglaciation [Shen and
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wphansson. i 991]. However, another modelling penormed with a different model lor a different
irea resulted in a rebound at the ground surface of several meters [Chryssanthakis etai.. 1991].

The heat generated in the waste will also create mechanical stresses in the host rock, changing the
aperture of existing cracks or forming new cracks. Calculations made for the SKI Project-90 site
gave at hand that thermal effects only caused a fracture closure in the vicinity of the repository
[Shen and Stepftansson. 1991]. However, outside of the repository minor fracture openings where
predicted.

The interaction between heat flow, mechanical stress and water flow leads to a coupled behavior.
The basic interaction mechanisms are conceptually known and have also been mathematically
described [Hart and St. John. 1986: Noonshad etal. 1984]. The system is in principal fully three-
way coupled, but some couplings are more important than others. Computer models are presently
used on simplified systems in order to determine the relative magnitude of the different couplings.
One major problem in the understanding of these problems is the difficulty involved in the
derivation of constitutive relations, e.g. between stress and permeability. An example is the results
of the Canadian URL Excavation Response Test where the simulations perfonned gave reasonable
predictions of the displacement and stress changes, but not of the changes in permeability [Chan
ctal.1991].

Long-term geological processes in low permeability environments may lead to a non-stationary
flow situation and anomalies in hydrostatic pressure [ Walder and Nur, 1984]. Such effects may be
significant lor large scale flow systems [Neuzil, 1986].

5.2.2 Model uncertainties

The difficulties in describing the fractured media and the limited conceptual understanding of the
nature of the flow paths in the fractured rock has important implications on the mathematical
modelling of the flow.

There is a reasonable conceptual understanding of the driving force for the water flow in the rock.
In the mathematical modelling, the water flow is assumed to be proportional to the gradient in
hydraulic head, i.e. Darcy's law is assumed to be valid. Darcy's law can be derived from
fundamental fluid mechanics using well founded, controllable simplifications. Darcy's law has
been successfully used for many types of geological materials and hydraulic gradients. However,
the applicability of Darcy's law for in situ gradients in very low permeability environments has not
been verified [Neuzil, 1986].

The proportionality constant used in Darcy's law, the hydraulic conductivity, can be defined as an
averaged property and average values can also be measured on a large and medium scale. The
measured average hydraulic conductivity values are used in continuum models to evaluate the
pressure field and the average water flow rate. A different approach is to make a discrete modelling
of the flow in individual features, cracks or flow paths. In this case a conductivity or transmissivity
of the discrete feature is defined.

Continuum modelling

In the continuum model an averaging of the hydrological properties over a volume is made. The
rock in this volume is assumed to have the properties of a continuous medium. The model gives
the water flow rate on a larger scale, but the model will give no information on the detailed flow,
e.g. spatial variation of the flow rate, water velocity, area available for sorption and matrix
diffusion. A simulation of the fracture flow is obtained by dividing the average flow rate between
a number of discrete fractures, e.g. by using a flow porosity.



Flie continuum approach is based on the existence of a representative elementarv' volume tREV).
The size ot the REV should be large compared to the scale ot the heterogeneities of the rock, but
^mall compared (o the size oi the domain studied. The size oi ihe REV in a fractured rock is not
easily determined and may not even exist. In an environment with a small number of fissures, the
REV could be of the size of hundreds of meters, i.e. of the same size as the domain of interest. The
difficulties in determining the size of the REV makes the use of a continuum model questionable
in many situations.

A way of modelling large scale heterogeneities is to include them as discrete features in the
modelling, each feature treated as a separate continuum. This procedure is referred to as the dual
porosity model and is easily accomplished with numerical computer codes. However, for practical
reasons only a limited number of major fracture zones can be included. However, large contrasts
in hydraulic conductivity obtained between the fracture zones and the rock mass may lead to
numerical difficulties.

The presence of discrete fractures with a preferred orientation in space may make the hydraulic
conductivity anisotropic. Also in-situ stresses may give aperture changes in fractures in certain
directions and may thereby result in an anisotropic hydraulic conductivity. The modelling of
anisotropic systems can easily be performed by numerical modelling. The major difficulties lies
in die determination of the appropriate input data.

The choice of boundaries and boundary conditions are of great importance. In the KBS-3 study,
the boundaries of the studied areas are chosen to coincide with natural boundaries, e.g. ridges,
valleys or in major vertical fracture zones. The vertical boundary conditions can often be
approximated with a non-flow boundary. In the KBS-3 study it is claimed that this method will not
influence the hydrological conditions in the repository area provided that the boundaries are located
at a sufficiently great distance from the repository location. The use of non-flow boundary
conditions implies that the studied area is an isolated hydrological unit. Any regional flow is thus
disregarded. The effect of the boundary conditions have been reduced by performing a nested
modelling where a successively smaller area is modelled in successively greater detail. The
boundary conditions for the more detailed discretization is taken from the pressures calculated with
the coarser discretization and thus die regional flow is taken into account to some extent.

In the KBS-3 study, the boundary condition at the top surface is defined by the location of the
groundwater level. This implies that there is no direct consideration of precipitation and
cvapotranspiration at the surface. Also the surficial layers on top of the hard rock, e.g. till, clay or
sand layers, are not considered in the hydrological calculations. These two simplifications have
probably a negligible effect on the water flow deep in the host rock, but will be of great importance
for the water flow near the surface and thereby for the transfer of radionuclides between the
geosphere and the biosphere. This uncertainties associated with the description of the geosphere-
biosphere interface are treated in Section 6.2.

So far the continuum approach has been the model mostly used in safety assessments. The main
reasons being that large scale structures can be modelled and that field measured average hydraulic
conductivities can be used. The detailed description of the flow needed for radionuclide transport
calculations - water velocity, area available for surface sorption and matrix diffusion etc. - has been
based on rather simple model assumptions, see Section 5.3.1.

Discrete fracture models

Discrete fracture modelling has been used to obtain an understanding of the flow of water at the
more detailed level needed for the migration calculations. A discrete modelling is made of the
individual flow paths, as physically correct as possible. These models are based on a network of
individual flow paths, which usually is generated in a stochastic manner. The model gives the flow



iistribution in tne individual (low paths directly. These models have aiso been used to determine
; lie relation between the small scale flow within a network of fractures and the measurable average
properties.

In the discrete models a network of fractures (or channels) is generated stochastically in a three
dimensional space. The fractures are often modeled by simple geometrical structures, such as discs
[Lone er al. 19X?: Derskowitz et al.. 1985: Cacas, 1989: Andersson and Dverstorp, 1987], or
rectangles [Herbert. 1988]. A main problem with fracture network modelling is the difficulty to
estimate the fracture (or channel) permeability. Visual inspection of fracture widths is poorly
correlated to observed water flow (hydraulic conductivity) in fractures [Abelin et al.. 1990].
Therefore the transmissivity of the fractures is often given as a statistical distribution calibrated to
t it a measured large scale permeability [Andersson and Dverstorp, 1987] or permeabilities obtained
in single packer tests.

Other quantities such as fracture frequency and fracture orientation are also described by statistical
distributions. The parameters of these distributions are taken from observations on tunnel walls,
from bore hole cores or from outcrops at the ground surface. The fracture lengths cannot be
directly estimated from wall traces, but requires additional assumptions concerning fracture shape
and also corrections for fracture orientation. In some models the fracture generation is made with
the condition that observed fracture traces should be reproduced [Andersson and Dverstorp, 1987].
Such conditioning has been shown to reduce the prediction uncertainty for systems with a few long
fractures.

Stochastic continuum models

A third approach is to treat the heterogeneous rock as a medium with continuous properties which
are assumed to vary stochastically [cf. Neuman, 1988]. Different statistical methods have been
proposed to derive the distribution in the hydraulic conductivity and the spatial correlation from
borehole packer tests. Simulations of single packer bore hole tests in fracture network models have
shown a bias in local permeability measurements obtained from packer tests compared with
permeabilities obtained from large scale parallel flow tests [Cacas, 1989]. It is argued that network
models are needed to deduce the distribution in permeability values from local injection tests.

The stochastic continuum approach does not give a detailed picture of the flow paths within the
rock and will therefore not provide essential data needed for the migration calculations, e.g. flow
distribution within a fracture and effective area available for surface sorption and matrix diffusion.
However, they may provide dala for the flow distribution on the same scale as the size of
individual deposition holes.

5.2.3 Data uncertainties

When evaluating the performance of a proposed site for an underground repository a great
uncertainty lies in the characterization of the rock and in the identification of fractures and fracture
zones. The site investigations performed during the KBS-3 project inc lude both investigations from
(he ground surface and investigations in boreholes. The geological and geophysical methods used
in surface investigations gives a picture of the bedrock composition and of larger vertical fracture
zones in the upper parts of the bedrock. However, smaller fracture zones (< 10 m width) and
subhonzontal zones are difficult to detect with geophysical methods [SKB, 1989],

Core drilling will provide a more detailed geological information, but since the number of
boreholes that can be drilled is limited both by practical and economical reasons only a small
volume may be investigated. The location of the boreholes is usually based on the results of the
surface investigations, i.e. directed towards known or presumed discontinuities. Thus the borehole
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investigations mav give biased information, e.g. not finding unexpected" subhorizomai fracture
,'ones.

The mtormation obtained about the rock surrounding the boreholes may be increased through the
use ot various geophysical and hydrological measurements between boreholes. However, many of
these methods are still in the research stage and the methodology for use of the obtained data in
ihe further site investigation is not yet developed. Investigations on the present ability to
characterize rock volumes planned to be used for repositories are being conducted in the Stripa
mine iStripa SCV-Project) [Olsson et al. 1989].

Several methods are available to measure large scale hydraulic conductivities, e.g. packer test and
pumping tests, it should be noted that the hydraulic conductivity of low permeability rock is tested
using elevated pressure gradients. At high pressure gradients the aperture of the rock fissures may
increase and thereby change the flow distribution between and within the fissures.

The experimental evaluation of the spatial variation of the water flow is uncertain since presently
available technique disturbs the flow field. Field experiments have been perfonned where water
and tracer flow in fractured rock has been observed from drifts made in the rock. One problem with
these types of measurements is that the presence of the drift and the rock stresses it will induce
may considerably change the flow pattern in the rock near the drift. Within the Stripa SCV-project
the effect of drift excavation on water flow was studied. The flow into a set of boreholes drilled
in an annular array was compared with the flow obtained in a drift later excavated in the rock
volume surrounded by the boreholes. The flow to the drift was found to be 1/8 of the flow to the
boreholes. The reason for the flow reduction has not been fully understood, but possible causes are
changes in rock stress due to excavation of the drift, dynamic loading during the blasting, and
degassing of the groundwater leading to two-phase flow conditions near the drift wall.

5.3 MIGRATION

In this section the uncertainties involved in the assessment of migration processes are treated. The
processes are treated in separate subsections and include the actual transport processes: advection
and dispersion, and various retardation processes sucn as matrix diffusion, sorption and
precipitation. The effect of colloids on the radionuclide transport is treated as a separate subject.

The release from the near-field will be of very long duration for most nuciides. Although the
residence times in the geosphere may be wng, a release for some radionuclides to the biosphere
will eventually occur. If no irreversible reactions occur in the geosphere this release will reach the
same level as the release from the near-field to the far-field. However, a long delay in the
geosphere may give a significant decay of radionuclides.

in the far-field and at the interface far-field/biosphere the deep groundwater containing
radionuclides will be mixed with more shallow groundwater. This will give a dilution which is of
importance for the estimation of dose to man. This dilution is normallv treated separately from the
actual far-field migration calculations. Uncertainties associated with the estimation of this dilution
are treated in Section 6.2.

5.3.1 Advection-dispersion

The migration processes advection and dispersion are closely linked to the hydrological processes.
The problems with the conceptual understanding of the hydrology, e.g. in the nature of the flow
paths, influences the possibility of a conceptual understanding of the migration processes. Also the



incertainties in the mathematical model used lor the hydrology will influence the uncertainties in
he migration modelling.

Conceptual uncertainties

The basic processes of advection and dispersion are well understood in simple systems. However.
in complex heterogeneous systems, such as fissured rock, the lack of knowledge of the more
detailed flow pattern introduces a number of uncertainties. As for the water flow, average
properties can be determined. The distribution in space and time is. however, difficult to predict.

A major uncertainty in the far-field migration is the degree of channelling in the rock. In sparsely
t ractured media a few major flow paths or channels may develop where the groundwater may flow
for long distances without mixing [Rasmuson and Neremieks, 1986a: Abelin et al.. 1990]. Since
the How is located in a few flow paths the groundwater travel time in these channels will be short.
For sorbing radionuclides the important effect is that the rock area in contact with the flowing
water will be reduced, making the area available for matrix diffusion and surface sorption smaller.
This phenomenon, called channelling, may have a great influence on the residence time of the
radionuclides in the geosphere.

A number of different processes will lead to the spreading of the radionuclides as they are
transported with the flowing groundwater. This spreading results in a widening of the concentration
pulse. These processes are generally collected under the term of dispersion. Here only the physical
dispersion processes will be included and not the dispersion which is due to sorption. Also matrix
diffusion, which may have a dispersive effect, will be treated separately.

The spreading of the concentration pulse may for narrow concentration peaks lead to a lowering
of the maximum release rate. This may be of importance for radionuclides easily released from the
fuel. On (he other hand, the spreading will lead to an earlier break through of radionuclides and a
prolonged release from the near field. This may have a negative effect due to the decreased time
for radioactive decay. For radionuclides with half-lives short in comparison with the expected
migration time, this may be of great importance.

The dispersion can be due to molecular diffusion in the fluid, velocity variations within a flow path
or velocity variations between different flow paths. The spreading which is due to the flow of water
in different channels with different flow velocities is considered to be the most important for
dispersion in fissured rock [Rasmuson, 1985],

Dispersion in the field scale is not very well understood, but will depend on water velocity, the
scale of the experiment and the properties of the rock. Experiments indicate that the dispersion
length increases with the migration distance [Lallemand-Barrés and Peaudecerf, 1978; Landström
et al. 1978]. The dispersion length is often considered to be proportional to the migration distance.
However, in a critical review of dispersion experiments [Gelltar etal.,1985] a reliability judgment
of the data was performed. When considering the quality of the data it was concluded that the
dispersivity initially increased with the scale of observation, but it was not clear whether this
increase continues indefinitely with scale or reaches an asymptotic value.

A constant dispersion length would be expected in the case of a frequent mixing of water between
different flow paths. In crystalline rock with only a few fractures the degree of mixing may be
small and an increase of the dispersion length with distance may be expected. This effect is
enhanced if the variability in water flow rate is large.
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Model uncertainties

One of the important reasons for performing the hydrology modelling is to provide the water flow
distribution in the rock. The choice of hydrology model will influence the kind of migration model
that can be used. Continuum hydrology models will provide average flow rates in the rock, in this
case continuum or dual porosity migration models are used together with averaged transport
parameters. If a discrete fracture model is used a detailed description of the water flow is obtained.
the migration calculation are then often performed in direct conjunction with the water flow
calculations. Discrete models require extensive computer resources even for relatively small
domains, and have so far mostly been used to study individual phenomena and to provide effective
transport parameters for continuum models.

The input boundary condition for the far-field transport is given by the release from the near-field.
For radionuclides that are solubility limited at the redox front, the inflow is given by the solubility
and the amount of water passing the redox front.

Continuum models

The advection is directly governed by the water flow obtained from the hydrology modelling.
When hydrological models based on the continuum approach are used the flow rates are calculated
as average flow rates per cross-section area of rock. This may be converted to an average linear
flow velocity in a fracture assuming a flow porosity. From these data the travel pathlines of
radionuclides released from a repository is evaluated by particle tracking. The pathlines thus
obtained are unaffected by individual fractures in the rock, but are only determined by the pressure
distribution in the rock and the permeability tensor. For a rock with only a few water bearing
fractures the "real" flow paths may differ substantially.

There are also uncertainties in the panicle tracking calculations. In the Hydrocoin Level 1 Test
Case 2 a comparison was made between different computer codes and discretizations
[HYDROCOIN, 1988]. A conclusion was that although the difference in calculated hydraulic head
was small differences in the particle tracking algorithm could give large differences in the
pathlines. In HYDROCOIN Level 3 Test Case 7 [HYDROCOIN. 1991] it was shown that particle
tracking is sensitive to the design and density of the numerical grid, the stepping procedure and the
velocity evaluation procedure.

The pathlines derived from the hydrology models may also be transformed into stream tubes, i.e.
a flow domain containing both rock and fissures with a constant flow over each cr*" section along
i he pathline. Thus the stream tube is narrow where the linear velocity is great anu wide where the
linear velocity is high. The advection from one part of the repository can be estimated with a one-
dimensional transport calculation along this stream tube, thus simplifying the originally three
dimensional problem. This concept is based on the assumptions that there is no flow over the
stream tube boundaries, no radial concentration differences in the stream tube, and no transport of
radionuclides out of the stream tube by diffusive or dispersive processes.

Discrete models.

The discrete migrations models are often direct extensions of the discrete flow models. Thus, the
same description of flow paths is used and the same problems with finding input data for the
fracture frequency and fracture properties are encountered. The advection-dispersion within
individual flow paths is often modelled by using a finite number of "particles" representing the
radionuclide. The advection is described by letting the particles follow the flowing water. The
dispersion is described by applying a random walk technique. There exist several alternatives for
the application of these techniques, see for example Cacas et al. (1990].
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\n uncertainty in the discrete models is ihe particle behavior at flow path connections. Several
streamlines mav enter and exit such a connection. A common approach is the assumption ot perfect
mixing at the connections. This implies that all flow out ot a connection have the same
radionuciide concentration. Alternatively, assumptions can be made that the radionuclide follow
the streamlines or may mix by molecular diffusion. Theoretical studies have shown that the choice
of assumptions may be of great importance for the distribution and breakthrough of a tracer in a
fractured media \tiull et ai. 1987]. It was concluded that complete mixing at fracture connections
may be valid for crystalline rock with fractures with apertures in the order of micrometers, but not
tor more permeable systems with fracture apertures in the order of millimeters.

The use of discrete flow path models has so far been restricted to very limited domains. The main
limiting factor is the extensive computer resources required, but also the large amount of data
required for the characterization of the fracture system will reduce the possibility for large scale
applications. Instead discrete models have been used to give a better understanding of flow in
fractured rock with the goal to derive effective transport parameters for the use in continuum
models.

Discrete models have been used in safety assessments to illustrate the effect of extreme channelling
[Moreno and Neretnieks. 1989]. A limited number of flowpaths are explicitly modeled assuming
tio mixing between the flowpaths. Data on channel frequency and flow distribution are taken from
observations from inspections of tunnels and shafts.

Dispersion modelling

Most migration models are based on the advection-dispersion equation, using a dispersion term
analogous to the Fickian diffusion term. All dispersion modelling is based on the idea that
dispersion is being produced by heterogeneities or variations in the flow paths. Both deterministic
methods and stochastic methods have been used to determine the dispersion in a heterogeneous
media. The basic difference is to what degree velocity differences between flow paths are included
in the dispersivity or are explicitly modeled. In continuum models these velocity variations are
included in the dispersion term, often through the use c>f a constant dispersivity. In models where
the discrete flowpaths are modeled, e.g. network models and channelling models, the dispersion
due to velocity variations between individual flowpaths is explicitly modelled. The dispersion tenn
in the advection-dispersion equation describes the dispersion due to velocity variations within a
flowpath or due to molecular diffusion. The dispersion within an individual flowpath is often
considered to be of minor importance [Cacas et al. 1990] and is often treated in a simplified way
or may even be neglected.

The degree of mixing that occurs at the flow paths connections is also uncertain. Model
comparisons assuming different degree of mixing of the flow paths have indicated the great
importance of this effect.

The way of modelling the dispersion as a Fickian diffusion process results in a breakthrough curve
with a Gaussian shape. However, both tracer experiments and theoretical studies using fracture
network models have resulted in a considerable skewness ot the breakthrough curve. This may lead
to earlier breakthrough than predicted by the Fickian diffusion model. Simulations of tracer
experiments in fractured rock [Dverstorp and Andersson. 1991. Dvcrstnrp. 1991 ] have shown that
with zero variability in channel transmissivity a Fickian type of dispersion behavior is obtained.
Furthermore, it was found that the Peclet number increased linearly with increasing transport
distance implying a constant dispersion length. However, increasing the variability of the channel
transmissi vitv results in non-Fickian dispersion behavior with the appearance of fast flow channels
through the studied domain. The scale dependency of the dispersion changes with an increased
variability of the channel transmissivity. In this case the Peclet number is constant when increasing
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:hc transport distance. Flow paths with very high dispersion were also found in the Siripa 3D
experiments \Abeiin etal.. 1987].

Analysis of the spatial moments of the residence time distribution has been used to determine a
criterion for when the response of a system of flowpaths can be described as a Fickian dispersion
process [Rasmuson. 1985]. For systems where the use of Fickian dispersion is not justified discrete
models may be used.

A drawback with the Fickian dispersion model is that it predicts an up-stream dispersion. That is
the spreading of the concentration pulse will be the same both in the flow direction and in the
opposite direction. This is clearly in contradiction with the conceptual model of dispersion as being
caused by velocity variations in the flow. This may lead to an underestimation of the radionuciide
concentration due to an overpredicted spreading of a pulse release.

Work has been made in order to overcome some of the deficiencies with Fickian dispersion by
adding additional terms in the advection-dispersion equation [Tompson, 1988: Plumb and
Whitaker. 1988]. However, the application of these models to large scale flow-systems as well as
methods for the derivation of parameters remain to be developed.

Data uncertainties

Data for the advection-dispersion are mainly connected with how the water flows in the fractured
rock. Important data are the water travel time, the contact area between flowing water and rock,
and degree of connectivity and mixing between the flow paths. In a fissured rock with
heterogeneous flow these parameters will not be single values, but must be represented by
distributions. These parameters are also extremely difficult to measure in the field.

One method to measure water travel time distributions is through tracer experiments. However,
when performing tracer test there is always a risk that the original flow pattern in the rock is
disturbed by the injection procedure and the presence of the measuring holes. In deep rocks tracer
test are often performed from drifts in old mines, where the presence of the drift influences the
flow pattern, see Section 5.2.3.

An important parameter is the contact area between flowing water and rock. There is presently no
established procedure available to measure it. Values have been derived from the evaluation of
tracer experiments [Abelin et al., 1987] and from observations of channel widths from fracture
traces on walls in tunnels and drifts [Palmqvist and Lindström, 1991; Neretnieks, 1987] and by
using bore hole data [Moreno and Neretnieks, 1991]. However, all methods are associated with
large uncertainties since they depend on observations made on a disturbed system or require
additional assumptions to derive the contact area. The variation in the observed data is also large.

The dispersion length or Peclet number is often determined from the spread of the tracer pulse in
a tracer experiment. However, these experiments have only been performed over relatively short
distances, typically 10 - 50 meters. Since the scale dependency of dispersion is not very well
known is the extrapolation of associated with great uncertainties. The spreading of the
concentration pulse may also be caused by other processes, such as sorption and matrix diffusion
which makes the derivation of dispersion data difficult [Neretnieks. 1983: Moreno and Neretnieks,
1985]. It should be noted that matrix diffusion has often not been included in models used for the
simulation of tracer experiments. The difficulties in evaluation implies that single tracer migration
experiments may not be sufficient to draw conclusions on the effective transport parameters in a
fractured rock.
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5.3.2 Matrix diffusion

Conceptual uncertainties

Radionuciides present in the flowing groundwater of the fractures can diffuse into the stagnant pore
water of (he rock matrix. This effect gives a retardation for sorbing as well as non-sorbing nuclides.
For the sorbing nuclides matrix diffusion is very important due to the large surfaces available for
sorption in the rock matrix. The diffusion in the rock matrix has been investigated in laboratory
experiments and the occurrence of these processes has also been verified in field experiments in
i he Stnpa mine. Effective diffusivities measured in the field are of the same order of magnitude
as those measured in laboratories [Birgersson and Neretmeks. 1990].

In a real repository situation the effect of matrix diffusion may be decreased due to a number of
factors, e.g. the limitations in the fracture surface available for matrix diffusion caused by
channelling. However, the Unite size of the rock matrix in between two fractures may eventually
lead to a saturation of the matrix and thereby a reduction of the effect.

The presence of fracture filling materials have not been shown to significantly hinder the matrix
diffusion in performed laboratory and field experiments [Skagius. 1986: Birgersson and
.Weretnieks. 1990]. For some nuclides (cesium and strontium) a diffusivity higher than what is
expected from the steric hindrance is measured in the rock [Skagius, 7956]. This increase in
dil'fusivity is explained as a surface diffusion effect, although the actual mechanism is not fully
understood.

Model uncertainties

Matrix diffusion is mathematically modeled with Fick's law of diffusion. For continuum models
a dual porosity approach is often used, where the rock matrix is modeled as a separate medium,
with inward diffusion perpendicularly from the fracture or channel. In most cases a relatively
simple geometry is assumed for the diffusion into the rock matrix, but more elaborate geometries
can also be used [Neretnieks and Rasmuson, 1984], The geometry assumed will influence the
effective diffusion area and the matrix volume available for sorption. In a theoretical analysis of
the effect of channel geometry, it was found that the shape of the channel was of little importance
if the penetrated distance is larger than the largest dimension of the channel [Rasmuson and
Neretmeks. 1986b].

Matrix diffusion may also be included in discrete fracture models [cf. Lee etal. 1991: Moreno and
Neretnieks, 1991) In this case a simplified description of the rock matrix geometry is necessary in
order to obtain a model that requires reasonable computing resources.

Data uncertainties

A main difficulty with assessing the effect of matrix diffusion is the estimation of the contact area
between flowing water and rock. The uncertainties involved in this has been treated in Section
5.3.1. Also the limited amount of empirical data on rock matrix diffusivities give rise to
uncertainties in the evaluation of the effect of matrix diffusion. Large differences in measured
effective diffusivity have been found for different rock materials and different sites, but differences
has also been found between different samples from the same drill cores. It is therefore not possible
to define a single value of the matrix diffusiviry for a certain site. The empirical basis is also too
limited to perform an accurate prediction of diffusivities.



5.3.3 Sorption and precipitation

Conceptual uncertainties

Radionuclides can be attached to the fracture filling material or to the rock matrix material due to
a number of different processes generally referred to as sorption. The sorptive processes can be
ion-exchange, physical adsorption, chemi-sorption or substitution. The theoretical background for
the different processes is rather well known, although the knowledge is not complete for the
individual radionuclides. Especially the behavior under field conditions is uncertain due to the
complex geochemistry of natural groundwater. uncertainties in characterization of mineral surfaces,
the variability of mineral surfaces, and uncertainties in the chemical speciation of many
radionuclides.

Sorption may be reversible, e.g. ion-exchange, or partly irreversible such as chemi-sorption and
substitution. Radionuclides solved in the groundwater may also precipitate or co-precipitate with
other minerals. The long-term behavior of sorbed radionuclides is not fully understood. Changes
in water How. water composition, or temperature may lead to changes in the geochemistry that
leads to a release of "irreversibly" sorbed or precipitated radionuclides.

Natural complexing agents deriving from humic and fulvic acids are present in deep groundwater.
These may have an effect on the solubility and sorption of trivalent radionuclides.

Model uncertainties

In most radionuciide transport models the interaction between the radionuclides in the solute and
those sorbed to the solid surfaces is modelled as linear equilibrium sorption using a distribution
factor or Revalue. The Kd-values are empirically derived for conditions similar (or as similar as
possible) to the conditions prevailing in the far-field. However, using a lumped parameter such as
a Revalue means that variations in properties controlling adsorption in the water-rock system (e.g.
pH, redoxpotential, groundwater composition) cannot be adequately taken into account. Revalues
cannot describe immobilization by precipitation or irreversible sorption processes.

When using the K -̂approach in modelling, a considerable simplification of the sorption processes
is made. It must be ascertained that the assumption of linear equilibrium sorption is valid, or does
not underestimate sorption for the radionuciide in question, and that the experimentally measured
K^-values are correctly interpreted. Otherwise, the simplifications may greatly influence the model
predictions of the radionuciide transport. As an example, the use of high Revalues to model the
retardation of a solubility limited radionuciide may greatly overestimate the retardation at
concentrations below the solubility limit.

Non-linear sorption

Non-linear sorption has been reported for some radionuclides (e.g. cesium). In most cases the
sorption decreases as the concentration increases. Consideration of non-linear sorption may be
needed when evaluating R^-experiments. The effect on the radionuciide transport is that the front
of the breakthrough curve will be sharpened, hi the case of a pulse release there may be a
considerable tailing. [Brusseau and Rao. 1988].

The possibility to model non-linear sorption isotherms is included in many radionuciide transport
model. However, their use has in practice been limited due to the lack of reliable data.
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The use ot a K_-value presumes that the mass-transfer and chemical kinetics of the sorption process
are last with reference to the time-scale of the other processes affecting solute concentration (e.g.
advection. hydrodynamic dispersion». The effect on radionuclide transport of non-equilibrium is
that the breakdirough will come earlier and that the tailing will increase. However, non-equilibrium
sorption will not reduce the overall retardation. The effect of non-equilibrium sorption may be of
importance for transport in high velocity channels with a low hydrodynamic dispersion.

Models used for studying the effect of mass-transfer non-equilibria are often based on the use of
a mobile and an immobile liquid phase, i.e. equivalent to the matrix diffusion model. Methods to
derive conditions for when this type of non-equilibrium needs to be considered has also been
derived [Rasmuson and Neremieks. 1986b].

The effect of chemical non-equilibrium due to kinetic effects is not that well understood. Often the
existence of different sorbent surfaces is presumed, with rapid sorntion to labile sites and rate-
controlled sorption to non-labile sites.

It should be noted that despite the great difference in responsible mechanisms both mass-transfer
and chemical non-equilibria will give similar results and that the mathematical representation for
the models are equivalent. As a consequence it is not possible to derive the mechanism responsible
for the non-equilibrium sorption solely on the basis of curve titling models to experimental data
[Brusseau and Rao. 1988].

Surface complexation models

Radionuclides present at trace levels tend to be adsorbed against the net surface charge of the
sorbing material. The surface complexation and ionization model introduced by Davis et al. [1978]
provides a method to describe the surface reactions from experimentally determined parameters
describing the solid phase and their reactions with ions or complexes in the solution and a number
of adjustable parameters describing the electrical double layer. However, at present the usefulness
of this model is limited due to the limited experimental data available. Furthermore, such a model
may be difficult to apply to large-scale long-term problems such as radionuclide migration in the
far-field, due to the changing chemical conditions and the appearance of new solid phases.

Data uncertainties

The K -̂concept is the most widely used model to describe sorption in ihe far-field and significant
efforts have been made to determine K^-values for different radionuclides. A number of
compilations of data have been performed [Allard et at.. 1983; McKinley and Hadermann, 1985;
Andersson, 1991; Allard et ai. 1991]. A sorption data base administrated by NEA [Ticknor and
Rue$ger,l989] is under development. The quality of the data in these compilations are of varying
quality and so far no internationally reviewed and accepted databases are available.

Preferably Rvalues should be measured at the specific site. In many cases this is not possible and
literature values are needed. There are several difficulties in using data from the literature. Since
Kd-values are lumped parameters representing a large number nt sorption processes, variations in
chemical conditions in the rock should be accounted for implicitly when choosing the K^-value.
However, in general there is a lack of data derived for conditions relevant to those encountered in
deep groundwater (low Eh). In many cases there is also a lack of information concerning the
chemical conditions for which the K^-values are derived.

When batch experiments are used to determine the Kd-values of microfissured rock materials a
large pan of the sorption capacity will be on the microfissure surfaces inside the sample, hi order



•i he sorbed on these surfaces, the radionuclide must diffuse through the rock matrix. For larger
dimples the time needed to obtain equilibrium may be very long. In order to reduce these times.
ihe rock is often crushed to finer fractions. This will introduce an uncertainty since the crushing
creates new mineral surfaces that may have different sorption properties.

As an alternative to batch experiments, sorption coefficients may be derived from diffusion or
permeability experiment \Bradbur\ and Stephen. 1986\. However, the transport processes must
also be evaluated in these experiments which can introduce new sources of uncertainties.

The lack of data for the more complex sorption models has been a main reason for their limited
applicability. This includes, data for non-linear sorption. kinetic data, and data for surface
coraplexation models. The common approach has therefore been to use the K,,-concept with what
is believed to be conservative Revalues.

5.3.4 Colloids

The presence of colloids in the groundwater may change the transport processes for radionuclides
and may give rise to an increased transport in the rock. Radionuclides may be present in colloidal
form either as aggregations of radionuclides or as radionuclides sorbed on colloid particles in the
lorm of clay minerals or organic macromolecules. These two types of colloids are sometimes
referred to as true radiocolloids and pseudo radiocolloids. respectively.

Conceptual uncertainties

Colloidal particles have been measured at low concentrations in deep groundwater as inorganic
colloidal particles, e.g. clay, calcite. iron or sulphur particles, as organic macro molecules, or as
microbes. Measurements of colloid concentrations are difficult since the system is very easily
disturbed, e.g. by drilling, alterations in flow rate or changing of redox conditions. Both
concentration of colloids and their composition has been found to vary with depth. The
concentration, size and form of colloid particles can also be expected to change as they are
transported by the groundwater. This may be due to precipitation, dissolution, agglomeration and
disruption, but also as a consequence of interactions between the colloids and the fracture surfaces.
The construction of the repository may also affect the colloid generation, e.g. through the
excavation, the introduction of large amounts of backfill material, and the change in redox
conditions. Colloid concentrations may also be affected by changes in aqueous chemistry, pH.
salinity etc. The effects of all these processes in the long-term perspective is unknown.

Trivalent and tetravalent actinides. such as americium and plutonium, may develop polynuclear
hydroxide complexes that may be classified as true radiocolloids. The relative tendency of forming
true colloids is highest for the tetravalent actinides [Kim, 1989]. The conditions for forming true
radiocolloids in deep groundwater is not fully understood, but are believed to be of less importance
than the transport due to sorption on naturally occurring colloidal particles. The division of colloids
into true colloids and pseudo colloids is of importance for the formation of the colloids, but is
artificial when considering the subsequent transport. The use of this terminology has decreased
during the last years.

The important processes for the transport of radionuclides by colloids are (he attachment of
radionuclides to the colloidal particles and the retardation of colloids as they migrate through the
fissures.

The mechanisms for attachment of radionuclides to colloids are still largely unknown [Grauer,
1990], but can be expected to depend on the type of colloids. The degree of reversibility of the
sorption is of major importance. In the case of equilibrium reversible sorption it has been shown



hat the release ot radionuciides irom the geosphere due to colloid transport is very small even lor
i hiKh sorption of Uie radionuciides on the colloids. However, the colloids may be of importance
i or the tar-field transport in the case ol irreversible or slow desorpuon kinetics [Allard etal.l 991 ].
Irreversible sorption may be due to surface precipitation, the formation of solid solutions in the
particle phase or covalent bonding. Thus the assumption of linear equilibrium sorption (the Kd-
approach > is not conservative in the case of colloid uransport.

Predictions of the transport of radiocolloids has so far been very uncertain due to the limited
knowledge of the transport of a colloid in crystalline rock. The transport of colloids in fractured
rock is restricted to the fractures since their size will hinder them from diffusing into the rock
matrix. Without any surface retention colloids in smooth fractures or pores travel will travel fast,
even faster than the average solute due to hydrodynamic forces. Normally a strong interaction can
he expected between the colloids and the fracture surfaces. The colloids will come in contact with
the fracture surfaces through sedimentation, Brownian motion or direct interception. The
attachment mechanisms to the surface are generally believed to be electrostatic forces or Van der
Waals forces. However, the exact nature of the mechanisms for the surface retention are not fully
known and are still being investigated.

Apart from surt ace interactions, colloids may be affected also by other retardation mechanisms of
physical nature, e.g. filtration. This mechanism is not believed to be of importance in fissured rock.

Model uncertainties

Models for the colloid transport in porous media have so far relied on filtration theory [Avogadro
andde Marsily. 1983: Trwis and N uttal, 1985 ]. However, recent literature re v ie ws have concluded
that filtration theory is inappropriate in representing the migration of colloids in complex solutions
in die environment [Grauer, 1990}. Models based on filtration theory have a limited predictive
power, since a number of important parameters cannot be directly measured. Furthermore, filtration
models are not useful for the determination of colloid transport in fractured rock with relatively
large fracture apertures.

Models for colloid transport in fractures have recently been developed [Grindrodand Worth, 1990:
Castaing, 1991 ] or are presently in the stage of development. The basic parts of these models are:

colloid formation
interaction between solutes and colloids
colloid-rock face interactions
colloid coagulation and decomposition
hydrodynamic effects in fracture flow

A proposed approach to be followed for modelling colloid rock surface interactions is to build on
the theory of thermodynamics of surfaces between solids and liquids, e.g. the electrical double
layer theory.

At present it is not possible to predict with any greater certainty the transport of radionuciides due
to colloids in a given fissured medium. The uncertainties arise hoth from the lack of a conceptual
understanding of how colloidal particles interact with the complex geometry of the fractured media
and the mechanisms for attachment of radionuciides on colloids, as well as from the lack of data
and methods to obtain data for characterization of the colloids, e.g. concentration, particle size
distribution, surface charge and effective surface. There is also a lack of information on the
sorption of radionuciides on colloids.

The limited conceptual knowledge as well as the scarcity of data and the resulting lack of reliable
models have forced the use of scooping calculations in the evaluation of the safety radioactive



vaste repositories \KBS. 19H3: SKI. 19911. Although these calculations are made with the ambition
not to underestimate the effect of colloidal transport, there is a great uncertainty in the degree of
conservatism they provide, especially considering the long tune periods involved.

5.4 CONCLUSIONS

In this section a summary of the different uncertainties identified in the far-field will be given. The
text below discusses the nature of the conceptual, modelling and data uncertainties involved. The
tar-field is a complex system where the different processes influence each other. A summary of
the major uncertainties and how they interact with other processes are given in Table 5.1.

5.4.1 Conceptual uncertainties

A basic uncertainty in the prediction of radionuclide transport through the far field is the difficulty
to correctly describe the structure of the system, i.e. to characterize the transport paths in the
fissured rock. Presently, there is a general consensus about the flow being very heterogeneous and
located to a few dominating fractures. However, there are great difficulties in evaluating the nature
of the flow paths and their degree of heterogeneity and also in describing them in a way suitable
I or mathematical modelling. There is a conceptual understanding of the major individual processes,
hut the lack of a good picture of the structure of the system makes it difficult to evaluate their
potential importance by mathematical modelling. The reason is that certain aspects of the detailed
flow pattern have an important effect on the various migration processes. The size of the interface
between flowing water and rock is of vital importance for the surface sorption and matrix diffusion,
and the connectivity between flow paths and variation in flow between flow paths is of importance
for the dispersion. It has proven difficult to evaluate these fundamental entities from the types of
experiments presently available. It is thus likely that difficulties to predict the actual behavior will
remain, (t should be possible, though, to bracket the magnitude of the governing parameters.

The conceptual uncertainties associated with the various chemical effects of importance for
migration, i.e. sorption. precipitation and colloid formation, are connected both to the knowledge
of the processes and to the knowledge of the structure of the system, especially seen in a long-term
perspective. It can be foreseen that the knowledge of the processes can be considerably increased
by further research, but a number of uncertainties will remain concerning the long-term behavior
of the complex natural groundwater system.

5.4.2 Modelling and data uncertainties

A problem with the modelling work performed so far is to find models using data defined in such
a way that they are both measurable in the field and will give the relevant information needed for
a sufficient description of the migration paths. The continuum models use hydrological data which
can be measured, but they will not provide the flow description needed for the subsequent
migration modelling. Discrete models may provide a flow description of a sufficient detail for a
migration modelling, but need input data which are difficult to obtain from the field. Furthermore,
they are presently to complex to deal with full scale problems.

The substantial problem in characterizing the flow paths encountered in field experiments in mine
drifts, where extensive drilling and measurements can be made, will be even more important in the
evaluation of a site for a final repository. Here the field investigations will be restricted by the
necessity not to damage the surrounding rock. In this case (he characterization of the rock must be
based on observations from drifts and a limited amount of bore holes. In order to evaluate the
performance of the host rock at a final repository site an increased general knowledge of the nature



of the flow paths and their effect on migration in fissured rock must be obtained. This knowledge
can sene as a basis tor establishing criteria for site evaluation from the limited measurements
available.

The uncertainties in the modelling of sorption, precipitation and colloid transport are here closely
connected to the limited data available. A balance is required between the complexity of the model,
the availability of data and also Ihe necessary precision of the results. So far simple models have
been used with what is believed to be conservative data. However, it must be ascertained that the
data used are conservative and that the models will not neglect important effects.

5.4.3 Long-term changes

.An additional problem with the migration through a fractured rock is that it may be very sensitive
to changes in the flow pattern. These changes may be due to the building of the repository itself
or to direct influence from the repository, e.g. thermo-hydro-mechanical effects. However, natural
long term changes in the flow pattern such as sealing of fractures or formation of new fractures due
to rock movement and geochemical reactions could be of importance. Although, an inherent
uncertainty is connected with the prediction of such changes, their importance must be
investigated.

It is the view of (he project team that the fundamental uncertainties originate from the difficulties
in describing the structure of the system and not from limited knowledge of the processes.



Table 5.2 Summary of the major uncertainties in ihe tar-field

Hydrology Adveclion
Dispersion

Matrix diffusion

lW2-O<i-24/MF. FAkZON < I All

Sorption Colloid transport

Coaceplual
model

Mathematical mod-
elling

Data

Processes: Under-
standing of coupled
processes.

Structure of system:
Characterization of
system, flow distri-
bution:
between fractures,
within fractures,
wetted area, flow
path connectivity.

Conceptual uncer-
tainties in description
of system makes
modelling difficult:
averaging procedur-
es, spatial distribu-
tion of flow.

Detection and char-
acterization of het-
erogeneities.
Evaluation of large
scale measurements.
Predictions of future
changes.

Processes.
Large scale disper-
sion

Structure of system:
Connected to de-
scription of flow
system, flow distri-
bution, flow path
connectivity.

Conceptual uncer-
tainties in the de-
scription of system
makes modelling
difficult.
Boundary conditions.

Interpretation of field
tracer tests.
Dispersion difficult
to experimentally
distinguish from
other effects.

Process:
Surface diffusion

Structure of system:
Connected to de-
scription oi flow
paths, area and vol-
ume available.

Concepiual uncer-
tainties in the de-
scription of system
makes modelling
difficult.

Diffusivities measur-
able in laboratory,
(in-situ).
Available area and
volume difficult to
assess.

Processes:
Kinetics, reversibili-
ty, long-term chang-
es

Structure of system
Connected to de-
scription of flow
paths, area and vol-
ume available.

Applicability of
simple empirical
models (Kd-app-
rouch).
Finding dala for
complex models.

Long-term changes
in groundwater che-
mistry.
Specialion.
Complexing agents.

Sorption or inclusion
of radionuclides.
Retardation ot cul-
loids.

Structure of .\\.\hlin.
Presence, formation,
alteration ot colloidal
particles.

Lack of models lor
transport in fractured
rock.

Natural colloid con-
centrations. Genera-
tion of colloid:)!
particles.
Sorption on colloids.
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BIOSPHERE

6. i GENERAL

In the context of deep disposal of radioactive wastes, the biosphere is usually regarded as that
part of the Earth which contains living organisms. Thus the non-living receptors of radionuclides
discharged from the geosphere. e.g. soil, sediment or water bodies, further non-living reservoirs
to which radionuciides may be transported and the living organisms contained in these physical
components are all considered.

Biosphere modelling is different to modelling of the near and far-fields in many respects.
Because of the very large size of the biosphere considered (particularly where regional or global
collective doses are to be the end point of the assessment) and the very large number of
processes which cause or affect radionuclide transport along the exposure pathways to man, great
simplifications have to be made in an assessment model. Several biosphere assessments have
been carried out (e.g. Project Gewähr \NAGRA. 1985}. UK DOE Dry Run exercises [UK DOE.
1990}. KBS-3 \KBS. 19831 WP-Cave [Skagius and Svemar, 1989}) and a fairly standard
methodology has emerged. The modelling techniques usually adopted are briefly described in
the following sections together with the discussion of associated uncertainties.

It is convenient to divide the biosphere into separate stages with respect to the way in which it
is usually modelled in waste-disposal assessments, i.e. the transfer over the interface between the
geosphere and the biosphere, the transfer between physical compartments in the biosphere, the
transfer in the foodchains and the final dose to man. The uncertainties in the modelling of these
stages are discussed in Sections 6.2 to 6.5.

A much more rapid evolution can be expected in the biosphere than in the geosphere. On a
shorter time scale, variations occur in human habits, land use, population densities, technological
ability, etc. and on a longer time scale, large scale climatologicai and geomorphological changes
may occur. The uncertainties involved with biosphere evolution are discussed in Section 6.6.

The modelling of radionuclide transfer and accumulation in the biosphere has been the subject
of a recent international model comparison and validation study, BIOMOVS (Biosphere MOdel
Validation Study). One feature of BIOMOVS is that in most of the exercises undertaken, the
uncertainties associated with the prediction of radionuclide concentration in both the physical
components of the biosphere and in foodstuffs have been quantified by the different modelling
teams. The quantitative uncertainties associated with tbe values of primary input parameters were
also reported in several of the BIOMOVS test-cases in order to identify the most important
source of uncertainty. Thus, the BIOMOVS study provides some useful data for discussion.
However, some of the uncertainty estimates made in BIOMOVS and used as a basis for
discussion in this chapter should be regarded with caution for the following reasons:

- Different modelling teams used different uncertainty analysis techniques, the resulting
estimated uncertainty ranges are dependent upon technique to some extent.

- The calculated uncertainties represent different types of uncertainty for different modelling
teams, e.g. some models considered the uncertainty for a specific site at a single time point,
assuming constant present-day environmental conditions. Other modelling teams interpreted
the calculated uncertainty range to include a range of potential sites and the evolution of those
sites with time.
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\1anv models have changed both in construction and in the values adopted for different
parameters since ihe B1OMOVS study began. Thus, reported values are no longer state-of-the-
art.

For many participants, the BIOMOVS study was regarded as a learning exercise and therefore
the results reported cannot be expected to have the same accuracy or precision as those
forming part ot a real waste-disposal assessment.

6.2 INTERFACE GEOSPHEREBIOSPHERE

Uncertainties in modelling of the geosphere-biosphere interface are of great importance to
biosphere modelling as the rate of input of radionuciides to the exposure pathways of the
biosphere have a direct effect on the dose received by man.

No precise definition exists of where the interface between the geosphere and biosphere is
located. One definition is to consider it as the sediment, soil or water body which the
radionuclide must traverse in order to come into contact with living organisms. However, this
does not conform to the traditional division between geosphere and biosphere models, where the
division is in the near-surface groundwater reservoir. In this study the more traditional definition
of the geosphere-biosphere interface is used, although the implications of the lack of precise
definition will also be discussed.

Section 6.2.1 will treat the conceptual uncertainties which are largely due to the lack of a precise
definition of the geosphere-biosphere interface. Questions concerning the modelling of
radionuclide transport to wells, through sediments, and soils will be treated in Section 6.2.2.

6.2.1 Conceptual uncertainties

The lack of precise definition of the location of the geosphere-biosphere interface may lead to
an inconsistent treatment in the different types of models. The risk of inconsistency is further
enhanced due to the differences in the fundamental model approach and also due to the fact that
the different areas are often treated by different modelling groups.

The discharge of deep groundwater may occur in low lying areas covered by lakes, rivers, peat
bogs or soil, where the soil may be used for cultivation or pastures. The deep groundwater may
not necessarily be discharged in the same areas as the more surficial groundwater. However, near
the ground surface there will always be some mixing between deep and surface groundwater.
This mixing will affect the dilution and the transport of the radionuciides. The extent of this
mixing is not very well examined and may vary substantially from location to location and also
due to variations in time. These processes are not normally treated in the far-field hydrology
modelling and are usually only treated implicitly in the biosphere models, when assigning the
volumes of the receptor reservoirs.

Another conceptual uncertainty in previous assessments has been the consideration of only one
possible interface situation at a time. In more recent studies, cf. [BIOMOVS TR9, 1990a;
BIOMOVS TRIO. 1990b; Elert et al.. 1985: Elert et al.,1988], it has been suggested that the
groundwater discharge zone needs to be considered as a whole rather than as separate biosphere
receptors in order to get consistent discharge rates in the different parts of discharge zone. The
increased water flow in one part of the system may well lead to a decrease in other parts of the
system. Such fluctuations may occur over long or short time scales (e.g. lowering of water table
due to wells and bore holes withdrawing the water or seasonal variation), but even where a time-



invariant biosphere is considered, it is important to obtain a consistent set of assumptions about
radionudide discharge into different receptors.

A maior uncertainty is also that the important processes are not always clearly identified. These
processes are often different for different radionuclides. The BIOMOVS study showed that for
both a terrestrial (soil) and an aquatic (river sediment) interface, there was no consensus of
opinion about which are the important processes in determining the rates of radionuclide
transport \BIOMOVS TRIO. I990h}.

6.2.2 Model and data uncertainties

In traditional modelling of the geosphere. radionuclide transport along various flow paths is
modelled. These tlow paths usually (but not always) end up in a major fracture zone where the
water is discharged. However, the way in which the discharged deep groundwater is mixed with
the near surface groundwater is usually not treated in any great detail. This is due to the large
difference in scale; the modelled bedrock may extend down to a thousand meters, while the
geological layers near the surface may be only a few meters. Also, the large differences in
permeability may give rise to modelling difficulties.

As input biosphere models usually use the annual release rate from the geosphere into a
groundwater or subsoil reservoir of an assumed size. From this reservoir, radionuclides can be
transported to wells, subsoils, and surface waters. Modelling of these interface bodies is a more
recent development in waste-disposal assessment, therefore the modelling tecbaiques adopted are
far less standard than in other areas of biosphere modelling. Until recently, the radionuclide flux
to the biosphere has been supplied as input to biosphere modelling from far-field modelling,
often with little further information, e.g. groundwater flows. The biosphere modelling is
performed with a compartmental model designed to represent the dispersal of the radionuclide
throughout the near-living components of the biosphere. However, it has been recognized that
this type of biosphere-geosphere interface modelling is inadequate and may lead to an
overestimation of the concentrations of radionuclides in the biosphere, as there can be a
significant retardation of radionuclide transport in sediment and sub-soil layers. More recent
assessments have adopted more sophisticated modelling approaches. Biosphere-geosphere
interface modelling would thus be built on detailed modelling of groundwater flows and
radionuclide transport in subsoils and sediments.

Transfer from deep groundwater to near surface groundwater

In far-field modelling, the transport of radionuclides from the repository or parts of the
repository is often assumed to follow a stream tube or path line obtained from the hydrology
modelling, i.e. a domain obtained by following a "package" of water as it is flows through the
rock. The transport in the stream tube is modelled as one-dimensional with a zero concentration
at the outlet or assuming a zero concentration at an infinite distance. A detailed transport
modelling can also give the location of the outlet, but this location is much influenced by model
assumptions and data and is thereby very uncertain, see Section 5.3.

The output from far-field models is usually given as an annual release rate from the outlet end
of the stream tube. The focus of the far-field hydrology modelling is on the deep groundwater
movement, and the surface hydrology is normally treated in a simplified fashion, e.g. by
assuming a constant groundwatcr level. Thus, no detailed modelling is performed of how the
outflow from different stream rubes mix with more surficial groundwater. In this case the far-
field modelling will not provide any information of the water residence time in the near surface
reservoirs that are affected by the release and thus no information of the concentrations in the
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near sunace croundwater. This will instead be determined when choosing the size of the inflow
compartments in the biosphere model or by assuming different dilution factors, see below.

Transfer from groundwater to wells

Transfer of radionuclides to wells is normally considered as one of the major scenarios in safety
assessments of radionuclide waste repositories, since it short-circuits a number of the biosphere
processes that can give rise to dilution, thereby giving rise to the highest individual doses. Deep
groundwater containing radionuclides released from a deep repository will be diluted by water
in the major fracture zones and for more shallow wells also by near surface groundwater. Wells
with high extraction drilled near the repository may also the influence the flow pattern in the far-
field.

In the KBS-study \KBS, 1983], wells with large extractions were considered unlikely, due to the
low permeability of the rock in the areas of consideration and the absence of large fracture
zones. Only single household wells with a yield of 1.5-6.0 m'd1 and 60 meters depth were
considered. It was assumed that the annual radionuclide release from the near-zone was diluted
in 50 m' of water. This water was further mixed with 300 000 mJ before entering the well. This
gives a dilution factor of 10 000. The range proposed for dilution factors were between 30 000
and several millions. These figures were based on hydrologicai estimations and calculations, all
assuming that the fissured rock could be treated as a continuous medium. However, the rock is
very heterogeneous and the water How is located to preferential flow paths. Modelling performed
with discrete fracture models (see Section 5.3) have shown that the for networks with a large
variability in water flow, the concentration in the well water may in some cases be considerably
higher than those predicted by continuum models [Cacas ct al.. 1991]. Considerable uncertainty
may therefore be incorporated in these dilution factors.

In more recent studies [Skagius and Svemar, 1989] it has been assumed that the radionuclides
will move through the far-Held in individual channels. If the mixing between channels occurs
only to a small extent, the dilution of the radionuclides may be small. A well drilled into a water
bearing section will take water both from the overlying rock and from the deeper rock. If the
capacity of the well is large and it is unsuitably located in relation to the repository, the water
from one or several channels may be drawn into the well. In such an extreme case, the dilution
factor would be determined by the amount of water that is withdrawn from the well. Due the
uncertainty both in the location of individual flow paths in the rock and of the location of future
wells it is not possible to make a deterministic prediction of the possible dilution factors. The
alternative is to use a probabilistic approach or to use a "worst case" estimate. The second
approach was chosen in the WP-cave project [Skagius and Svemar, 1989], where it was assumed
that the annual release was diluted in a considerably smaller mixing volume before entering the
well. A volume of 2000 mJ was used. This volume is estimated from a withdrawal from a well
of 6 m'd'.

One uncertainty in the above mentioned scenario is that it assumes that there is a steady
withdrawal frou the well, while in reality most wells work intermittently. This may influence
the flow pattern around the well.

Transfer from groundwater to aquatic systems

Discharge to a river, lake or marine water body may occur directly to the water if there are no
sediments (i.e. a "hard" rock river bottom, lake bottom or sea-bed). Such a situation is likely if
the groundwater discharge zone is in an area of erosion. Under these circumstances the input of
activity directly into a biosphere water compartment is a reasonable representation of the
interface zone. However, in a discharge zone where sediments are present, the transport of
radionuclides across the sediment must be modelled, as there may be significant retardation and



accumulation ot the radionuciides within the sediment body. An exception may be the discharge
t̂ radionuciides to nver sediments where the turn over time of the sediment itself generally is

very short. The transport within sediments and from sediments to surface water is usually
described in the biosphere models, see Section 6.3.

For many nuclides. the time to reach a steady-state release through the sediment will be long if
discharge occurs to a lake with a thick sediment [Elert et al.. 1985]; in many cases much longer
(han the life-time of a Swedish lake. Thus, the evolution of the lake must be considered. The
time needed to reach stationary conditions may also be long compared with the expected interval
between two glaciations. which is of the order of tens of thousands years. In the event of a new
glaciauon the lake sediments are likely to be transported away (See Section 6.6).

6.3 RADIONUCLIDE TRANSFER BETWEEN PHYSICAL COMPONENTS OF
THE BIOSPHERE

6.3.1 Conceptual uncertainties

The conceptual uncertainties associated with the calculations of transfer between the biosphere
components are discussed below. A schematic description of the various biosphere components
and their interrelationship is given in Figure 6.1. The aquatic systems (river, lakes and marine
areas, including estuaries) are discussed together, as the modelling of the transfers is done
similarly in them all. reflecting the fact that the same processes are regarded as being important
in each water body.

The transfer between the physical compartments of the biosphere are to a large degree
determined by advection, dispersion and diffusion, that is the same processes as considered in
the far-field. However, in the biosphere these processes occur under very complex conditions.
For example (hey are strongly time-varying and are often interacting with other processes such
as erosion and sedimentation. Another complication is the large variety of organic compounds
produced within the biosphere which affect radionuclide mobility. The concentration of colloids
and organics forming complexes is high in the near-surface water which enhances their
importance for the radionuclide transport. Generally, the individual processes driving
radionuclide transport are poorly understood, as is the effect of biosphere conditions on these
processes.

Some radionuciides have an environmental behavior that differs from other radionuciides and
are often treated by special models. The differences can concern mobility, participation in plant
or animal metabolism or that they may be present in gaseous form. The radiouuclides treated this
way are C-14 and to some degree also 1-129.

Transfer from sediment to surface water

The transport of radionuciides from sediments to surface waters may occur either as advection
or diffusion of dissolved radionuciides or as resuspension of sediment particles with sorbed
radionuciides. Thes^ nuclides may later dissolve in the water phase. If the lake bottom is covered
by clay and organic sediments, the water flow rate will be low and the transport will largely be
governed by diffusion. The diffusivities are generally high due to the large porosities.

Sorbed radionuciides may be buried under newly scdimented layers. These layers can prevent
release if the upward transport of the radio iclide is slow compared to with the sediment growth
rate. Chemical changes within the sediments, e.g. changes in Eh as sediments are buried, may
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cause resolution of radionuclides sorbed to solids and iheir subsequent release from pore water
to overlying water. The burial may also result in a compactation ot the sediment which will
press out the pore water out ot the sedimem and may thus constitute a transport mechanism tor
radionuclides.

The sediment is affected by biological activity. Microbial decay of organic matter will lower the
redox potential which may change the sorption properties of the radionuclides. Bottom-living
organisms may also give me to bioturbation. a mixing of both the solid sediment and the pore
water in the uppermost parts of the sediment. This may lead to an enhanced release of
radionuclides to the water body. Biological activity (bioturbation) can cause resuspension of
solids from the sediment layer, not necessarily the surface layer. Uncertainties associated with
bioturbation are large. It is very difficult to estimate or measure a rate of sediment mixing by
sediment dwelling organisms, though it is well known that the rate of mixing depends on the
number, population composition, and type of activity of sediment dwelling organisms
[Håkansson and Jansson, 1983]. Rates of mixing due to bioturbation vary greatly spatially, even
within one lake or river, and especially in different parts of estuaries.

Water turbulence can lead to resuspension of surface sediments. This process can be important
in rivers or tidal estuaries.

Very large uncertainties are involved with any value assigned to the rates of all of these
processes. Uncertainties are both conceptual, model and data uncertainties, in that the limited
knowledge of these processes makes it is very difficult to develop a model to represent them
adequately and it is very difficult to measure these processes in order to make an empirical
representation.

Transfer from surface water to sediments

Radionuclides released into the water mass may sorb on suspended particles. These suspended
particles may be transported with the flowing water or may eventually sediment to the bottom.
The important parameters are the sorption to the suspended particles and the rate of
sedimentation.

The sorption to suspended particles is dependent upon both the character of the suspended
particles and upon water chemistry. Both of these change with time; sediment characteristics as
a result of changing biological activity and changing inorganic sediment loads, water chemistry
changing in-situ, again due to biological activity and due to water circulation/stratification
(Thermal effects). Changes may also be due to different water flow rates. All the above
characteristics change along the course of a river/lake system as the river profile changes when
tributaries join, or due to industrial and agricultural activities.

The rate of sedimentation is a difficult parameter to model or to measure. Measured values show
great variation, both with time and space. Spatial variation can b» ere?.t. even within a very small
lake, varying from negative values (i.e. zones of erosion) to very high values in a deposition
area. Thus, it is difficult to derive an "average" value. Variation in time depends on variations
in the rate of flow and variations in sediment load due to changes in load of organic sediments
resulting from seasonally varying biological activity in-situ and due to changes in inorganic
sediment load derived externally to the lake or upriver in rivers. The rate of water turnover in
the water body has also be considered. However, annual average values may be difficult to
determine in such time-varying systems. Where turnover is rapid, uncertainty associated with this
factor may dominate those mentioned above.
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Transfer within sediments

Where radionuclide concentration in sediments is to be used as input to further calculations (e.g.
food-chain calculations), extra uncertainties are introduced in the calculations. Some knowledge
of the distribution within sediments is required in order to calculate concentration in the zone
of interest. In turn, some estimate of the transfer from surface sediment to deeper sediment is
required. As well as depending on the rate of sedimentation, with its associated uncertainties (as
discussed above», the rate of burial depends on the rate of sediment compaction, which varies
according to sediment composition.
The transport of dissolved radionuclides within the sedimei.! occurs mainly through diffusion and
advection (discussed above), while mixing of sediment also redistributes sorbed radionuclides.
Mixing can be due to bioturbation or to physical movement of the sediment (e.g. slumping
downslope).

Transfer between aquatic compartments

In radiological assessment models it is often necessary to calculate radionuclide transport
between different surface water reservoirs, both in water and sediment. A turnover time for each
compartment is usually derived, given knowledge of the volume and rates of flow. As the
modelling of downstream flow is very simple, the uncertainties associated are mostly data
uncertainties. Both compartment volumes and flow rates change seasonally in surface water
bodies, therefore it is difficult to derive annual average values, for water turnover. It is especially
difficult to derive flow rates for sediments, as the rates of sediment movement vary enormously,
but with movement occurring mostly in exceptional circumstances e.g. during floods.

Transfer from sediment to soil

The transfer of radionuclides direct to soil may occur in two ways; either by dredging or by
drying out of sediments.

Dredging is carried out in order to maintain river depth and width for a number of purposes, e.g.
navigation and water supply quality. Uncertainties associated with this transfer rate are
conceptual in nature, since neither the distribution of radionuclides within a sediment nor future
dredging practices can be predicted. However, rough estimates of the radionuclide transfer can
be made using a simple empirical transfer rate. The uncertainty may then be treated as a data
uncertainty.

Drying out of sediments occurs during lake evolution, or after deposition on river terraces, deltas
and meanders. These processes are part of scenario evolution, and their inclusion in an
assessment is a recognition of the need for consideration of biosphere evolution. The time scales
of these types of processes vary. At one end of the scale, regularly occurring events, happening
on a short time scale, should be included wherever scenario evolution is not considered, e.g. the
annual deposition of sediment on river terraces during floods. The drying up of lakes or the
deposition of sediments on deltas and the subsequent use of the land for agriculture occurs over
longer time scales, and is usually considered as part of scenario evolution. The change of a river
course due to meandering leads to the deposition of sediments is some places and the erosion
of river banks in other places. This process is therefore localized and difficult to model from the
spatial point of view.

Uncertainties involved with modelling these transfers are mainly conceptual in nature, in that
very few models have been developed to adequately represent the processes involved. An
illustration of this is BIOMOVS Scenario B5, in which the evolution of two lakes was
considered. Four very different models were developed for one of the lakes considered, and the
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alculated concentrations of radionuclides in the agricultural soil developed were not only
lilferent. but showed differing trends over time, depending on the model developed.

For less localized cases, such as depositions along nver terraces, empirical transfer rates could
be used. However, there are large data uncertainties associated with the derivation of average
values for these transfer rates, as there are large annual and seasonal variations.

Transport in soils

There are large conceptual uncertainties associated with the determination of the important
processes affecting radionuclide movement through the soil, although the transport of pollutants
through soils has been extensively studied. However, the great majority of studies have been
ftKused on the downward movement of pollutants from the ground surface and have aimed at
empirical descriptions. Only a few studies have looked at the mechanisms behind an upward
transport from the groundwater.

The major transport process is generally assumed to be the transport of dissolved radionuclides
with the flowing water - advectiou. However, the movement of soil water is a complicated
process, especially in the unsaturated zone, affected by precipitation, capillary rise,
evapotranspiration. groundwater level fluctuations, etc. All these processes exhibit major short
term variations and are therefore difficult to consider properly in a long-time large scale study.

These difficulties can be illustrated with reference to a BIOMOVS scenario [BIOMOVS TR9.
1990a), which considered movement of radionucudes from groundwater to the soil surface.
Cieneral agreement was reached between the nine modelling teams participating in this scenario
that upward transport of radionuclides is dependent upon soil water movement. However, there
was a lack of consensus regarding the other processes. One modelling team considered capillary
rise of soil water to be unimportant and only three modelling teams considered water-table
fluctuation to be important.

Studies have also shown the importance of soil heterogeneity to the mobility of solutes in soils
\Russo et al.. 1989]. Heterogeneities occur in the soil water movement on a microscale, soils
normally contain aggregates with more or less stagnant water and macropores with flowing
water. As the subject is still under research, the importance of this effect with respect to
radionuclide transport in soil, is largely unknown [Rasmuson, 1989], Furthermore, evaporation
from the soil does not occur entirely from the soil surface, but from the region where active
plant roots take up water lost by transpiration. The role of such inhomogeneities in water and
thus in radionuclide movement, has not been investigated.

Soils may also be heterogeneous on a macroscale. e.g. by spatial variations in hydraulic
conductivity and sorption characteristics. Such variations, both horizontal and vertical, may have
a large significance for the effective transport over a larger area \cf. Dagan, 1990].

The chemical processes which can retard or immobilize certain radionuclides are not very well
understood. The chi mical environment within a soil may vary considerably over short distance,
e.g. at redox fronts. Also, the chemical conditions varies with time depending on hydrological
conditions or biological activity. Long-term changes may also occur due to soil fertilization or
soil acidification.

The formation of complexes is important for radionuclide transport. Humic materials are
particularly important, because of its great tendency to form complexes with metal ions. The
humic substances can either be bound to clay minerals in the soil, and thus reduce radionuclide
mobility, or be soluble or in free colloidal form and thus enhance die mobility. Transport with
colloids is believed to be an important process for transport of sorbing species in soils



' WcDoweil-Binrr ct at.. 1986). Also, microorganisms present in soils can behave as colloids.
The etfect ol microorganisms on the transport of cesium has been demonstrated \Cliamp and
Merru. 1<JH1]. As in the case far-field migration, is the mechanisms for colloid retention and
iransport in soils not very well known, and is rarely included in biosphere transport models.

Transfer from wells and aquatic systems to soils

The main pathway here is through the use of water from wells, rivers or lakes for irrigation. A
ronsiderable uncertainty can occur when choosing a value for the volume of irrigation water
applied, when annual water flows in the soil system are represented as annual averages. On an
annual average basis, irrigation can appear to be totally unnecessary, as there is such a large net
surplus of water. However, this does not reveal significant water deficits which may occur during
the growing season. Unless sufficient detail is given in the conceptual model as well as in the
mathematical model it is possible to develop an "inconsistent" system. It is also difficult to
predict irrigation methods over long periods of time as agricultural practices change quickly.

Transfer from soils to the atmosphere and aquatic systems

There is a lack of general consensus about which processes should be included in calculations
of loss of radionuciides from soils. Possible processes for consideration are erosicn of soil solids
due to overland flow at surface, due to lateral flow in soil, or erosion from the soil surface due
to resuspension by wind.

The material lost by erosion may be transported to soils located elsewhere or to surface waters.
In the case of wind erosion the material may be transported over large distances and may spread
over large areas. Recent BIOMOVS scenarios [BIOMOVS TR6. 1989; B10M0VS TR9.1990a]
showed a lack of agreemenl about the importance of these processes. Only two models out of
fifteen considered lowering of the soil surface due to erosion.

The resuspension of material by wind may lead to the inhalation of radionuciides. However, this
is a pathway of minor importance for most radionuciides. The rate of resuspension is difficult
to measure and will be subject to very large variations in both time and space. It is therefore
extremely difficult to assign annual average values.

The concentration of radionuciides in atmosphere is usually calculated by assuming an
atmospheric dust loading and multiplying this factor by the radionuclidc concentration in the
solid phase of the dust source (e.g. soil, sediments). The main uncertainty associated with this
calculation is in the derivation of a value for the dust loading factor. A large number of field
observations have been made, but opinions as to a "typical" average value vary widely (e.g. in
two BIOMOVS scenarios), differences of a factor of 50 were found between models and
uncertainty ranges of up to five orders of magnitude were associated with this parameter.
Predicted concentrations in air varied by 3 orders of magnitude in Scenario B6 (1-129 & Np-237)
and by 5 orders of magnitude in Scenario B2 (Tc-99 and Np-237) \BIOMOVS TR6. 1989:
BIOMOVS TR9, 1990a). Further uncertainties are associated with the source of the dust. i.e.
whether it is wholly derived from the contaminated water or sediment body. It may be necessary
to take into account the fact that dust may be partially derived from other sources e.g. crop
burning, particularly during periods of high dust loads. The radionuclide concentration in the
dust may also be different from that of the source, e.g. due to dependency of concentration on
particle size.
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f>.3.2 Model uncertainties

There are many differences between the geosphere and the biosphere, e.g. in the time scale of
important variations, in the possibility of influence by man and major environmental changes.
but also in the way important processes are modeled. In the biosphere physical, chemical, and
biological processes occur, influencing large areas and varying on time scales which are
extremely short compared to the expected life-time of a repository. Such variations are not
readily implemented in models used for long-term simulations. Thus averaging and
simplifications have to be made in the modelling.

Generally, the physical components (i.e. non-living) of the biosphere are represented as a series
of compartments in linear, donor-controlled compartmental models. The rates of transfer between
compartments may be calculated using a number of sub-models to represent the transfer
processes. Alternatively, empirically derived transfer rates are used, which implicitly account for
these processes. Therefore there is usually a very close link between models and data. We have
thus chosen to treat both model and dala uncertainties in this section.

Typically, the compartments considered are the surface and one or more subsoil compartments,
(the terrestrial system), the atmosphere, well and spring waters, followed by a series of sets of
water, surface sediment and one or more deeper sediment compartments which represent rivers.
lakes, estuaries and smaller or larger marine areas. A possible representation of the physical
components of the biosphere is given in Figure 6.2.

A large part of the uncertainty originates from the sub-models used to derive the transfer factors
for the different compartments. The uncertainties can be divided into the following areas:

Uncertainties originating from the simplification of complex physical models
Uncertainties due to the discretization in lime and space
Uncertainties concerning the applicability of empirical constants
Uncertainties in base data
Data conversion uncertainties

Many of the sub-models used to estimate the transfer rates between different physical
compartments are based on simplifications of physical models, e.g. the advection-dispersion
model and the diffusion model. The simplifications include the assumption of stationary
conditions and simplified boundary conditions. The error introduced by these simplifications has
so far not been systematically studied.

The basic compartment model and most of the sub-models used to determine the transfer factors
are linear models. However, many of the processes involved in the radionuclide transport have
non-linear properties, e.g. the transport of solutes in soils. The magnitude of the error introduced
when applying linear models to these processes has so far only been studied to a limited degree.

The representation of the soil or sediments in biosphere modelling is. at present, a large source
of uncertainty. The degree of discretization in space has been shown to affect results [BIOMOVS
TR9. 1990a; BIOMOVS TRIO, 1990b; Argärde et al.. 1988]. Higher concentrations in surface
soils and sediments are predicted during the transient phase when a simple, compartmental
approach is used and instant homogenization within the compartments is assumed. This is due
to the inherent dispersion introduced by the assumption of instantaneous mixing within the
compartments. The overestimation of the transfer during the transient phase may be important
even for long-lived radionuclide. As the time needed to reach steady state, for all but the most
mobile radionuclides. may be long compared with the life tune of the soils and sediments [Elert
et al., 1988]. Thus the overestimation of radionuclide concentrations during the period of interest
may be significant.
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\ further mathematical uncertainty is the decree ot discretization in time required in medellina.
In past assessments, modelling has usually been carried out on a time invariant basis, using
annual average values of model parameters, particularly for water Hows. These annual average
values may be based on values from sub-models which use daily, monthly or annual averages
of input parameters. The importance of seasonal fluctuations in water flows with respect to its
effect on radionuclidc transport has been discussed \Elcrt ct al.. 1990}. but no consensus of
opinion has yet been reached on suitable principles for averaging spatially and temporally
varying parameters.

The mathematical description of the retardation of radionuclides is most often made assuming
instantaneous equilibrium sorption. the K^-approach (see Section 5.3). The Krt-approach cannot
describe irreversible sorption and precipitation. In the biosphere irreversible processes may be
of significance since they may lead to a large accumulation of radionuclides in some
compartments, from where they can give dose to man. It is thus not trivial to select
conservative K^-values as these can in some cases be high values and in some cases low

values. For example in the case of irrigation, a high K,,-value may be "conservative . since it
leads to high concentrations in the root zone. On the other hand, layer a low K,,-value may be
conservative in the case of discharge to a soil, due to the large retention in the subsoil. Most

biosphere transport models also neglect the transport of radionuclides sorbed to colloids.

Tlie uncertainty due to the use of empirical constants can be illustrated with the use of
distribution coefficients. A large number of the sub-models are based on the use of distribution
coefficients (K^-valuesi. There are many uncertainties associated with the use of the KH concept
in radionuclide transport modelling. Usually K^-vaiues öre taken from measurements from other
sites with as similar soil properties as possible. However, the dependence of the chosen K,, value
on soil physical and chemical characteristics creates large uncertainties. Tlie exact relationship
between K,, and soil characteristics such as pH. Eh, organic matter content (and type of organic
matter present) is difficult to determine in such a complex (mulli-variate) system. It is therefore
difficult to choose a suitable value even if the characteristics of the soil are well known.
Moreover soil physical and chemical characteristics change with depth, with time (e.g. as soil
wets and dries, as crops change or pedogenesis over long term) and varies over a very small
area. Because of the continual change in the soil environment over both space and time, the
assumption of equilibrium between the solution and solid phases of the soil is questionable.
Additional uncertainties may derive from the original base data and the experimental methods
used. Despite all the deficiencies with the Kd approach, it has so far been difficult to pro/ide a
workable alternative, i.e. where sufficient data are available for modelling.

The original data can also be given in such a form that unit conversion is needed, which may
give rise to the need of further assumptions densities (e.g. concerning wet weight/dry weight)
and may be a source of further uncertainty.

6.4 FOODCHAIN MODELLING

The foodchain modelling can be divided into two parts. Tlic first is the modelling of Ihe
accumulation of radionuclides by living organisms and the transfer of radionuclides along the
foodchain (i.e. from plants to herbivores to carnivores and thence to man). The second is the
estimation of the activity being consumed by man.

The first part is usually carried out in a simple way. Equilibrium concentration factors are
usually used to describe the concentration in the living organism as a function of the
concentration of radionuclides in either the physical compartment in which it lives (e.g. soil in
the case of plants, water in the case of prey fish) or in the compartments of its' diet (e.g. grass



m the case ot cattle, prey tish in the case oi predator fish). Equilibrium transfer coefficients may
be empirically derived from field observations or experimentally obtained data. Alternatively.
ihese equilibrium transfer coefficients may be derived from more complex, dynamic models, e.g.
metabolic models for the retention and transfer of radionuclides in animals and animal products,
such as exist for modelling the grass-cow-milk pathway [BIOMOVS TR13, 799/1. However, in
only very few cases can a very mechanistic sub-model be used, as our knowledge concerning
the actual mechanisms of uptake, metabolism and retention of radionuclides is incomplete for
most transfer pathways.

The end-point of the first part of the foodchain modelling is usually the concentration of
radionuchdes in foodstuffs consumed by man. The uncertainties involved in modelling the
concentration of radionuclides in plants are treated in Section 6.4.1 and in the concentration in
domestic animals and aquatic organisms in Sections 6.4.2 and 6.4.3. respectively.

The uncertainties involved in the treatment and processing of water and foodstuffs are treated
in Sections 6.4.4 and 6.4.5. respectively.

The second part of foodchain modelling is the calculation of activity consumed by man. A
typical diet is usually selected, and the annual consumption of each foodstuff specified.
Radionuciide intake is the sum of the annual intake of each foodstuff multiplied by its
radionuclide concentration. The uncertainties involved in estimating the activity consumed by
man are treated in Section 6.4.6.

The uncertainties involved in the foodchain modelling could be regarded as conceptual or model
connected, since they are due to a lack of understanding of the important mechanisms or due to
the fact that the mechanisms are too complex to model in detail. The approach generally taken
is to use simple models based on empirical data. e.g. by multiplying by a concentration factor.
In such models all uncertainties will be included in the choice of input parameters, although they
are not necessarily data uncertainties in a more strict sense. As a consequence of this we have
chosen not to make a separation between conceptual, modelling and data uncertainties in this
section.

However, an important conceptual uncertainty is introduced in the construction of the foodchain
considered, whether for a critical group or an average inember of the population. A foodchain
pathway may be neglected, e.g. the feeding of fish-meal to domestic animals (poultry and pigs).
Pathways may change over time: it is not always possible to foresee future foodchains.
Agricultural practices in particular change very quickly.

A further conceptual uncertainty common to all parts of the foodchain model is associated with
temporal averaging of results from experiments. Experiments are rarely carried out over long
enough time periods for the derivation of annual average values and at the same time taking time
varying factors into account, e.g. source of fodder for domestic animals.

6.4.1 Radionuclide concentration in plants

There are two methods of uptake of activity from soil by a plant:

1. Uptake direct from soil, either by the root system or by "basal sorption", i.e. direct
uptake by the base of the stem, discussed below.

2. Foliar absorption of activity deposited on plant leaves after soil resuspension. This
pathway is discussed together with uptake of activity in irrigation water (next section).



Direct uptake from soil

The uptake from the soil to a plant is dependent upon many different factors, including:

plant species

plant part which forms the edible crop
soil characteristics, e.g. pH. Eh. soil texture, soil composition, and soil chemistry
physical and chemical form of radionuclide (which may change with time)
length of plants growing season
timing of exposure of plant to radionuclides
distribution of radionuclide in soil.
concentration of radionuclide in soil (non-linear dependencies)

In modelling, the radionuclide concentration in the plant is usually estimated from the
concentration in the soil by using a soil-to-plant concentration ratios (CR), defined as Bq kg '
plant (fresh or dry weight) per Bq kg' soil (dry weight). Many measurement have been made
for different plant species and radionuctides and in many cases, relationships between the
concentration ratio and the factors mentioned above have been determined, e.g. soil-plant
database developed by the International Union of Radioecologists.

It is obvious that a concentration ratio is a great simplification and that it is applicable only to
one carefully defined set of circumstances. Therefore there are many uncertainties when choosing
a concentration ratio for predictive purposes. These include:

1. Concentration ratios are usually applied to the concentration in bulk soil, irrespective
of the availability of radionuclides in that soil. It may be better from the point of view
of extrapolating between scenarios if a concentration ratio were determined based upon
the fraction available to plants, e.g. the soluble fraction in a form available for uptake.
However, more detailed information on the chemical forms available to plants is
required in order to do this. The physical and chemical form of a radionuclide varies
with time. Most experiments or field observations concern radionuclide application or
deposits of a limited age, at the most a few years. It is not clear how applicable such
data are to the long time scales being dealt with in radiological assessment modelling.

2. The concentration ratio is assumed to be linear with respect to concentration in soil.
It is not clear whether this assumption is valid, particularly where concentrations are
rela;ively high and/or radionuciides may be toxic to the plant.

3. It is not clear how to apply plant-soil concentration ratios when the distribution of
radionuclides in soil is inhomogeneous. The distribution of plant roots in soil then
becomes important, but few models have been developed to take this into account.

4. The concentration ratio has to be determined correctly with respect to the timing of
radionuclide availability. It is possible that in some soils, radionuclides are more
available during some periods of the year than in others due to seasonal variations in
radionuclide transport rates to the rooting zone and in soil physical and chemical
conditions. It is important that a CR appropriate to the period of maximum availability
and/or maximum uptake, is determined.

5. Concentration ratio depends on the crop yield, i.e. if crop yield is high, plant
concentration may be relatively tow due to growth dilution in later phases of plant
growth, though the amount of radionuclide taken up is standard. The use of plant
uptake rates rather than concentration factors could eliminate some of this uncertainty.



The simplifications made by using concentration factors may also have consequences for
modelling the rest ot the system. It is important to maintain mass balance in the foodchain
modelling, despite the use of simple CRs. The concentration and subsequent fate of radionuclides
in all plant parts is of interest, not just in the edible plant parts. The uptake and removal of
radionuclides in any plant part, edible or otherwise, constitutes a loss term from soil. If this is
not taken into account, artificially high concentrations in soil can be calculated, particularly in
the case of more mobile radionuclides. This occurred for many models in a BIOMOVS Scenario
\BIOMOVS TR6. 1989).

Two BIOMOVS Scenarios have considered soil to plant transfer in the context of waste disposal
assessments, i.e. using a simple concentration factor approach. The range in the best estimates
in the concentration ratios used by the different modelling groups span several orders of
magnitude. Also the maximum and minimum value given could differ several orders of
magnitude for some of the modelling groups.

Tliough large uncertainties are associated with soil to plant transfer factors other methods of
modelling plant uptake are still largely out of the question because of the lack of data for both
model input parameters and for validation.

Foliar uptake of radionuclides

Radionuciides from rain, irrigation water, resuspended soils or sediments can be deposited on
plant surfaces, mainly leaf surface. The adherence to plant surfaces and subsequent uptake across
the surface depends upon several factors, including:

the stage of plant growth and crop density (determines the nature of the plant surface
and die amount of plant surface).

weather conditions, which will influence the amount of wash-off due to rainfall or
further irrigation and the weathering from surfaces

physical and chemical form of the radionuclide.

Different approaches have been used in (he modelling of foliar deposition and uptake of
radionuclides in both the solid and liquid phases. The simplest is an empirical approach;
expressing the amount of activity found in the crop at harvest as a certain percentage of activity
applied /intercepted. A further approach is to use a weathering half-life for intercepted activity,
though there is little data for this parameter, and the available data tends to be applicable to a
single contamination event rather than to repeated or continuous contamination.

It may be possible to reduce the uncertainties associated with the parameter values for the
empirical methods described above by using more detailed sub-models in parameter derivation
e.g. an approach has been used in which an irrigation - water film of a definite volume is
specified (cf. BIOPATH) [BIOMOVS TR6. 1989]. All the activity in this film is assumed to be
taken up, with further activity applied during the same irrigation event being washed off onto
soil.

Uncertainties associated with this pathway are large as very little attempt has been made to
understand and quantify the important processes. These large uncertainties are particularly
important for relatively immobile radionuclides for which soil plant uptake is slow, as the
irrigation route may constitute an important pathway of contamination.
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(».4.2 Radionuclide concentration in domestic animals

Radionuciides are taken in by animals by ingestion of contaminated fodder, soil or water. The
uptake by animals from contaminated plants is usually represented by empirical transfer factors,
often called distribution factor. DF. which relates the equilibrium concentration of radionuclide
in the animal product to the daily concentration in feed water. The values chosen for distribution
factor, can be obtained experimentally, or they can be based on simple compartmental models
representing uptake into the animal body, distribution between and retention in various tissues
and the transfer into foodstuffs. Whichever method is used, uncertainties associated with the
resulting value are usually large due to the limited number of animals used in the experiments
or observations from which data are obtained. Natural variation between aiuruals is inevitable
but there aie other important sources of variation, including those listed below:

Radionuciides may be taken in by the animal by sevenl pathways; ingestion of
contaminated fodder, soil and water and inhalation. The exact quantity of radionuclide
taken in by the animal is difficult to determine, particularly for the intake of
contaminated soil.

The gastro-intestinal uptake factor (GIT), i.e. the fraction of activity which is taken up
by the body from the total amount ingested, is very sensitive to the chemical and
physical form of the radionuclide. In turn, the concentration in animal produce is very
sensitive to the GIT factor. However, the relationship between chemical and physical
form and GIT factor is not determined for many radionuciides and is not taken account
in many databases containing distribution factors which represent a life-time integral.

The uptake and subsequent retardation of a radionuclide by an animal is very
dependent upon its age and condition, e.g. stage of lactation in a milk cow. The data
available are not yet sufficient to fully understand these developmental trends, and thus
do not allow modelers to take them into account in the determination of distribution
factors which represent a life-time integral.

The metabolism of a radionuclide is also dependent on the physical and chemical form.
Very few studies carried out to determine DF values have used physical and chemical
forms which are likely to be present in the normal diet of animal.

Data for metabolic sub-models are so limited that values from one animal species are
often extrapolated to other species, thus introducing large uncertainties.

A further problem associated with the use of a single OP value is that the supply of contaminated
fodder on a continuous basis is assumed. Agricultural practices are such that this is unlikely.
Agricultural practices have a very great effect of radionuclide transfer from the crops/fodder to
animal products, as illustrated by the large variation in 1-131 and Cs-137 concentrations in milk
following the Chernobyl accident, often attributable directly to differences in agricultural
practice.

An illustration of the large uncertainty associated with the modelling of such a pathway is also
given by the Chernobyl incident. The transfer of Cs-137 along the grass-cow-milk pathway is
one of the best studied in radioecology. Nevertheless, many of the predicted milk concentrations
were more than one order of magnitude greater or smaller than the measured value [BIOMOVS
TR13, 1991].

Only one scenario in BIOMOVS treats this pathway from a waste-disposal point of view. This
scenario found that for one radionuclide. Tc-99, only one experimental source was available for
the derivation of DP values, and many models used values which assumed that Tc-99 behaves



similarly to iodine. A facior ot 50-1000 was assumed lor the 95% uncertainty ranee (max
. aiue/tnin value) lor P-99 (14 models) and 5-10.000 lor Np-237; and the resulting uncertainties
in milk concentration showed a range of 8-1000 for Tc-99 and 10-1.000 for Np-237.

Presently, most of the research has been concentrated on the grass-cow-milk pathway. In
addition, there has been some work to derive data for transfer to meat. Other pathways, e.g.
transfer to eggs, have been so little studied that virtually no data are available for iht derivation
of Dc values.

6.4J Radionuclide concentration in aquatic animals

Again, simple empirical bioaccumulalion factors (BF) are usually used, and the main uncertainties
are concerned with the applicability of available data to the situation being modelled. BP has
been shown to be dependent upon many factors, including the following:

Fish species. The available data are not yet sufficient allow the use of separate BF

values for each species.

Age of the fish. Uptake may occur continuously throughout the life of a fish. It is thus
important that the age distribution of the fish sampie used for Br determination is
similar to that harvested for consurpp»ion by man.

Distribution of radionuclide within the fish. It is important that the BP reflects the fish
tissues whicii are consumed by man. e.g. if fish bones or entrails are not consumed or
if the shell of shell-fish is not consumed, then BP should be determined for flesh only.

Foodchain structure within a lake. Although BF values are expressed as concentration
in fish/concentration in water, radionuciide transfer occurs in more stages, e.g. water-
plant, plant-prey fish, plant-predator fish. Uncertainty can be reduced by determining
these trail rfers separately, and using BP factors expressed relative to the food source
rather than to water. Uncertainties can be reduced further by basing BF values on
dynamic models of uptake and retention of radionuclides by fish.

As for other biosphere transfer factors, the physico-chemical form of the radionuclide
introduces large uncertainties.

6.4.4 Radionuclide concentration in drinking water

Uncertainties associated with radionuclide concentration in drinking water include uncertainties
in the radionuclide concentration in the source water body, the proportion in which water derived
from different water bodies is combined into a single drinking water supply, and the variation
of these factors over time, both in the long term and in the short term. These uncertainties are
discussed in Section 6.2.

Another source of uncertaintv is the processing of water between the source and the point of
consumption, e.g. filtering, aeration. *? Idition of chemicals, etc. The removal of particles from
water is often considered as a means of .. aoval of radionuclides sorbed to suspended solids,
though there is some uncertainty associated with the size fraction distribution of radionuclides.
Changes in the water chemistry as a result of processing and the resulting change in radionuclide
distribution between solution and the solid phase is less often considered.
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h.4.5 Food processing

Uncenainties are introduced in the consideration, or neglect, of food processing techniques in
ihe calculation of radionuclide concentration in foodstuffs. An example is the washing of leafy
vegetables surface contaminated by soil, or the peeling of potatoes, where a large proportion of
the radionuclide content is associated with the skin. The variation in food processing techniques
between different places, individuals and with time introduces further uncertainty.

6.4.6 Kadionuclide consumption by man

Having calculated ihe radionuclide concentration in all possible foodstuffs, the intake of
radionuclidcs by man is calculated by assuming a particular diet. i.e. by combining foodstuffs
in a particular way. In radiological assessment modelling, it is often assumed that all possible
pathways are taken into account, and that foodstuffs are combined in the correct proportions. In
practice it is almost impossible to arrive at a representative average diet for a member ot a
population due to variations in diet with age, size, activities, health, metabolism, etc.

Because of these difficulties a critical group approach is often adopted, in which it is assumed
that the dietary pathway which gives rise to the greatest dose is given a very high weighting.
Tlis approach is intended to give a conservative estimate of the calculated overall radionuclide
intake. For example, in a scenario where radionuclides are present only in the aquatic system.
a very high fish consumption rate would be assumed together with an average consumption rate
lor other dietary components and in a scenario where a terrestrial area becomes contaminated.
the critical group is often assumed to have a diet made up entirely of foodstuffs produced in that
area.

The critical group is not necessarily the same for different radionuclides, due to the different
environmental behavior of the chemical elements which influences the relative importance of
different foodebain pathways. Thus, an analysis of the relative importance of uncertainties
associated with different foodchain pathways for a range of radionuclides is very complicated,
not least because there are scenario-radionuclide combinations for which little or no data exist.
However, it may be possible by means of a survey of different scenarios and radionuclides to
develop a summary of the exposure pathways expected to dominate total dose for each
combination. Because of the larger amount of information required such a survey is beyond the
scope of this report, but would provide a means of identifying the major uncertainties and the
extent to which they are reducible.

6.4.7 Other exposure pathways

There are exposure pathways other than ingestion of contaminated water and foodstuffs, namely
inhalation of suspended, contaminated soils and sediments, inhalation of gaseous radionuclides
(particularly C-14 and 1-129) and external exposure.

Uncertainties associated with the concentration of radionuclides in suspended particles in the
atmosphere have been discussed in Section 6.3. Uncertainties concerning their intake by man are
also due to uncertainties in the exposure time to the contaminated atmosphere e.g. it is very
difficult to derive a representative average exposure time and radionuclide concentration with
sporadic exposure and a varying concentration of radionuclides in the atmosphere. The
respiration rate varies naturally in the population and with time in an individual. Uncertainties
may be large if exposure to a contaminated atmosphere always takes place during heavy physical
exertion, e.g. in some manual work. These uncertainties also apply to radioactive gases.



Fxternal exposure will occur due to exposure to contaminated soils, sediments and water. Both
exposure duration and geometry are sources of uncertainly t see Section t.5) in addition to those
discussed in Section b.3 concerning the radionuclide concentration.

6.4.8 Multiple pathway dose assessments

The total dose from food-chain exposure is the sum of the dose from a number of individual
pathways, where the dose from these pathways is simulated with chains of multiplicative factors.
This combination of additive and multiplicative processes, together with the fact that many
processes are correlated, has a great importance for the overall uncertainty of the radionuclide
intake.

A small study of multiple pathways, involving six scenarios, was carried out within the
BIOMOVS study [BIOMOVS TRll, 1990c}. The conclusions concerning uncertainties were that
it is possible to reduce foodchain uncertainties. Uncertainties due to natural variability can be
reduced by better sampling. There are many areas where uncertainties due to ignorance can be
reduced by further research. As can be expected, the uncertainties in the dominant pathways will
normally have the greatest influence on the uncertainty in the total dose from all pathways. This
is not true, however, where a sub-dominant pathway is much more uncertain than the dominant
pathway.

In multiplicative chains, the relative uncertainty cf the result is higher than that of individual
factors and increases with the number of factors in the chain. However, the presence of many
strong negative correlations in the foodchain modelling reduces the relative uncertainty to some
extent. In additive models, without correlated terms, the relative uncertainty of the sum will
decrease with the number of terms and will be less that the relative uncertainty of some of the
individual terms [BIOMOVS TRll, 1990c].

ITie last two conclusions should be borne in mind when considering the possibility of reducing
uncertainty in individual factors. In short, whilst individual factors in foodchain modelling may
appear to have large associated uncertainties, the final overall uncertainty may not be so large.

6.5 DOSE TO MAN

The possible dose to an individual from a repository for spent fuel is expected only to give rise
to stochastic effects. That ii they will induce a certain number of cancers cr hereditary effects
in a population exposed to this dose. The probability of such an effect is considered to be a
function of dose. The possible doses should not give rise to any unacceptable harm to humans,
today or in the future. This can be expressed as a limit of (he individual risk or to the individual
dose a member of a critical group can be exposed to.

Ionizing radiation from radionuclides can cause an effect to man either by radionuclides being
taken up by the body through inhalation or ingestion - internal exposure - or from radioactive
sources outside of the body - external exposure.

6.5.1 Dose via ingestion and inhalation

The calculation of dose from internal exposure is usually carried out by multiplying the annual
intake of each radionuclide to which the individual is exposed by a dose-conversion factor (or
more correctly committed dose equivalent per unit intake). Different intake modes (i.e. ingestion



and inhalation i have different dose-conversion factors. Dose conversion factors for ingestion and
inhalation have usually been based upon ICRP recommendations lor intake of radionuclides by
workers \ICRP. I9f<0]. ICRP have derived age-dependent dose conversion factors for the
members ot the public for a selection of radionuclides \ICRP. 1989]. The recommendations of
the ICRP on radiological protection have recently been revised [ICRP, 1991].

The dose conversion factors give the equivalent dose. i.e. the absorbed dose weighted by a
quality factor and a radiation weighting factor, from all radionuclide transformations occurring
within the body during 50 years alter the intake of the radionuclide. The radiation weighting
factor takes into account the different biological effect of various types of radiation and may
varv between 1 (e.g. for gamma rays> and 20 (for alpha particles). Some uncertainty lies in the
values of these radiation weighting factors, which is reflected in their recent revision. The dose
conversion factors are calculated on an organ specific basis and include the energy emitted by
the radionuclide in the organ itself as well as photons emitted from radionuclides in neighboring
organs.

The distribution of the radionuclide between the organs of the body is calculated with a
metabolic model, usually consisting of a set of linear compartments. The metabolic data used
are element specific and to some degree, so are the models. For some elements quite detailed
models supported by much experimental evidence from observations on humans are used, while
tor others the experimental data are scarce and may derive from animal experiments. Some
efforts have been made to consider the effect of the chemical and physical form of the
radionuclide. For the respiratory system three different types of compounds may be considered
depending on their retention in the lungs. Also methods for adjusting for a different particle size
distribution of the inhaled radionuclide are proposed. For the gastrointestinal system the fraction
of an element taken up in the stomach by the body fluids may depend on the chemical form.
ICRP concludes that the lack of knowledge about metabolism represents the largest uncertainty
in the dose conversion factor for most radionuclides. Changes in metabolic data has also been
the reason for the revision of dose conversion factors for some actinides [ICRP, 1986].

When evaluating the risk of stochastic effects ICRP recommends that a weighting of the dose
(o the individual organs is made. By adding the weighted doses to all organs to an entity which
correlates with the total of the stochastic effects in all of them is obtained - the effective dose
(previously effective dose equivalent). This simplifies the assessment of radiological risk when
several organs are exposed and also makes it possible to compare internal and external exposure.
The weighting factors are based on the probability and lime of occurrence of cancer and
hereditary effects. The weighting factors have recently been revised in order to consider a
reference population with a wide range of ages and an equal numbers of both sexes [ICRP.
1991].

6.5.2 External exposure

External exposure is treated in a less standard way, but in practice, this exposure pathway needs
to be considered for very few radionuclides. The dose will depend on the exposure geometry and
duration, the energy of the emitted gamma rays and the possible shielding. All of these entities
rmy not be completely known, but the ranges can be assessed. Thereby, relative simple models
can be applied with a "contre'led" error.

6.6 BIOSPHERE DEVELOPMENT

In all biosphere modelling, it must be borne in mind that when long periods of time are being
considered, it is unrealistic to expect the biosphere to remain static. On the contraiy important



changes in the naiuie ol the biosphere can be expected. The time to release of radionuclides into
the biosphere, the duration ol the release, and the time needed to reacu steady state conditions
are expected to be ol the order of thousands of years or longer. In fact, time scales being
discussed in radioactive waste disposal assessments are so bng related to the time scale of
changes in the biosphere that it is unrealistic to expect equilibrium.

At present, many assessments have been carried out treating the biosphere as remaining in its
present state indefinitely. The results can be regarded as illustrative of the possible doses which
many arise under present conditions. Such assessments generally use as much knowledge as is
available about the biosphere and the particular site in question. The discussion of uncertainties
in Sections 6.2 through 6.5 were made on the basis of a largely unchanging biosphere. In this
section some aspects of biosphere evolution will be discussed.

6.6.1 Short-time scale

Natural changes

There are many natural changes which occur over a short time-scale. The processes which lead
to these changes are often included in the modelling discussed in Sections 6.2 to 6.5. though it
is often assumed that overall equilibrium in the biosphere exists, i.e. pairs of processes
compensate each other, e.g. erosion/deposition.

Short-term natural changes are driven by geomorphological processes, i.e. changes in landform
due to wind. rain, ice, waves, tides, river or soil water. Examples of such changes are:

Rock weathering
Rock slides, land slides, soil slumping
Comminution (fragmentation) of rock
Changes in river courses, e.g. meandering and river capture
Wind blown erosion and deposition of soil
Silting up and drying out of lakes, rivers and estuaries

Such geomorphological changes are followed by adjustments in soil development (pedogenesis)
and in die population of plants and animals inhabiting the area. Podsolisation of soils and the
progression of vegetation from marsh to forest are examples. These changes are accompanied
by changes in the hydrological characteristics of the area and in the physical and chemical
characteristics of the physical biosphere components which act as radionuclide receptors. ?/: :\\
change obviously introduce an element of uncertainty into biosphere calculations, but over the
short time are fairly predictable and therefore reducible if careful consideration of their
representation .s made during modelling (e.g. by using detailed submodels). In many parts of
Sweden the land rise is quite fast (up to 1 m/100 years) and may give a change in the shore line
extension over relatively short periods ot time.

Human induced changes

Man is capable of inducing very large changes in the biosphere. Some examples of man-induced
changes in the biosphere are:

Removal of sediments from lakes, estuaries and rivers
Changes of water courses, e.g. straightening, damming, regulation of flow
Changes in land use. e.g. agricultural land to forest, forest clearance, agricultural land
to urban land
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Removal of soils, e.g. peat cutting
Removal ol surface ol geosphere. e.g. quarrying, gravel and sand removal, with
resulting creation of lakes and marshes
Land fills, e.g. domestic waste dumps
Changes in agricultural practices, e.g. application of fertilizers, lime, etc.
Release of toxins to the environment, e.g. heavy metals
Change in soil hydrology due to irrigation or d'aining

The changes made all introduce uncertainty in the biosphere modelling in that the effects of the
changes on the radionuclide transport must be predicted. However, by far the most important
uncertainty is that it is difficult to predict the occurrence of man-induced changes, as incentives
to induce changes in the biosphere alter continuously.

6.6.2 Longer-time scale

Over the time scales being considered in radioactive waste disposal assessments, changes induced
by climatic variations must be considered. There are very large uncertainties associated with the
prediction of climatic change and with the prediction of the effects of that change.

Climatic changes may occur on a short time scale, e.g through the greenhouse effect, although
its influence on future climate variation is unclear. Changes which may possibly occur include
ice-cap melting and a resulting rise in sea-level, increased glacial activity, changes in climate
state over a range from desert to tundra.

Variations in climate over longer periods have resulted in glaciations. These have periodically
occuned through the Quaternary age giving ice covers of several kilometer thickness. Based on
the length of previous inter glacial periods a new glaciation could occur within the next ten
thousands of years. It can ne expected that all features of the biosphere wili be drastically
changed after a glaciation. For example soil and sediment covers will be transported away, as
discussed in Section 6.2. The glaciation will also result in isostatic changes, i.e. land uplift or
land sinking with renewed downcutting (i.e. higher rates of erosion) and land flooding,
respectively.

Climatic changes will obviously result in many changes over shorter time scales as plant, animal
and human populations adjust to new circumstances, e.g. changes in agricultural practices,
population densities and soil usage.

Another source of uncertainty in the prediction of the effects of radionuclide release in a distant
future is that the time scales involved are so great that the evolution of technology, including
medicine, of human society, of man itself, will lead to situations completely outside of our
exp :e. It is impossible to predict man's future capabilities to adapt and cause environmental
changes, technological or otherwise. For example a cure for radiation induced damage, e.g.
cancer, may make current radiological assessments meaningless.

6.6.3 Intrusion

A scenario which could cause relatively large doses to some people is that in which human
intrusion into the waste repository occurs. This scenario may effectively by-pass radionuclide
transport through the near field, far field and the biosphere, and thus give direct exposure to man
either by ingestion, inhalation or external exposure. Intrusion could occur as a result of drilling
or mining into the repository. The radiological consequences of human intrusion are very
uncertain, as assumptions must be made about the nature and duration of exposure which are
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iifficuJt to support because ol lack oi knowledge about tuture tecruioioeies. Calculation of doses
resulting trom a certain assumed intrusion scenario is subject to some ot the uncertainties
discussed in Sections 0.3 to 6.5. but the major uncertainty will concern the source term caused
by the intrusion event. A further uncertainty is associated with the probability of occurrence of
an intrusion event.

6.6.4 Treatment of uncertainties associated with modelling into the far future

Since it is impossible to predict the exact course of biosphere evolution alternative methods has
to be used. An approach which has been used previously is the adoption of several alternative
scenanos, encompassing various climates, geomorphologies and human activities, in order to
illustrate a range cf possible radiological consequences.

Work which has been carried out previously in this fashion [Jones. 1986a: Jones, 1986b] has
shown that the overall uncertainties are not as great as may be expected given the uncertain
nature of biosphere evolution. One reason for this is that despite the diverse nature of the
possible biospheres, exposure of man to radionuclides occurs via the pathways discussed in
Section 6.4 The compensating effects of different pathways discussed in Section 6.4.8 occurs in
many cases.

A preliminary attempt has been made to screen combinations of biosphere receptors and
biosphere states in order to identify the important features, events and processes, and eliminate
those which are unimportant [SKIISSHSKB, 1989]. However, this work did not approach
screening in a quantitative manner and was not specific to any site or waste disposal concept.
Therefore the important uncertainties could not be identified. There is a potential for estimating
the overall uncertainties over a range of biosphere scenarios using this approach, with the
limitation that the result is based on current knowledge.

6.7 CONCLUSIONS

A review of current opinion among biosphere modelers involved in waste disposal assessment
shows that the values of individual parameters required as model input can often have
uncertainties associated with them of up to four orders of magnitude (95% confidence limits),
with a resulting uncertainty in the calculated concentration in environmental reservoirs, or
biosphere receptors of radionuclides of up to five orders of magnitude [Barry et al., 1992].

Generally, the uncertainty associated with calculated concentrations in the foodstuffs making up
the foodchain exposure pathway is reduced with respect to those in the physical components of
the biosphere, due to strong negative correlations between important parameters. Because of
many compensating effects in foodchain pathways, the uncertainty associated with uV total
ingestion of radionuclides. can be reduced yet further. However, in many situations and for many
radionuclides. the drinking water pathway will dominate exposure by ingestion. and thus
uncertainties can still be quite large and related directly to uncertainties in lake or well
concentration.

For radionuclides with low biological uptake exposure by inhalation and external exposure can
be important, and the uncertainties associated with these pathways are very large because of the
difficulty in quantifying human occupation of contaminated areas and the atmospheric loading
of contaminated r articles.

Uncertainties in the biosphere can be divided into those associated with modelling the transfer
of radionuclides through the biosphere in its present day state and in future conditions.
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6.7.1 Present-day conditions

Calculations using a present-day biosphere are generally carried out as an illustrative example
of predictions of the potential dose to man where uncertainties can be reduced as much as
possible by the acquisition of information. Means of decreasing uncertainty are listed below:

Reduction of uncertainties on making decisions about the waste disposal operation

Uncertainties connected with the description of the physical components of the
biosphere can be reduced by making further measurement, e.g. drainage basin
topography, water flow rates and annual and seasonal variations, soil characteristics,
lake morphology, sediment characteristics, water composition.

Uncertainties connected with the choice of values for key modelling parameters can
be reduced with better knowledge of the site's physical and chemical characteristics.

Uncertainties about possible land uses, which have to be considered in the setting up
of exposure pathways and the exposed populations densities, habits and dietary
compositions, which affect exposure pathway calculations, can also be reduced with
careful studies of current and possible practices.

Uncertainties which can be decreased through further research

Uncertainty in waste disposal assessment models is often considered to be uncertainty about data.
However, as waste disposal models are often very simplified empirical summaries of several
more mechanistically based models, this data uncertainty often reflects uncertainty of a
conceptual nature which arises during the simplification process, e.g. the derivation of annual
average factors to reflect transfers from soil to grass to milk, the derivation of sorption-
desorption Kd-values to reflect the seasonally varying conditions in an agricultural soil. Such
uncertainties can be reduced by carrying out further research to check that parameter values
derived from existing experimental results (often from experiments designed to investigate short-
term transfer from atmospheric depositions of radionuclides) are really applicable to the long-
term averages required in waste-disposal calculations. For example processes negligible en the
short-term may be of importance for the long-term distribution of radionuclides. Thus, care must
be taken to ascertain that all important processes are taken into account.

Uncertainties which can be reduced by further model development

Most waste-disposal assessment models for the biosphere are compartmental in nature, assuming
instantaneous homogenization in a few very large compartments representing the physical
reservoirs of radionuclides. Such models do not allow very accurate predictions of the dynamics
of the system. With long-lived, relatively immobile radionuclides released from a waste disposal
facility, steady state may never be reached in a present-day biosphere, and thus better
representation of the dynamics is necessary to predict the time and magnitude of concentrations
in biosphere components. Models incorporating increased temporal and spatial resolution could
reduce the uncertainties in this respect.
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Uncertainties which cannot be reduced

There is a significant component ot uncertainty which represents the natural variability in
biological systems, which cannot be reduced. Using currently developed model system, it is not
possible to take into account uncertainty due to the possibility of occurrence of catastrophic
events which might give nse to large doses at a single time point, e.g. very severe floods which
redistribute contaminated sediments causing the previously unknown exposure pathways to
operate.

6.7.2 Future biosphere conditions

Many uncertainties arise when trying to predict doses to man far into the future. On the shortf
time scale, uncertainties associated with the quantification of human habits are very important
e.g. technological ability to alter human habits, land uses, population densities etc. On the longer
time scale, ecological and geomorphological evolution of the biosphere is very difficult to predict
in a quantitative manner, therefore associated uncertainties are large. On the longer time scale
still, climatic changes and its attendant effects produce very large uncertainties.

However, it is possible that quantitative analyses of the overall uncertainty may not yield such
large estimates of the uncertainty limits as expected. A few preliminary assessments of doses to
man occurring in different biosphere states, e.g. tundra and savannah, yield best-estimate doses
similar to the best-estimate doses for present day conditions, and within the ranges of uncertainty
associated with doses of present day conditions. In addition, quantitative uncertainty analyses in
which it has been attempted to quantify the probabilities of occunence of different biosphere
conditions have yielded smaller overall uncertainties than studies in which the uncertainty in
future conditions has been analyzed by simply adopting very large ranges of parameter values
when compared with those applicable to present day conditions.
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SUMMARY AND CONCLUSIONS

In this chapter the relative importance of the identified uncertainties in the safety assessment of
a repository for spent fuel is discussed. The influence of the uncertainty in a separate area on
the final result is qualitatively estimated and the possibility to decrease Ihe uncertainly is
commented upon. A summary of uncertainties identified in Chapters 3 to 6 is made in Section
7.1.

It is a difficult task to compare UP :. jities of different nature, and also to identify areas which
should be given priority iu fuM • work aiming at decreasing the overall uncertainty. One way
of achieving a systematic c ̂ npanson is to introduce a scheme for classification of the
uncertainties as descrih <t «. Chapter 2. A summary of the classifications of different areas is
presented in Section . where also the importance of ihe banters and processes for different
radionuclides is s> <• prized in tabular form.

7.1 UJENTIFIED UNCERTAINTIES

This section briefly summarizes the findings under different subtopics and highlights some
critical features, events and processes which contribute to the overall uncertainty in the safety
assessment of the system. The discussion covers the influence of the processes on the results of
the safety assessment, the origin of uncertainties, and the possibilities and the limits for reduction
of uncertauities.

7.1.1 Radionuclide release and transport in the near-field

Spent fuel

Influence on result of safety assessment

Being the source term for the release the radionuclide inventory in spent fuel is of obvious
importance for the results of the safety assessment. Furthermore, the physical condition of the
waste as well as the chemical form and distribution of the radionuclides is of large importance
for some radionuclides often found to be significant in safety assessments, e.g. iodine.

Origin of uncertainty

Some parameters needed for the estimation of the inventory, such as bum-up, are presently not
fully known bui will be known at the time of disposal. The uncertainty in the estimations stems
from a combination of data and model uncertainties, but is for most radionuclides small. The
exceptions concern some short-lived actinides. and the possible occurrence of poorly specified
impurities in the fuel giving rise to unexpected radionuclides. The description of the physical
condition of the fuel together with the chemical form and distribution of radionuclides in the fuel
is associated with some conceptual uncertainty.

Possibilities and limits of reduction

Further research concerning data and models for inventory estimation is expected to give only
marginal decrease of the uncertainty. Research concerning the physical condition of the fuel, and
chemical form and distribution of radionuclides could increase the confidence in the estimation
of the long-term radionuclide release.



< anister life-time

Influence on the result of rlie safety assessment

The canister life-time is clearly a critical parameter for the release of especially short-lived
radionuciides as it defines the starting point for the release. Further, the distribution of canister
life-times may be important for radionuciides with high mobility. Two basic mechanisms can
limit the canister life-time; corrosion and mechanical failure. The corrosion process is of
significant importance only if localized corrosion occur. It must be regarded important to
demonstrate ihe mechanical life-liine of the canister since this could out-rule the fuel
containment long before corrosion.

Origin of uncertainty

The mechanical failure can be caused by initial damages, external loading, or internal pressure
build-up. The uncertainties associated with canister corrosion are mainly conceptual and data
uncertainties concerning the availability of oxidant, corrosion rates, the extent of localized
corrosion and the influence of the formation of large amounts of corrosion products. Mechanical
failure is to a large degree a consequence of stochastic external events, either manufacturing
defects or geological events. The exception is the internal pressure build-up due to helium
formation in the waste, which is likely to set a definite limit on the life-time of a canister at a
very far future.

Possibilities of reduction

Improved corrosion modelling including transport processes for reactants, estimated kinetic
effects, and dissipation/precipitation of reaction products could give an increased understanding
of the relevant time scales. Particularly the localized corrosion would benefit from increased
understanding. The use of thenuodynamic computer programs as well as coupled chemistry and
transport programs seem appropriate. However, long-term extrapolations of localized corrosion
may be difficult to validate. The potential tor mechanical failure due to initial damages can be
reduced by extensive quality control before emplacement in the repository.

Limits of reduction

In connection with long-term extrapolations, the uncertainty with respect to the exact knowledge
of the chemistry and kinetics of corrosion will always remain at a certain background level.
However, the effect of changes can be evaluated. The probability of failure due to external
loading in connection with geological events will to a large degree always remain uncertain.

Release from spent fuel

Influence on the result of the safety assessment

Once a canister has failed, the spent fuel becomes exposed to water and release from the fuel
can start. Some easily soluble radionuciides in the cracks of the fuel or in the gap between the
fuel pellets and the cladding can be expected to be rapidly dissolved For the main part of the
radionuciides will the release to some extent be reduced by the uranium dioxide matrix.
Radionuciides contained in the uranium dioxide matrix may be released during the radiolytic
oxidation of the fuel matrix. For radionuciides enriched at the grain boundaries a more rapid
release can be expected. Some radionuciides, e.g. Pu and Th. are expected to have a solubility
limit lower than that of uranium and are thus not affected by the fuel conversion rate.
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• h ivni of uncertainty

The uncertainty associated with the gap release is to a large extent due to the limited knowledge
of the distribution and chemical form of the radionuclides in the waste, see Spent Fuel above.
The mechanisms for the incongrueut release of many radionuclides. e.g. Sr, Tc, Cs, are not fully
understood. The conversion of the uranium dioxide to hexavalent uranium compounds is
dependent on several processes, e.g. the supply of oxidants through radiolysis. reaction rates,
other reactions consuming oxidants and various transport processes, all associated with both
conceptual and data uncertainties. So far has no reliable model predictions been performed of
the conversion rate. Instead pessimistic assumptions are generally used, assuming that all
oxidants produced can oxidize the fuel.

Possibilities of reduction

Fuel leaching experiments will provide leaching rates for various radionuclides, but more
research is needed to understand the uifferences in leaching rates obtained. An understanding of
i he leaching mechanisms is essential for the extrapolation of laboratory data to repository
conditions and long periods of time. Models of the fuel conversion process seems to be very
complex and are probably not readily useable in safety assessments. Model development may
still be worthwhile since it can help to sort out the most important mechanisms and help to
identify the most important parameters. As a result less pessimistic assumptions may be used in
safety assessments.

Limits of reduction

There are processes with a potential of decreasing the release from the spent fuel. e.g.
coprecipitation of radioelements with converted uranium and the formation of a surface coating
on the fuel by precipitated corrosion products from the canister or precipitated uranium minerals.
These processes are likely to be associated with a large uncertainty and may be difficult to take
into account in a safety assessment unless further investigated.

The solubility and thereby the release of hexavalent uranium is anticipated to be controlled by
the supply of carbonate from groundwater. The carbonate supply in a well defined system can
probably be estimated with reasonable accuracy. Long term changes in the composition of the
groundwater may be more difficult to assess and will also influence the supply of carbonate.

Radionuclide transport in the near-field

Influence on result of safety assessment

The components of the near-field, i.e. the canister with its filling, the bentonite buffer and the
rock close to the deposition holes, will constitute barriers for the release to the flowing
groundwater. For many radionuciides the near-field barriers will determine the release to the
far-field. The exception is radionuclides with low solubility at the redox front. However, the
transport properties of the near-field barriers will be of importance for the propagation of the
redox front, see below. In the case of early canister failure, the retention time in the near-field
will be of great importance for short-lived radionuclides.

Origin of uncertainty

Considerable uncertainty is associated with the release from the canister and the effect of
corrosion products on the transport properties of the canister and the bentonite buffer. Any effect
of corrosion products is usually disregarded in safety assessments.
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Tlic transport in the buffer is considered to be governed by diffusion, although a contribution
by other mechanisms, e.g. thermo-chemical effects, cannot be completely out ruled. The effective
diffusivity and sorption in the buffer material has been exteusively studied and is well known.
The mam uncertainties concerns the effect of long-term structural and chemical changes in the
buffer material.

The geometry' ot the transport paths irora a failed carusteT to the flowing water in the rock
cannot be predicted in detail. Uncertainties arise mainly from the limited knowledge of the tlow
paths in the rock close to the deposition holes and repository tunnels, and the water flow through
the near-field. Attempts to characterize the zone disturbed by the construction of the repository
has recently been made but the predicted data are still uncertain. The nearby rock will also be
affected by the heat generation from the waste, which may change the aperture of existing
fractures.

The increased interest in the disturbed zone has lead to a revision of the near-field transport
models, including also the possibility of axial diffusion in the deposition holes to the disturbed
/.one around the repository tunnels.

Possibilities for reduction of uncertainties

Long term alterations of the buffer material may change its radionuciide transport properties.
Uncertainties with respect to the effect of long-term alterations in buffer material on the
diffusivities and sorption behavior may to some degree be reduced by further investigations.
However, conclusive estimates for such effects seem difficult to reach.

The possibility to describe the flow paths in the near-field is restricted, but may be more
achievable than the description of the rock mass of interest for the far-field transport. Of
particular interest for the near-field transport in the nearby rock is the formation of a disturbed
zone around the excavated caverns. Further research may reduce some of the uncertainties in
these features for the near-field transport. This should include both (he effect on hydraulic
conductivity and the fracture surface area accessible for matrix diffusion and sorption.

Limits for reduction

For long-lived radionuclides chemical factors such as restricted solubility are the only important
topics in the near-field. Uncertainties are likely to remain at a certain level for the release rate
of long-lived radionuclides.

Redox front formation and behavior

Influence on result of safety assessment

Oxidized substances originating from radioiysis of water at the fuel surface will spread from the
canister and move outwards. The oxidants will be consumed as they meet reducing compounds
in the buffer material, the groundwater or in the rock. At the interface between oxidized and
reduced material, the redox front, redox sensitive minerals will precipitate, e.g. uranium. The
extension of the redox front into the surrounding rock determines the contact area with the
groundwater. and thereby, the total amount of water which will act to dissolve the precipitated
radionuclides.
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ni uncertainty

The rate by which the redox iront is spread must be regarded very uncertain whereas it can be
judged to be important but not critical with respect to its impact on the total release of
radionuclides from the repository. The uncertainty is largely connected with the production of
oxidants by radiolysis and the effective redox buffer capacity of the near-field, e.g. due to the
copper canister itself or divalent iron present in the buffer or entering from the surrounding rock.
Due to the great uncertainty it is usually assumed that all of the oxidant produced can participate
in the formation of a redox front.

There are conceptual uncertainties in the behavior of the redox front in the fractured rock, where
the occurrence of oxidizing fractures or reducing fractures is significant for the contact area
between (lowing water and reducing radionuclides.

Modelling of the spreading of the redox front involves coupled chemistry and transport in
connection with sharp fronts. Such modelling is presently difficult due to the numerical problems
arising. The spreading of the redox front also affects the boundary condition for the far-field
migration models, as it influences the contact area between the flowing groundwater and the
precipitated radionuclides. The effect of this, especially considering fracture flow and the
presence of the disturbed zone, has so far been little studied.

The solubility ot radionuclides at the redox front is an important parameter which will be
difficult to estimate in detail since the actual chemical conditions in the rock can not easily be
observed without disturbing the system. Some uncertainty is also introduced by so called auto-
oxidation of radionuclides due to radiolysis by precipitated radionuclides at the redox front.

Possibilities for reduction

The uncertainty associated with the redox capacity in the near-field could be reduced by further
studies of the near-field chemistry. Application of coupled chemistry and transport models to
study the spreading of the redox front may significantly contribute to the understanding of the
processes governing the radionuclide retention in the near-field.

Limits for reduction

An uncertainty in the chemical processes which may not be possible to reduce to an insignificant
level is different kinetic effects, of particular importance is to what extent oxidized radionuclides
are reduced and precipitated at the redox front.

7.1.2 Radionuclide transport in the far-field

Hydrology-Advection / Transport with the flowing water

Influence on result of safety assessment

The hydrological conditions in the rock have a direct influence on the transport of radionuclides
with the flowing groundwater (advecu'on), but will also affect other migration processes of large
importance for the release and retention of radionuclides, e.g. dispersion in the fractured rock,
and the fracture surface area available for matrix diffusion and surface sorption.



rtic water flow rate has a large influence on the transport ot both sorbing and non-sorbtng
radionuclides. The water velocity has an appreciable effect only on non-sorbing radionuclides
with a radioactive hall-life comparable to the residence time in the geosphere.

Origin of uncertainty

The heterogeneity of the flow in the rock constitutes an important problem regarding the
possibilities to observe and characterize the structure of the system. The uncertainty is both of
conceptual nature and associated to (he limited possibility to obtain data. The amount of data
available lor characterization of the host rock will always be limited. In a repository environment
the possibility for field experiments is restricted in order not to disturb or destroy the rock. The
small scale heterogeneities of fractured hard rock means that the water flow or the transmissivity
of the flow paths will not re known in any detail. Many entities, such as flow porosity and
distribution of flow are not directly measurable with present methods. In addition, large scale
heterogeneities may be difficult to detect and characterize. Thus, the description of the far-field
hydrology will have to be based on a statistical interpretation. The extension of flow paths
through the geosphere can therefore not be predicted delerministicly.

The conceptual and data uncertainties have important implications on the mathematical
modelling. At present there are difficulties in finding models that can give a sufficiently detailed
description of the flow paths based on the available field data. Conservative estimates have to
be used. The degree of conservatism is. however, not always known.

Possibilities of reduction

Further experimental and theoretical studies will increase the conceptual understanding of the
sure ire of the flow system, giving a better knowledge of effects such as channelling. A major
p» J •; n is the difficulty to study the system without disturbing it.

w reased conceptual understanding will help to develop and improve methods for estimating
' n insport parameters for use in safety assessment models. A combination of continuum and

a c -te models using statistical measures may be tools to increase the confidence in these
ti/.iates.

vrther research is also needed to improve the confidence in the methods used for the site
valuation. Due to (he large spatial variability the exact behavior can never be predicted. It
hould. however, be possible to bracket the magnitude of the governing parameters.

Limits for reduction

Although research and development is likely to increase the conceptual understanding of (he
idionuclide transport in the far-field, the limited observability of the details of the flow paths

will cause a remaining uncertainty. This means that such parameters as fracture surface area
available for sorption and matrix diffusion and channelling characteristics will to some degree
remain uncertain.

Important uncertainties may arise due to long-term changes in the rock caused by earth quakes,
glacialioa. changes in the geochemical system etc. These uncertainties do not appear possible
to reduce to insignificant levels. The effects can. however, to some extent be evaluated by
conservative estimates.



Dispersion

Influence on result of saten assessment

The dispersion gives rise to a spreading of the concentration pulse that may result in a lowering
of the maximum release rate lor narrow peaks. The spreading also gives an earlier breakthrough
that may lead to an increased release of radionuclides with a radioactive hall-life comparable to
the residence tune in the geosphere.

Origin of uncertainty

Since dispersion is mainly due to differences in flow between the individual flow paths, this
process will be affected by the heterogeneity of tne rock. This processes can only be studied as
an average effect over a given distance in a specific rock mass. There are uncertainties associated
with the extrapolation of values measured over a given distance to other distances. The
application of dispersion values derived at one site to the situation at another site must be
regarded uncertain. The spreading of a concentration pulse due to dispersion is in many cases
accompanied by other effects such as sorption and matrix diffusion, which makes the process
evaluation difficult.

Possibilities of reduction

An increased understanding can be obtained through a combination of field experiments and
modelling. Especially, the use of discrete models can provide valuable insights. Research has
been performed on a number of sites, but more data from different sites, flow conditions, and
migration distances will increase the confidence in model predictions and reduce the range in
parameter estimations.

Limits for reduction

In most observations, correlations between dispersion and other parameters make it hard to
estimate the magnitude of dispersion from single experiments. The difficulties in characterizing
the structure of the system and the individual flow paths introduces an inherent uncertainty.
Reasonable upper limits for the uncertainty should, however, be possible to define by the use
of a multitude of experiments and modelling.

Matrix diffusion and sorption

Influence on result of safety assessment

Matrix diffusion and subsequent sorption on the inner surfaces of the rock is the most important
retarding process for sorbing radionuclides. Matrix diffusion will also atfect non-sorbing
radionuclides. but to a leaser extent.

Origin of uncertainty

The uncertainties associated with the assessment of these processes in a repository environment
are largely determined by the difficulties in measuring the contact area between the flowing
water and the rock which is available for matrix diffusion and sorption. Uncertainties are also
associated with the data for the effective diffusivity in the matrix. Large differences has been
found between samples from the same drill cores. Long-term changes in the g^ochemical system
can lead to formation of fracture filling materials possibly reducing the active rock surface area
and the effective diffusivity.



Hie sorrtion processes ;ire reasonably well known, but there is uncertainty associated with the
iong-term behavior uiiuer field conditions. A factor that adds to the uncertainty in the modelling
is the use of the simplified K -̂approach. With the use of appropriate data this would in most
cases lead to an underestimation of the retention.

Possibilities of reduction

Presently, no established method for measuring the effective area for matrix diffusion and
<orption is available. Values have most often been derived by interpreting experimental data with
models. Due to the large uncertainties associated with these interpretations, large ranges
including very low values ("worst cases ) are presently used in safety assessments. The
uncertainties in these interpretations are likely to be reduced by further experimental and
theoretical research.

The data uncertainties associated with matrix diffusivity and Kd-values could be decreased by
site specific investigations. This would also give a possibility to evaluate the uncertainty
introduced by spatial variability. The degree of "conservatism" introduced by the simplifications
in the Kd-approach may be evaluated by further experimental and theoretical research. However,
more complex models may be associated with great data uncertainties, thus giving no or only
a small decrease in the overall uncertainty.

Limits rnr reduction:

The maior limits for reducing the uncertainty associated with matrix diffusion and sorption are
the inherent difficulties in describing the structure of the flow system and the difficulties in
predicting future geochemical changes and their consequences on the long-term behavior of
sorbed species. Moreover, correlations between model parameters limit the possibility to quantify
the fracture surface area in single experiments. However, scenario evaluation could be used as
a method to set reasonable bounds.

Colloids

Influence on result of safety assessment

The transport of radionuclides in colloidal form in fractured rock is a potentially important
process. Scooping calculations indicate that the release of radionuclides reversibly bound to
colloids is not greatly enhanced, but that an increase could be expected for radionuclides
irreversibly bound to colloids. There is large uncertainly associated with these estimations.

Origin of uncertainty

The uncertainties arise from the lack of a conceptual understanding of how colloidal particles
behave in fissures and die mechanisms foi attachment of radionuclides on colloids, as well as
from the lack of data and methods to obtain data for characterization of colloids, e.g.
concentration, particle size, surface charge and effective surface. As a consequence of this no
general consensus has been reached on a suiteble modelling approach, although several model
concepts are being developed.

Possibilities of reduction

The uncertainties associated with colloid transport could be reduced by further research
concerning radionuclide-colloid interaction, and colloid interactions with the fracture surfaces.
There are some hope that observations of natural cotloid systems may help to clarify the degree



i»l reversibility ot the sorption of radionuclides on colloids. Further model development is also
needed, both lor research models and safety assessment models. Different field and laboratory
experiments are also needed tor the validation of these models.

Limits of reduction

The mobility of radionuciides in colloidal form in the fractured rock is influenced by the
problem tc observe the flow paths and to characterize the rock surfaces along these paths.
Furthermore long-term changes in colloidal concentration, possibly affected by the presence of
the repository, give rise to uncertainties difficult to reduce.

7.1.3 Radionuclide transport and accumulation in the biosphere

Transport geosphere-biosphere interface

Influence on result of safety assessment

Uncertainties in modelling of the geosphere-biosphere interface are of great importance to
biosphere modelling as the rate of input of radionuclides to the exposure pathways of the
biosphere have a direct effect on the dose received by man. Of special importance is the dilution
that may occur in surticial ground water and wells, which has a direct influence on the dose
obtained from drinking contaminated water.

Origin of uncertainty

The important processes are not always clearly identified and are also likely to change due to
the evolution of biosphere receptors. The limited life lime of the biosphere receptors will
increase the importance of instalionary phases.

The location of the discharge uf radionuclides cannot be very well predicted by the far-field
models. Furthermore, the surface hydrology influencing the mixing and dilution of radionuclides
is normally not included in the far-field hydrology models. Instead these processes are handled
implicitly when assigning the volumes cf the receptor reservoirs.

The lack of precise definition of the location of the geosphere-biosphere interface may lead to
an inconsistent treatment. The differences in approach between the models used for the far-field
and the biosphere together with the fact that the different areas often are treated by different
modelling groups may increase the risk of inconsistencies.

Possibilities of reduction

It has recently been recognized that improvements are needed in the modelling of the geosphere-
biosphere interface. Work has been performed determining the dilution factors for wells and the
influence of near surface hydrology. The studies of well dilution have concluded that a large
portion of the water contaminated by the repository may be drawn into a well under certain
conditions. As a consequence, "worst cases" have been used as conservative estimates. Further
research of the conditions needed for obtaining large uptake in wells is required to determine the
degree of conservatism in these estimates.

An unproved understanding of the transfer between the geosphere and the biosphere may also
be obtained by studying natural analogs, e.g. the release of metals from ore deposits.
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Limits ror reduction

The main limits lor reduction ot the uncertainty associated with the geosphere-biosphere
interface is due to the difficulties in predicting the evolution and life time of biosphere receptors.
The near surface geological layer will be removed, reordered or formed in connection with
glaciations. The effect of different developments can be illustrated by modelling evolution
scenarios. However, only a few models that can handle evolving scenarios are available. The
predictions with models are associated with large uncertainties due to the limited knowledge of
the important processes, especially for periods with rapidly changing conditions.

Transfer between physical components of the biosphere

Influence on result of safety assessment

The transfer and distribution of radionuclides between the physical components of the biosphere
is important since the concentration there constitutes the starting point for many of the exposure
pathways. The physical components may be accumulation points for radionuclides. e.g. soils or
lake sediments, or more or less permanent sinks, such as deep ocean sediments.

Origin of uncertainties

The system of physical components in the biosphere is complex and the rates of transfer are not
always well known. This is partly due to a limited understanding of the important transport
processes and partly due to limited data to determine their magnitude. There are also large spatial
and temporal variations that may give rise to uncertainty when selecting parameter values for
a model. These uncertainties apply to our present day understanding of large scale biosphere
transport. In safety assessments of high level waste repositories predictions for a distant future
must be made.

These predictions must then be temporal extrapolations of our present day knowledge, and the
predictions must be made for a changing biosphere. Biosphere evolution is obviously uncertain,
but may be studied through the development of possible or plausible scenarios. However, the
effect of changing biosphere conditions on the transport processes is largely unknown.

The large conceptual and data uncertainties associated with the physical transfer between
components are reflected in the models generally used. These are usually compartniental models
with transfer coefficients derived empirically or detennined by submodels based on simplified
physical models. Additional uncertainty may arise from these simplifications, e.g. in the case of
dynamic events or non-linear process.

Possibilities of reduction

Further research will increase the ability to describe the transfer piocesses in the present day
biosphere. Much could be gained by cooperation between disciplines dealing with the same
subject, e.g. soil science, sedimentology. chemical transport, etc. Studies of the extent and effects
of spatial and temporal variability can increase the possibility to evaluate its contribution to
uncertainty. Studies of natural analogs can give increased confidence in conceptual and
mathematical models.

Uncertainties in modelling can be reduced by model tntercomparison. Simplified models used
in safety assessments can be compared with more complex models on a subsystem level in order
to study the implications of model simplification, taking into account the availability, uncertainty
and variability of the input data.



L:nuts of reduction

Although the uncertainty associated with the present day biosphere may be reduced by further
research, considerable uncertainty will remain with respect to the long-term evolution of the
biosphere and the possible occurrence of catastrophic events thr.t may suddenly mobilize large
activities. The effects on radionuchde transfer and accumulation in the physical components of
the biosphere can to some degree be evaluated using scenarios. In this area more research
concerning the effect of biosphere changes is needed as well as development of models that can
handle these scenarios. Scenario development is to a large degree a subjective process based on
our present knowledge. Thus a final set of scenarios for the biosphere is not likely to be
developed. Instead the scenario development should be seen as an evolving process.

Foodchain modelling

Influence on result of safety assessment

The foodchain modelling is of large importance for radionuclides that can be significantly
accumulated by living organisms and transferred along the food chain to man. The estimation
of the activity being consumed by man is usually included in the foodchain modelling.

' Jriflin of uncertainties

The uncertainties in the foodchain modelling have a similar to those in the transfer between the
physical components of the biosphere. The uncertainties involved in the foodchaiii modelling
could be regarded as conceptual or model connected, since they are due to a lack of
understanding of the important mechanisms or due to the fact that the mechanisms are too
complex to model in detail. The approach generally taken is to use simple models based on
empirical data. All uncertainties will then be included in the choice of input parameters, although
they are not necessarily data uncertainties in a strict sense.

The foodchain modelling is highly influenced by assumption regarding human habits, e.g.
agricultural practices, food processing, diets, etc.. which may change rapidly. This introduces
uncertainties also on relatively short time scales and can limit the applicability of empirical data.

An additional problem with the empirically based models is the large variability in data, which
may restrict the applicability of data to other sites or situations. The data used are often derived
from experiments designed to check the short-term transfer from atmospheric deposition of
radionuctides, and may thus not be fully applicable to the long-term averages required for waste
disposal assessments.

Possibilities of reduction

Further experimental studies can give an improved knowledge of the effect of biosphere
conditions on the uptake of radionuciides in foodchains both making it possible to account for
correlations between parameters and for assessing the effects of future biosphere changes.
Consideration of the physical and chemical form of the radionuclides is of great importance.

Uncertainties in foodchain modelling can also be reduced to some degree in multiple pathway
dose assessments, due to the often strong negative correlation which often occurs between the
different model parameters.



flic complex processes involved in foodchain transfer excludes ihe use of very sophisticated
models. However, model development accompanied by development of parameterization and
averaging techniques is desirable.

Limits of reduction

Scenario development can be a useful technique for evaluating the effect of changes in human
habits, agricultural practices, climate, land use. technological ability, etc. However, the range in
variation of possible development of the biosphere is very large and may be completely outside
of our present experience.

Dose to man

Influence on result of safety assessment

The dose calculations convert the intake of activity to the end-point normally used by regulators,
which could be dose or risk of detrimental health effects. It is thus an integral pan of the whole
safety assessment.

Origin of uncertainties

Dose conversion factors are usually based on the recommendations of the International
Commission for Radiation Protection (ICRP). These 'actors are regularly revised, but are still
associated with some uncertainty. The mam uncertainties are associated with the biological effect
oi various types of radiation and (he metabolism of some radionuciides.

Possibilities of reduction

The uncertainties in the dose calculations are small compared to other uncertainties in the safety
assessment and here no attempt is made to determine the possibilities for reduction of
uncertainties in dose factors.

7.2 CLASSIFICATION OF UNCERTAINTIES

As described in Chapter 2 the following classifications of uncertainties have been chosen for this
study, i.e. according to:

present level of the uncertainty,
time scale for the uncertainty,
origin,
reducibility.

These classifications are further commented below.

7.2.1 Classification of present level of uncertainty

The existence of large uncertainties in safety assessments of spent fuel disposal have long been
recognized. In these assessments it is important not to underestimate the potential consequences
of a spent fuel repository. This has often been handled by making pessimistic or conservative
assumptions about the effect of processes or by assigning conservative values to model
paiameters. However, the choice of conservative values must be based on our present



understanding oi the system, and if our understanding is poor, the safety margin" may either
Vie excessively large or unknown. The use of very conservative assumptions may not be critical
• t the purpose ol the safety assessment is to show the feasibility of a repository, but may impede
the optimization ol repository design and the comparison between different repository
alternatives. Important differences in safety may not be detectable with the rather blunt methods
used in a safety assessment. An improved understanding of the system, better models, and more
reliable data can be used to decrease the degree of conservatism needed to make reliable
predictions.

In some cases the present knowledge of the system or process is not sufficient to determine the
degree of conservatism in the model assumptions or in the choice of model parameters. Tins is
usually handled by making a "worst case' analysis. For many processes can the "worst case' be
defined by bounding calculations based on obvious physical or chemical constraints. In other
cases can such constraints not be found and the "worst case" needs to be defined on a more or
less subjective interpretation of our present knowledge. For both cases a reduction in the
uncertainty could give an increased reliability of the model predictions. The use of "worst case"
analysis may also give misleading information conceniiiig the importance of various processes
or barriers for the overall safety of the repository, which in turn may lead to a suboptimized
allocation of research resources.

A number of processes are connected with stochastic events, e.g. geological faulting, human
intrusion. Although the effects of such events can be estimated, their probability of occurrence
will to a large degree always remain uncertain.

In conclusion, the following classification according to the present level of uncertainty is
suggested:

1. Uncertainties are limited. Level of conservatism of safety assessment can be evaluated

2. Uncertainties exist. Conservative estimates can be defined by bounding calculations

3. Uncertainties exist. Conservative estimates are based on expert judgement

4. Uncertainties very large. Any beneficial influence of the barrier or process is normally
not considered in safety analyses.

7.2.2 Classification according to time scale of the uncertainty

This has already been discussed in Section 2.3.1. The classification chosen here is.

S. Uncertainties influencing the present-day situation or the period that can be overviewed
so that the behavior of the system can be extrapolated.

L Uncertainties that occur as a consequence of long-term changes in the repository
conditions or are associated with processes that act over long periods.

7.2.3 Classification according to origin of uncertainty

As explained in Chapter 2. the following classes are considered in this study,

C. Conceptual uncertainties due to limited knowledge about the system or the relevant
processes.



'•>8

M Modelling uncenainiies due to simplifications and approximations made in lhe
description ot structures and processes in physical and mathematical terms.

D. Data uncertainties due to lack ol reliable data.

7.2.4 Classification of uncertainties based on limitations in possibilities of reduction

This classification, presented in Chapter 2. is made according to.

O Uncertainties caused by inherent difficulties in observing the system

S. Uncertainti dependent on stochastic events

LT. Uncertainties involved with long-term changes make them difficult to reduce

7.2.5 Summary of classified uncertainties

The attempted classification ot identified uncertainties is presented in Table 7.1. From the
classification it can be concluded that many of Ihe identified uncertainties in the short-term
behavior of the system can be reduced. In the long-term behavior of the system uncertamties can
be reduced lor an ideal undisturbed system, but uncertainties will always remain due to future
events that cannot be excluded.

7.2.6 Summary of the importance of barriers and processes for different
radionuclides

In Table 7.2 the importance of the barriers and processes for different radionuclides is
summarized. It is based on results from previous analyses performed using a process system
similar to that presented in Section 2.2. The evaluation of the importance of individual barriers
and processes is difficult in such a complex system. The different barriers and processes will
interact and their relative importance will depend on the assumptions made concerning the other
barriers in the system. For example the assumption of a very long canister life-time will reduce
the importance of other barriers. It is therefore difficult to make definite statements of the
importance of various barriers and processes.



Table 7 1 Attempted classification of identified uncertainties in the safety assessment.

Barriers and processes

Spent Fuel
- raaionudide inventory
- physical and chemical form

Canister lifetime
- localized corrosion
- initial damages
- external loading

Release from spent fuel
- gap release
- incongruent leaching
- fuel conversion/dissolution

Transport In the near-field
- canister
• bentonite buffer
- near-field rock and hydrology

Redox front formation and behavior
- extent of oxidizing zone
- solubilities in the reduced zone

Far-field hydrology
- water flow rate
- geometry of the flow paths

Dispersion

Matrix diffusion and sorptlon
- fracture surface area
• matrix diffusivity
- sorption

Colloids and complexes

Geosphere/Blosphere Interface
- mixing with shallow groundwater
- retardation in sediments and soils

Biosphere
- transfer between phys. components
- food-chain modelling
- dose conversion
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r.ible 7.2 Importance in the salety assessment oi the baniers and processes tor different
radionuclides.

Process/barner

Spent fuel condition

Canister life-time

Release from spent fuel

1 ransport in the near-field

Redox front

Far-field hydrology

Dispersion

Matrix diffusion and
sorptjon

Colloids and complexes

Geosphere/biosphere
interface

Biosphere

Radionuclides affected

Chemical form and distribution => important for many
radionuclides.
Fraction in gap or at grain boundaries => large
importance for (1, Cs, C).

Short-lived radionuclides with high mobility.
Distribution in canister failure => mostly
important for the release of mobile radionuclides.

Rate of conversion of UO2 matrix ^ important for
radionuclides in matrix.
Solubility in oxidized zone => important for Pu.

Transport resistance in canister => potential importance for
most radionuclides.
The buffer, in case of early canister failure, => important for
short-lived radionuclides, but has limited importance for long-
lived radionuciides.
Hydrology and transport in the near-field rock => great
importance for sorting radionuclides, important also for non-
sorbing radionuclides.

Important for redox sensitive radionuclides and their
daughters, e.g. U, Pa and Tc.

Water flow rate and migration distance = * great importance
for sorbing and non-sorbing radionuclides, except for
extremely long-lived.
Water residence time => important for short-lived non-
sorbing radionuclides.

Important for radionuclides with short release time and
radionuclides with travel time similar to half-life.

Specific flow-wetted area => great importance for sorbing
nuclides, limited importance for non-sorbing radionuclides.

Potential importance in the case of irreversible sorption.

Mixing with near surface groundwater =* important for all
radionuclides.
Retardation in sediments and soils =» important for sorbing
radionuclides.

Transfer between physical components = * important for all
radionuclides.
Food-chain transfer => important for bioaccumulating
radionuclides (eg. C-14, Se-79,1-129, Cs-135).
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FINAL REMARKS

The planning ot future research efforts should b». focused on those items which may contribute
to the reduction of the overall uncertainty in predictions of repository performance. The
attempted classification of uncertainties of different processes and barriers presented in this
report may together with their estimated importance lor the result of the safety assessment serve
as a background material for such decisions. In order to properly optimize future efforts,
emphasis must be given to the identification of critical entities for which uncertainties with
reasonable efforts can be reduced. To be effective, the reduction of the critical entities should
lead to a lower overall uncertainty for the whole system. Below some critical entities identified
in this study are presented.

Near-field

The performance of the near-field will determine the time of a potential release and also the rate
by which radionuclides are released to the far-field. The barriers of the near-field can to a degree
be influenced by present-day decisions. Thus, there is a potential for reducing the uncertainties.

The engineered barriers in the near-field will be of greatest importance for the more short-lived
radionucudes. *C and :43Am. but may be of importance also for more long-lived radionuclidcs
if credit is taken to the transport resistance in the hole in the canister. Since the transport
resistance in the hole is a predominant factor in the modelling of the transport in the near-field,
there is an incentive to try to reduce the associated uncertainties by further research.

Several chemical processes in the near-field are of importance for the release of radionuclidcs
incorporated in the matrix as well as solubility limited radionuclides such as Pu and U. In this
area some unsolved conceptual uncertainties still remain. Furthermore, there is a lack of models
that can describe the interaction between different processes, and which can be used for
predictions of future behavior.

A significant radionuclide in many safety assessments is l2'l, which is long-lived and non-
sorbing. The form in which I29I is present in the waste, as well as. the distribution of the canister
failure time will be of great importance, the part of the activity present in the gap or at the grain
boundary will be rapidly released once the canister is penetrated by water, and the effect of bolh
the far-field and the near-field barrieis will be limited. Further research concerning chemical
form and distribution of radionuclides in the spent fuel ma/ narrow the range of the important
parameters.

The flow and transport in the near-field rock is of great importance for most radionuclides, but
is presently associated with uncerf^ties. The characterization of the disturbed zone and
experiments for demonstration of u.c film resistance are issues of potential interest for future
research. Also studies of chemical effects in fractures of the disturbed zone could be
advantageous, e.g. ageing of fracture surfaces and the possible extension of a redox zone
extending into the disturbed zone.

Far-field

The main effect of the far-field is to delay the release to the biosphere. This may in turn reduce
the rate of the release if the delay is long enough to allow for radioactive decay. In the far-field
there are major conceptual uncertainties, largely due to the problems involved in observing the
structure of the system. The reduction of the uncertainties may prove to be difficult, but
additional research should make it possible to bracket the magnitude of the governing
parameters. Development of improved methods to estimate (he contact area between the flowing
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•vater and the fracture surlace. and the dispersion parameters, could help to reduce the
uncertainty in safetv assessments.

Biosphere

The fate of the radionuclides in the biosphere is of importance since it determines the
distribution and accumulation in the physical and biological components where the radionuclidcs
can be accessed by man. Studies of the biosphere also provides the output necessary for
comparisons with regulatory limits.

The interface between the geosphere and the biosphere has so far not been very extensively
studied. Further research concerning the mixing of deep groundwater with near surface
groundwater may he of interest as well as research concerning the conditions needed for
obtaining large uptake in wells.

The uncertainties associated with biosphere modelling for safety assessments of spent fuel
repositories are to a large degree connected with the inherent difficulty of predicting the
development of the biosphere far into the future. Quantitative assessments of dose to man are
therefore perfo i led on a present-day biosphere or postulated future biospheres. The development
of biosphere scenarios can be a useful technique to evaluate the effect of changes in human
habits, climate. 2tc. The development of such scenarios requires knowledge of the effect of
biosphere conditions on the transport of radionuclides between the physical and biological
components of the biosphere.
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