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1 INTRODUCTION

There is only one nuclear power plant in Lithuania - Ignalina NPP (ENPP). The INPP
operates two similar units with power rating of 1500 MW(e) and present power level of about 1250
MW(e) each. They were commissioned (first grid connection) in 12/1983 and 08/1987 respectively
and provide approximately 70-80 per cent of the electricity produced in Lithuania. The original
design lifetime was projected out to 2010-2015. October 10, 2002 Seimas (Lithuanian Parliament)
approved updated National Energy strategy where it is indicated that the first Unit will be shutdown
before the year 2005 and second Unit in 2009 if funding for decommissioning is available from EU
and other donors.

During operation of the nuclear power plant the spent nuclear fuel (SNF) is produced. Due
to the danger of exposure arising from long-lived radionuclides to the humans and environment,
spent nuclear fuel is not allowed to be disposed of in the near surface repositories. International
consensus exists that such high level and long-lived radioactive wastes are best disposed of in
geological repositories using a system of engineered and natural barriers.

Lithuania is just starting activities in this field, however other countries are quite
experienced in analyzing the possibilities of the disposal of SNF in geological formations.

Due to limited budget of this project for the development of the generic disposal concept
and generic safety assessment, lay-out of the repository, canister design proposed in the first stage
of this project [1] were based on the experience of foreign countries. KBS-3 concept was chosen as
prototype for repository in crystalline basement in Lithuania. The KBS-3H design with horizontal
canister emplacement is proposed as a reference design for Lithuania. As KBS-3 H design is under
the development in Sweden and Finland yet, thus KBS-3V is left as an alternative one, if KBS-3H
is shown as not feasible and safe [1]. For the calculations of the radionuclide transport from the
repository the computer codes provided by SKB (Sweden) were used.

Due to assumed similarities in the repository environment and repository concept the
selection of scenarios is based on experience from the safety assessment performed in Sweden. For
this stage of generic safety assessment only two scenarios were chosen: base scenario and canister
defect scenario. Performing this generic safety assessment Lithuanian parameters' values were used
as much as possible while the rest ones were assumed to be the same as in Beberg site (Sweden).



2 THE KBS-3 SYSTEM, SAFETY PRICIPLES

As the work of developing a safe deep repository in Sweden has proceeded, a philosophy
has emerged regarding how the radioactive waste in Sweden is to be managed. In brief, it entails the
following [2]:

• Long-term safety shall not require future monitoring and maintenance.
• The repository shall be designed to permit possible future measures to modify the repository

or retrieve the waste.
• The long-term safety of the repository shall be based on multiple engineered and natural

barriers, which contribute via different functions to the repository's total safety.
The practical application of this philosophy has resulted in a repository design with multiple

barrier system, the KBS-3 system.
As it was indicated already, KBS-3 concept was chosen as prototype for repository in

crystalline basement in Lithuania. The KBS-3H design with horizontal canister emplacement is
proposed as a reference design for Lithuania. As KBS-3H design is under the development in
Sweden and Finland yet, thus KBS-3V is left as an alternative one, if KBS-3H is shown as not
feasible and safe [1].

2.1 Safety principles for a deep repository

The KBS-3 repository for spent nuclear fuel is designed primarily to isolate waste. If the
isolation function should for any reason fail in any respect, a secondary purpose of the repository is
to retard the release of radionuclides. This safety is achieved with a system of barriers (Figure 1):

• The fuel is placed in corrosion-resistance copper canisters. Inside the canisters is a cast iron
insert that provides the necessary mechanical strength.

• The canisters are surrounded by a layer of bentonite clay that protects the canister
mechanically in the event of small rock movements and prevents groundwater and corrosive
substances from reaching the canister. The clay also effectively absorbs radionuclides that
are released if the canisters should be damaged.

• The canisters with surrounding bentonite clay are emplaced at a depth of about 400-500
meters, in crystalline bedrock, where mechanical and chemical conditions are stable in a
long-term perspective.

• If any canister should be damaged, the chemical properties of the fuel and the radioactive
materials, for example their poor solubility in water, put severe limitations on the transport
of radionuclides from the repository to the ground surface. This is particularly true of those
elements with the highest long-term radiotoxicity, such as americium and plutonium.
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Figure 1: The KBS-3 system

Recently two alternatives for emplacement of the disposal canisters are under consideration:
with vertical and horizontal canister emplacement in the deposition holes. The first alternative is
known as KBS-3V design while the second one is named as KBS-3H (Figure 2).

Figure 2: The KBS-3 concept, Vertical (KBS-3V) and Horizontal (KBS-3H) deposition

The repository is thus built up of several barriers which support and complement each other.
The safety of the repository must be adequate even if one barrier should be defected or fail to
perform as intended. This is the essence of the multiple barrier principle.

Another principle is to make the repository "nature-like", i.e. to use natural materials such as
copper for the outer shell of the canister and bentonite clay for the buffer. Choosing materials from
nature makes it possible to judge and evaluate the materials' long-term stability and behaviour in a
deep repository based on knowledge of natural deposits. For the same reason, the repository should
cause as little disturbance of the natural conditions in the rock as possible. Above all, an attempt is
made to limit the chemical impact of the repository in the rock.



2.2 Isolation - the primary function of the repository

The primary function of the deep repository according to KBS-3 concept [2] is to isolate the
waste from man and the environment. This is achieved directly by the copper canister. The buffer
contributes indirectly to the isolation function by keeping the canister in place and preventing
corrosive substances from the reaching the canister. The rock also contributes to isolation of the
waste by offering a stable chemical and mechanical environment for the canisters and the buffer.
Chemical conditions are determined primarily by the composition of the groundwater. The
composition is favorable, since the water contains only low concentrations of substances that could
be harmful to the copper canister only and the bentonite. It is also desirable that the water should
flow slowly past the repository so that the influx of undesirable substances is limited. Mechanically,
the Swedish crystalline bedrock offers a long-term stable environment for a deep repository.

Even though the copper canister is responsible for direct isolation of the waste, the other
parts of the repository are necessary for this isolation to work. Isolation is thus ensured not only by
the canisters, but by the fact that all component work together in a system.

2.3 Retardation - the secondary function of the repository

As it is indicated [2] if the isolating function should not for some reason be compromised, or
if any SNF canister should have an initial defect not detected by post-fabrication inspection, the
repository has a secondary retarding function. By this is meant that the time takes for radionuclides
to be transported from the repository to the biosphere is long enough so that their radiotoxicity
declines considerably before the radionuclides reach man or the human environment.

All barriers contribute to the retarding function of the repository. Even a partially damaged
copper SNF canister can effectively contribute to retardation by impeding the influx of water into
the canister and the transport of released radionuclides out of it. The spent nuclear fuel, in which the
majority of the radionuclides lie embedded, consists of a durable ceramic material which makes a
significant contribution to retardation.

If the SNF comes into contact with groundwater, a very slow dissolution process starts
which leads to the release of radionuclides. Here, an important property of many of the most long-
term radiotoxic radionuclides enters into the picture: they are poorly soluble in water, the medium
in which radionuclides might conceivably be transported through both the pores of the buffer and
the fracture system in the rock. Many of the radionuclides with the highest long-term toxicity tend
to be retained in the clay buffer by adherence to the surfaces of the clay particles. The rock
contributes in several ways to this retardation; it may take thousands of years or more for
radionuclides dissolved in the groundwater to travel through rock fractures from the repository at a
depth of 500 metres up to the ground surface. Because the radionuclides penetrated into
microfissures containing stationary water and in many cases adhere to their surfaces, they have a
much longer travel time than the groundwater itself.

2.4 Dilution and dispersal

Dilution and dispersal have also occasionally been mentioned as a third safety function: by
locating the repository so that any release are highly diluted in the biosphere, the consequences are
mitigated. This effect is not regarded as a safety function in SR 97 [2], for several reasons:

• The biosphere, where dilution takes place, changes much faster that the repository system,
and in a way that is difficult to predict. It is therefore not reasonable to base a long-term
safety function on conditions in the biosphere.



• Although the consequences for those most affected by the release are mitigated, a larger
population may be affected.
Dilution is nevertheless an important factor that influences radionuclide migration in the

biosphere and thereby the consequences of a release from the repository. An evaluation of the
dilution conditions at a repository site must therefore be included in a safety assessment, but
dilution is not regarded as a safety function itself.

2.5 How long should the repository function?

The repository should function as long as the waste is hazardous. It takes many millions of
years for all radioactive materials to decay to stable substances. By then, however, their
radiotoxicity has long since declined to levels comparable to the radiotoxicity of the uranium ore
originally mined to produce the fuel. Thus repository should function at least till the radiotoxicity of
the waste declines to the radiotoxicity of the natural uranium ore.

10



3 GENERAL DESCRIPTION OF THE SAFETY ASSESSMENT
METHODOLOGY

In this chapter the general description of the safety assessment methodology is presented
Based on the presented methodology this generic safety assessment of the Lithuanian spent nuclear
fuel repository in the crystalline rocks is performed and presented in the chapter 4.

Various methodologies have been and are being developed to assist in evaluation of the
long-term safety of near surface disposal facilities. Whilst there are differences in the detail of the
approaches used, many of the more recent safety assessment methods, such as ISAM, have the
following key components [3]:

• The specification of the assessment context;
• The description of the disposal system;
• The development and justification of scenarios;
• The formulation and implementation of models; and
• The analysis of results and building of confidence.

3.1 Assessment context

The assessment context provides a framework for performance of the safety assessment, and
it covers the following key aspects: purpose; regulatory framework; assessment end-points;
assessment philosophy; disposal system characteristics; and timeframes.

Purpose
Most safety assessments of radioactive waste disposal facilities have the principal, objective

to demonstrate that an acceptable level of protection of human health and the environment will be
achieved both now and in the future. In addition to this overall demonstration of safety there can be
a variety of additional purposes.

In any specific case, however, the purpose of conducting an assessment may vary from
testing initial ideas for disposal concepts with simple calculations, to support for a licence
application for disposal or for upgrading the safety of an existing facility requiring detailed, site-
specific safety assessment against regulatory criteria. In addition there can be a variety of additional
purposes, such as derivation of quantitative acceptance criteria.

The audience to whom the results of the safety assessment will be presented should be
identified in advance. The general purpose of the assessment and the nature of the target audience
(e.g. regulators, operators, waste producers, public, local, regional and national politicians) will play
a key role in defining relevant assessment end-points, assumptions concerning the disposal system
and in the identification and justification of the assessment scenarios.

Regulatory framework
In undertaking a safety assessment it is vital to consider the regulatory requirements that

apply the assessment. At one extreme these may be prescriptive quantitative requirements, at the
other they could be non-prescriptive performance oriented requirements or may not have been fully
developed. While national regulatory requirements vary considerably, they mostly should have a
link to international recommendations of IAEA, OECD and others relating to safety of management
of radioactive waste, publications of International Commission on Radiological Protection, etc.

Assessment end-points
The end-points of a safety assessment need to correspond with its purpose and the associated

regulatory requirements and take into account the assessment assumptions such as timescales and
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critical groups. It is important to ensure that the end-points, such as dose and risk, are adequately
defined.

An additional consideration is that the trend in safety case development is not to rely on
evaluation of just a single end-point, such as individual dose or risk. Multiple lines of reasoning
may be useful since use of a wider range of arguments and end-points will help to establish the
adequacy of a safety case. A variety of additional indicators may be used to complement those of
dose and risk (such as radionuclide fluxes and concentrations).

Assessment philosophy
Different approaches can be applied to the calculation of assessment end-points. Not only

does the nature of the end-point have to be clearly defined, but the nature of the approach used to
calculate the end-points also needs to be made clear. From this perspective, the assessment
philosophy is an expression of the approach that will be applied to the assessment. In particular, it is
necessary to consider: the nature of the overall approach that will be used for the assessment (e.g.
systematic, iterative, transparent); the nature of the assumptions to be adopted (e.g. realistic,
cautious); the availability of data for use in the assessment (e.g. generic, site-specific); and the
approach to be adopted for the treatment of the various sources of uncertainty (e.g. scenario, model
and data).

Disposal system characteristics
The waste disposal system can be considered to consist of: the near-field; the geosphere; and

the biosphere [4]. These components are described in more detail in the next step of the assessment
approach, the system description. It is useful to provide, within the assessment context, an overview
of the present-day system and to document any associated fundamental assumptions.

Timeframes
Radioactive waste disposal should ensure equitable protection of both current and future

generations. The timeframe for the post-closure safety assessment should be selected, recognising
inherent limitations and uncertainties in assessment approaches, as well as constraints on the
scientific credibility of long-term estimates of disposal facility performance imposed by large scale
environmental changes. The timescale of interest for an assessment can be a function of the nature
of the waste disposal system and the external influences on it, and the longevity of the radionuclides
in the wastes. Therefore the timescales of an assessment should be justified on a case by case basis,
although some may also be imposed by regulatory requirements.

3.2 Description of the disposal system

For the purpose of performance assessment and safety analyses, a disposal system can be
divided into three subsystems [4]:

• The near-field region;
• The geosphere (the far field);
• The biosphere.

The term of the near field includes the radioactive waste package, the repository, including
the engineered barriers, which surround the waste containers and seal the repository, a part of the
host medium (disturbed zone).

The far field term includes the system of the natural barriers: the host rock, which
characteristics are not affected due to repository emplacement, and geological formation
surrounding the host rock.
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Biosphere includes air, water, soil, and sediments, plants, animals, and man. Once spread
into air, water, soil and sediments, the radionuclides are taken up by plants, animals and man [5].

The disposal system description should contain information on:

• The near-field - e.g. waste origin, nature, quantities and properties, radionuclide inventory,
engineered barriers (waste packages, disposal units, disposal facility cover), and extent
and properties of the disturbed zone;

• The geosphere - e.g. geology, hydrogeology, geochemistry, tectonic and seismic
conditions; and

• The biosphere - e.g. climate and atmosphere, water bodies, human activity, biota, near
surface lithostratigraphy, topography, geographical extent and location.

The description of the disposal system should be undertaken with the assessment context
firmly in mind (in particular the assessment purpose, end-points, philosophy and timescales), and so
ensure that the system is described to a level of detail that is appropriate for the context being
considered. For the first iteration of the approach, emphasis could be placed mainly on the collation
of existing data rather than the collection of new data. For subsequent iterations, the emphasis could
shift towards the collection of new data.

3.3 Development and justification of the scenarios

The methodology for scenario development varies considerably between projects. This can
be a result of regulatory requirements, stage of repository development, etc. A common element in
scenario generation methodologies is an initial construction of a comprehensive list of Features,
Events and Processes (FEP) that can directly or indirectly influence the disposal system and the
migration and fate of radionuclides within it [6]. The next stages of the scenario development are
FEP analysis, classification and screening of FEP based on defined criteria.

Many projects choose to distinguish between those FEP related to the disposal system
performance that are included in a reference scenario and represented by a standard model chain,
and those FEP that must be represented within alternative scenarios and models. Various graphical
and tabular techniques have been used to assist in scenario development, its communication and
documentation. These include Event trees, Influence diagrams, Interaction matrices, etc.

Mostly performing safety assessment "normal evolution" or "base case" scenario,
supplemented by a number of variant scenarios, for example driven by "external FEPs" or
probabilistic events, is identified. Usually it is a division into scenarios caused by natural processes
(including degradation processes within the repository) and scenarios related to future human
actions. In addition, scenarios caused by natural processes are further subdivided according to
likelihood (e.g. normal or probable scenarios versus less probable or unexpected scenarios) or
according to cause (e.g. scenarios related to construction of the repository, climate change and
tectonics) [6]. Various terminologies are applied such as "Base case, reference scenarios, sensitivity
or what-if calculations" [7], "Normal evolution and altered evolution scenarios" [6], etc.

3.4 Formulation and implementation of models

After the scenarios identification they should be represented by equivalent models. A broad
conceptual model is developed incorporating a scientific understanding of the overall system. The
conceptual models formulation is intended to demonstrate radionuclide migration paths, also to
demonstrate which FEP are included in the scenario. Conceptual models are represented by
available mathematical and computer models. For the conceptual model development various
methodologies can be used. For example, using SACO methodology [8] the conceptual model
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development consists of two parts: firstly radionuclide source and possible exposure points are
identified, and then the mechanisms of the release and transport of the contaminants are identified.
Another way often used for a conceptual model development is based on the interactions matrix
development. The main variables or parameters of the studied system are identified and listed along
the leading diagonal of a square matrix. Interactions between the diagonal elements occur in the off-
diagonal terms [9,10]. As the calculations of radionuclide migration and the exposure that arise as a
consequences are performed, the results are compared to the safety criteria, analysed and presented.

3.5 Analysis of results and confidence building

Once the scenario, and associated conceptual and have been developed and implemented in
software tools and the associated data collated, calculations can be undertaken to assess the impacts
of a disposal facility. The results then need to be collated, analysed and presented. The results will
have to be compared with criteria defined in terms of the specific assessment context. These will in
most cases include regulatory criteria, although design and economic constrains may also be a
major consideration. When analysing the results from an assessment, consideration should be given
to various sources of uncertainty (e. g. scenario, model, data uncertainty).
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4 APPLICATION OF THE SAFETY ASSESSMENT METHODOLOGY FOR
THE REPOSITORY IN LITHUANIA

4.1 Introduction

This generic safety assessment of Lithuanian spent nuclear fuel (SNF) repository in the
crystalline rocks is based mostly on the safety assessment report of Swedish spent nuclear fuel
repository SR 97 [2] using as much as possible Lithuanian data. Safety assessment report SR 97
will be updated later by the safety assessment report SR Can [11], which is not finalize at this
moment.

According to the safety assessment methodology description of systems, its evolution is
presented and discussed also. Two scenarios of the repository evolution are analyzed in this generic
safety assessment. Modelling of radionuclides, that were indicated as safety relevant, release from
the defected canister and transport through the near field and far field region was performed using
computer codes C0MPULINK7 and CHAN3D. Biosphere dose conversion factors were calculated
using computer code AMBER also. Doses to human due to released radionuclides in the well water
were calculated and compared with dose limit defined by Lithuanian regulatory.

4.2 Assessment context

Purpose
Most safety assessments of radioactive waste disposal facilities have the principal, objective

to demonstrate that an acceptable level of protection of human health and the environment will be
achieved both now and in the future.

The purpose of this generic safety assessment of the deep repository for spent RBMK-1500
nuclear fuel is to demonstrate what are the most important factors defining the processes in deep
geological repository and to identify the directions for further investigations.

Regulatory framework
According the Lithuania's regulations a mean annual dose to the members of the critical

group that arise due to the normal operation of the nuclear objects should not exceed the dose
constrain that is determined for operating and planned nuclear objects and is equal to 0.2 mSv per
year [12].

Assessment end-point
As an assessment end-point for this generic safety assessment a dose to individual of critical

group is defined.

Timeframes
The repository should function as long as the waste is hazardous. It takes millions of years

for all radioactive materials to decay to stable substances. In Lithuanian no regulations related to the
timeframes of the deep SNF repository function have been established.

During operation, the radiotoxicity of the fuel increases as new substances are formed when
uranium nuclei undergo fission. After the recharging the SNF from reactor the radiotoxicity of the
spent fuel subsequently declines with time. In order to determine to what time the repository has to
"function", the radiotoxicity is compared the radiotoxicity of the amount of natural occurring
uranium that was used to produce the nuclear fuel. Experience of the other countries shows that
after approximately 100000 years the radiotoxicity of the SNF declines to levels comparable to the
radiotoxicity of the uranium ore originally mined to produce the fuel [2, 13]. However this figure is
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not an absolute time limit in the evaluation of repository's safety. On the one hand, uncertainty
regarding conditions around the repository grows with time, but at the same time the radiotoxicity
of the fuel diminished. On the other hand, even after 100000 years there are both small quantities of
radionuclides that can move relatively easily through the repository's barrier system if the copper
canisters are breached and large quantities of low-mobility nuclides.

As the initial enrichment of spent RBMK-1500 nuclear fuel is less than for other BWR
fuels, and the radionuclide inventory produced during operation is less also, the timeframe for the
generic assessment of 1 million years based on [2, 13] is reliable.

4.3 Description of the disposal system

In general, the SR 97 and it background reports present a comprehensive state-of-art review
on the processes that could have influence on the safety of the disposal system. Disposal system
description presented below is based on available information at this stage of investigations, while
an overview on processes that could occurs in various barrier system parts are based on SR 97.

As it was mentioned KBS-3 concept was chosen as prototype for repository in crystalline
basement in Lithuania. The KBS-3H design with horizontal canister emplacement is proposed as a
reference design for Lithuania. As KBS-3H design is under the development in Sweden and Finland
yet, thus KBS-3V is left as an alternative one, if KBS-3H is shown as not feasible and safe [1].

The repository consists of a system of barriers:
• The fuel is placed in corrosion-resistance copper canisters. The cast iron insert located

inside the canister provides the necessary mechanical strength.
• The canisters are surrounded by a layer of bentonite clay that protects the canister

mechanically in the event of small rock movements and prevents groundwater and
corrosive substances from reaching the canister. The clay also effectively absorbs
radionuclides that are released if the canisters should be damaged

• The canisters with surrounding bentonite clay are emplaced at a depth of about 400-500
meters, in crystalline basement (where mechanical and chemical conditions are extremely
stable) with overlying sedimentary rocks. The canisters will be emplaced no less than 100
m from the top of crystalline basement in not weathered crystalline rock.

If any canisters could be damaged, the chemical properties of the fuel and the radioactive
materials, for example poor solubility in water, put severe limitations on the transport of
radionuclides from repository to the ground surface. This is particularly true of those elements with
the highest long-term radiotoxicity, such as americium and plutonium.

This generic safety report deals with a closed repository. In practices, the repository is filled
in stages, but in the analysis it is assumed that all fuel is deposited at the same time. Prior to
disposal, it is assumed that the fuel has been kept in interim storage for 50 years after discharge
from the reactor.

Fuel

General

Radionuclides are formed during reactor operation by nuclear fission of nuclei of uranium-
235 and plutonium-239 in particular and by capture of neutrons by nuclei in the metal parts of fuel.
The former are called fission products, the later activation products. Moreover, uranium can form
plutonium and other heavier elements by absorbing one or more neutrons. These and other elements
(including uranium) are called actinides and decay to radioactive actinide daughters in several steps,
finally forming stable isotopes of the metal lead or bismuth.
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Most of the radionuclides lie embedded in the fuel matrix of uranium dioxide. A few fission
products are relatively mobile in the fuel and can migrate to the surface of the fuel pellets during
operation.

The deep geological repository in Lithuania is proposed for disposal of SNF and long-lived
radioactive waste obtained from Ignalina nuclear power plant (Ignalina NPP). Total amount of spent
nuclear fuel till 2010 is 21941 fuel assemblies. Each fuel assembly contains approximately 111 kg
of metal uranium, so total mass of the spent nuclear fuel that should be disposed of in the repository
is about 2436 tonnes. For more detailed information about fuel see [1].

Overview of processes

A number of processes will with time alter the state in the fuel and in the canister's cavity.
Some of them take place in any circumstances, and some of them occur if the isolation of the
copper canister is breached and water enters the canister.

The process of radioactive decay transforms the radionuclide content of the SNF. During
radioactive decay a-, p-, y- and neutron radiation as well as new nuclides are generated. These may
also be radioactive and decay until a stable nuclide is created. Emitted radiation interacts with the
fuel and with surrounding materials and is attenuated and converted to thermal energy. The
temperature in the fuel is determined by heat transport in the form of heat conduction and heat
radiation. The temperature change will lead to some thermal expansion of the constituents of the
fuel. In combination with the helium formation, to which the a radiation gives rise, this can lead to
mechanical failure of the cladding tubes in the fuel (assembly).

In an intact canister, radiolysis of residual gases in the cavity will lead to the formation of
small quantities of corrosive gases, which could contribute to stress corrosion cracking of the cast
iron insert.

If the copper canister is penetrated, water may be transported into the canister cavity,
radically altering the chemical environment. Radiolysis of the water in the cavity will further alter
the chemical environment. The water in the canister causes corrosion of cladding tubes and other
metal parts of the fuel. If the cladding tubes are not intact, the fuel will come into contact with
water. This leads to dissolution of radionuclides that have been collected on the surface of the fuel
matrix and dissolution or transformation of the fuel matrix with release of radionuclides. The
released radionuclides can be dissolved in the water and be transported from the canister, or may
precipitate in solid phase in the canister void. This is determined by the chemical speciation of
radionuclides in the canister cavity.

Radionuclides dissolved in the water can be transported with mobile water in the canister,
by advection, or by diffusion in stagnant water.

Water entered in the canister can attenuate the energy of neutrons in the canister cavity.
Neutrons with low energy can subsequently cause fission of certain nuclides in the fuel, releasing
more neutrons. If conditions are unfavourable criticality may be achieved, i. e. process can become
self-sustaining.

For Lithuanian repository in crystalline rock due to similar repository concept, similar
environment the same processes are expected to take place also.

Cast iron insert/copper canister

General

According KBS-3 concept the disposal canister for SNF from Swedish reactors consists of
two parts: an outer corrosion protection of copper and a cast iron insert with channels for the fuel
assemblies [2]. The same proposals for the SNF disposal canister are made in Finland [1].
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Based on the experience from the other countries the copper canister was proposed for
Lithuanian repository in the crystalline rock [1]. The proposed disposal canister for SNF is
composed of two components also: an outer corrosion protection of copper and a cast iron insert
with channels for the fuel half-assemblies in order to improve the mechanical strength. One SNF
disposal canister can hold 32 RBMK-1500 fuel half-assemblies. The copper canister with a 50 mm
wall thickness should be made of oxygen-free copper with low phosphorus content also. The
canister insert is proposed to be cast iron and will have a minimum wall thickness of 50 mm. The
preliminary data for the reference canister is 1050 mm in diameter and 4070 mm in length.

It is estimated that approximately 1400 canisters would be required to dispose of the SNF in
Lithuania [14].

Overview of processes

Some of the radiation that reaches out of the canister is converted to thermal energy by
radiation attenuation. Heat is transported in the metal in the cast iron insert and copper canister by
conduction. The transfer from steel to copper takes place mainly by radiation.

If copper canister is penetrated, water can enter the canister cavity as liquid or water vapour.
Transport of water, water vapour and other gases in the canister is then determined by the detailed
geometry of the canister cavities, the presence of water/vapour in the cavities, and temperature and
pressure. Boiling/condensation comprises an integral part of water/gas transport. Pressures and
flows of water and gas at the transition to the buffer set the boundary conditions for the process.

The process is strongly coupled to several other processes, for example corrosion of the
canister insert, where water is consumed and hydrogen is formed.

Water/gas transport in the canister is of fundamental importance for a number of other
processes that are dependent on the presence of water in the canister, such as fuel dissolution,
radionuclide transport and corrosion of the copper insert.

Mechanically, the insert and the canister can be deformed by external loads and, in the event
of canister damage, by mechanical pressure from products of corrosion of the cast iron insert.
Furthermore, thermal expansion occurs, changing the cavity between insert and canister.

An important chemical process is external copper corrosion; stress corrosion cracking could
also occur in both copper canister and cast iron insert. The materials could be changed by radiation
effects. If water enters, corrosion of the cast iron insert accompanied by hydrogen gas generation
and galvanic corrosion will occur.

Buffer/backfill

General

The deposited canisters with SNF will be surrounded by a buffer intended to keep the
canister in place, isolate the canister from groundwater and greatly retard the transport of
radionuclides. Furthermore, transportation tunnels, shafts in the repository will be backfilled in such
a way that groundwater flow is prevented and chemical changes are impeded and delayed.

For this generic safety assessment the commercially available bentonite MX-80 is assumed
to be as a buffer material. A mixture of the bentonite and crushed rock is assumed as a backfill.

Overview of processes

On emplacement, the buffer comes into contact with the hotter canister surface, the thermal
energy is spread through the buffer by heat transport and the temperature increases. The y and
neutron emitted by the canister decreases in intensity by radiation attenuation in the buffer.
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A negative capillary pressure exists originally in the pores in the buffer, causing water to be
transported in from the surrounding rock. After the buffer has been saturated with water, this water
transport becomes very slow. Gas transport can occur during the saturation process, when water
vapour can flow from the hotter parts of the buffer to condense in the outer, colder parts. Originally
there is also air in the buffer, which can leave the buffer by dissolving in the pore water; gas
dissolution. After water saturation, gas transport can occur if a canister is damaged, leading to
hydrogen gas generation in the canister.

Absorbing water, the buffer and backfill swell and a swelling pressure is built up. The
swelling pressure is different in the buffer and backfill, which therefore interact mechanically.
Among other things, swelling pressure causes any cracks that may form in the buffer to "self-heal".
On heating the pore water may expand due to thermal expansion.

The chemical evolution in buffer and backfill is determined by a number of transport and
reaction processes. Solutes in the water may be transported by advection and diffusion. In the
buffer, advection occurs almost exclusively during the water saturation process, after which
diffusion dominates. By means of ion exchange / sorption, the original ions on the surfaces of the
clay particles in the buffer may be replaced by other ionic species. Chemical smectite degradation
may occur, e.g. in the form of illitization.

Impurities undergo various dissolution/precipitation reactions in the buffer. On swelling, the
buffer penetrates out into the fractures in the surrounding rock, where it may form colloids which
may be carried away by the groundwater, leading to gradual erosion of the buffer. The clay may be
transformed by radiation effects and pore water may be decomposited by radiolysis. Finally,
microbial processes may occur in buffer/backfill.

After water saturation, radionuclide transport is expected to take place in the buffer
exclusively by diffusion in the pores of the buffer, possibly also on the surfaces of the clay particles.
Neither advection nor colloid transport are expected to occur in a saturated buffer. Radionuclides
may be sorbed to the surfaces of the clay particles. A crucial factor for this is the chemical form of
radionuclide, which is determined by the chemical environment in the buffer via the process of
speciation. Together with the transport conditions the rate of radioactive decay determines to what
extent radionuclides from a broken canister will decay before reaching the outer boundary of the
buffer.

Virtually the same processes occur in the backfill as in the buffer, but often on a different
scale. Furthermore, the crushed rock plays a somewhat different role than impurities in the buffer,
for example by contributing to sorption.

For Lithuanian repository in crystalline rock due to similar repository concept, similar
environment the same processes are expected to take place also.

Geosphere

General

The deep geological repository will be situated in crystalline rock of granitic composition.
The crystalline rock is also characterized by a system of fractures. The frequency, spatial
distribution, size distribution, shape and orientation of the fractures are crucial in determining both
hydraulic and mechanical properties in the rock. Fractures occur on all scale from microscopic
fractures in the rock matrix to fracture zones, i.e. large zones of significantly elevated fracture
frequency in relation to the surrounding rock. Fracture zones often constitute dominant flow paths
for the groundwater, and their size is related to the size of the rock movements that can occur in the
zone.
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Overview of processes

The geosphere will be heated up by heat transport from the fuel via the canister and the
buffer.

The groundwater will be redistributed in the geosphere's fracture system by ground water
flow. Gas flow may also occur.

A mechanical state exist initially in the geosphere which is determined by the natural rock
stresses and fracture systems on the repository site plus the changes to which construction of the
repository has given rise.

The mechanical evolution is determined by how the geosphere responds to the different
mechanical loads to which it is subjected. The loads may consist of the thermal expansion to which
the heating of the repository leads, the pressure from swelling buffer/backfill, effects of earthquakes
and large-scale tectonic evolution. Changes in the geosphere may include fracturing, reactivation
(sudden movements in existing fractures) or rock creep (slow redistribution in the rock).
Movements in intact rock, i.e. compression/expansion of otherwise intact rock blocks, also occur.

The post-closure chemical evolution is determined by a number of transport and reaction
processes. The predominant transport process in groundwater is advection, while diffusion plays a
great role over short distances and in rock blocks where the water is immobile. In advection, solutes
are transported by flowing water. The process leads to mixing of different types of water from
different parts of geosphere. Reactions occur between the groundwater and fracture surfaces in the
form of dissolution/precipitation of fracture-filling minerals and, very slowly, between the
groundwater and the minerals in the rock matrix. In the groundwater, microbial processes,
degradation of inorganic materials from repository construction, colloid formation and gas
formation take place.

If radionuclides are released they can be transported with the flowing groundwater.
Diffusion can also be important under stagnant conditions. An important aspect of this is matrix
diffusion, i.e. radionuclides diffuse in the stagnant water in the microfractures in the rock and are
thereby retained and transported more slowly than the flowing water. Sorption where radionuclides
sorb to the surfaces of the fracture system and the rock matrix is also crucial for radionuclide
transport. Matrix diffusion and sorption are two most important retention processes for
radionuclides in the geosphere. Another factor that can be important for retention is sorption on
colloidal particles and transport with them. The chemical environment in the water determines what
speciation (chemical form) the radionuclides will have, which is crucial particularly for the sorption
phenomena. Some nuclides can be transported in the gas phase. Finally, radioactive decay
influences the groundwater's content of radionuclides and must be included in the description of
transport phenomena.

For Lithuanian repository in crystalline rock due to similar repository concept, similar
environment the same processes are expected to take place also.

4 J.I Safety criteria
Based on SR 97 [2], the criteria that could serve as "guidepost along the road" in the safety

assessment are presented below.

Canister
The first safety criterion is that the canister must remain intact for a very long time, i. e. its

copper shell must not be breached. That means that the disposal canister must withstand mechanical
loads at the repository depth at various time periods (including the glaciations).
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Another criterion is that the temperature on the surface may not exceed 100°C to avoid
boiling on the canister surface. Boiling could lead to enrichment of salts on the surface, which could
in turn cause corrosion effects that are difficult to analyze.

There are also design requirement on the canister, which are made to ensure that the
isolation function will last for a long time. The design requirement are of assistance in selecting the
canister's material and dimensions, but are not used directly in the safety assessment. The safety
assessment instead evaluated how well the canister design (which can sometimes withstand much
more than the design requirements calls for) copes with the stresses to which it is subjected to in the
different scenarios.

Buffer
For the buffer as well, there are various requirements, which are used to determine suitable

materials and dimensions. Few of these requirements are used in the actual safety assessment,
where the performance of the chosen buffer is instead evaluated under the different conditions that
will prevail in the scenarios.

The overall of the buffer is to serve as a diffusion barrier between canister and rock. To
fulfil this purpose, the buffer must have a low hydraulic conductivity and must be able to keep the
canister centred in the emplacement tunnel for a long time. It must also "self-heal" minor cracks in
the clay that may arise e.g. initially during the saturation process. To ensure it performs as intended,
the safety criteria for the buffer require that it must have over a long period of time

• A hydraulic conductivity of no more than 10'1' m/s;
• A sufficient density;
• A sufficient swelling pressure.

The hydraulic conductivity of the buffer is determined above all by density and smectite
content. At the initial density of 2000 kg/m3, a smectite content of 10 percent is sufficient to meet
the requirement, and at the initial smectite content, about 75 percent, a density of 1500 kg/m3 is
sufficient.

Bearing capacity is manly determined by density. There is no absolute requirement on
density in this respect, but if the long-term changes are small compared with the permissible initial
variations, 20001100 kg/m3, the density is sufficient to support the canister with good margin.

There is no absolute limit for the swelling pressure either, but even a swelling pressure of 1
MPa is fully sufficient to make the buffer mechanically "self-healing". This value can be compared
with the considerably higher swelling pressure is mainly determined by density, water content,
smectite content and absorbed ionic species.

Backfill
The long-term safety criteria for the backfill say that it should have:

• A hydraulic conductivity that does not significantly exceed the average conductivity of the
surrounding rock, i.e. it should be around 10"10 m/s for typical conditions in Swedish
conditions.

• A swelling pressure of at least 0.1 MPa against the tunnel roof to support the rock around
the tunnels and to make a tight seal.

The backfill should also prevent the buffer from protruding up into the tunnel when it
swells. There are no absolute criteria for the properties of the backfill in this respect.
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Geosphere
Requirements and preferences that were formulated on the rock for KBS-3 VH are:

• Requirements for rock properties:
• No ore potential,
• Regional plastic shear zones shall be avoided,
• Possibility to position the repository with respect to fracture zones,
• Rock strength, fracture geometry and initial stress not too high,
• Groundwater at repository level may not contain dissolved oxygen,
• Total dissolved solids/total salinity < 100 g/1 at repository level.

• Preferences on the rock:
• Commonly rock types,
• Hydraulic conductivity < 10"8 m/s,
• Hydraulic gradient lower than 1% at repository level,
• pH range 6-10,
• Darcy velocity < 0.01 m/y on a canister hole scale,
• Moderately thick glacial overburden.

As mentioned above requirement and preferences will be taken into consideration selecting
a suitable site, the mentioned values of parameters could be used in the safety assessment if
Lithuanian specific data will not be available.

4J.2 Initial state of the repository

Fuel
Performing the safety assessment of the repository for SNF disposal, the term "Fuel" cover

the SNF matrix in the form of fuel pellets and the structural parts of fuel assemblies (FA) in the
form of cladding, carrying rods. At this stage of investigation the radionuclide inventory in the
structural parts of FA are not estimated as the actual material composition of the FA structural parts
are not available. Thus in this generic safety assessment only SNF matrix is analysed and taken into
account.

Geometry

Detailed dimensions of the spent RBMK-1500 nuclear fuel and figure are presented in [1].

Radiation intensity

Radiation intensity is reported in the form of dose rates. The dose rate from a and p
radiation is totally dominant in the fuel pellets and in the fuel gaps. Outside the Zircaloy cladding, y
and neutron dominate according the results presented in [2].

As that type of analysis is not done for RBMK-1500 SNF yet, the results provided above
about the dominating types of radiation outside of the cladding is assumed to be valid for RBMK-
1500 SNF.

Temperature

As presented in [2] the temperature on the surface of the fuel at deposition depends on decay
heat, the thermal properties of the cast iron insert and copper canister and external cooling of
canister. The decay heat is well known, while the other factors are difficult to estimate before all
steps in the handling sequence have been established. It is estimated that the temperature will be
somewhere between 200 and 400 °C. However, the temperature lies in a range where the integrity

22



of the fuel is not threatened, and the uncertainty in the temperature is therefore unimportant for
post-closure safety.

For RBMK-1500 SNF estimation of the temperature of the SNF pellets was not done
performing this generic safety assessment. It should be noted that SNF within the storage casks after
the operation are stored in the interim storage facility. For interim storage maximum cladding
temperature is 300 °C. The temperature in the SNF pellet could be slightly higher, but it will lies in
the range 200 and 400 °C. Thus it is reliable to assume for this assessment that integrity of the fuel
will not be threatened.

Radionuclide inventory

The inventory of radionuclides in the SNF after 50 years of interim storage has been
calculated using ORIGEN code [15]. Selection of the safety relevant radionuclides was performed
further. Detail description of the selection methodology and compiled list of the safety relevant
radionuclides are presented in [1].

For some radionuclides, part of the inventory accumulates on the surface of the fuel pellets
and thereby becomes more accessible for transport. As a study for determination of such part of
inventory for radionuclides existing in RBMK-1500 SNF has not been done yet, thus this fraction
presented in [16] will be used.

Material composition

Description of the fuel assemblies is given in detail in [1]. The radionuclide inventory
formed in the structural parts after operation will be estimated as soon as the data on actual material
composition of structural parts will be available.

Water composition

As it was mentioned above the RBMK-1500 SNF will be stored in the interim storage
facility for 50 years after the wet storage in the pools, and will be vacuumated ant dried at the same
time. Thus it is reliable to assume that the water in the SNF canister (FA) occurs in vapour form.

Gas composition

According the KBS-3 concept the canister will be sealed at atmospheric pressure (dry air) or
under vacuum, which means that the pressure in the canister may be couple of atmospheres if the
initial temperature is as high as 400°C. The fuel rods of Swedish SNF will be filled with helium to a
pressure of 0.4 MPa in fabrication. There are also fission gases from operation, at which mainly Kr-
85 is left at the time of deposition.

The maximum permissible water amount in the canister has been revised and set to 600
grams in one canister. This value is equivalent to the void in one fuel rod and thus presumes that no
more than one Zircaloy cladding tube is defective. For the safety assessment, it can however not be
ruled out that more than one tube is defective [11].

The fuel rods of RBMK-1500 SNF will be filled with helium to a pressure of 0.5 MPa in
fabrication.

Due to the dry interim storage of the Lithuanian SNF the water quantity in the canister
should not be assumed as in SR 97 as the SNF will be dried during the storage. Taking into account
the geometry of the FA and conservatively assuming the situation with the defective cladding at the
deposition, the water quantity could be approx. 365 grams, i. e. it will not exceed maximum
permissible quantity of water as mentioned above.
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Mechanical stresses

According [2] the fuel pellets have inherent stresses caused by grain growth etc. as a
consequence of nuclear fission and irradiation. The internal structure of the pellet is changed during
irradiation depending on temperature and burnup. Fuel rods and structural elements have inherent
stresses due to pressure from fission gases and gas filling. These stresses vary with the make and
burnup of the fuel. The stress distribution in the assemblies is affected in an unpredictable manner
by irradiation in the reactor due to the fact that irradiation sometimes causes growth/swelling of the
structural materials and due to the fact that stresses relaxation varies depending on local temporal
variations in temperature.

This affects the surface of the fuel pellets, which is of importance for the rate at which
radionuclides can be released if the fuel comes into contact with water. Data for the safety
assessment are based on surface determinations of spent fuel that has been affected by the above-
mentioned processes and conditions [2].

Studies on the mechanical stresses in the spent fuel that have influence on the radionuclide
release rate were not performed yet in Lithuania. The data that where assumed to be used are
discussed further talking about radionuclide release.

Cast iron insert/copper canister

Geometry

The proposed disposal canister for SNF is composed of two components: an outer corrosion
protection of copper and a cast iron insert with channels for the fuel half-assemblies in order to
improve the mechanical strength as in Sweden as well in Finland. One SNF disposal canister can
hold 32 RBMK-1500 fuel half-assemblies and for Lithuanian disposal purposes about 1400
canisters should be employed. The copper canister with a 50 mm wall thickness should be made of
oxygen-free copper with low phosphorus content also. A small amount of phosphorus is added to
improve the mechanical properties of the copper. The canister insert is proposed to be cast iron and
will have a minimum wall thickness of 50 mm. The preliminary data for the reference canister is
1050 mm in diameter and 4070 mm in length [1].

Based on KBS-3 concept [2] the canisters will be fabricated, sealed and inspected with
methods that guarantee that no more than 0.1 percent of finished canister contains defects that are
greater that what is permitted by acceptance criteria for nondestructive testing. The safety
assessment therefore assumes that no more than one canister in a thousand has a defect of the types
described in [17].

Radiation intensity

As it is indicated in [2] the y dose rate outside the canister is of importance for radiolytic
disintegration of water. The canister design criteria require that the y dose rate not exceed 1 Gy/h (1
Sv/h) in order to minimize the importance of the process.

Calculation of dose rate values deals with two problems. Firstly, the characteristics
(concentrations of fission products, actinides, neutron and gamma source emissions, etc.) of
irradiated fuel assembly must be calculated. Secondly, when properties of SNF are obtained, dose
rate calculations on the surface and at some distance from the canister must be done. Sequences
SAS2H and SAS4 from SCALE 4.3 computer code were used for solution of these problems.

The main assumptions for the modelling of fuel assembly irradiation were following:

• RBMK-1500 fuel assembly that consists of 18 fuel rods was homogenized and in the
reactor's fuel channel was described as an element of 5 concentric cylinders;
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• Fuel enrichment 2.8% 235U, burn-up 30 MWd/kgU, irradiation time 3 years, cooling
time 50 years;

• For dose rate calculations axial burn-up distribution of fuel assembly was not taken
into account.

Assumptions for equivalent dose rate calculations were as follows:

• 3-D description of canister geometry in SAS4 and 1-D description in SAS2H;
• Radiation source was modeled as homogenous cylindrical body which contains 32

spent nuclear fuel half-assemblies and insert of the canister;
• Locations of point detectors were at a middle of sidelong surface, at a center of the top

and the bottom of canister. Location distances - 0, 1 and 2 meters;
• It was assumed that cooling (interim storage) time of SNF is 50 years.

There are a lot of fission products in SNF. Nuclides presented in Table 1 have more than 1%
of total calculated activity of fission products (FP) after 50 years cooling time.

Table 1: Activities of the main fission products and total activities of FP and actinides

Radionuclide
90Sr

*v
137Cs

137mBa
Total (FP)

Total (Actinides)

Activity of fuel
assembly, Ci

2.37-103

2.37-103

3.44-103

3.44-103

1.1510*
1.36-103

Activity of source in
the canister, Ci

3.79 104

3.79 I04

5.50 104

5.50 104

1.84-105

2.18 104

Figure 3 shows total equivalent dose rate values in various directions and distances of the
copper canister. Neutron and gamma radiation forms the total equivalent dose rate, y and neutron
radiation emitted from the canister with 50 years stored RBMK-1500 SNF forms the total
equivalent dose rate of approximately 500 mSv/h.

Bottom Side wall

Figure 3: Total equivalent dose rate values on the copper canister surface and at some distances

Percentage of each component is presented in Table 2. Data presented in the table show that
total equivalent dose rate is formed mainly by the y radiation (more than 99.9%); neutrons forms
only insignificant part of total dose rate.
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Table 2: Percentage of gamma and neutron radiation

Om

l m

2 m

Bottom

Gamma

99.95

99.98

99.98

Neutrons

0.05

0.02

0.02

Side wall

Gamma

99.93

99.94

99.94

Neutrons

0.07

0.06

0.06

Top

Gamma

99.96

99.98

99.98

Neutrons

0.04

0.02

0.02

Dose rate calculations have shown that dose rate values on the surface of the copper disposal
canister for SNF are rather high in comparison to SNF storage casks, but do not exceed the limit of
1 Sv/h which is maximum allowable dose rate value according to Swedish KBS-3 concept. The
results reported are presented in more details in [1].

Temperature

The temperature of the canister surface filled with Swedish SNF at deposition is estimated to
be around 90°C.

For the SNF disposal canister filled with RBMK-1500 SNF it is estimated that the
maximum temperature of the canister surface is reached within few years if the canister is
surrounded with bentonite of low moisture content and this temperature is 92 °C. In the case of fully
saturated bentonite the temperature on the canister surface is 72 °C and it is reached within 30 years.
The more conservative case is when the bentonite is with low moisture content as its thermal
conductivity is lower.

Material composition

At this stage of investigations the studies of consideration of suitable material for SNF
disposal canister and cast iron insert are not performed. Thus it is recommended to use the
experience accumulated by other countries. The insert of spheroidal graphite iron SS0717-00 and
the copper shell of ASTM USN C10100 with addition of 50 ppm phosporus is assumed in this
safety assessment based on KBS-3 concept.

Mechanical stresses

Residual stresses remain in the lid weld after the canister is sealed According the
experiments, tensile stresses in particular may be high, but gradually relax and gradually turn into
compressive stresses when the copper shell comes into contact with the insert [2].

Taking into consideration the similarities of the canister dimensions, the same materials it is
assumed that the tensile stresses that remain after a long time are low and are not important for
canister life as it was concluded in [2].

Buffer/backfill

Buffer geometry

The dimensions of the buffer and backfill are dependent on the dimensions of emplacement
and main tunnels. Based on KBS-3 concept with horizontal canister emplacement in this safety
assessment it is assumed that the thickness of the buffer is 0.35 m. The diameter of the SNF
emplacement tunnel is proposed to be 1.75 m and transport tunnels in SNF deposition area are
proposed to be 8 m wide and 6 m high (See [1]).
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Pore geometry (porosity)

The porosity of the proposed buffer material (MX-80 bentonite) is 41 percent [2]. As the
porosity in the backfill is 30 percent and the degree of saturation 65 percent the air in the
transportation tunnel initially occupies about 10 percent of the volume.

Radiation intensity

It was calculated and reported that the initial y dose rate on the canister surface with
Swedish SNF is 100-500 mGy/y and the dose rate on the outside of the buffer is approximately 2
mGy/y.

As the initial y dose rate on the canister surface with RBMK-1500 SNF is approx. 500
mSv/y and the buffer thickness and the material are the same, it is reliable to assume that the dose
rate on the outside of the buffer will be in the range of 2 mGy/y.

Temperature

Buffer and backfill are at ambient temperature at deposition.

Smectite content

The smectite content of the proposed buffer material is approximately 85 percent as the
commercially available buffer material is proposed. 15 percent of the backfill consists of bentonite
with the same smectite content as the buffer.

Water content

The compacted bentonite blocks have an initial degree of saturation of 85 percent. The
backfill material has an initial degree of saturation of 65 percent [2].

Gas content

The bentonite blocks have a degree of saturation of 85 percent, which means that 85 percent
of the pore volume is filled with water and remainder with air. The air in the emplacement tunnel
occupies approximately 6 percent of the total volume. As porosity in the backfill is 30 percent and
degree of saturation 65 percent, the air in the tunnel system occupies about 10 percent of the
volume.

Assuming the same buffer material as in Sweden, the estimated buffer properties are the
same for the buffer that will be used in Lithuania's repository.

Hydrovariables

The hydrovariables are water flow, water pressures, gas flow and gas pressure. Initially it is
relevant to describe gas and water pressures. Flows do not occur initially in buffer/backfill. At
emplacement of canister and buffer, the emplacement tunnels will be kept drained and the
repository will be open to atmospheric pressure. This gives a gas pressure (air) of 1 arm. (approx.
0. IMPa) and a water pressure of 0-0.1 MPa.

Based on the similar repository environment and repository concept the same air and water
pressures are assumed for Lithuanian case.

Swelling pressure

The swelling pressure builds up as the buffer/backfill become fully water saturated. Initially
there is no swelling pressure.
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Smectite composition

In SR 97 the buffer is assumed to consist of MX-80 bentonite. It consists of approximately
85 percent Na-montmorillonite. Na-montmorillonite in MX-80 bentonite has the mineral formula:

and has a cation exchange capacity of 73 meq/100 g with 85 percent Na and the remainder
Ca and Mg. In backfill the clay fraction (15 percent) has the same composition as the buffer.

As the commercially available bentonite MX-80 was proposed, thus the definitions on the
buffer and backfill smectite composition are valid in our case also.

Pore water composition

According to [2] at delivery the water content is 12 percent maximum. The water has
composition that is determined by the water composition on the site where the material was
originally quarried. The raw material is dried and ground and distilled water is then added before
compaction to achieve a water ratio of 17 percent, which is equivalent to a degree of saturation of
85 percent after compaction.

Taking into consideration proposed the same buffer material, the degree of saturation after
the bentonite compaction is assumed to be the same in Lithuanian repository.

Impurity contents

The most important impurities in proposed buffer are carbonate (calcite), quartrz, pyrite,
non-swelling clay minerals, kaolin, etc. based on [2].

Geosphere
The crystalline basement is one of the prospective formations for disposal of high-level

radio-waste. The depth of the basement varies from 200 m in the southern extreme of Lithuania to
more than 2 km in the west. The solid rocks are highly attractive for establishment of repository,
similarly to Sweden, Finland and other countries.

The major prospects are related to only the shallow setting of the basement. Roughly, the
depth of 700 m is accepted as the lower limit. In these terms, the southern and eastern parts of
Lithuania can be regarded as prospective.

A more detailed description of the geology of the crystalline basement and especially
tectonic map of south Lithuania are presented in [18,19].

The data available from south-eastern region of Lithuania are used in the safety assessment
(calculations.) If the data for other parameters are not available, the values defined for Beberg site
(one of the candidate sites for repository construction in Sweden) or from other literature sources
are used instead. For the model case it is assumed that a prospective rock domain suitable for the
repository construction could be identified in this study area.

Biosphere
For the generic safety assessment it is assumed that the present climate conditions prevails.

Based on the [7] it is also conservatively assumed that 100 percent radionuclides released from
crystalline rock through the system of underlying aquifers and aquitards will reach a well of
drinking water.
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4.4 Development and justification of scenarios, Formulation and
implementation of models

4.4.1 Introduction
As it was mentioned in the Chapter 2 various methodologies are used to generate the

scenarios. According to [2] a scenario could be defined as the sequence of events undergone by the
repository system given an initial state and specified conditions in the surroundings. Together, the
chosen scenarios should provide reasonable coverage of the various evolutions repository and its
surroundings could conceivably undergo. The scenarios chosen for SR 97 are:

• A base scenario where the repository is imagined to be built according to specification and
where present-day conditions are assumed to persist.

• A canister defect scenario which differs from the base scenario in that a' few canisters are
assumed to have initial defects.

• A climate scenario that deals with future climate-induced changes.
• A tectonics/earthquake scenario.
• A collective scenario that deals with future human actions that could conceivably affect

the deep repository.
The choice of scenarios in SR 97 is based on the system description, detailed analysis of

FEP and experience from previous work.
Due to limited time and budget and taking into consideration the similarities in the

repository environment, repository concept the selection of scenarios is based on experience from
the safety assessment performed in Sweden. For this generic safety assessment two scenarios were
chosen: base scenario and canister defect scenario. It is planned that later on other scenarios will be
analyzed.

4.4.2 Premises for chosen scenarios

Base scenario
The base scenario describes the expected course of events for the case where the repository

is built according to specifications and the conditions in the surroundings are assumed to be in
principle constant and the same as today's. All canisters are assumed to be without fabrication
defects, and today's climate persists in the future as well.

The overall purpose in the base scenario is to study the isolating function of the canister. A
fundamental requirement on the repository system is that the canisters' copper shells shall remain
unbreached.

In summary the following is assumed in the base scenario regarding repository's
surrounding:

• Present-day climatic conditions are assumed to prevail in the future.
• Present-day site-specific biosphere is assumed to persist.
• Rock-mechanical changes take place only as a result of aseismic processes, i.e.

earthquakes are not included in the base scenario.
• No human intrusion occurs.

Canister defect scenario
According to [2] the premises for the canister defect scenario are the same as for the base

scenario except that a few canisters are postulated to have initial defects. It is postulated as a
reasonable case that one canister out of total of about 4000 has passed through quality inspection
with a penetrating defect of 1 mm2. In the pessimistic case, it is assumed that five canisters (i.e.
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about 0.1 percent) have such defects. It is also assumed that the repository is constructed according
to specifications and present-day conditions in the surroundings persist. The evolution in and
around the majority of canisters, which are assumed to be undamaged, is thereby expected to be the
same as for the base scenario.

The assumptions for the canister defect scenario were made the same as in SR97. The
reasonable number of defected canister for this demonstrative assessment is chosen to be one
defected canister out of the total 1400 canisters.

4.4.3 Base scenario

Introduction
The initial state is assumed to be that described in Chapter 4.3, with the important addition

that all deposited canisters are postulated to be without initial defects. In this generic safety
assessment no climate changes are assumed.

Radiation-related evolution

Ovierview

The radiation-related evolution describes how the radiation from the radioactive
disintegrations in the fuel is spread and attenuated in the different parts of the repository. The
energy in the emitted radiation is transformed into heat by attenuation.

The radioactive disintegrations generate a, p, y and neutron radiation. Most of a and p
radiation is attenuated in the fuel, while the y and neutron radiation can penetrate out of the canister
and into the buffer and rock.

Radiotoxicity

The radiotoxicity of the SNF on ingestion via food decreases with time. Figure 4 presents
which elements dominate at different times. As it could be seen in Figure 4 all radiotoxicity
measures are in percent of the total radiotoxicity (in Sv) at 50 years after operation. When the fuel is
to be disposed and after more than 1000 years the contribution of Am-241, formed by decay of Pu-
241, is significant. As short-loved isotopes decay, the radiotoxicity will be dominated by long-lived
radionuclides (Pu-239, Pu-240). After 10 000 years, Pu-239 and Pu-240 are dominating
radionuclides.
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Figure 4: Relative radiotoxicity on ingestion of RBMK-1500 SNF

At 100000 years the radiotoxicity is determined by Pu-239 mainly. The total radiotoxicity is
decreased to 0.3 percent of the total radiotoxicity at time of deposition (after 50 years of interim
storage). After one million years the radiotoxicity of RBMK-1500 SNF is declined to 0.08 percent
of the total radiotoxicity at deposition.

Decay heat

The radiation energy that is liberated by the radioactive disintegrations in the fuel is
converted into heat. Heat generation in the fuel after operation is called residual power or decay
heat. When the Swedish spent fuel is deposited in the repository after 40 years of interim storage, it
generates approximately 1600 Watts of thermal power per one canister with Swedish SNF [2].

When the RBMK-1500 SNF is emplaced in the repository after 50 years of interim storage it
generates approximately 450 Watts of thermal power per one canister [1],

Conclusions

The radiation related evolution has no direct bearing on safety in the base scenario.
The calculation results are used in other analyses, particularly in the analysis of the thermal

evolution, where the decay heat is used.

Thermal evolution
Temperature evolution calculations were based on the decay heat of the SNF, thermal and

geometrical data of all parts of the repository.
Two cases were analyzed in total assuming that the buffer is partly saturated (low thermal

conductivity) and fully saturated (high thermal conductivity) by water uptake from the surrounding
rock.

The results of time-dependant temperature evolution in the horizontal orientation SNF
emplacement tunnels show that, for the partly saturated (low thermal conductivity) bentonite, the
peak temperature of * 92 °C (Figure 5, curve 1) on copper canister surface is reached within few
years. In case of fully saturated (high thermal conductivity) bentonite the temperatures are much
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lower than in the case before. The highest temperature of « 72 °C (Figure 5, curve 2) on the canister
surface is reached within 30 years.

As the results show, the canister surface temperature always lies below 100°C. In such case
it will be avoided boiling at the canister surface, which could lead to enrichment of salts, cause
corrosion effects, change bentonite properties, etc.
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Figure 5: Time-dependant temperature evolution on the surface of the SNF disposal canister in case
of partly (1) and fully saturated (2) bentonite

The analysis of heat evolution influence on the top of crystalline rock has also been made.
The conclusion has been done that the heat raised from the canister with RMBK-1500 SNF will
have marginal impact on the thermal conditions on the top of crystalline rock within one million
years period after the spent fuel deposition. For more details see [1].

Conclusions

The requirement that the surface temperature of the canister may not be exceed 100°C can
always be met by choosing a suitable spacing between the canisters or by adjusting the fuel content
in the canisters. The results of thermal calculations have no direct bearing on safety.

Hydraulic evolution

Overview

The hydraulic evolution in the base scenario concerns only buffer/backfill and geosphere as
long as the canister is intact. The canister interior and the fuel are hydraulically isolated by the
intact canister.

Initially the geosphere around the repository is partially drained as a consequence of
construction and operation. Drainage can cause deeper-lying groundwater, often with high salinity,
to be drawn up to repository depth. Drainage and reversion to original groundwater level occur as
different parts of the repository are built and the repository is backfilled and closed after deposition.
Some time after closure the groundwater level and flow pattern are expected to return to their
original state.
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Buffer and backfill are partially water-saturated at deposition. After deposition they will
become fully saturated. How long this takes depends on the water flow around emplacement and
transportation tunnels.

When the buffer becomes fully saturated its hydraulic conductivity is very low. That
contributes to buffer isolation function in the repository. In the geosphere, more or less constant
flow state is reached as the groundwater has returned to its original level.

The hydraulic evolution in the geosphere has an indirect bearing on the canister's isolating
capacity, since the groundwater transports solutes and thereby affects chemical processes such as
canister corrosion. The time for the buffer saturation is strongly dependent on the properties of the
rock (in repository site).

The hydraulic evolution of the buffer does not have a direct bearing on the canister's
isolating capacity. However it is important to ensure that the buffer is saturated under any
circumstances so that it will function as intended in the repository [2].

At this stage of investigations the detailed studies of hydraulic evolution in geosphere and
hydromechanical evolution in buffe^ackfill were not performed. Taking into account the similarity
of geometry of the proposed canister, buffer/backfill with the Swedish ones and the results of
studies performed in Sweden it is assumed that the buffer becomes fully saturated in some ten years
after deposition. It is also accepted that the canister's movements raised due to swelling pressure
build-up are not significant and do not affects the canister's integrity.

Mechanical evolution

Overview

The fuel is mechanically isolated from it's surrounding as long as the canister retains its
mechanical stability.

After deposition the mechanical evolution will be determined in the short term by the buffer
saturation andirurld-up of the swelling pressure, which affects the canister and emplacement tunnel
walls. In the long term, mechanical processes in the geosphere play decisive role in the mechanical
evolution of the repository. In the studies performed in Sweden it was concluded that the long-term
stability of rock is such that no rock movement of an extent that could lead to canister failure will
take place during the next 100000 years. There is nothing to indicate that a million-year perspective
would not result in the same assessment.

Nor do the groundwater or swelling pressures (evenly or unevenly distributed), which can
occur in the base scenario, give rise to loads that could threaten the canister's integrity.

While detailed studies on mechanical evolution in the buffer and geosphere are not
performed for Lithuania case, it is assumed, based on Swedish studies, that the canister's integrity
will not be threaten neither due to groundwater or swelling pressure, neither due to rock
movements.

Chemical evolution

Overview

The interior of the canister is chemically isolated from its surroundings as long as the copper
canister remains intact. According to SR 97 the chemical evolution in buffer, backfill and rock is
ultimately determined by the composition of the groundwater. In the long term, the chemical
properties of the groundwater together with the properties of the buffer and the cooper canister
determine how long buffer and canister will function. Table 3 shows that total salinity,
concentrations of potassium, calcium, magnesium, chloride, sulphide and dissolved oxygen, and
redox potential (Eh) and pH have a direct bearing on safety [2].
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Table 3: Important processes influenced by the composition of pore water and groundwater

Process

Copper corrosion

Swelling

Smectite degradation
(illitiazation)

Colloid
formation/erosion of
buffer

Component/variable

Dissolved oxygen
Sulphide
Combination chloride ions/pH

Total salinity

Potassium

Divalent cations, mainly Ca2+ and
Mg2+

"Preference'Vcomment

Oxygen-free (indicated by negative Eh
values)
The lower the better
Avoid the combination [Cl~]>100 g/1 and
pH<3

Below 100 g/1

The lower the better

[Ca2++Mg2+]>4 mg/1

Long-term evolution of groundwater composition

The geochemical evolution on a repository site is determined by [2]:

• The present-day geochemical situation;
• Transport and reaction processes in the geosphere;
• Interaction with the surrounding, above all inflows and outflows from/to the biosphere,

which in turn is dependent on the climate.
The present-day groundwater composition of the model case site in Lithuania is presented in

Table 4 and Table 5.

Table 4: Total salinity and pH estimated in the study area in Lithuania

Parameter

Total salinity,
mg/1

pH

Values

2166

2028.43

12478.06

3378.33

6611.12

800

212.84

283.65

997.4

15696

7

2.4-9.28

9.28

Sampling depth, m

534-585

511.7-523.5

484.6-561

503-568.6

450.7-551.8

502.5-558.4

486-581.6

435.3-506.5

506-660.6

438.3-498

266.8-327.6

-

247.6-352.7

Borehole No.

707

713

717

719

729

712

721

730

708

709

-

-

349

Reference

[20]

[21]

[22]

[23]
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Table 5 Groundwater composition estimated in the study area in Lithuania [24]

Parameter

Ca2+(mg/l)

Mg2+ (mg/1)

HCO3"(mg/])

Cr (mg/l)

SO4
2" (mg/1)

Values

14-1686

2-448

157-482

212-9078

32-371

Data on pH in the study area are not well reported, thus the typical pH value could not be
identified. It seems that sites where pH is not extremely low and where pH is not very high could be
found in the study area. Taking into consideration of the preferences according to SR 97 (Table 3)
and the data presented in Table 4 and Table 5 it is possible to conclude that the conditions pH<3
and [Cl']>100 g/1 could be avoided by selecting repository site with higher pH. Thus it will not
change the corrosion rate of the copper canister extremely. The salinity also is not higher than 100
g/1, thus the decrease of swelling pressure of the buffer will not affect buffer's function. The sum of
the concentrations of calcium and magnum ions is rather high and prevent from significant colloid
formation and erosion of buffer.

The long-term evolution of the groundwater in the studied sites (Aberg, Beberg, Ceberg)
was described on the basis of general knowledge of the evolution of water chemistry from far in the
past up to the present. On each site, this evolution is controlled by the hydraulic driving forces and
variations in the permeability of the rock and the distribution of saline and non-saline water. No
long-range changes have been identified in the base scenario that contradicts the conclusion that the
groundwater at repository depth will remain oxygen-free in a million year perspective [2]. Assessed
reference groundwater compositions were used further in the analysis of the canister corrosion and
buffer/backfill function due to interactions with groundwater.

At this stage of investigations, the long-term evolution of the groundwater composition in
Lithuanian study area was not analysed. For this model case it was assumed that the composition of
the groundwater would not affect the buffer's/backfill's functions and canister corrosion extremely.

Chemical evolution of buffer/backfill

Chemical processes which could be important in he long-term evolution of buffer/backfill
are ion exchange in the montmorillonite, dissolution of impurities in the bentonite, conversion of
montmorillonite to non-swelling minerals, precipitation of minerals caused by the temperature
gradient [2]. The results of the chemical evolution of bentonite MX-80 performed in Sweden show
that the processes mentioned above will affect the properties of the buffer in a long time
perspective, but the magnitude of these effects are small enough so that the long-term safety criteria
for hydraulic conductivity, density and swelling pressure are met with good margin (subchapter
4.3.1).

As the analysis of the chemical interaction of bentonite MX-80 with the groundwater of
composition typical for Lithuanian rock has not performed yet, it is assumed that buffer retain
sufficient high swelling pressure, a sufficient high density and a sufficient low hydraulic
conductivity in a very long time perspective also.
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Corrosion of the copper canister

The copper shell is the canister's corrosion barrier. The cooper canister's isolating capacity
is central factor in repository safety. Thus it is important to determine how the 5 cm thick copper
shell could be damaged chemically, i.e. by different types of corrosion.

Metallic copper is thermodynamically very stable in pure, oxygen-free water. Deep in the
bedrock, corrosion of copper can be caused only by corrodants dissolved in the groundwater [7]. In
deep Finnish groundwaters as well as in Swedish deep groundwaters sulphide is identified as
substance what could cause copper corrosion [2, 7]. Sulphide has also been identified as the only
impurity in the buffer that could potentially cause copper corrosion.

Another cause of corrosion could be chloride ions. However, high chloride concentrations
(>100 g/1) in combination with pH values below 3 are required in order for such a process to be of
importance. The bentonite is an effective pH buffer, and the water around the canister is estimated
to have a pH between 7 and 11 [2].

Sulphate may be reduced to sulphide by bacteria in the groundwater. Furthermore, sulphide-
containing minerals, mainly pyrite, can dissolve and contribute sulphide in both buffer and rock.

Assuming that all pyrite existing in the buffer (about 0.3 percent) can be converted to
sulphide and is consumed in copper corrosion, a corrosion depth could be estimated. It was
estimated to be approximately 0.5 mm, assuming an evenly distributed attack over the canister
surface. The process is estimated to take a negligible reduction of the canister's wall thickness.

Taking into account the sulphide amount in the bentonite as well as in the groundwater it
was concluded that canister is projected to withstand the corrosion attacks to which it will be
subjected in a million-year perspective [2].

Taking into consideration that the height of the SNF disposal canister proposed for
Lithuanian repository is smaller than the Swedish one, and a different (less) amount of bentonite
buffer is required around one canister, it was estimated that approximately 0.46 mm of copper
would be consumed due to pyrite existing in bentonite in the case of evenly distributed attack over
the canister surface.

The rate of corrosion caused by sulphide in the groundwater could be checked by means of
greatly simplified calculations using conservative assumptions and data [7]. Assuming that the flux
of the groundwater in the rock in the vicinity of the repository in on about 1*10'3 m3/m2 year
(reasonable value for Beberg site) as the data for study area are not available [2]. Assume that all
sulphide in the groundwater flowing through an area of 40x5.27 m2 is collected on the surface of the
canister, i.e. buffer do not control transport of sulphide to the surfaces (conservative case). The
sulphide content of the groundwater is defined to be equal to 1 mg/1. This sulphide concentration is
not as typical for study area in Lithuania as such data there not available during preparation of the
report, thus the conservative concentration was selected from [2, 7]. In [2] such concentration is
indicated as the highest sulphide concentration measured in Swedish groundwaters. Taking into
account that two moles of copper per one mole of sulphide is consumed in the corrosion process,
the density of copper is 8900 kg/m3, the thickness of the copper shell is at least 50 mm and the
surface area of the canister is approx. 14.4 m2, we get a corrosion rate of about 6.4 mm per one
million years. Assuming that the factor for uneven corrosion is 5 [7] the canister lifetime is
estimated to be about 1.6 million years. Lower sulphide concentration will correspond to the lower
corrosion rate and the longer canister lifetime. Thus it could be concluded that the SNF disposal
canister will withstand with corrosion occurring in the long-term evolution.
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Summary

The initial J 00 years

The radiotoxicity of the fuel declines during this period to approximately 60 percent of its
radiotoxicity at deposition.

Immediately after deposition, a heating of the surroundings of repository begins, which is
determined by the decay heat in the SNF.

The buffer, which initially has a degree of saturation of about 80 percent, absorbs water
from the surrounding rock as it heats. The time required to full water saturation depends on the
hydraulic conditions in the rock surrounding the emplaced canister. According to the results of the
studies performed in Sweden it is reliable that the full buffer saturation would be achieved during
the initial hundred years.

As a consequence of the buffer's water saturation a swelling pressure is developed against
the canister. It was estimated that the swelling pressure and the groundwater pressure will be around
12 MPa against the canister, which is far below the mechanical load the canister can withstand.
Although the swelling pressure may be unevenly distributed over the canister surface, especially
during water saturation phase, it is likely that the mechanical stresses raised as a consequence of the
later are far below the stresses the canister is designed to take.

The hydrogeochemical evolution during the initial 100 years is characterized by a
perturbation of the natural situation due to the fact that water in the region around the repository has
been drawn in towards the repository as a consequence of the constant pumping-out of the
groundwater during construction. Deeper lying saline water can in this way be drawn up to the
vicinity of the repository. The chemical conditions are also disturbed by the oxygen and engineering
and stray materials brought into the repository during construction. Both organic and inorganic
materials are expected to be consumed so that the groundwater composition approaches the original
composition within 100 years [2].

Due to similar geometry of the canister and the buffer, the geological environment it is
expected that all mentioned processes will take place in Lithuanian repository. The maximum
temperature on the outside of the canister is reached after few years when the canister is surrounded
with bentonite of low moisture content and after 30 years in the case of fully saturated bentonite
buffer. In both cases the temperature limit of 100 °C is not exceeded More conservative case for
the canister surface temperature is when the bentonite is partly saturated, as its thermal conductivity
is lower. For the heat transfer in geosphere and temperature evolution in the geosphere the more
conservative case is when the bentonite is fully saturated at deposition, but in both cases it was
concluded that heat reaching the surface of crystalline rock has a marginal influence on the
temperature here [1].

100 to 10 000 years

The radiotoxicity of the SNF decreases during this epoch from 60 percent to approximately
4.6j>ercent of its radiotoxicity at deposition. The heating of geosphere continues, and a heat wave is
projected to reach the surface, although its impact will be negligible.

According to [2] hydraulically only small changes occur during this period. The buffer is
saturated with water and the groundwater's flow in the geosphere is similar to the natural situation
that prevailed before repository construction.

The mechanical situation for the buffer and canister is expected to be steady-state, since the
buffer remains water-saturated.

In the buffer, the buffer's original content of sodium ions is exchanged for calcium ions in
the groundwater. Calcite in the buffer is slowly dissolved. These processes depend on the chemical
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conditions in the groundwater. The buffer has such a low hydraulic conductivity that transport of
solutes, including canister corrodants, takes place entirely by diffusion, corrosion processes in the
copper shell have negligible consequences during this epoch.

Due to similar geometry of the canister and the buffer, and the geological environment it is
assumed that all mentioned processes will take place in Lithuanian repository.

The time after 10 000 years

In 100 000 years radiotoxicity declines to about 0.34 percent of its radiotoxicity at time of
deposition. There is still small amount of radionuclides in the SNF that can move more easily
through the repository's barriers if the canister should be damaged, and larger quantities of less
mobile nuclides.

Since today's climate prevails according to the scenario definition, the hydraulic situation in
the geosphere remains unchanged The groundwater composition around the repository also remains
unchanged.

During this period of time the mechanical load on the repository rock will be affected by
slow, large-scale movements in the bedrock as well as by the rock's own long-range material
properties, which can cause time-delayed deformations (creep movements). Based on rough
calculations presented in [2] it is expected that the effects of both these processes are negligible.

During this period the ion exchange and dissolution is continued. As a consequence of these
a reduction of swelling pressure will occur. However the reduction of swelling pressure to approx.
4-5 MPa do not affect buffer's functions. Nor does the calcite dissolution or the influence of the
surrounding groundwater cause any changes that affect the buffer's normal function.

Due to similar geometry of the canister and the buffer, the geological environment it is
assumed that all mentioned processes will take place in Lithuanian repository.

Overall conclusions

The canister retains its isolating function during the evolution of the repository system. The
mechanical stresses on the canister from groundwater pressure, buffer swelling pressure and rock
movements around the emplacement tunnels are all far below what is needed to jeopardized canister
isolation. Chemical stresses on the canister in the form of corrosion by oxygen or sulphide do not
cause damage to the copper canister shell.
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4.4.4 Canister defect scenario

Introduction
The initial state of the repository is thus assumed to be the same as in the base scenario,

except that one canister is postulated to have undetected defect. Radionuclides that are released
through the crystalline basement end up in the well, which is drilled in the repository area.

Initial canister defects
If a defect does occur, it is therefore most probable that it will be in the weld between the lid

and body of the canister. The other welds in the canister shell are easier to inspect, since inspection
can be performed both internally and externally and furthermore in a non-radioactive environment.

Welding defects that could cause a penetrating defect identified by Punshon are lack of
fusion (meaning that the weld has not fused in both lid and body), cracking in the welded joint, a
hole due to temporary breaks of electron beam. All these defects could be detected with ultrasonic
testing. In order for a defect to go undetected it must be small, presumably not larger than 1 mm2

[2]-

Data for calculation of radionuclide transport
In [2] it is postulated as a reasonable case that one canister out of total of about 4000 has

passed through quality inspection with a penetrating defect of 1 mm2. In the pessimistic case, it is
assumed that five canisters (i.e. about 0.1 percent) have such defects. It is also assumed that the
repository is constructed according to specifications and present-day conditions in the surroundings
persist. The evolution in and around the majority of canisters, which are assumed to be undamaged,
is thereby expected to be the same as for the base scenario.

The assumptions for the canister defect scenario were made the same as in S R97. The
reasonable number of defected canister for this demonstrative assessment is chosen to be one
defected canister out of the total 1400 canisters.

Radiation-related evolution, criticality
The radiation-related evolution is assumed to be essentially the same for a damaged and

undamaged canister, i.e. radiation levels in and around the canister is affected very marginally by a
defect in the copper canister with accompanying water ingress.

One important aspect of radiation-related evolution must be assessed in detail: might the
conditions in a damaged canister under any circumstances possibly be such that a fission process
becomes self-sustaining?

Neutrons with suitable energy can cause nuclear fission particularly in 235U, 239Pu and 24IPu
in the SNF. Intruding water into the damaged canister can slow down the neutrons to suitable
energies. A criticality conditions are assessed with the effective multiplication constant kefr[2].

Criticality analysis for copper disposal canister loaded with (2.8% 235U enrichment) fresh 32
RBMK-1500 fuel half-assemblies was performed using SCALE 4.3 computer codes system. Effects
on criticality of the corrosion of the fuel rods cladding and insert or canister body, dissolution and
redeposition of fissile material outside the failed canister and other events have not been evaluated.

The following conditions and assumptions were accepted for the criticality calculations:

• Maximum loading of the canister, i.e. insert of the canister contains 32 cylindrical holes
each with fuel half-assembly inside;

• Discrete representation of the fuel rods is used in the geometry description. This means
that each half-assembly consists of 18 fuel rods;
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• Insert holes and inner region between insert and canister body are homogeneously filled
with water. A water density varies from 0.1 g/cm3 to 1.0 g/cm3. Variation of water density
allows to model the most reactive state of the fuel-insert-canister body system;

• The fuel half-assemblies contain only fresh, undepleted fuel (no credit for burnup) with
2.8% 235U enrichment;

• There are no structural damages in fuel rods, half-assemblies, insert and canister body;
• There is no neutron leakage from the system. Neutron reflection condition is accepted for

outside surface of the canister;
• Fuel rods consist of cylindrical pallets of UO2 and cladding tubes (Zr+l%wt Nb). The

canister insert consist of carbon steel and canister body consist of copper;
• The insert holes are positioned in a square pitch. Nominal center-to-center distance of the

insert holes is 140 mm.
The variation of effective neutron multiplication factor kefr (including 3 standard deviations)

with water density for copper disposal canister shows that keff values continuously increasing when
water density is increasing and maximal keff value of approximately 0.61 is reached when water
density is 1.0 g/cm3 (Figure 6).
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Figure 6: Variation of keff with the water density

The main requirement of the criticality safety is that effective neutron multiplication of the
system containing fissile material must be less than 0.95. For copper disposal canister when long-
term processes (corrosion, degradation, etc.) are not taken into account, keff values are less than
allowable value of 0.95 [1].

Hydromechanical evolution in defective canister
Performing the SR 97 the hydromechanical evolution in the defected canister was analyzed.

The hydraulic evolution in the damaged canister differs from the intact canister significantly. As
only ingress of water starts into the canister, the corrosion of the cast iron insert as well as
generation of hydrogen gas begins. Water is also a prerequisite for corrosion of the fuel's metal
parts, fuel dissolution and radionuclide transport.

The build-up of hydrogen gas as a consequence of iron corrosion affects the canister
mechanically.
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In order for radionuclides to be transported out from the SNF, there must be a continuous
water pathway between the fuel and the groundwater in the rock, with exception of nuclides that are
transported with gas. Consumption of water in iron corrosion process means that it can take a very
long time before such a water pathway forms.

Hydraulic evolution in canister

Water into the defected canister could be driven by the difference between the internal gas
pressure in the canister and the groundwater pressure. As water comes into contact with the iron
insert, it will corrode. Due to hydrogen gas generation the pressure differential across the buffer is
reduced and the rate of water inflow decrease.

Model studies indicate that water entering a canister will be consumed and dry conditions
will prevail during long periods. The course of the process is, however, dependent on the corrosion
rate and the shape of the breach on the shell [2].

Water ingress via diffusion

As the gas pressure in the canister reaches the groundwater pressure the inflow of water to
the canister will cease. Water can then continue to enter by diffusion, thus sustaining corrosion.
Diffusion is very slow; with a 1 mm2 circular hole and a corrosion rate of 0.1 um/y, the inflow is
about 1051/y [2].

Mechanical effects of corrosion products

When the iron insert corrodes, a layer of magnetite will be built up between insert and shell.
Magnetite has a lower density than iron, thus the corrosion product will exert a pressure to between
insert and copper shell. It was calculated that the time when the defect will become enlarged is
approximately 200 000 years.

Gas transport through buffer

As it is described in [2] the buffer in the water-saturated state is impenetrable to flowing gas
and a gas pressure is therefore expected to build up in the canister cavity. The gas can dissolve in
water and diffuse through the buffer out to the rock. However, solubility and diffusivity are
relatively low, which means that transport capacity is limited. It was calculated that the diffusive
transport capacity to be approximately 210-6 m3/y for a 1 mm2 defect at an internal gas pressure of
15 MPa. This is not sufficient to remove gas generated by either global or local corrosion.

Several experiments have shown that bentonite does not allow gas to pass until the pressure
in the canister exceeds the sum of the swelling and the groundwater pressure, i.e. about 12-14 MPa.
When the pressure reaches this value, a transport pathway is formed through the buffer and gas is
released. The pressure falls and gas production determines the further course of events:

• If the pressure falls sufficient low value, the transport pathway closes. This so-called
"shut-in pressure" is dependent on the swelling pressure. At normal swelling pressure, 7-8
MP:a, the "shut-in pressure" is 3-5 MPa, according to very preliminary estimates. After
that, gas once goes again migrates solely by diffusion. If gas production continues long
enough, a cycle is obtained with successive gas pulse releases and pressure build-ups.
Values for gas pressure in the canister maybe higher based on the new information.

• If, on the other hand, gas production is high enough to sustain a higher pressure, the gas
transport pathway is expected to remain open.

The buffer'gas transport capacity is the subject of investigation.
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Sequence of events

Based on the model studies of different hydromechanical regimes, a reasonable sequence of
events with a lmm2 canister defect and corrosion rate of 0.1 \imly can be sketched [2]:

• Time up to about 11000 years: Water is expected to flow into the canister driven by the
pressure differential between the groundwater in the rock and the gas in the canister
cavity. The corrosion rate is sufficiently high to consume all water. After about 11000
years, the pressure in the canister is projected to reach 5 MPa, after which water is
transported into the canister by diffusion of water vapour.

• 11000 to 18000 years: Water diffuses in around the defect and corrosion in only expected
to occur locally in a radius of about 5 cm around the defect. After about 18000 years, the
corrosion are projected to have filled the 2 mm wide gap between insert and copper shell,
and the shell will begin to expand. Gas production is low in this time interval, since the
inward transport of water is slow.

• 18000 to 200000 years: The corrosion products around the defect are expected to expand
the cooper canister. After approximately 200000 years, the copper shell is projected to fail
and a hole as big as corrosion are will be created. Gas production is still low in this time
interval.

• 200000 to 400000 years: When a larger hole has formed, water transport into the canister
will increase once again, and its probable that the entire surface of the will corrode. At this
point it is not possible that gas production will reach the maximum value of 1.5*10"2 m3/y
(STP). The maximum pressure increase will then be about 1 MPa in 700 years, which
means that the gas can probably not escape by diffusion and gas release can be expected in
the buffer. The strains will now be greatest around the canister lid, and after about 400000
years the lid is expected to come loose.

• 400000 to 700000 years: The global corrosion continues, and after approximately 700000
years the insert has corroded through to the fuel channels. The strain in the body of the
copper shell is still less than 20 percent, which means it is not expected to crack. After
approximately 700000 years, gas production is projected to decline due to the fact that
nearly all iron has been consumed and the gas releases through the buffer cease. The
buffer has been deformed locally at the bottom of the deposition hole. The rock is mainly
subjected to compressive stresses and is not judged to be damaged. The tensile stresses
that occur around the deposition hole are very local.

Data for calculations ofradionuclide transport

The hydromechanical evolution in a damaged canister furnishes data for the time it takes for
a continuous water pathway between the fuel and the outside of the canister to be formed, and the
time it takes for the internal evolution to have causes the small initial defect to grow suddenly to a
large defect. Radionuclide transport begins as continuous water pathway has formed, but is
restricted by the small initial defect. When the defect has grown larger, it is assumed that the
canister no longer offers any resistance to radionuclide transport.

In [2] the 200 000 years were chosen as a reasonable value for the time when the initial
defect grows to a larger one. Up to this time, no liquid water is expected to be presented in the
canister and no radionuclide transport occurs in the reasonable case. When the initial defect grows
into a larger defect, it is assumed that water can also enter freely and 200 000 years is therefore the
reasonable time when a continuous water pathway is expected to form.

Data on hydromechanical evolution in horizontally emplaced canister are not available now.
Taking into consideration the similar canister geometry, geological environment, the same
materials, the results of studies performed in Sweden are used in the analysis, i.e. the time of
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200000 years after the canisters deposition is used as the time at that the continuous water pathway
formed and initial defect is enlarged.

It seems that in the future such detailed analysis needs to be performed for horizontally
emplaced canister.

Chemical evolution in defective canister
The chemical evolution in a damaged canister differs radically from that in an intact canister

because intruding water gives rise to several important chemical reactions, chiefly:

• Corrosion of the cast iron insert;
• Corrosion of the fuels Zircaloy cladding and other metal parts, radionuclides in these

parts;
• Dissolution of the fuel matrix with release of radionuclides;
• Releases of immediately accessible radionuclide fraction.

Corrosion of the cast iron insert

As the groundwater at repository depth is oxygen-free, the cast iron insert will therefore
corrode anaerobically, with hydrogen generation and magnetite formation.

Corrosion of metal parts and cladding tubes

The materials of fuel claddings are stable in water and corrode only very slowly, but
microscopic cracks could develop eventually, forming passages through the tube walls.
Consequently, there is some current discussion as to how much short term credit can be taken for
the tubes as part of the multibarrier system [25]. Thus usually it is considered that the lifetime of the
cladding is very short under anoxic repository conditions and the claddings do not provide a barrier
for radionuclide migration.

Dissolution of the fuel matrix

As soon as fuel cladding failure occurs the waste will eventually come into contact with
water, which will react chemically with the waste matrix and cause some radionuclide dissolution.

Uranium dioxide (UO2) is a stable solid phase of uranium in reducing conditions. The
mobilization of fission products and actinides in fuel is thus controlled by a low solubility of
uranium. However, radiolysis of water may produce locally oxidizing conditions in a thin layer of
water on the surface of the fuel. Assuming that container lifetime is at least a few hundred years,
gamma-radiolysis effects following container breaching can be ignored and only alpha-radiation
effects on waste leaching and dissolution need to be considered [26].

In oxidizing conditions UO2 is not stable but it is oxidized to U3O8 or UO3 containing U(VI).
The crystalline structure of uranium oxide is altered to such an extent that radionuclides bound to
the fuel matrix may be released from it. The release rate of other elements in the fuel is no longer
limited by the solubility of uranium, but by the alteration rate of the UO2 fuel matrix [7].

The major molecular products from radiolysis of water are H2, O2 and H2O2, the effective
yields of which are a function of the composition of groundwater and the type of radiolysis. The
oxidizing species produced by radiolysis of water consist mainly of hydrogen peroxide and oxygen
that are extremely reactive, while the reducing species are mostly H2. New research has shown that
hydrogen may be reactive: it has been demonstrated that hydrogen can reduce oxidising species in a
breached canister, at least if the reactions are activated by either radiation or the catalytic effects of
the spent fuel surfaces. However, in more conservative models of spent nuclear fuel dissolution,
these reactions are often neglected and instead hydrogen from radiation and corrosion is assumed to
remain inert [27].
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Alpha radiolysis and the production of radiolytic oxidants occur where alpha particles interact
with water molecules. Alpha particles generated within fuel pellets at distances greater than 11 jim
from solid-liquid interfaces are absorbed by the fuel and do not contribute to oxidants production.
Oxidants are produced due to alpha particles generated within fuel, either near to the external
surfaces of the pellets or near to internal, water-saturated fractures within the fuel. The type of SNF
has influence on oxidants production rate also as the amount of alpha emitters differs in different
type of spent fuel.

The yield of radiolysis (yield of radiolytic oxidants) as well as matrix dissolution rate can be
changed due to the oxidants produced by water radiolysis reactions with Fe(II)/Fe(III) and H2,
arising from the anoxic corrosion of steel surface inside the canister. This interaction could lead to
the mitigation of radiolysis effects.

Preparing SR 97 [2] approximately forty reactions between different radiolysis products,
dissolved hydrogen and water, oxidation of uranium dioxide cause by hydrogen peroxide and
molecular oxygen are included in the calculations. It was calculated that a fraction of 10"8 of the fuel
is dissolved every year. A dissolution rate of 10"8/y is used in radionuclide transport calculations as
a reasonable value.

As the detailed studies on RBMK-1500 SNF dissolution have not been performed yet, the
results of the studies performed for SR 97 are used.

Dissolution of gap inventory

As the waste matrix is degrading radionuclides are released from it and may migrate away
from the waste. Release from the fuel itself consists of two parts [26,16]:

• Congruent release of the radionuclides embedded in SNF matrix. It is determined by slow
redox-dependent matrix dissolution.

• An almost instantaneous release of soluble nuclides (so-called "instant release fraction"),
which are not assumed to be in solid solution (SNF matrix), but present in easily
accessible regions of the fuel pellets either at the pellet-cladding gap or in cracks or porous
region.

It has been demonstrated that the instant released fraction of caesium and iodine is
proportional to the fuel's operational linear power density [26]. This fraction is normally from a few
per cent up to about 10 % of the total content, however for some fuels it can be as high as 30 %. As
it was mentioned earlier the value of instant releases fraction for several radionuclides is used from
[16].

Chemical speciation of radionuclides

As soon as radionuclides are released from the fuel matrix or gaps, they can migrate from the
canister. Radionuclides can be transported from the canister dissolved in the water only, i.e. the
solubility limit of each radioelement affects the behaviour and transport of the radionuclides after
they have been released.

The solubility calculations have not been performed at this stage of investigations, thus for
model case the solubilities calculated for Beberg site [2] are used instead.

Hydraulic evolution in the geosphere

Model implementation

Modelling of groundwater flow is divided into regional and a local model. The regional
modelling of the groundwater flow gives boundary conditions for local model (in the form of
hydraulic head). Such regional modelling of the groundwater flow in geosphere is underway at this
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moment, thus the boundary conditions required for modelling of radionuclide in the far Held is
defined based on data for Beberg site.

The crystalline basement in Lithuania occurs under the system of aquitards and aquifers.
More conductive intrusions intersecting the aquifers as well the aquitards also occur. The schematic
view of these geological situation is presented in Figure 7. For the model case it is assumed that the
groundwater flows is determined by the intrusions as shown in Figure 7. The repository is assumed
to be constructed in the region where the groundwater flows upward as it would represent more
conservative case.
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Figure 7: Schematic representation of the crystalline basement with overlying aquifers
and aquitards in Lithuania

It could be expected that the radionuclides released from the repository in the crystalline
basement with overlying sedimentary rocks will dilute in the overlying aquifers and will be retarded
in the aquitards. Performing this generic safety assessment the influence of the system of the
overlying aquifers/aquitards was not assessed as it requires to know its physical properties,
structure, physical and chemical conditions, i.e. site specific data.

Transport processes in the repository

Overview

As it is discussed in [2] radionuclides dissolved in water in a damaged canister can be
transported in the interior of the canister, principally by diffusion, and reach the buffer via the
defect.

After water saturation, radionuclide transport in the buffer is expected to take place solely
by diffusion in the buffer's pores, possibly also on the surfaces of the clay particles. Neither
advection nor colloid transport occurs due to the properties of the buffer. Radionuclides can be
sorbed to the surfaces of the montmorillonite. A crucial factor for this is the chemical form of the
radionuclide, which is determined by the chemical environment in the buffer by the process of
speciation.
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In the rock, radionuclides can be transported by the flowing groundwater, advection.
Diffusion can also be important under stagnant conditions. An important aspect of this is matrix
diffusion, i.e. radionuclides diffuse in the stagnant water in the micropores in the rock and are
thereby retained and transported more slowly than the flowing water. Sorption, where radionuclides
sorb (adhere) to the surfaces of the fracture system and the rock matrix, is also crucial for
radionuclide transport. Matrix diffusion and sorption are the two most important retention processes
for radionuclides in the geosphere. Another factor that can be of importance for retention is sorption
on colloidal particles and transport with them. The chemical environment in the water determines
what speciation (chemical form) the radionuclides will have, which is crucial particularly for the
sorption phenomena. Some nuclides can be transported in the gas phase.

Finally, radioactive decay influences the groundwater's content of radionuclides and must
therefore be included in the description of transport phenomena.

Transport processes in canister cavity

The geometry of the transport pathways inside a damage canister is determined by the
original geometry of the canister and the fuel and by changes to which corrosion has led. In order
for water to contact with the SNF and permit release and transport of radionuclides, there must be
penetrating defects in both the cast iron insert and the Zircaloy cladding. Even such defects
occurred the remaining structures could be expected to constitute significant transport barriers, both
to inflow of water and to outflow of dissolved nuclides. As an assessment of the geometry of the
transport pathways is uncertain, it is simplified in the safety assessment. It is assumed that after
"delay time" has passed since the breach occurred in the canister's copper shell, the entire void in
the canister at closure, approximately 1 m3, will be filled with water. The delay time is determined
on the basis of the defect size and is 200 000 years, as mentioned before.

Based on [2] after delay time, all water in the canister is assumed to be available for the fuel
dissolution process. The water is assumed to be thoroughly mixed, i.e. there is no concentration
difference between different parts of the interior of the canister. Radionuclides released during the
SNF dissolution process dissolve in the water existing in the canister. If the concentration of
nuclides exceeds its solubility limit, they start precipitate. Sorption on the internal parts of the
canister is neglected.

Transport processes in the buffer/backfill

Due to low hydraulic conductivity of the buffer, radionuclides transport through the buffer is
expected to take place by diffusion.

The backfill has a hydraulic conductivity and a diffusivity that lie in a range where both
diffusion and advection can be important transport mechanisms. Calculations show, however that
even with a very high flow through the backfill, the outward transport of radionuclides will be no
more than twice as great than in the case with diffusion only, so advection can be neglected in the
buffer as well.

Transport through the buffer is mediated by different diffusion mechanisms. Some cations
are mobile within the concentrated layer at the surface of the clay particles. The possible
explanation of this process is the theory of surface diffusion. The anion exclusion effects arising due
to repulsion between negatively charged pore surface and nuclides could also occur for some
radionuclides [2].

Based on [28] the surface diffusion and the anion exclusion effects are taken into account in
calculations for Lithuanian case by assigning the higher diffusivity coefficients to Cs, Sr and Ra and
defining an effective porosity for I, which is lower that the buffer's porosity.
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The flow in the backfilled main tunnels should also be analyzed, in order to determine its
influence on the radionuclide release from the canisters, emplaced near the main tunnels. At this
stage it is assumed that a defected canister is situated far away from the backfilled main tunnel.

Mass transfer between buffer/backfill and geosphere

The mass transfer from the buffer and backfill to the flowing groundwater in the rocks takes
place by diffusion. The efficiency of the transfer is thereby dependents on the geometry of the
contact interface between the flow paths that have direct or indirect contact between buffer and
backfill.

The mass transfer can be described with the concept of equivalent flow rate [29]. The
equivalent flow rate is not an actual flow rate, but is calculated with boundary layer theory so that
the mass transfer rate corresponds to the product of the equivalent flow rate and the concentration of
the radionuclide on the boundary between buffer/backfill and the flowing groundwater. The
equivalent flow rate {Qeq) is dependent on the geometry (length, width and porosity) of the contact
interface with the flow path, on the diffusivity and on the flux of the groundwater surrounding the
emplacement tunnel.

The same mass transfer concept is accepted and use performing this generic safety
assessment for Lithuanian repository.

The identified migration paths for the radionuclides escaping from the repository with
horizontal emplacement of the SNF canisters are [30]:

• Diffusion through the bentonite into the disturbed zone around the deposition hole or
directly into fractures in the deposition hole and transport away from the deposition tunnel
in this fracture;

• Diffusion through the bentonite buffer and migration from the disturbed zone through the
rock to a fracture zone intersecting or located close to the deposition hole.

• Diffusion through the bentonite buffer and migration in the disturbed zone around the
deposition hole to the disturbed zone around the main tunnel. This is a pathway mainly for
radionuclides escaping from the canisters disposed close to the main tunnel.

For the calculations of radionuclide transport for the model case it was assumed that the
most important way for radionuclides to escape is via the fracture intersecting the emplacement
tunnel in opposite the breach in the canister Figure 8.
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Figure 8: Schematic representation of the fracture intersecting the buffer around the SNF disposal
canister

Furthermore, it is assumed that escaped radionuclides are transported via the fracture
intersecting the emplacement tunnel to the fracture zone.

Diffusion/matrix diffusion in the geosphere

When the groundwater moves, diffusion in the flowing water can be neglected. However,
the rock located between the fractures in which the groundwater flows contains microfractures with
stagnant groundwater where radionuclides can diffuse in, a phenomenon is known as matrix
diffusion. Matrix diffusion entails that radionuclides diffuse into the stagnant water in the rock's
microfractures and are thereby retained and transported more slowly than by flowing water. Of even
greater importance is the fact that matrix diffusion provides an opportunity for sorption on the rock
matrix.

As the crystalline basement in Lithuania is fractured in some degree also, it is reliable that
radionuclides will be transported with flowing water in the fractures.

Sorption in the geosphere

Sorption, where radionuclides sorb (adhere) to the surfaces of the fracture system and the
rock matrix, is also crucial for radionuclide transport. The term sorption embraces a number of
different retention processes and mechanisms that result in the adherence of a radionuclide on the
solid surfaces of the rock or another material, e.g. clay mineral that may be preset on the fracture
surfaces.

The strength of sorption is dependent on the chemical properties of the ions and the presence
of any complexing agents.

In order to perform reasonable safety assessment site-specific sorption coefficient must be
determined. For the generic safety assessment the data on sorption determined for Beberg site
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(Sweden) are taken, as the determination of site-specific data requires time and funding and such
data are not available yet.

Advection/dispersion and mass transfer between fractures and rock matrix

Transport of radionuclides with the flowing groundwater is usually divided into advection
and dispersion, but the subdivision is dependent on the studied scale and is relatively arbitrary. The
advective component describes the mean transport, while the dispersive component takes into
account effects of heterogeneity in the rock and velocity variations on scale smaller than that
described by advection. Dispersion also normally includes pure molecular diffusion in water.

The transport of radionuclides through the rock takes place by advection in the open
fractures. If radionuclides that are dissolved in the water do not interact with their surroundings,
their transport velocities is determined by the velocity of the water. If radionuclides can furthermore
diffuse into the rock matrix and sorb there as well, this will give rise to a considerable retardation,
and the resulting "transport velocity" will essentially be determined by the flux and geometry of
fractures, as well as by the diffusion and sorption properties of the matrix [2].

As it was mentioned the crystalline basemen in Lithuania are fractured also, thus the
described above mass transfer between fractures and rock matrix also occurs. It is determined by
such processes as matrix diffusion, sorption on the fracture surface, sorption on matrix pores
surface.

Colloid transport in the geosphere

Sorbing radionuclides could in principle be transported more or less unretarded with the
velocity if the water if they are adhered to colloidal particles in the groundwater. Reported studies
results show that the concentration of colloids at repository depth in Sweden bedrock is low. If the
uptake of radionuclides on colloidal particles is reversible, this can be handled by a reduction of the
K<j value, where the reduction is inversely proportional to the concentration of colloids and the
sorption tendency on the colloids. It was estimated that the reduction is, however, negligible at
maximum colloid concentrations in Swedish rocks. Even if the nuclides adhere irreversibly,
calculations summarized show that the process can be neglected due to the low natural
concentration of colloids. Based on these reasons, the reasons for including the transport on colloids
has not been found.

As more detailed studies of transport with colloids have not been performed for Lithuanian
crystalline rock yet, an assumption is accepted that the concentration of colloid particles is low thus
transporting of radionuclides with colloids can be neglected.

Radionuclide transport in the gas phase

In SR 97 transport of radionuclides in the gas phase is treated pessimistically as a short
circuit of the repository with the biosphere, i.e. transport through the geosphere is neglected.
Transport via colloidal material that is transported with gas bubbles is not taken into account in the
same safety assessment based on the model study results [31].

Based on the experience in Sweden and due to similar repository environment, the same
canister, buffer material, transport of radionuclides in the gas phase through the geosphere is
neglected also.

Radionuclide turnover in the biosphere
The well is assumed to contain groundwater contaminated with radionuclides from deep

repository.
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According to [33] it was assumed that 1 percent of the total release from the geosphere is
released to well water, and according to [7] it was defined as 2 percent of the total release and all
activity released in biosphere ends up in the well. The later case was assumed in so-called "Directly
into the well" scenario while the first one was defined in "Reference biosphere" case in the safety
assessment of Finland repository. For this generic safety assessment it was decided to base on the
second reference and assume that 100 percent of the total radionuclides that are transported through
the crystalline basement and occurs in the water of the overlying aquifer ends up in the well.

All sorption is disregarded in the well itself. The water in the well is used as drinking water
for humans and cattle and for irrigation of a small garden plot where vegetables are grown for
consumption by the local residents. It is assumed that well water used for irrigation are not mixed
with the precipitation. Important process in irrigation are retention of nuclides in soil and on plants,
transport in the soil of soil organisms and redistribution of absorbed radionuclides to the edible
parts of the plants.

Humans are exposed by consumption of drinking water, irrigated leaf and root vegetables,
by milk and meat from cattle that have drunk contaminated water and by consumption of soil due to
insufficiently washed vegetables. External exposure from the garden plot and inhalation of dust
from the same are also taken into account.

Calculations ofradionuclide transport

Introduction

As regulations (requirements) related to the SNF disposal and safety assessment in Lithuania
have not been established yet calculation results are reported up to time of one million years. This
time limit is based on the experience of the other countries.

Description of the transport models

Radionuclide transport is calculated with near field model COMPULINK7 [32, 34], the far
field model CHAN3D [35], and the dose model AMBER [36]. Input data to the models are used as
much as possible from Lithuanian sources, while the rest ones are taken from the other sources.
COMPULINK7

The near field model COMPULINK7 has being developed in Sweden by SKB and is based
on compartment model COMP23. All important processes modelled in COMP23 are included in
COMPULNK7 [34]. Model COMPULINK7 works in MATLAB/SIMULINK environment that
makes the model more flexible and understandable. COMPULNK7 as well as COMP23 calculates
how nuclides in a damaged canister are released from the fuel, how they may be precipitated due to
solubility limitations, how the nuclides diffuse through the defect in the canister and on out through
the buffer, and how they are transferred along different pathways to the flowing groundwater in the
rock's fractures.

The calculations require information on the radionuclide inventory, which is changed by
radioactive decay. Information on half-lives and decay chain is required to quantify this.

In order for release and transport of radionuclides out of the canister to be possible, there
must be a defect in the canister and there must be a continuous water pathway between the defect
and the fuel. The size limits the release. After a defect has occurred, a delay time passes before the
continuous water pathway has been formed. COMPULINK7 thereby needs information on the size
and growth of the defect, as well as on the delay time.

Most radionuclides in the SNF occur in solid form in and on the fuel. If the fuel and metal
parts are surrounded by water, nuclides can be released to the water. In COMPULINK7 this release
is handled by two mechanisms: instant release of a given fraction, IRF (instant release fraction) of
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the inventory specific for each nuclide, and release of the nuclides inside the uranium dioxide
matrix at a constant rate R equivalent to the rate of dissolution/conversion of the uranium dioxide
matrix.

The concentration of a given radionuclide depends on the available void volume in the
canister, how much has been released and how much has been transported out of the canister.
C0MPULINK7 checks that the concentration of the radionuclides does not become greater that the
solubility of the nuclide. It is pessimistically assumed that different isotopes of the same substance
must each reach the solubility limit before they are precipitated.

Transport through the buffer is described with the processes of diffusion, sorption and decay
chain. No solubility limits are modelled in the buffer. C0MPULINK7 uses element-specific values
for distribution coefficient (KJ), effective diffusivity (De) and porosity (c).

CHAN3D

The CHAN3D code has been developed in Sweden to simulate radionuclide transport from
nuclear waste repositories in fractured crystalline rock. The program is based upon the premise that
the flow of water and transport of radionuclides occurs through a network of interconnected
channels within the rock. The Channel Network Model (CNM) is founded on such a concept, and
CHAN3D is the numerical implementation of that model [35]. The model considers transport by
advection with retardation mechanisms such as matrix diffusion and sorption. The model is
developed to deal with far-field transport processes from the immediate vicinity of the repository to
the biosphere. Geosphere transport describes how large a portion of the release (Bq/y) from near
field reaches the boundary of crystalline rock.

Channelling means that a few fast paths are responsible for a large portion of the flow and
transport. If radionuclides escape from a canister and follow a fast path, they may not have a
sufficiently long time to decay before reaching the biosphere.

The spreading of solutes in fractured rock is attributable to several mechanisms such as
molecular diffusion into stagnant water, the velocity distribution within flow channels, velocity
variation between channels, and chemical and physical interaction with the rock. An important
factor contributing to the dispersion of solutes transported through fractures in the crystalline rock is
that some species travel in fast channels and others along poorly conductive paths. Other spreading
mechanisms for released nuclides are diffusion into the rock matrix and sorption within the interior
of the rock as well as sorption onto the fracture surfaces [35].

The sorption within the interior of the rock matrix, which is possible after the solute has
diffused into the matrix, may be more important than sorption onto the fracture surfaces since a
much larger surface area is accessible in the interior of the rock. Sorption and solubility properties
of the nuclides are strongly influenced by redox conditions, pH, and the presence of complexing
agents. These factors have a direct influence on nuclide mobility. For the matrix diffusion
mechanism, the flow-wetted surface, i.e., the part of the rock that is in physical contact with the
flowing water in the fissures, is an important factor. The retardation processes increase the
residence time for the solutes. If radionuclides are considered, more time becomes available for
decay.

The model can be described for visualisation purposes as a rectangular three-dimensional
network of channels. Each channel is assigned a conductivity using a stochastic method where the
mean and standard deviation in conductivity are the parameters. Using the model, it is possible to
calculate the transport of solutes that follow the water flow (noninteracting solutes) and solutes that
interact with the matrix by diffusion and sorption (interacting solutes) [35].

In order to describe matrix diffusion and sorption in the rock's micropore structure,
information is required on matrix diffusivity, matrix porosity, and sorption values for the different
nuclides.
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AMBER 4.4
The turnover in the biosphere was calculated using code AMBER 4.4 [36]. AMBER 4.4. has

been applied to a wide range of problems concerned with the way that radionuclides and other
contaminants move through different parts of the environment.

In AMBER, contaminants are assumed to be uniformly mixed in a series of compartments
between which transfers can take place. A compartment is any specific part of the system being
modelled, for example, a suspended matter in the lake, topsoil and deep soil, saturated and
unsaturated zone, etc. Radionuclide transfers between the system parts (compartments) are
described by transfer coefficients that are specified by user.

4.5 Analysis of results

4.5.1 Near field modeling
The main assumptions that were accepted for the reference case:

• One canister out of total 1400 will pass through quality inspection with penetrating defect
of 1 mm2 in size.

• 200 000 years was chosen as a reasonable value for the time when the initial defect grows
to a larger one. When the initial defect grows into a larger defect, it is assumed that water
can also enter freely and 200 000 years is therefore the reasonable time when a continuous
water pathway is expected to form.

• After the defect becomes larger the entire void in the canister at closure, approximately 0.5
m3, will be filled with water.

• Radionuclides released during the SNF dissolution process dissolve in the water existing
in the canister.

• If the concentration of nuclides exceeds its solubility limit, they start precipitate. Sorption
on the internal parts of the canister is neglected.

• Radionuclides dissolved in the water presenting in the canister diffuse out through the
hole.

• The buffer is fully saturated at the time when the release of radionuclides start. Thus
radionuclides are transported through the bentonite buffer by diffusion mainly.

• Radionuclides can interact with a buffer material and sorb on the surface of the buffer.
• Radionuclides that reach the boundary of the bentonite buffer diffuse into the water

flowing in the fracture intersecting the emplacement tunnel.
To assess the influence of different barriers on the radionuclide release from the near field

region in the canister defect scenario, several special cases have been calculated also assuming that:

• The SNF is completely dissolved when a continuous water pathway is created;
• No solubility limitations;
• Large initial canister defect;
• Small defect erlarges after 20 000 years;
• Negligible sorption in the buffer.

None of these special cases is realistic. They are included to illustrate the function of the
barrier system. The parameters changes have been made in the calculation related only to
radionuclide transport. The system's evolution in other respects, for example, the hydromechanical
consequences of a large initial canister defect are not dealt with. The obtained results are compared
with respect to the reference case.

Detailed information on the mathematical models, the accepted assumptions and data used
in radionuclide transport from the defected canister through the near field are presented in
Appendixes A.
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Reference case

As there is one canister with small defect increasing and after 200 000 years continuous
water path forms to the fuel, thus the SNF dissolution and the radionuclide transport starts at 200
000 years. Many radionuclides have decayed to negligible activity during this time. Only long-lived
radionuclides and especially those having an instant fraction free for release will influence the total
release from the canister. In Figure 9, the release from the near field is presented.

Time year

Figure 9: Release of the safety relevant radionuclides from the near field region in reference case

The radionuclides' release from the near field is dominated by Cs-135 and 1-129. The
fraction of these radionuclides that is initially free for release (IRF) diffuses rather fast through the
near field. At longer times the release is dominated by Ra-226, which is formed by in-growth from
the chain decay of U-238 in the fuel matrix.

Due to limited time the transport modelling in the far field region of radionuclides which
release is less than 10 Bq/y was not performed. Such radionuclides as U-233, Np-237 were not
assessed as they are strongly sorbing radionuclides in the crystalline rocks material (1Q=5 [28]).
Thus the most dominating radionuclides Cs-135, 1-129, Tc-99, Se-79, Ra-226 are used for
modelling of radionuclides transport in the far field region. Se-79 was taken into account as it is
almost non sorbing radionuclide in the rocks.
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Immediate SNF matrix dissolution (IRF = 100%)

The influence of immediate SNF matrix dissolution, i.e. the whole fraction of all
radionuclides is free for release immediately, is studied in this case. Figure 10 show the release
from the near field in this case.
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Figure 10: Release of the radionuclides from the near field region in case of immediate SNF
dissolution

Some radionuclides, as I-129, Cs-l35 are influence in proportion to the increase in IRF
value. The release of Se-79, Pd-l07, Tc-99 is about the same as in the reference case, in both case
the release is limited by solubility limit. The maximum release of Ra-226 in this case is limited by
the solubility, which can be seen as plateau in the curves. Some radionuclides are also solubility
limited in this case such as Sn-I26, actinides Np-237, Pa-23l, U-233 and other actinides.
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No solubility limit

The effect of disregarding all solubility limitations for the radionuclides inside the canister is
studied in this case.

In Figure I I the release of radionuclides from the near field region in case of no solubility
limitations is presented.
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Figure 1 I: Release of the radionuclides from the near field region in case of no solubility limitations

In this case many radionuclides have much higher releases than in the reasonable case. The
absence of solubility limit for U-238 renders radionuclides embedded in the SNF matrix in the
reasonable case free for release in this case. In addition, the absence of solubility limits of other
radionuclides gives increased releases of species that are solubility limited in the reasonable
(reference) case. e.g. Pu-242, U-234, Th-230, U-233, Th-229, Pd-107.'lJ-236, Se-79, Zr-93, Tc-99,
Pd-107. The release of the radionuclides Np-237 and Pa-231 are not solubility limited in reasonable
(reference) case and hence limited by the dissolution rate of the uranium matrix.

This case illustrates the importance of solubility limits, especially for the actinides. The
existence of solubility limits is however not questionable, it is based on fundamental
thermodynamics. Thus in realistic case the release of the radionuclides will be affected by the
solubility limit, if there are enough radionuclides released from the matrix to reach solubility limit.



Large initial defect

In this case the canister is assumed to be initially defective and the defect large enough not
to offer any transport resistance. The delay time is hence set to 1 year. Figure 12 shows the release
from the near Held region.

Pu-240
\ to"

Pa-231 Th-229

Figure 12: Release of the radionuclides from the near field region in case of large initial defect

In this case the release is dominated first by Sr-90 and Cs-137 that are short-lived
radionuclides (halflife of 28.84 y and 30.07 y respectively). Thereafter the release is dominated by
Cs-135,1-129 and finally by Ra-226.
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Delay time of 20000 years

In this case it was assumed that the small initial defect enlarges significantly and continuous
water pathway to SNF matrix forms after 20000 years. The release of the analyzed radionuclides is
presented in Figure 13.

Pu-240 1Q Pa-231 Th-229
Time, years

Figure !3: Release of the radionuclides from the near field region in case of large defect and
continuous water pathway to SNF matrix form after 20000 years

In this case, release o\" the radionuclides is almost the same as in reference case. The
radionuclides which release is significant are Cs-135. 1-129, Tc-99. Ra-226. Short-lived
radionuclides, dominating the release from the near field initially when it was assumed that the
large initial defect and continuous water pathway form after 1 year, do not release in this case. The
reason is that they do not present in the canister by the time of 20000 years (they are decayed).
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No sorption in the bentonite

In this case the effect of assigning a negligible sorption coefficient in the buffer is studied.
The release from the near field in this case is presented in Figure 14.

~. ~ Pa-231

Time, years

Figure 14; Release of the radionuclides from the near field region neglecting sorption in the
bentonite

In this case the release changes for the radionuclides sorbing on the buffer pore surface,
while for almost non sorbing or nonsorbing ones it remains unchanged (Se-79, 1-129). Release of
daughter radionuciides increases if more its parent radionuclide decays in the buffer. For most of
the radionuclides their release is limited by their solubility limit or the rate of release from the
matrix.
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4.5.2 Far field modelling

The following main assumptions were accepted regarding the modelling of transport of the
radionuclides in the fractured rock:

• The repository is emplaced in the rock domain at least at 100 m from the top of
crystalline rock domain (as there are underlying sedimentary rock above crystalline
rock).

• The dimensions of modelled rock domain with an emplaced defected canister are
210x210x210m.

• The defected canister is emplaced in the middle of this domain.
• The canister is surrounded with the network of channels.
• The modelled rock domain is intersected by fracture zone with inclination of 45 degrees.
• The defected canister is intersected by the channels that depend to fracture zone.
• Radionuclides that reach the bottom of the modelled region are further transported to the

well.
• Radionuclide dilution and dispersion in the overlying sedimentary rocks are neglected.

Detailed information on the mathematical models, the accepted assumptions and data used
in radionuclide transport through the far Held are presented in Appendixes B.

Performing assessment of the radionuclide transport in the far field region, first of all flow
field in the modelled region have to be established. The head distribution in the modelled region
was obtained running the CHAN3D-flow program and then the particle tracking was performed. 5
realisation of the radionuclide migration in the far field region were performed. The obtained
release curves of the analyzed radionuclides are presented in the figures (Figure 15, Figure 16,
Figure 17, Figure 18. Figure 19).
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Figure 15: Release of Cs-135 from the far field (5 realisations)
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Figure 16: Release of 1-129 from the far field (5 realisations)
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Figure 17: Release of Ra-226 from the far field (5 realisations)
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Figure 18: Release of I Se-79 from the far field (5 realisations)
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Fiiiure 19: Release of Tc-99 from the far field (5 realisations)
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Due to limited time 5 realizations were done in this study, but they reflect main trends in the
radionuclide release. Many realizations have to be done in order to get more reliable results.

The calculation results show that the release of the radionuclides from the far field is almost
the same as from the near field; only small delay for several nuclides could be noticed (Tc-99 for
example). Such a delay could be explained by the fact that the sorption plays role. The similarities
of the release curve from the near and far field could be explained by the fact that the defected
canister occurs in the fracture zone and release of the radionuclides from the outer bentonite
boundary diffuse into the intersecting fracture that depends to the fracture zone. Due to such
processes as matrix diffusion and sorption (for sorbing radionuclides) radionuclides are retarded in
the environment thus they have more time to decay. The significance of the sorption and matrix
diffusion processes depends on how long the radionuclides are transported in the modelled area.
From the obtained results it is evident that transport of the radionuclides through the modelled
region of the crystalline basement are quick. In the far field release iodine is dominating first of all,
and after some time the release is dominated by the Ra-226.

It is possible to tell that very conservative case was modelled because on deposition the
large fracture zones will be avoided. But it could not be excluded that this situation will not occur in
the distant future.

The results of the far field are used further to analyze what would be the doses to human if
all radionuclides transported to the top of crystalline rock will release to the well water.

4.5.3 Dose assessment
At this stage of investigation it was assumed that radionuclides are released into the well

water only. All sorption is disregarded in the well itself. The water in the well is used as drinking
water for humans and cattle and for irrigation of a small garden plot where vegetables are grown for
consumption by the local residents. It is assumed that well water used for irrigation are not mixed
with the precipitation. Important process in irrigation are retention of nuclides in soil and on plants,
transport in the soil of soil organisms and redistribution of absorbed radionuclides to the edible
parts of the plants.

The potential exposure pathways that could be identified are:

• External exposure from the contaminated garden plot,
• Inhalation of resuspended dust while cultivating the garden,
• Consumption of:

• water,
• milk and meat from cattle drinking well water,
• leaf vegetables and root vegetables grown on irrigated soil,
• soil via for example insufficiently washed vegetables.

Calculated well dose conversion factor for each radionuclide that are transported through the
far field are presented in Table 6.
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Table 6: Biosphere dose conversion factors (BLXT'} calculated for radionuclidcs released
into the well water

Radionuclide

Se-79

Tc-99

1-129

Cs-135

Ra-226

BDCF, (Sv/Bq)

7.91-10'"

1.49-10'1

4.10-10"10

1.05-10'11

7.44-10"10

Detailed information on the mathematical models, the accepted assumptions and data used
in the calculations of radionuclides' biosphere specific dose conversion factors (BDCF) are
presented in details in Appendixes C.

The resulting dose rate for each radionuclide and the total one during all the realisations
were calculated. The results of all five realisations are similar to the results shown in figure (Figure
20).

Dose rate of the released radionuclide is calculated by multiplying the release by
radionuclide*s biosphere dose conversion factor (BDCF).
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Figure 20: Dose rate of each radionuclide obtained during the lsl realisation and the total dose rate

The obtained results of the annual dose resulting of the release of the radionuclides show
that 1-129 dominates total dose firstly and Ra-226 dominates later.
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The total dose rate is obtained for each realization and the total dose curves of each
realization are presented in the next figure.
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Figure 21: Total dose rates of all realisations

According to the presented results in Figure 21 it is expected that dose constrain of 0.2
rnSv/y will not be exceeded in million years period and will by two orders of magnitude tower than
this constrain.
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5 SUMMARY

In this report the generic safety assessment of the repository tor SNF in crystalline rock in
Lithuania is presented. KBS-3 concept developed by SKB for disposal of SNF in Sweden was
chosen as prototype for repository in crystalline basement in Lithuania. The KBS-3H design with
horizontal canister emplacement is proposed as a reference design for Lithuania. Due to limited
time and budget and taking into consideration the assumed similarities in the repository
environment and repository concept the selection of scenarios is based on experience from the
safety assessment performed in Sweden. For this stage of generic safety assessment only two
scenarios were chosen: base scenario and canister defect scenario.

Using ORIGF.N code the inventory of radionuclides in the RBMK-1500 SNF after 50 years
of interim storage has been calculated. Further the safety relevant radionuclides for SNF with such
inventory were selected and the migration modelling for these radionuclides was performed.

Analyzing system evolution under mentioned scenarios thermal evolution, criticality and
dose assessment of the disposal copper canister loaded with RBMK-1500 SNF were performed. The
analysis of heat evolution influence on the top of crystalline rock has shown that the heat raised
from the canister with RMBK-1500 SNF will have marginal impact on the thermal conditions on
the top of crystalline rock within one million years period after the spent fuel deposition.

An essential component of a safety assessment is to calculate radionuclide release and doses
to critical group members. The computer codes COMPULINK7, CHAN3D provided by SKB are
used to calculate radionuclides release through the near field and the far field regions from the
canister with initial defect (canister defect scenario). For doses assessment the computer code
AMBER 4.4 (UK) was used.

As the detailed studies on RBMK-1500 SNF dissolution and part of the inventory that
accumulates on the surface of the fuel pellets and is free for release (instant release fraction) have
not been performed yet. the results of the studies performed for SR 97 (safety assessment report of
SNF repository in Sweden) and other literature sources are used. The reasonable values related to
the number of defected canisters, the defect size and its grow up. the time of forming of continuous
pathway between the groundwater and SNF matrix were assumed, based on the studies performed
in Sweden.

The calculation results show that most of the analyzed radionuclides that were identified as
safety relevant wil l be effectively retarded in the near field (in bentonite buffer), release rate of Cs-
135. 1-129, Tc-99. Ra-226 are the most significant. The radionuclides" release from the near field is
dominated by Cs-135 and 1-129. The fraction of these radionuclides that is initially free for release
(IRF) diffuses rather fast through the near field. At longer times the release is dominated by Ra-226,
which is formed by in-growth from the chain decay of U-238. Calculations of the radionuclide
release in additional cases such as immediate SNF matrix dissolution, no solubility limits, no
sorption in the buffer material or large initial canister defect were performed also.

The modelling of the transport of radionuclides through the far field was performed for the
most dominating radionuclides in the near field. The values of parameters that has influence on
radionuclide transport were selected from the study area in Lithuania, if they are not available yet
the values from Beberg site (Sweden) were used. Due to limited time 5 realizations were done in
this study, but they reflect main trends in the radionuclide release. Many realizations have to be
done in order to get more reliable results. The calculation results show that the release of the
radionuclides from the far field are almost the same as from the near field. Only small delay for
several nuclides could be noticed (Tc-99 for example). Such a delay could be explained by the fact
that the sorption plays role. The similarities of the release curve from the near and far field could be
explained by the fact that the emplacement of the defected canister was selected in the fracture zone
and release of the radionuclides from the outer bentonite boundary diffuse into the intersecting



fracture that depends to the fracture zone. Due to such processes as matrix diffusion and sorption
(for sorbing radionuclides) radionuclides are retarded in the environment thus they have more time
to decay. The significance of the sorption and matrix diffusion processes depends on how long the
radionuclides are transported in the modelled area. From the obtained results it is evident that
transport of the radionuclides through the modelled region of the crystalline basement are quick. In
the far field release iodine is dominating first of all, and after some time the release is dominated by
the Ra-226. It is possible to tell that very conservative case was modelled because on deposition the
large fracture zones will be avoided. But it could not be excluded that this situation will not occur in
the distant future.

Results of total dose demonstrate that the dose constrain of 0.2 mSv/y will not be exceeded
in million years period and will be lower by two orders of magnitude than this constrain. The total
dose rate at initial period is dominated by nonsorbing radionuclide 1-129, while later it is
dominating by Ra-226.

The climate changes that will certainly occur in the distant future as well as les probable
event (e.g. earthquake, human intrusion) and their influence on the disposal system evolution were
not analyzed at tins stage of investigation. These could be covered by analyzing system evolution
scenarios, which are determined by these external factors. The selection of the scenarios must be
based on the analysis of FEP (features, events, processes) that could influence the system evolution.
As FEPs analysis for Lithuanian repository was not performed due to already mentioned reasons
and scenarios were selected based on the experience from other countries, such analysis should be
performed in the future.

Performing site specific safety assessment more detailed information on the initial state of
the SNF and engineered barriers, geosphere and biosphere is required (site specific), as mechanical,
hidromechanical, chemical, etc. evolution of engineered and natural barriers will influence the
isolation and retardation functions of the repository. To identify crucial factor regarding repository
safety, the sensitivity analysis of calculations results to initial parameters usually is performed.
Based on the results of the sensitivity analyses more efforts are made to determine these factors
more precisely. As such analysis for Lithuanian repository has not been done yet, it is necessary to
perform it in the future. For more reliable assessment the probabilistic calculation of radionuclide
release and doses should be performed.
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A NEAR FIEL MODELLING

A.I Mathematical models for the near field modelling

COMPULINK7 as well as COMP23 is the model that calculates the instationary
radionuclide transport in the near field of a repository as occurring through a network of resistances
and capacitances coupled together in analogy with electrical circuit network. Analytical solutions
instead of fine discretization at sensitive zones, for example at the exit point of the canister hole and
at the entrance to fractures, are embedded to speed up the calculations [1].

To represent the barrier system, through which the radionuclides are transported,
COMPULINK as COMP23 makes use of the integrated finite difference method and of the concept
of compartments. The barrier system is discretized into blocks (compartments).

The mentioned above models solve the transient diffusion equation for the concentration c
for each nuclide n:

(A-l)
at

where De represents the effective diffusivity of the different near field materials (m2/y),)? is
the decay constant for each radionuclide (1/y), qa (mol/y) is a general source term that represents
radionuclide in-growth or other nuclide sources that may be convenient to lump in a separate term.
R is a retardation factor (coefficient), which is expressed:

K (A-2)

where £ is a porosity of material (-), Kd is sorption coefficient of nuclide in the different near
field materials (m3/kg) and ps is solid density of the near field material (kg/m3).

The most important source term in the diffusion equation is nuclide contents appearing in
the canister compartments as the fuel dissolves. This process is handled separately. Integrating the
transport equation over a number of compartments /, each having a volume F yields:

dc" (AD

; - £ = vAi + v £ R r l c r 1 ^ VfAW I [ f

with the last term corresponding to nuclide inflow/outflow over the compartment
boundaries. The last term in (A-3) is expressed using the resistance analogy where the diffusional
resistance Rdiffusion over one single compartment is:

(A-4)

with d representing the length of the compartment in the transport direction (m) and A the
cross sectional area of the surface normal to the transport direction (m2). It is important to notice
that this is the diffusive transport resistance over a one compartment. In COMPULINK as well as in
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COMP23, nodes, where the concentration is calculated, are placed at the centre of each
compartment, so the diffusive resistance from one node A to another node B will be RAiB:

RA,B=^ + ^ - (A-5)

The transport of species through the canister hole would require a fine discretization in a
pure compartment model. As in COMP23 in C0MPULINK7 the transport out through the canister
hole is instead treated analytically in order to make the model more computationally effective. As
nuclides diffusing out from the circular hole are spread out spherically, thus most of resistance to
diffusion is concentrated near the mouth of the hole. In the model it is handled by using a plug with
resistance, Rp, between the compartment representing the water in the hole and the bentonite outside
the canister [2]:

R
P = "—7= - (A-6)

where rho\e is the radius of the hole (m).

For the diffusive transport into a narrow fracture, most of the resistance to transport will be
located nearest to the fracture. Again, a fine discretization is avoided by adding a plug. An
analytical model [3], solving the steady-state two-dimensional diffusion equations for a sector of the
bentonite barrier representing half the fracture spacing, was used to derive a simplified expression
for the plug. The resulting expression is written as:

( A " 7 )

where S is the fracture aperture (m), De is the effective diffusivity (m2/s), Aj is the diffusion
area set equal to the area of the fracture (m2), Fxo/5 is a factor.

In [3] an evaluated value of the Fx,o /S factor for this system with variations in the input
parameters is presented. According to [3] the following relationship gives a good approximation to
the exact solution:

Ftfi 16 = 1 — 1.35 logf - + 1.61og| — L in the regime 10-6 < 8/a <10-i and 0.03 < d/a < l.( A-8)

Here a is the height of the compartment in connection with the fracture (m), d is the
thickness of the bentonite/backfill (m).

Input to COMPULINK is a plug length, corresponding to (Fx.o /S)S, and a plug area
corresponding to the diffusion area set equal to the area of the fracture opening in contact with the
bentonite.

For the near field compartments that are in contact with fractures in the near field rock, the
rate of transport is modelled by the use of Qeq. This fictious flow rate can be visualized as the flow
rate of water that carries away dissolved species with the concentration at the compartment interface
resulting in the release of radionuclides. It has been derived by solving the equations for diffusive
transport to the passing water by boundary layer theory. The value of Qeq depends on the geometry

A-2



of the contact area, the water flux, the flow porosity and the diffusivity. For the case of a fracture
covering the full circumference of the deposition hole, the following equations are used [4]:

— ^ , (A-9)

where qo is the water flux or Darcy velocity (m3/m2y), Wis the width of the compartment in
contact with water flowing in fractures, fractures zones or damaged zones (m), Dw is the diffusivity
in water (m2/y), ef is the flow porosity (-), L is the length of the pathway in contact with flowing

water (m).

A.2 Assumptions and data for radionuclide transport calculation

The following assumptions were accepted modelling the release of radionuclides through
the near field region:

• One canister out of total 1400 will pass through quality inspection with penetrating defect
of 1 mm2 in size.

• Based on [2] the 200 000 years was chosen as a reasonable value for the time when the
initial defect grows to a larger one.

• When the initial defect grows into a larger defect, it is assumed that water can also enter
freely and 200 000 years is therefore the reasonable time when a continuous water
pathway is expected to form.

• After the defect becomes larger the entire void in the canister at closure, approximately
0.5 m3, will be filled with water.

• As the data on the composition of structural parts of SNF assemblies and the radionuclide
inventory in them are not available yet, the release of radionuclides from the structural
parts of fuel assemblies was not taken into account.

• The water is assumed to be thoroughly mixed, i.e. there is no concentration difference
between different parts of the interior of the canister.

• Radionuclides released during the SNF dissolution process dissolve in the water existing
in the canister.

• If the concentration of nuclides exceeds its solubility limit, they start precipitate. Sorption
on the internal parts of the canister is neglected.

• Radionuclides dissolved in the water presenting in the canister slowly diffuse out through
the hole.

• The buffer is fully saturated at the time when the release of radionuclides start. Thus
radionuclides are transported through the bentonite buffer by diffusion mainly.

• Radionuclides can interact with a buffer material and sorb on the surface of the buffer.
• Radionuclides that reach the boundary of the bentonite buffer diffuse into the water

flowing in the fracture intersecting the emplacement tunnel.
As the detailed studies on RBMK-1500 SNF dissolution have not performed yet, the results

of the studies performed with spent fuel of BWR and CANDU type are used. In these studies
approximately forty reactions between different radiolysis products, dissolved hydrogen and water,
oxidation of uranium dioxide cause by hydrogen peroxide and molecular oxygen were included in
the calculations. It was calculated that a fraction of 10"8 of the fuel dissolves every year [5], A
dissolution rate of 10"8/y is used in radionuclide transport calculations as a reasonable value.
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The instant released fraction of several nuclides are not determined for RBMK-1500 SNF,
thus the values presented in [5] are used instead.

The solubility calculations have not been performed at this stage of investigations, thus for
model case the solubilities calculated for Beberg site [6] are used instead. Performing the
calculations the element specific solubility limit was not shared between the isotopes of the same
element except for uranium isotopes. Considering that the amount of U-238 is much more higher
than that of the others isotopes (U-233, U-234, U-236), the solubility limit was shared according the
amount of uranium isotopes at the time when the continuous pathway forms (200000 y). The
solubility for each radionuclide is determined by the expression below.

c,=- (A-10)

all nuclides

in so\vbility group

where Cs is the solubility value for the element (mol/m3), C, is the solubility value for the
isotope i of element (mol/m3), Mi is the amount of the isotope i in the solubility group (mol), and

Mk is the total amount of all isotopes in the solubility groups (mol).

The surface diffusion effect that could occur for several radionuclides is taken into account
by assigning the higher diffusivity coefficients to Cs, Sr and Ra. Data on the halflives of
radionuclides are taken from [7]. Data used in the calculations are presented in Table A-l.

Modelling of transport of radionuclides that were identified as safety-relevant radionuclides
are performed. More detailed discussion on selection of safety relevant radionuclide is presented in
[8].

Table A-l: Data used in the calculations

Radionuclide

Pu-242

U-238

U-234

Th-230

Ra-226

Am-241

Np-237

U-233

Th-229

Am-243

Pu-239

U-235

Pa-231

Halflife,y

3.872-105

4.471-109

2.447-105

7.538-104

1.601103

4.325-102

2.144-106

1.592-105

7.340-103

7.370-103

2.411104

7.038-108

3.276-10"

Instant
release

fraction, %

0

0

0

0

0

0

0

0

0

0

0

0

0

Effective

Water

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

diffusivity
m2/y

Bentonite

0.0095

0.016

0.016

0.0022

0.016

0.0022

0.032

0.016

0.0022

0.0022

0.0095

0.016

0.022

Sorption
coefficient K^

in buffer, m3/kg

3

1

1

3

0.01

3

3

1

3

3

3

1

0.3

Solubility
limit,

mol/m3

5.35-10"7

1.18-10"*

2.49-10"8

1.22-10"6

5.O2-1O*4

9.36-10"5

1.05-10"4

6.95-10"9

1.22-10"*

9.36-105

5.35-10"7

1.51-10"*

5 . 3 5 1 0 7
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Radionuclide

Cm-244

Pu-240

U-236

Th-232

Se-79

Sr-90

Zr-93

Tc-99

Pd-107

Sn-126

1-129

Cs-135

Cs-137

Sm-151

Ho-166m

Nb-93m

Halflife,y

1.810101

6.564-103

2.342-107

1.405-1010

1.130-106'

2.884-101

1.530-106

2.111-105

6.500-106

2.007-105

1.570107

2.302-106

3.007101

9.00010'

1.201103

1.613-101

Instant
release

fraction, %

0

0

0

0

0.03

0.0025

0

0.002

0.002

0.02

0.03

0.03

0.03

0

0

0

Effective

Water

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

0.032

diffusivity
m'/y

Bentonite

0.0022

0.0095

0.016

0.0022

0.0022

0.016

0.0016

0.016

0.0032

0.0022

9.5-105

0.019

0.019

0.0063

0.0063

0.016

Sorption
coefficient Kj

in buffer, m3/kg

3

3

1

3

0.003

0.01

2

0.1

0.01

3

0

0.05

0.05

1

1

0.2

Solubility
limit,

mol/m3

2.02-10"6

5.3510"7

7.35-10"7

1.22-10"6

2.59-10'6

3.09

2.51-10"6

7.92-10-*

4.17-10-6

4.49-10"6

1.00-107

1.00-107

1.00-107

8.03-10"

5.58-10"3

1.37

* - as there are lots of discussion on the Se-79 halflife, the higher value was accepted based
on [2].

The solid density of the bentonite is defined to be 2695 kg/m3, and the porosity 0.41
(m3/m3). Taking into account the anion exclusion effect the effective porosity of the bentonite
buffer for iodine and chloride is assumed to be equal to 0.05 [1]

As the buffer near the hole is discretized in the same manner as the buffer discretized
performing radionuclide transport calculations from the Swedish repository (see below), and there
are no Lithuanian specific data on fracture that could intersect buffer, it was assumed that the
fracture intersecting buffer has an aperture of 1-104 m and the water flux in this region is 1-103

W/m2 y) [2].

A.3 Discretization of the near field

The near field model has been set up with five model blocks, two water blocks representing
the void space inside the canister and the hole through the canister wall, three blocks representing
the bentonite buffer. Some blocks are further divided and there are 11 compartments in the model.

Due to limited time and budget for this work the discretization of the barrier system is based
on the discretization which has been done performing safety assessment for Swedish repository, and
the impact of the distretization on the calculation results was not analysed.

The interior of the canister is only assigned a volume but no transport resistance. The
conceptual model of the near field modelling is presented in Figure A-l.
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Figure A-l: Schematic representation of the discretized near field region
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B FAR FIELD MODELLING

B.I Mathematical models for the far field modelling

In the model concept it is assumed that fluid flow and solute transport take place in a
network of interconnected channels [1].

Solute transport in the channel

Within an individual channel, the tracer is transported by advective flow. At the same time,
the tracer may diffuse from the channel into the rock matrix. For an instantaneous "step" change in
inlet concentration, the transient concentration profile along a channel may appear as shown in the
schematic below:

transient concentration profiles

I J J
L

Figure B-l: Conceptual illustration of tracer transport within a channel combined with diffusion
within the rock matrix. Advective flow occurs in the channel along the x-axis, while matrix

diffusion is outwards into the rock volume perpendicular to the fracture plane.

A transient, differential mass balance is used to describe the advective transport of the
tracer, linear sorption on the fracture surface, and diffusion from an individual channel into the rock
matrix. In the absence of radioactive decay, this mass balance is:

dCf _ q dC.D.dC,

b J dt 2Wb dx b Bz
(B-l)

z=0

Here, Cf is the aqueous concentration in the fracture, Cp is the porewater concentration, Ka is
the surface sorption coefficient (l/m), b is the fracture half-aperture (i.e., b = 5/2) (m), W is the
channel width (m), De is the effective diffusivity (m2/s), and q is the advective flowrate in the
channel (m3/s). The term on the left-hand side of the equation is the accumulation term describing
the rate of change of concentration in the fracture water, where sorption of tracer on the fracture
surface is accounted for. On the right-hand side of the equation the advective flux term and the
matrix diffusive flux term are represented.

A similar mass balance is used to describe the diffusive transport and linear sorption of a
tracer within the rock matrix:
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dcp
d2C p

dz1
(B-2)

where,

KdPp=ep+{\-£p)K'dPs (B-3)

Kd and K'd are the matrix sorption coefficients (rn3/kg) based upon the bulk pp (kg/m3) and

solid densities ps (kg/m3), respectively; a, is the matrix porosity (-). As the matrix porosity is very
low in igneous rocks, the bulk and solid densities are for all practical purposes the same.

In the rock matrix differential mass balance, the accumulation term on the left-hand side of
the equation gives the rate of change of the pore water concentration within the rock matrix, where
the sorbed concentration of tracer is simultaneously accounted for. The term on the right-hand side
of the equation is the diffusive flux term for the tracer.

For an instantaneous "step" change in concentration at the mouth of the channel, the coupled
mass balances can be solved to give an analytical solution for the tracer concentration at the channel
outlet. This is the breakthrough curve, or BTC for the channel. In terms of the flow-wetted surface,
this is:

C(t)
erfc

0

\(DeKdPp\ FWS
2 t-Ht ' a

for / < R.tw

for / > R.tw

(B-4)

Where FWS is flow-wetted surface (m /m ), t is tracer travel time in the channel and tw is
water travel time in the channel.

The variable R» is the retardation factor for surface sorption given by:

(B-5)

The channel network model

The model takes into account the uneven flow distribution observed in fractured rock and
the stochastic nature of the hydraulic features, and it includes retarding physical processes like
matrix diffusion and sorption within the matrix. Sorption onto the fracture/channel surfaces is also
included. Sorption processes are modelled using a linear Kd approach that does not include
treatment of radioactive decay or any other forms of geochemical sequestration. One of the
important aspects of the model is its ability to accommodate the transport of solutes that diffuse into
the rock matrix and may be sorbed within the matrix.

The flow paths are assumed to make up a channel network in the rock. Every channel
member can connect to any number of other channel members, but an upper limit of six members
intersecting at a point was chosen [1]. Figure B-2 below shows a schematic view of a part of the
mesh used in the model.
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Figure B-2: Schematic showing the arrangement of mixing nodes and interconnected channels
making up the channel network.

Each member of the network is assigned a hydraulic conductance. This is the only entity
needed to calculate the flow, if the pressure field is known. If the residence time for non-interacting
solutes is to be calculated, then the volume of the channel members is also needed. If sorption onto
the fracture surface or diffusion into the matrix is to be included in the model, the flow-wetted
surface area must also be included. Some properties of the rock are needed, such as rock matrix
porosity, diffusivity, and sorption capacity for sorbing species.

The properties of individual channels may differ considerably if a large standard deviation is
used for the log-normal conductance distribution. This leads to a sparse flow system where there
will be a few channels with relatively large flowrates and some with almost no flow at all.

B.2 Computer code CHAN3D

For the calculations of radionuclide transport through the rock the CHAN3D computer
program was used. The code CHAN3D is actually two separate programs: the CHAN3D-flow
program that computes the flow field in the rock fracture system, and the CHAN3D-transport
program that computes the transport of solutes in the fracture system once the flow field is
established using CHAN3D-flow.

Flow modelling

Each member of the network is assigned a hydraulic conductance. The conductance is
defined by analogy with electric networks where it is the reciprocal of resistance. Here, the flow
may be expressed as the channel conductance multiplied by the hydraulic head difference between
its ends.

(B-6)

The variable qy is the flow through the channel connecting nodes i andy. C/, is the channel
conductance, and H; and Hi are the hydraulic heads at these nodes. Furthermore, at each node i, we
have the hydraulic analogy of Kirchoff s current law:
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(B-7)

This means simply that the net flow of water into a node should also equal the flow out of
the node under steady state conditions.

The solution of this system of equations gives the hydraulic head at each node. The
CHAN3D-flow program solves this equation system using an iterative, sparse linear equation
solver. Once the hydraulic head at each node is known, the flow between adjacent channels may be
calculated using equation (B-6) [1].

Transport modelling

The solute transport is simulated using a particle-following technique. Many particles are
introduced, one at a time, into the known flow field at one or more locations. Particles arriving at an
intersection are distributed in the outlet channel members with a probability proportional to their
flow rates. Each individual particle is followed through the network. The residence time of an
individual particle along the whole path is determined as the sum of residence times in every
channel member that the particle has traversed. The residence time distribution is then obtained
from the residence times of a multitude of individual particle runs. Hydrodynamic dispersion in the
individual channels is considered to be negligible. Dispersion arises instead in the model as a result
of the varying transit times for particles taking alternate routes through the channel network, hi
equation (B-4), the right-hand side is also the cumulative probability function for the arrival time of
a Dirac pulse concentration boundary condition. It therefore gives the cumulative probability vs.
time for the arrival of individual tracer "particles" subject to advective transport and matrix
diffusion in a channel. The travel time for each particle is determined by choosing a uniform
random number in the interval [0,1]. The travel time is then calculated by solving for / in equation
(B-4).

(B-8)

For each node where tracer release occurs, the particles are tracked through the channel
network until the particles leave the boundaries of the system or reach a node flagged as a tracer
recovery location. Only tracer particles reaching recovery nodes are included in the breakthrough
data. The time taken for a particle to traverse the network from injection to recovery point is taken
as the sum of travel times in each channel.

For a Dirac pulse injection it is assumed that all particles are released simultaneously into
the network. If a cumulative mass injection-time curve is available, on the other hand, each particle
released into the channel network is given a time delay relating to the fraction of particles released
into the system at different times [1].

B.3 Assumptions and data for radionuclide transport calculation

The following assumptions were accepted regarding the modelling of transport of the
radionuclides in the fractured rock:

• Only one canister is assumed to be defected.
• The repository is emplaced in the rock domain at least at 100 m from the top of crystalline

rock domain (as there are underlying sedimentary rock above crystalline rock).
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The dimensions of modelled rock domain with an emplaced defected canister are
210x210x210 m.
The defected canister is emplaced in the middle of this domain.
The canister is surrounded with the network of channels.
The modelled rock domain is intersected by fracture zone with inclination of 45 degrees
(Figure B-3).
The defected canister is intersected by the channels that depend to fracture zone.
As the data on the head distribution at the boundaries of modelled region are not available
it was assumed that there is constant head gradient between the bottom and top of
modelled region.
Radionuclides that reach the bottom of the modelled region are further transported to the
well.

i Crystalline basemen +

used.

Figure B-3; Schematic representation of the modelled region of the far field

If it's available, Lithuanian data for the calculation are taken, if not the Swedish ones are

Data used in the calculations and their references are presented in Table B-l.

Table B-l: Data used in calculations

Parameter

Head gradient, m/m

Hydraulic conductivity,

Value (range)
from Lithuanian

source

Not available

2.31107-4.37-10"5

Used in calculations

0.003

Min value used for good

Reference

Assumed to be like in
Sweden (Beberg site) [2]

Data from south-eastern part
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Parameter

m/s

Standard deviation in
log 10 scale, -

Specific flow-wetted
surface area, m2/m3

Rock bulk density,
kg/m3

Rock porosity, %

Flow porosity, -

Mean channel length, m

Fracture zone aperture,
m

Fracture zone width, m

Value (range)
from Lithuanian

source
•

Not available

Not available

2600-2780

0.2- 1.42

Not available

Not available

Not available

Not available

Used in calculations

rock and max value is
used for fracture zone

1.5

1.0

2672

0.8

HO"3

3

9

72

Reference

of Lithuania [3]

Assumed to be similar to
Swedish

Data for Swedish granite [4]

Mean value from data
presented in [3]

Mean value form data for
granite and weathered
granite [3]

A pessimistic value is taken
from [2]

[4]

The results of the near field modelling showed that not all analyzed radionuclides are
released to the water flowing in the fractures. This is due to sorption on the buffer material surface
and subsequently decay. Transport through the crystalline rock up to the top of modelled region was
performed for radionuclides with a significant release from the near field (Cs-135, Se-79,1-129, Tc-
99, Ra-226). Element-specific data that are necessary for the calculations are presented in Table B-2

Table B-2: Diffusivity and sorption data in rock [3]

Radionuclide

Cs-135

Tc-99

1-129

Se-79

Ra-226

Effective
diffusivity Dt in

rock, m2/y

2.810"5

1.3 106

2.510"7

1.310"6

1.2 106

Sorption
coefficient Kd

in rock, m3/kg

0.5

1

0

0.001

0.1
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C BIOSPHERE MODELLING

C.I Assumption for well dose conversion factor calculation

It cannot be excluded that wells may be drilled in near the repository leading to a direct
pathway of radionuclides from groundwater to man.

At this stage of investigation it is assumed that radionuclides are released into the well water
only. All sorption is disregarded in the well itself. The water in the well is used as drinking water
for humans and cattle and for irrigation of a small garden plot where vegetables are grown for
consumption by the local residents. It is assumed that well water used for irrigation are not mixed
with the precipitation. Important process in irrigation are retention of nuclides in soil and on plants,
transport in the soil of soil organisms and redistribution of absorbed radionuclides to the edible
parts of the plants.

The potential exposure pathways that could be identified are:

• External exposure from the contaminated garden plot,
• Inhalation of resuspended dust while cultivating the garden,
• Consumption of:

• water,
• milk and meat from cattle drinking well water,
• leaf vegetables and root vegetables grown on irrigated soil,
• soil via for example insufficiently washed vegetables.

C.2 Mathematical model

The distribution of radionuclides that release to the well water and subsequently reach the
soil during the irrigation is calculated using the concept of compartment by program AMBER 4.4.
AMBER 4.4. has been applied to a wide range of problems concerned with the way that
radionuclides and other contaminants move through different parts of the environment [1].

In AMBER 4.4. contaminants are assumed to be uniformly mixed in a series of
compartments between which transfers can take place. A compartment is any specific part of the
system being modelled, for example, a suspended matter in the lake, topsoil and deep soil, saturated
and unsaturated zone, etc. Radionuclide transfers between the system parts (compartments) are
described by transfer coefficients that are specified by user.

The amount of contaminant in any compartment is determined by equation (C-l).

~- = -f K + ZTCV j • /; + xrlir + Zrev; , (c-i)

where / " (moles) is the total amount of radionuclide m in compartment i, TCy is the

exchange rate between compartment I and compartment j (l/y), A"+l is the decay rate of the parent

radionuclide m+1 (1/y) and A™ is the decay rate of radionuclide m (l/y).

Based on the biosphere modelling methodology presented, in [1, 4] the distribution of
radionuclides in the biosphere model is calculated with a release rate of 1 Bq/y for a long period.
Then the doses to human through identified potential exposure pathways are calculated and the
radionuclide specific dose conversion factor for specific ecosystem or for defined biosphere (EDCF,
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BDCF) are estimated. BDFC for radionuclide / is the ratio of the corresponding steady-state annual
dose (Sv/y), to the input value of 1 Bq/y [4], Doses to human are calculated multiplying the release
from the repository of radionuclide by its BDCF.

Transfer coefficients

Assuming that radionuclides are released into the well water and during for example
irrigation reach the topsoil and the deep soil, three compartments could represent this system
(Figure C-l).

Outflow

I
Top soil

Deep soil

Figure C-l: Well model with irrigation of a garden plot.
The X indicates the entry point for radionuclides.

The irrigation process could be modelled by considering an annual bulk process, i.e. part of

the radionuclides in water applied annually was retained on vegetation surfaces [1].

The transfer rate of radionuclides to topsoil via irrigation with water is described by:

V A
trr so

well

(C-2)

where Virr is annual amount of water applied per unit area (m3/(m2-y)), Aso is area of
garden plot (m2), V^n is well volume (m3).

The soil of the garden plot was represented by two layers with a total depth (dso) of 1 metre,
assumed to be the water table. Transfer between cultivated topsoil and deep soil is modelled consid-
ering advection and bioturbation, the latter mainly by earthworms. The transfer coefficient from
topsoil to deep soil becomes:

TC= BhT

etidttRef
(C-3)

(C-4)
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where R is runoff (m3/(m2y)), i^is porosity of topsoil (-), dts is depth of topsoil (m), BioT is
bioturbation ((kg/(m2y)), pp is density of soil particles (kg/m3), K<t is element-specific distribution
coefficient, concentration of the element on solids relative to dissolved elements (m3/kg).

Transfer from the deep soil to the well water is described using (C-3) expression with the
parameters specific for deep soil (thickness and porosity of the deep soil).

When using equation (C-3) all the pores in the unsaturated zone are assumed to hold water,
and therefore the porosity is used. This simplification may underestimate migration rates, as some
pores are not water-filled. This leads to an underestimation of the upward transport of water and
radionuclides but also to an underestimation of the transport in the opposite direction.

The transfer coefficient from deep soil to topsoil becomes:

TC = Bi°T (C-5)

where £& is porosity of deep soil (-), dso is total depth of the two soil layers, i.e. the water
table (m) and other variables are defined as above.

A loss of radionuclides in the soil could occur due to erosion or removal of soil during
agricultural practices. Geographical conditions, soil types and meteorological parameters such as
wind and rain influence the magnitude of erosion. The size and density of the soil particles are also
important. Land covered with vegetation is less exposed to erosion because the roots bind material
and plants cover part of the surface. Loss of radionuclides due to erosion is estimated by:

, (C-6)

where Rem is removal of soil (kg/(m2y)), d,s is depth of top soil (m), cts is porosity of

topsoil (-), pp is density of soil particles (kg/m3).

Radionuclides could be removed from the well water due to consumption of the water by
humans and cattle also. Thus transfer rate takes into account what amount of well water is
consumed for these purpose:

'well

where n/,wmis number of persons in the household (-), wWr/,um is humans' rate of water usage
for drinking, cooking, washing etc. (m3/y), njc is number of dairy cows (-), C*. is dairy cows'
consumption of water (m3/y), nmc is number of meat cattle (-), Cmc is meat carte's consumption of
water (m3/y), Vweu is well volume (m3).

Activity concentration

In order to calculate dose that is due to ingestion of well water, vegetables grown up in
irrigated soil, soil, etc. as well as due to external exposure the activity in the products that are
consumed must be known.

The activity concentration in the well water is estimated according (C-8) equation.
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well

(C-8)

Activity concentration of radionuclides in topsoil (cte, Bq/kg) was calculated according to:

(C-9)
)

where Actu is activity in topsoil (Bq), Aso is area of garden plot (m2), du is depth of top soil
(m), pp is density of soil particles (kg/m3), E^ is porosity of topsoil (-).

Activity concentration of radionuclides on plant surfaces at harvest (cav.surf, Bq/m2) was
calculated by use of the averaged retained amount, modelled as a function of the leaf area index:

cm<surf=nirrLAIcSckntcw, (C-10)

where nirr is number of irrigation events per year (-), LAIC is average leaf area index of crop
(-), Sc is water storage capacity in vegetation due to interception per LAI (m3/m2), kre, is element-
specific retention factor (-), cw is activity concentration of a radionuclide in water (Bq/m3), Yc is
yield of crop (kg/m2).

For root vegetables the expression above was multiplied with an element-dependent
translocation factor (7Z) in order to obtain the concentration in edible parts:

c « W =nbrLAIe Sckmcw-TL. (C-l 1)

Radionuclides reach leaf vegetables via root uptake and via retained irrigation water. The
concentration {cveg, Bq/kg wet weight) was computed according to:

where Cfso.ves is element-specific root uptake factor (kg dry weight/kg wet weight), Yveg is
yield of leaf vegetables (kg wet weight/m2).

For root vegetables, the corresponding expression is:

y
*rroot

where Cfso.ro is element-specific root uptake factor (kg dry weight/kg wet weight), yTOO, is
yield of root vegetables (kg wet weight/m2).

Concentration in milk and meat (cmi, Bq/m3; c m Bq/kg wet weight) is then given by:
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where Cfmiik is element-specific transfer coefficient for milk (m3/y), CWi(jc is dairy cow's
consumption of water (m3/y), Cfmeat is element-specific transfer coefficient for meat (y/kg wet
weight), CH.,mc is meat cow's consumption of water (m3/y).

Dose calculation

Radionuclides were assumed to be evenly distributed in the soil layers. The annual dose due
to gamma radiation from radionuclides present in the soil (Dan) becomes:

Doseal=tapcBpp(l-ett)DCaltgr, (C-16)

where tap is time spent on contaminated ground (h/y), c,s is concentration of a radionuclide
in topsoil (Bq/kg), pp is density of soil particles (kg/m3), ets is soil porosity (-).

The annual internal dose due to inhalation of soil particles (A„A) is determined by:

Doseinh = t^ Ink Cdusl cu DCinh, (C-l7)

where tap is time spent on contaminated ground (h/y), Ink is inhalation rate (age-dependent,
m3/h), Cdusi is concentration of dust in air due to resuspension when cultivating (kg/m3), cts is
radionuclide activity concentration in topsoil (Bq/kg), DCinh is age-dependent and nuclide-
dependent dose coefficient for inhalation (Sv/Bq).

The annual internal effective dose due to ingestion of drinking water, inadvertent intake of
soil, or consumption of food was computed from the general expression:

Dosei = Cons, c, DCing, (C-18)

where D, is annual dose due to intake of water, soil, or foodstuff, Cons i is consumption rate
of water, soil, or foodstuff (kg or m per year), c, is activity concentration of a radionuclide in water,
soil, or foodstuff (Bq/m3 or Bq/kg), DCing is nuclide-dependent dose coefficient (Sv/Bq).

C.3 Data used in calculation

Data used in calculation of radionuclide distribution in the biosphere represented by well
and irrigated soil and in calculations of doses to human are presented in the following tables.
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Table C-l: Data on human consumption and living habits

Parameter

Yield:

Root crops Yrooi, kg/m2

Leafy vegetables Y^g, kg/m2

Consumption rates (Consi):

Meat, kg/y

Soil, kg/y

Milk, mVy

Root vegetables, kg/y

Green vegetables, kg/y

Water, m3/y

Inhalation velocity, m3/hr

Exposure time, ground, cultivating a garden plot, hr/y

Runoff (R), (m3/(m2-y»

Number of persons in the household, -

Humans' rate of water usage, m3/y

Well volume, m3

Number of dairy cows, -

Number of beef cattle, -

Water consumption:

Dairy cows, mVyear

Meat cattle, mVyear

Value

0.4

0.7

94.97

0.1

0.9423

65.75

18.26

0.6

0.93

50

0.25

8

70

1021

4

4

25.57

14.61

Reference

[7]

[7]

[6]

[5]

[7]

[6]

[6]

[3]

[7]

[3]

[3]

Assumed by
modeller

[3]

Equal to well
water usage for

irrigation,
drinking

[3]

[3]

[3]

[3]

Table C-2: Data regarding farming and soil.

Parameter

Water amount applied annually for irrigation, m /(m -y)

Area of irrigated garden plot, m

Annual number of irrigation events, -

Leaf Area Index, leaf vegetables, -

Leaf Area Index, root vegetables

Water storage capacity due to interception per LAI, m3/m

Value

1.5

200

5

4

5

1 3 10"

Reference

[7]

[3]
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Parameter

Bioturbation, kg/(m2- y)

Porosity, topsoil and deep soil, -

Depth of topsoil, m

Total depth of the two soil layers, m

Soil particle density, kg/m3

Erosion, kg/(m2-y)

Cone, of dust in air, kg/m3

Value

2

0.4

0.25

1

2650

5 10"3

2 10"7

Reference

[3]

Table C-3: Radionuclide specific data

Nuclide

Se-79

Tc-99

1-129

Cs-135

Ra-226

Half-life, y [8]

1.1310s"

2.11-105

1.57107

2.30106

1.60103

Ingestion,
Sv/Bq [8]

2.9 10'9

8.2-10"10

1.1-10"7

2.0-10-9

2.8-10"7

Inhalation,
Sv/Bq [8]

3.MO'9

3.9-10-9

5.6 10s

9.9-10'10

1.6-105

External exposure
from ground*,

(Sv/h)/(Bq/m3) [2]

0

0

3.410"16

0

6.0-10-16

Activity transferred from groundwater to soil was assumed to be evenly distributed in the
soil. ** Halflife of Se-79 is used the same as in the near field modelling.

Table C-4: Data regarding radionuclide distribution in soil and plants

Element

Se-79*

Tc-99*

1-129

Cs-135

Ra-226*

kret,-

2

2

0.5

1

2

Krfjor soil,

(Bq/kg d.w.)/(Bq/m3)

[2]

0.01

0.005

0.3

1

0.5

TL,

(Bq/kg w.w.)

/(Bq/m2)[2]

0.1

0.5

0.1

0.2

0.1

(Bq/kg w.w.
vegetable)/(Bq/kg

d.ww. soil) [2]

2

20

0.03

0.02

0.05

(Bq/kg w.w. root
vegetable)/(Bq/kg d.w.

soil) [2]

4

0.05

0.01

0.02

0.002

* due to lack of information on kret parameter for some radionuclides a conservative values
are used instead.
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Table C-5: Data regarding radionuclide distribution in cattle

Element

Se-79

Tc-99

1-129

Cs-135

Ra-226

Cfmllt,

(Bq/Iitre)/(Bq intake/day) [2]

1.1 10"2

5.48 10"5

2.74 1(T2

2.19 10"2

3.56 10"3

(Bq/kg w.w.)/(Bq intake/day)[2]

4.11 1O"5

2.74 1O"7

1.1 l O "

1.37-10"*

2.46 10"6
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D TRANSFER OF KNOW HOW IN COOPERATION WITH SWEDISH
ORGANISATIONS

D.I Radionuclide migration modelling

Within the frames of project "Transfer of know-how needed to assess the feasibility of
disposal of Lithuanian spent nuclear fuel" SKB (Sweden) provided two computer codes necessary
for assessing deep geological repositories, one for the radionuclide migration modelling though the
near field and another though the far field (COMP23 and CHAN3D). During 2001-2002 LEI staff
got basic training in the use of these two computer codes at the Royal Institute of Technology
(KTH). The codes have been implemented at LEI in Kaunas. SKB provided a review and
consultancy on the modelling.

Geological investigations performed during 2000-2002 have shown that crystalline rock and
argillaceous rocks are the primary candidates for SNF repository. Thus in 2003 LEI experts used
provided codes to the radionuclide migration modelling in the clay environment. Additional training
of two LEI experts was organized. The preliminary assessment of the radionuclide migration from
the canister with RBMK-1500 SNF disposed of in the clay media in case of normal evolution
scenario was performed. Main assumptions accepted in case of natural evolution scenario:

• The deep underground location of the repository will maintain over several million years,
isolating the waste from the surface of environment.

• The characteristics of the engineered and natural barriers related to the safety of the
repository, will prevail several million years. They will not be affected by the processes
related with the repository installation.

• The climate changes, human activity in the future will not influence on them.
• The aqueous diffusion is prevailing transport mechanism of radionuclides through the

near field and far field region due to low hydraulic conductivity and fine homogenous
pore structure of the engineered and natural barriers.

• The SNF canisters provide a complete containment for 1000 years.
• All SNF canisters will be breached after 1000 years.
• The SNF waste form continues to retain most radionuclides after canister breaching.
• The radionuclides released from the repository surrounding clay formation are transferred

to the biosphere instantaneously; dilution and dispersion in deep aquifers and retardation
in the next layers of surrounding geosphere are conservatively neglected.

As the real disposal site is not clear for modelling of the radionuclide migration from the
canisters with RBMK-1500 SNF disposed of in clay formation the following assumptions were
accepted:

• The clay formation after the bentonite buffer continues 40 m above and below the
repository;

• In horizontal direction clay formation takes much more than 40 m;
• Deep regional aquifer is situated after the clay formation above and below repository;
Taking into account the typical properties of the argillaceous rocks it was assumed that

hydraulic conductivity of the engineered barriers (buffer, backfill) and natural barrier (argillaceous
host rock) is very low, thus radionuclides migrate through the barriers by diffusion in the pore
water. It is also conservatively assumed that the radionuclides released through the host rock end up
in the biosphere (the well), i.e. dilution and dispersion in the other geological formations
(aquifers/aquitards) are not taken into account.
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For the migration assessment provided computer code COMPULINK (implementation of
COMP23 in the Matlab/Simulink environment) was used. The discretization of the disposal system
was performed using analytical solution. For the modelling radionuclides with different sorption
properties in the clay formation were selected such as 79Se (nonsorbing), 129I (almost nonsorbing),

Ra, 135Cs (weakly sorbing), 242Pu, 238U (strongly sorbing). Preliminary results of the assessment
or the radionuclides migration from Lithuanian geological repository show that in case of natural
evolution scenario nonsorbing and almost nonsorbing nuclides 79Se, 29I contributes to the effective
dose mostly. According to the Lithuania's laws average annual exposure dose of critical group
member due to nuclear plant operation can not exceed the dose constrain. Dose constrain for
operating and planned nuclear plants is 0.2 mSv per year. Calculation results show that the total
annual effective dose due to these radionuclides is significantly lower than dose constrain of 0.2
mSv/yr.

Modelling results and identified key parameters necessary for the assessment of the
radionuclide migration were presented in the international workshop at Dubingiai.

D.2 Safety analysis
In 2004 3 experts from Lithuania participated at one-week workshop at KTH on safety

assessment together with other experts from Lithuanian organisations.
Crystalline rock was justified as the host rock for the model case. KBS-3 concept was selected

as prototype for repository in crystalline basement in Lithuania. The KBS-3H design with
horizontal canister emplacement is proposed as a reference design for Lithuania.

Generic safety assessment of the repository with RBMK-1500 SNF in Lithuania performed by
LEI includes two scenarios: base scenario and canister defect scenario.

D.2.1 Base scenario

The base scenario describes the expected course of events for the case where the repository
is built according to specifications and the conditions in the surroundings are assumed to be in
principle constant and the same as today's. All canisters are assumed to be without fabrication
defects, and today's climate persists in the future as well. In summary the following is assumed in
the base scenario regarding repository's surrounding:

• Present-day climatic conditions are assumed to prevail in the future.
• Present-day site-specific biosphere is assumed to persist.
• Rock-mechanical changes take place only as a result of aseismic processes, i.e.

earthquakes are not included in the base scenario.
• No human intrusion occurs.
It was concluded that the canister retains its isolating function during the evolution of the

repository system. The mechanical stresses on the canister from groundwater pressure, buffer
swelling pressure and rock movements around the emplacement tunnels are all far below what is
needed to jeopardized canister isolation. Chemical stresses on the canister in the form of corrosion
by oxygen or sulphide do not cause damage to the copper canister shell.

D.2.2 Canister defect scenario

The premises for the canister defect scenario are the same as for the base scenario except
that a few canisters are postulated to have initial defects. The reasonable number of defected
canister for this demonstrative assessment is chosen to be one defected canister with a penetrating
defect of 1 mm2 out of the total 1400 canisters. It is also assumed that the repository is constructed
according to specifications and present-day conditions in the surroundings persist.

Main premises for the canister defect scenario were accepted:
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• The repository is emplaced in the rock domain at least at 100 m from the top of
crystalline rock domain (as there are underlying sedimentary rock above crystalline rock).

• The dimensions of modelled rock domain with an emplaced defected canister are
210x210x210m.

• The modelled rock domain is intersected by fracture zone with inclination of 45 degrees.
• The defected canister is emplaced in the middle of this domain and is surrounded with the

network of channels.
• 200 000 years was chosen as a reasonable value for the time when the initial defect grows

to a larger one. When the initial defect grows into a larger defect, it is assumed that water
can also enter freely and 200 000 years is therefore the reasonable time when a
continuous water pathway is expected to form.

• After the defect becomes larger the entire void in the canister at closure, approximately
0.5 m3, will be filled with water.

• Radionuclides dissolved in the water presenting in the canister slowly diffuse out through
the hole.

• The buffer is fully saturated at the time when the release of radionuclides start. Thus
radionuclides are transported through the bentonite buffer by diffusion mainly.

• Radionuclides that reach the boundary of the bentonite buffer diffuse into the water
flowing in the fracture intersecting the emplacement tunnel and which depends to the
fracture zones.

• Radionuclides that reach the bottom of the modelled region of crystalline rock are further
transported to the well.

The computational tools COMPULINK7, CHAN3D provided by SKB were used to calculate
radionuclides release through the near field and the far field regions from the canister with initial
defect. The biosphere specific dose conversion factors required for doses assessment were
calculated using the computer code AMBER 4.4.

The calculation results show that most of the analyzed radionuclides that were indicated as
safety relevant will be effectively retarded in the near field (in bentonite buffer), release rate of Cs-
135, 1-129, Tc-99, Ra-226 are significant. The radionuclides' release from the near field is
dominated by Cs-135 and 1-129. The fraction of these radionuclides that is initially free for release
(IRF) diffuses rather fast through the near field. At longer times the release is dominated by Ra-226,
a naturally occurring radionuclide, which is formed by in-growth from the chain decay of U-238.
Calculations of the radionuclide release in additional cases such as immediate SNF matrix
dissolution, no solubility limits, no sorption in the buffer material or large initial canister defect
were performed also.

The modelling of the transport of radionuclides through the far field was performed for the
most dominating radionuclides in the near field. The calculation results show that the release of the
radionuclides from the far field is almost the same as from the near field; only small delay for
several nuclides could be noticed (Tc-99 for example). Such a delay could be explained by the fact
that the sorption plays role. The similarities of the release curve from the near and far field could be
explained by the fact that the defected canister occurs in the fracture zone and release of the
radionuclides from the outer bentonite boundary diffuse into the intersecting fracture that depends
to the fracture zone. Due to such processes as matrix diffusion and sorption (for sorbing
radionuclides) radionuclides are retarded in the environment thus they have more time to decay.
The significance of the sorption and matrix diffusion processes depends on how long the
radionuclides are transported in the modelled area. From the obtained results it is evident that
transport of the radionuclides through the modelled region of the crystalline basement are quick. In
the far field release iodine is dominating first of all, and after some time the release is dominated by
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the Ra-226. According to the obtained results about total dose it is expected that dose constrain of
0.2 mSv/y will not be exceeded in million years period and will by two orders of magnitude lower
than this constrain. The total dose rate firstly is dominated by nonsorbing radionuclide 1-129, while
later it is dominating by Ra-226.
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