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FOREWORD

This document is addressed to authorities and specialists responsible for 
or involved in planning, performing, and/or reviewing safety assessments of 
underground radioactive waste repositories. It is a companion to a general 
introductory document on the subject, Safety Assessment for the Underground 
Disposal of Radioactive Wastes, IAEA Safety Series No. 56, 1981, and reference 
to this earlier document will facilitate the reader’s understanding of the present 
report. Since examples of safety analyses are summarized here, it is hoped 
that this document will contribute to providing a basis for a common under
standing among authorities and specialists concerned with the numerous studies 
involving a variety of scientific disciplines. While providing technical informa
tion, this document is also intended to stimulate further international discussion.

The IAEA has been active in the field of radioactive waste management 
for many years. In 1977, a draft proposal was prepared for a future IAEA 
programme on the underground disposal of radioactive wastes. An Advisory 
Group meeting from 30 January to 3 February 1978 confirmed this proposal 
and recommended that a set of guidelines be published for the field of under
ground disposal of radioactive wastes. These guidelines are intended to cover 
the needs and interests of both developed and developing countries and to 
include the following subjects:

(a) General and regulatory activities and safety assessments;
(b) Investigation and selection of repository sites;
(c) Waste acceptance criteria;
(d) Design and construction of repositories;
(e) Operation, shutdown and surveillance of repositories.

The general introductory document was part of this IAEA programme. 
The present document is an extension designed to illustrate how these guide
lines are implemented. The initial working draft was written by the Scientific 
Secretary to facilitate the preparation of the document by an Advisory Group. 
Following review by the Technical Review Committee on Underground Disposal 
of Radioactive Waste, which met in Vienna from 10 to 14 November 1980, 
the draft was revised and expanded by an Advisory Group meeting in Vienna 
from 17 to 21 November 1980. Subsequently, the final draft was examined by 
the Technical Review Committee in Vienna from 2 to 6 November 1981.

Another companion report to the general introductory document cited 
above is being prepared: it is entitled Concepts and Examples of Safety Analyses 
for Radioactive Waste Repositories in Shallow Ground. These three documents
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are supported by a series of other relevant publications recently issued by the 
IAEA:

Site Selection Factors for Repositories of Solid High-Level and Alpha- 
Bearing Wastes in Geological Formations, IAEA Technical Reports Series 
No. 177 (1977)

Development of Regulatory Procedures for the Disposal of Solid Radio
active Waste in Deep, Continental Formations, IAEA Safety Series No. 51 
(1980)
Underground Disposal of Radioactive Wastes: Basic Guidance, IAEA
Safety Series No. 54 (1981)
Shallow Ground Disposal of Radioactive Wastes: A Guidebook, IAEA 
Safety Series No. 53 (1981)
Site Investigations for Repositories for Solid Radioactive Wastes in Deep, 
Continental Geological Formations, IAEA Technical Reports Series 
No. 215 (1982)
Site Investigations for Repositories for Solid Radioactive Wastes in 
Shallow Ground, IAEA Technical Reports Series No. 216 (1982)

Other appropriate IAEA publications, prepared under the Radiological Safety 
Programme, might also be consulted for information on related topics. For 
the present document, the most important are:

Basic Safety Standards for Radiation Protection, IAEA Safety Series 
No. 9, 1982 edition (1982).
Principles for Establishing Limits for the Release of Radioactive Materials 
into the Environment, IAEA Safety Series No. 45 (1978)
Governmental Organization for the Regulation of Nuclear Power Plants, 
A Code of Practice, IAEA Safety Series No. 50-C-G (1978).

The Agency records with deep regret the death of Everett Irish in 1982, 
soon after he had completed all the work necessary for the preparation of this 
publication. Both before he joined the Agency and for the two and a half years 
he was on its staff he made a most valuable contribution at the international 
level to studies on all aspects of safety assessments connected with the handling, 
treatment and disposal of radioactive wastes. He and his expertise will be greatly 
missed.
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1. INTRODUCTION

The safe management and disposal of radioactive wastes from the various 
parts of the nuclear fuel cycle are important aspects of nuclear power development 
for both developed and developing countries. Authorities in these countries are 
faced with selecting and using appropriate waste disposal systems for the numerous 
types of waste, with their various radiochemical, chemical and physical forms.
They also need methods to ensure that the safety of these systems is adequate, 
that the ultimate objective of waste disposal will be met, and that no unacceptable 
detriment to humans will occur at any time as a result of disposal operations.

Underground disposal of wastes, with the wastes appropriately immobilized 
and packaged, is generally agreed to be an adequate way of providing the necessary 
protection for humans and the environment [1]. Five types of underground 
disposal system are used or under development. Three involve emplacement of 
solid wastes in (a) deep geological repositories; (b) repositories in man-made or 
natural rock cavities; and (c) shallow ground repositories. The remaining two 
involve (d) injection of self-solidifying fluids containing wastes into fractures 
within impermeable strata; and (e) injection of liquid wastes into isolated porous 
and permeable strata. This report deals with only deep geological repositories, 
the others being dealt with in other reports.

Safety assessments are necessary to determine the expected performance of 
a repository system, to compare it with acceptability criteria, and to present the 
results for judgement by the appropriate authorities. They are important in 
every phase of system development: system selection; site confirmation; 
repository design, construction, operation, shutdown and sealing; and licensing 
processes relevant to these phases.

Safety assessments are of two general types, generic and site-specific, and 
they are normally performed in an iterative manner until the system being 
analysed is well understood and conclusions can be drawn. Generic studies are 
useful for making decisions regarding a choice of a disposal concept and the 
appropriate use of available resources. Generic assessments are also helpful 
in gaining acceptance for a disposal concept itself. Site-specific assessments are 
necessary for decisions affecting siting, design, and licensing for construction, 
operation, shutdown and sealing of a specific repository.

Overall approaches to making safety assessments and descriptions of 
general methods that may be employed are discussed in a companion report [2]. 
Building on the information presented there, this report presents some concepts 
and examples of safety analyses and the methods used to make safety assessments; 
however, the comparisons with acceptability criteria required to complete a 
safety assessment are incomplete because acceptability criteria are not yet 
generally agreed upon.

1
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The purposes of this introductory report are:

(a) To identify the factors to be taken into account in radiological safety 
analyses of deep geological repositories, indicating as far as possible their 
relative importance during the various phases of system development;
(b) To show how these factors have been analysed in various safety assessment 
studies; and
(c) To comment on the merits of the selected and alternative approaches.

Thus, the report seeks to broaden and enhance the understanding of these 
rapidly developing methodologies [3—5] through use of examples of generic 
safety assessment studies for deep geological repositories. In doing so, credit is 
given to those who performed the actual studies and certainly there is no 
intent to criticize their work in any regard. In the context of their use, the 
safety analyses served their intended purposes well.

2. SCOPE

Safety analyses carried out for generic assessments of six hypothetical deep 
geological waste repositories are summarized in Appendixes A—F of this report:

INFCE (International Nuclear Fuel Cycle Evaluation) salt repository [6];
Netherlands domed salt repository [7];
INFCE hard rock (granite) repository [8];
Swedish hard crystalline rock repository [9];
Canadian Shield crystalline rock repository [10];
Belgian clay repository [11].

With the exception of the Swedish study, the safety assessments [7, 12—15] 
consider only the post-sealing phase of a repository; they are generic in nature 
and are relevant primarily to the feasibility of the concept of mined geological 
repositories for radioactive wastes in the specific host rocks.1

Safety analyses for the site selection and design phases for a repository 
would be similar to those summarized in the Appendixes. Safety assessments 
for the construction and operation phases, not included here, would be quite

1 A Belgian safety assessment is not yet completed or documented, but the work is 
discussed generally in Appendix F of this Safety Series.

2
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different and would be similar to those for other types of nuclear installation; 
however, these would also have to include assessments of non-nuclear and 
nuclear risks (e.g. risk to miners of constructing a very deep repository and 
risks to the public resulting from a shallower construction). Thus, the radiological 
safety assessment studies are also relevant to the construction safety studies.

Wastes assumed to be emplaced in these repositories were generally 
vitrified high-level waste from reprocessing plants, unreprocessed spent fuel when 
considered as waste, and other alpha-bearing wastes in solidified forms; for the 
INFCE studies, however, all wastes from the nuclear fuel cycle except mill 
tailings were assumed to be emplaced in the repositories. The conditioning of 
the wastes varied for the different studies, as described in the specific examples 
in the text.

Because the bases and purposes of the example analyses had significant 
differences and the methodologies used are different, comparisons of the 
results of the various analyses may be misleading. Thus, no inferences should 
be drawn directly from this report with regard to the relative capabilities of 
specific systems to isolate wastes.

3. DISPOSAL IN DEEP GEOLOGICAL 
REPOSITORIES

Disposal of radioactive wastes underground has been studied for more than 
20 years. From these studies various underground disposal options have evolved, 
as mentioned previously. A number of factors will influence the decision on 
which underground disposal option is appropriate in a given circumstance. The 
most important of these factors are [ 1 ]:

Waste types, quantities and conditioning;
Repository design;
Geological and environmental conditions;
Radiological protection considerations; and
Socio-economic conditions.

The option to be selected depends upon a myriad of considerations, but 
the dominating factor is the waste category to be emplaced in the repository. 
Once the option has been selected, the two other major aspects to be considered 
are the site selection and design for the repository system. These aspects are 
briefly discussed in this chapter to provide a background for the subsequent 
discussion on the concepts and examples of safety analyses.

3
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TABLE I. GENERAL CHARACTERISTICS OF WASTE CATEGORIES WITH 
REGARD TO DISPOSAL

Waste category Im portan t features'1

I. High-level, 
long-lived

High beta/gam ma 
Significant alpha 
High radiotoxicity  
High heat ouput

II. Intermediate-level, 
long-lived

Interm ediate beta/gam m a 
Significant alpha 
Interm ediate radiotoxicity  
Low heat ou tpu t

III. Low-level, 
long-lived

Low beta/gam m a 
Significant alpha 
Low /interm ediate radiotoxicity  
Insignificant heat ou tpu t

IV. Interm ediate-level, 
short-lived

Interm ediate beta/gam m a 
Insignificant alpha 
Interm ediate radiotoxicity  
Low heat ou tpu t

V. Low-level, 
short-lived

Low beta/gam m a 
Insignificant alpha 
Low radiotoxicity  
Insignificant heat ou tpu t

a The characteristics are qualitative and can vary in some cases; “ insignificant” indicates 
that the characteristic can generally be ignored for disposal purposes, because safety analyses 
have shown th a t it is no t im portant.

3.1. WASTE CHARACTERISTICS

Radioactive wastes can be categorized in several ways. For the purpose 
of this discussion they are grouped into five categories as given in Table I [1]: 

Category I wastes include the high-level waste from reprocessing of spent 
fuel, and the spent fuel itself if it is declared a waste. Category II wastes 
include primarily fuel element cladding hulls, associated fuel hardware, and 
insoluble dissolver residues. Category III includes those wastes having significant

4
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levels of long-lived alpha-emitting radionuclides (i.e. neptunium, plutonium, 
americium, and curium) but also low beta/gamma levels. Whereas deep geological 
repositories are considered suitable technically for disposal of all categories and 
types of conditioned radioactive waste, they are generally preferred only for 
types of waste (long-lived) in Categories I, II, and III. The cost of disposal is an 
important consideration that influences the selection of other options for 
wastes in Categories IV and V, which have no need for the long-term isolation 
provided by deep geological repositories, if other adequate sites exist.

A few specific comments on the nature of the wastes from a radiation 
standpoint can be made to give a perspective on how the radioactivity and 
thermal power change with time [16]:

(a) Beta and gamma emitters: The greatest contribution to beta-gamma 
radiation comes from fission products. A second source consists of neutron 
activation products, i.e. elements in fuel, cladding, or surrounding structures 
that absorbed neutrons and as a result have been converted from stable to 
radioactive isotopes. With a few exceptions (e.g. 129I with a half-life of
17 million years, " T c  with a half-life of 200 000 years, 73Zr with a half-life of 
1.5 million years, and I35Cs with a half-life of 2 million years), the beta-gamma 
emitters produced in significant quantities have half-lives of a few decades or 
less. Their radioactivity will be reduced to very low levels within about 
1000 years of their production. The longer-lived fission products constitute 
only 0.00001 wt% of the fission products of typical commercial reactors.
Also, a small beta contribution comes from the actinide elements.

(b) Alpha emitters: The major sources of alpha radiation are the transuranic 
isotopes produced in the fuel by neutron absorption and their decay products 
(called daughters). These alpha emitters include isotopes of neptunium, plutonium, 
americium, curium, and their daughter products. The uranium isotopes and
their daughter products are also sources of alpha radiation. The range of 
half-lives for alpha-emitting isotopes is comparable to that for beta-gamma 
emitters; however, the decay of a beta-gamma emitter generally leads 
immediately to a stable isotope; whereas the decay of an alpha emitter 
generally leads to another alpha-emitting isotope. The long-term buildup of 
alpha-emitting daughters is of importance because these are the major con
tributors to the potential risk from high-level wastes or spent fuel for periods 
greater than 1000 years.

The radioactivity and thermal power of long-lived radionuclides per unit 
mass of high-level waste or spent fuel is several orders of magnitude less than 
for short-lived radionuclides (principally fission products) for the first few 
hundred years after discharge from a nuclear reactor.

5
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Before the wastes can be considered for disposal they must be properly 
conditioned (i.e. immobilized and packaged). Acceptability criteria for storage 
and underground disposal of conditioned wastes have not yet been commonly 
adopted, although several countries have published recommendations that 
describe the criteria for acceptance or rejection of such wastes and the IAEA is 
dealing with the topic [1, 17], The setting of acceptability criteria is a 
responsibility of national regulatory bodies and is a topic under active discussion. 
In addition to general acceptability criteria, criteria of a specific nature must be 
developed in relation to safety analyses of each specific waste disposal system, 
some aspects of which are dependent on site-specific conditions [2]. Thus, the 
acceptability of specific disposal operations will be determined through specific 
safety analyses.

The technology for immobilizing wastes is quite well developed [5, 16] 
both for high-level waste [18, 19] and low- and intermediate-level wastes [20], 
whereas spent fuel (with the exception of small amounts of gaseous fission 
products) is already in an immobilized form. The waste form (e.g. vitrified waste) 
is only one of the engineered barriers that will be used in a waste repository 
system to delay or prevent radionuclide movement away from the waste package 
into the geosphere; other engineered barriers that might be used include the 
container, overpack and/or migration retardants. Although continuing to be 
developed, the technology for conditioning wastes, as emplaced in a geological 
repository, can be used to design a system for more than one thousand years 
of waste containment within geological repositories in basalt, granite, salt 
and shale [16]. Detailed descriptions of these technologies are not given here, 
although the types of waste conditioning assumed for each safety assessment 
study presented in this document are described in Appendixes A—F. It is 
interesting to note how the example safety assessment studies vary in their 
consideration of the treatment of the engineered barriers; some have an 
extensive system of barriers and others consider that only the waste form 
is present.

3.2. REPOSITORY SYSTEM

3.2.1. Basic principles

Deep geological repositories for the disposal of high-level and alpha-bearing 
wastes have been the subject of much research and development work for many 
years and pilot facilities are now being planned and designed [21 ].

The basic principle governing these facilities is that they must be sited, 
designed, constructed, operated, shut down and sealed in such a way that the 
operating personnel and the public in general will be adequately protected at
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all times from radiological hazards arising during their operation and after 
shutdown and sealing [18]. Other principles that must be observed relate to 
environmental protection and the non-radiological impacts on future generations; 
since this document is concerned only with radiological safety analyses, no 
further consideration will be given to these two factors.

3.2.2. Repository site selection

The characteristics (e.g. stability, natural barriers to radionuclide migration 
etc.) of the site and host rock for a geological repository are selected to offer 
assurance of adequate capability to isolate the radionuclides in the waste, 
preventing them from being released into the biosphere in unacceptable quantities 
and concentrations. An Agency publication presents a stepwise process for 
investigations and selection of an appropriate site [22]; in addition, Ref. [1] 
discusses the topic extensively.

The characteristics of geological formations may be sequentially evaluated 
at the national, regional, and site-specific levels in order to permit the selection 
of a site for a repository. The assessment of potential repository sites with regard 
to site selection factors permits the identification of favourable locations. These 
factors enter the process at two stages, namely the identification of areas worthy 
of more concerted study, using generic criteria, and the evaluation of sites which 
emerge as having potential for the location of an underground repository on 
a site-specific basis.

The parameters that affect the suitability of a potential site are highly 
site-specific. Thus, general criteria cannot be used to select individual sites. 
Evaluation of data and development of criteria must be done for specific cases. 
However, factors can be identified that indicate the general suitability of sites 
as potential repositories. By identification of these factors and of the manner 
in which they may affect the safe use of a site, general guidance can be developed 
for selecting suitable repository sites. Major site-selection factors are described 
in Ref. [23].

It should be recognized that it is unlikely that any site will be found that 
incorporates all the advantageous factors. Neither is this necessary. For 
example, factors relevant to a salt dome will not be similarly relevant to 
crystalline rocks. However, it is essential that the long-term safety requirements 
are satisfied, and to ensure this, an analysis of all the confinement factors should 
be made.

Three general groups of potential host rock types for geological repositories 
are (a) evaporites, (b) other sedimentary rocks, and (c) igneous and metamorphic 
rocks. A few comments about these rocks and their properties relative to 
geological repositories will be made; more extensive discussions are found in the 
summaries of the safety assessments in Appendixes A—F and in Ref. [23].
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The evaporite most strongly considered for geological repositories is rock 
salt, as either bedded deposits, domal masses, or as other salt structures. Salt 
has favourable properties and is widespread in occurrence as undisturbed units 
within geological settings. Salt is more plastic than almost any other rock and 
is thus able to seal naturally formed fractures as well as man-made and backfilled 
canister bore-holes and repository rooms. This property makes salt largely 
impermeable to gas and liquids. Other favourable properties of rock salt are: 
good compressive strength; good thermal conductivity; and ease of mining 
to provide a cost-efficient subsurface excavation. However, because of its 
high solubility, circulating unsaturated groundwater could, over a long time, 
breach the geological integrity of a repository. Other potential disadvantages 
include: small pockets of entrapped brine and inclusions of hydrated minerals 
whose fluids can migrate towards heat sources under certain thermal conditions; 
chemical aggressiveness of the environment for many container materials; low 
sorptive capacity; and possible salt movement (both the natural post-diapiric 
movement and the expansion movement due to the thermal loading from the 
emplaced high-level waste).

Other sedimentary rocks, mainly argillaceous rocks, have also been proposed 
as host formations for geological repositories. Research and development work 
in this field is largely centred in a few countries that contain extensive deposits. 
Argillaceous formations such as clays, claystones, and certain shales and marls 
also display plasticity, these argillaceous rocks display very low permeability, 
good sorptive characteristics, and low solubility. Potential disadvantages include: 
dewatering of the hydrous clay minerals in response to the thermal load, and 
adverse effects upon rock-mechanical properties; possible presence of organic 
matter and gases; existence of inhomogeneities; and possible difficulties in 
mining and keeping excavations open.

Igneous and metamorphic rocks are considered by several countries as prime 
candidates for repositories for deep underground disposal of radioactive wastes.
A variety of rocks such as granite, gabbro, basalt and tuff are examples of 
igneous rocks that have been considered as potential host rocks for waste 
repositories. They commonly occur in large volumes. Similarly, various types 
of gneiss, quartzite, psammite and migmalitic complexes are included in 
metamorphic rocks that are potential host rocks. These rock types generally 
demonstrate long-term stability, high rock strength, high chemical stability, 
moderately high thermal conductivity, and low porosity. In fractured crystalline 
rocks, alteration in the fractures can produce secondary minerals, which are 
usually clay minerals with high sorptive capacities. On the basis of considerable 
mining experience in a variety of subsurface facilities, it may be said that the 
man-made openings of a repository can be expected bo be very stable. Rocks 
formed by igneous and metamorphic processes tend to be brittle, or non-plastic, 
at depths considered for repositories, and thus likely to have fractures and
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other secondary openings which commonly contain groundwater. The presence 
of rock inhomogeneities, largely the result of the nature, orientation, and 
magnitude of fractures, makes the modelling of the hydrogeology in such 
systems difficult.

3.2.3. Repository design concepts

For high-level and alpha-bearing wastes, the leading concept for a geological 
repository being pursued by several countries involves the emplacement of heat- 
emitting, high-level waste canisters into spaced bore-holes in the floors of 
specially excavated repositories that are relatively deep, typically more than 
200 metres below the surface. The same basic concept could be used if spent 
fuel were to be disposed of as a waste. After disposal of the canisters, the 
bore-hole and chambers would be backfilled suitably and sealed. If other waste 
packages to be emplaced are containers of low- and intermediate-level or 
alpha-bearing wastes, they could be either stacked or dumped into disposal 
rooms. Once a room has been filled with containers, it also would be backfilled 
with suitable material and sealed. Post-emplacement data collection and 
repository assessment in and around the repository may be performed for a 
limited period of time.

From a physical standpoint the conceptual geological repositories are all 
based on a similar idea, illustrated in Fig. 1. The repositories have a system or 
network of tunnels in a horizontal plane(s) some hundreds of metres below 
grade. These tunnels are serviced through a set of access shafts for movement of 
people, equipment and materials, waste packages, and for ventilation 
purposes. Because this report deals only with the post-sealing phase of a 
repository, no further mention of these shafts will be made except to point out 
the importance of plugging and sealing bore-holes and shafts to (a) eliminate 
preferential pathways for transporting radionuclides between a repository and 
subsurface or surface water; and (b) to prevent abnormal water flow into 
a repository.

The depths of the conceptual repositories in salt and hard crystalline rock 
are generally considered to be 500 m or more below grade. However, the depth 
of clay repositories must be limited to a few hundred metres because of the 
geomechanical properties of clay. Although the high plasticity of clay is an 
advantage as far as its physical barrier integrity is concerned, it creates mining 
problems with regard to working depths, the diameter of the excavated tunnels, 
and the nature and thickness of the linings. For example, for the Belgian clay 
repository only circular tunnels or galleries with a free diameter of 3 to 4 m 
are technically achievable at its depth of 225 m; this limits the size of waste 
containers that can be handled. In addition, a hole cannot be dug without 
providing a lining to resist the lithostatic pressure; thus, holes and tunnels are
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FIG .l .  Sketch o f  a repository.

lined with welded steel pipes which are installed as excavation or drilling 
proceeds. These requirements modify the subsurface facilities in a clay 
repository so that they are, in reality, physically quite different than those for 
salt and granite even though conceptually they are similar. Besides having 
steel linings for the holes and circular tunnels, the holes are inclined at 45° and 
drilled alternatively from the right and left sides of the tunnel. Nevertheless, 
the sketch in Fig. 1 can serve to illustrate features of the various repository 
emplacement systems that are important for purposes of safety analyses.

In conclusion, it should be stated that when appropriate sites and repository 
designs are selected, the risks of many of the potentially important phenomena 
relevant to the isolation of wastes in geological repositories are reduced to very 
low levels; for example, the probabilities of potential detrimental impacts 
and/or risks will be extremely low for natural events like earthquakes, flooding, 
meteorite impact and perhaps human activities like inadvertent future drilling. 
Chapter 4 deals with the safety assessment process itself.
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4. REVIEW OF SAFETY ASSESSMENT

Before the safety analyses for the selected conceptual repositories are 
described, it would be beneficial to review the safety assessment process [2] 
so that the context of the individual steps of the analyses can be better understood. 
First, it should be emphasized that the assessment must consider the repository 
and its environment as a system; for convenience the system can be described 
as a combination of the following components:

(a) Repository,, its engineered barriers (backfill and seals) and its contents 
(waste form, container, overpack, migration retardant);

(b) Geosphere (host rock and surrounding material and, where applicable, 
interstitial fluids in the host rock, deep groundwater and natural resources); 
and

(c) Biosphere (soil, surface waters, shallow aquifers, atmosphere and biota).

Some of the elements in the first two components represent barriers. The 
role of these barriers is to prevent or delay the initiation of radionuclide release 
from the waste, to distribute the release over time and to retard transport of 
radionuclides through the geosphere and into the biosphere. Depending upon 
the type of host rock chosen and the type and form of waste disposed, the 
repository systems vary; not all the components mentioned above are relevant 
to all concepts.

As stated earlier, safety assessments are of two general types, generic and 
site-specific, and they are normally performed in an iterative manner until the 
system being analysed is well understood and conclusions can be drawn. Generic 
studies are useful for making decisions regarding a choice of a disposal concept 
and the appropriate use of available resources. Generic assessments are also 
helpful in gaining acceptance for a disposal concept itself. Site-specific assessments 
are necessary for decisions affecting siting, design, and licensing for construction, 
operation, shutdown and sealing of a specific repository.

Various classification schemes are used to subdivide a safety assessment 
into components. The classification scheme used in this report differentiates 
two major components: scenario analysis and consequence analysis:

(a) Scenario analysis involves identification and quantitative definition of 
phenomena which could initiate and/or influence the release and transport 
of radionuclides from the source to man. Thus, scenario analysis provides 
initial and boundary conditions for subsequent consequence analysis. It also 
provides estimates of the probabilities of occurrence of phenomena.
(b) Consequence analysis involves estimation of the subsequent transport of 
radionuclides from the source to man and the resulting radiation doses, using 
the system descriptions derived from the scenario analysis.
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FIG.2. Safe ty  assessment com p o n en ts  and their interactions.
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Comparison of the results of biosphere consequence analyses with 
acceptability criteria completes the safety assessment. Figure 2 illustrates these 
components of the safety assessments and their interactions. Iterations within 
specific analysis steps or complete iterations of the safety assessment process 
are normally performed; however, for some of the illustrative examples, only 
one set of analyses is described. Some of these iterations are made to obtain 
information about the uncertainty of the results and means for compensating 
for this uncertainty.

Safety analyses require the use of models which quantify the ways 
significant phenomena occur. (A model is a mathematical representation of a 
real system which is sufficiently simplified and compact to be amenable to 
useful quantitative analysis without excluding important phenomena. The 
inclusion of unnecessary precision and insignificant third- and fourth-order 
phenomena in models should be avoided since this can make the time and cost 
associated with making the important sensitivity studies considerable.)

Individual or sub-models can be combined to carry out integrated studies 
which enable the estimation of the total system performance; that is, how the 
total set of sub-systems calculations (including the anlysis of the engineered 
barriers, the natural barriers of the geological formation and the biosphere) 
are considered together in evaluating the possible dose to humans. A major 
reason for requiring adequate integration of sub-systems is that sub-systems 
are not independent. For example, the dissolution or leaching rate of the 
waste form is dependent on the rate of water into the repository from the 
geosphere. At one extreme, the flow rate could be so low that the dissolution 
rate would be solubility-limited and, at the other extreme, so fast that it would 
be chemical reaction-rate limited.

4.1. SCENARIO ANALYSIS

As indicated above, scenario analysis involves the identification and 
quantitative definition of phenomena which could initiate and/or influence 
the release and transport of radionuclides from the source to man,.and may 
also include the estimation of the probabilities of occurrence of these phenomena.

Several types of occurrence could lead to the release of radionuclides and 
in some cases enhance such releases and/or radionuclide transport rates. To 
analyse release and transport scenarios, it is necessary to identify the phenomena 
which are relevant. These phenomena could be due to:

(a) Effects of natural processes and events (e.g. groundwater flow, erosion, 
faulting etc.);

(b) Effects of human activities (e.g. alterations of hydrology, mining, 
drilling etc.); and/or
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TABLE II. PHENOMENA POTENTIALLY RELEVANT TO RELEASE AND 
TRANSPORT SCENARIOS FOR WASTE REPOSITORIES

Natural processes and events3

C lim atic change 
H ydrology change 
Sea-level change 
D enudation  
S tream  erosion 
Glacial erosion 
Flooding 
Sed im entation  
Diagenesis 
Diapirism 
Faulting/seism icity  
G eochem ical changes 
Fluid in te rac tions
• G roundw ater flow
• D issolution
• Brine pockets

Human activities

Fau lty  design
• Shaft seal failure
• E xplora tion  bore-hole seal failure

Fau lty  opera tion
• F au lty  waste em placem ent

T ranspo rt agent in tro d u ctio n
• Irrigation
• Reservoirs
• In ten tio n a l artificial

groundw ater recharge or 
w ithdraw al

• Chem ical liquid waste disposal

Large-scale a lte ra tions o f 
hydrology

Waste and repository effects

Therm al effec ts
• D ifferential elastic  response
• N on-elastic response
• Fluid pressure, density ,

viscosity , changes
• F luid m igration

M echanical effects
• C anister m ovem ent
• Local fracturing

U plift/subsidence
• Orogenic
• Epeirogenic
• lsosta tic

U ndetected  features
• Faults, shear zones
• Breccia pipes
• Lava tubes
• Intrusive dykes
• Gas o r brine pockets

M agm atic activity
• Intrusive
• Extrusive

M eteorite  im pact

U ndetected  past in trusion
• Undiscovered bore-holes
• Mine shafts 

Inadverten t fu tu re  in trusion
• E x p lo ra to ry  drilling
• A rchaeological exhum ation
• R esource m ining (m ineral, w ater

hyd rocarbon , geotherm al, 
salt, e tc .)

In ten tio n a l in trusion
• War
• Sabotage
• Waste recovery

C lim ate con tro l

Chem ical effects
• C orrosion
• Waste package — rock in te rac tions
• Gas generation
• G eochem ical a ltera tions

Radiological effects
• M aterial p ro p e rty  changes
• Radiolysis
• D ecay-product gas generation
• N uclear criticality

a E xplanations o f  n a tu ra l phenom ena are provided in Ref. [23].

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



(c) The combined effects of the waste and repository (e.g. thermal, chemical, 
mechanical, radiological etc.).

Table II suggests a list of phenomena potentially relevant to release and 
transport scenarios for waste repositories. Although the list may not contain 
all relevant phenomena, it provides a comprehensive view of the types of 
phenomenon that might be considered in safety analyses. Through a careful 
site investigation and site selection process [22—24], a major fraction of these 
phenomena can usually be, eliminated from detailed consideration. In the 
studies described here, this process of elimination has been assumed even though 
it is stated explicitly for only one study.

Scenario analysis models are used for defining and analysing potential 
phenomena which might change the state of the system. For example, faulting 
through or in proximity of a repository might change the permeability of the 
formation and the pattern of groundwater flow; or, with respect to glaciation, 
it would be necessary to estimate the effect of the overburden pressure on the 
degree of fracturing of the geological formation and the groundwater flow.

4.2. CONSEQUENCE ANALYSIS

The ultimate aim of consequence analysis is to determine the radiation 
doses to man resulting from the disposal of radioactive waste. The analysis of 
the radiological consequences involves calculations of the release, dispersion 
and transport of radionuclides from the waste form through engineered barriers, 
the repository, the geosphere and the biosphere, and finally calculations of 
radiation doses to man. These calculations lead to the estimation of individual 
and collective doses as a function of time after disposal. The total impact of 
the repository, considered as a source of exposure, is given by the collective 
dose commitment.

Consequence analysis begins with analysing the release of radionuclides 
from the waste form and the repository. Temperature distributions, mechanical 
stress conditions, radiolytic effects, corrosion and sorption are the major items 
involved. Subsequently, the geochemical and geohydrological processes in the 
host formation are analysed to estimate the transfer rate of radionuclides 
through the geosphere to the biosphere. Finally, the processes of biological 
uptake by man and resultant exposure are analysed to arrive at the doses to man.

Making the necessary calculations requires that the observed systems be 
mathematically described by models. It may be possible to work with specific 
models for each process in the pathway from the waste to man, but integrated 
models are also useful. The models must, however, be linked together in such
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a way that the calculations can be perform ed reliably. The com binations o f  
m odels used w ill depend upon  the situation .

4 .3 . D A T A  REQ UIREM ENTS

For safety  analyses o f  particular system s the fo llow ing  data are typ ica lly  
required:

(a) Waste characterization (com p osition  versus tim e, quantity , heat generation  
versus tim e etc .);

(b ) C ontainer characteristics (m echanical, chem ical etc .);
(c) R epository  characteristics (d im ensions, backfill/bu ffer, structural 

m aterial e tc .);
(d ) G eosphere characteristics (geo logy , h yd rogeology , geochem istry  etc .);
(e ) B iosphere characteristics (atm osphere, aquatic, terrestrial, dem ographic e tc .) .

Data are co llected  for com p on en ts o f  the to ta l system  from  existing data 
files and literature, laboratory experim ents, in-situ tests and field  observations; 
the site investigation  w ork is a particularly im portant part o f  the data co llection  
process. An im portant and unique aspect is that the data need to  be applicable 
for tim es far in  th e  future. In som e cases long-term  processes may be accelerated  
in experim ents that provide data w hich  can be applicable to  long-term  conditions. 
In other cases conceivable variations in data (e.g . due to  clim atic change) can be 
accou nted  for by variation analyses.

4 .4 . E V A L U A T IO N  A N D  APPLICATIO N OF R ESU LTS

The principal num erical results o f  safety  analyses for the post-sealing  
phase o f  a rep ository  are predicted  d oses to  individual m em bers o f  the public  
and co llective doses to  present and future generations; the results m ay also 
include estim ates o f  the probabilities that these doses w ill be received. D oses 
and probabilities m ay be com bined  to  calculate exp ected  doses, presented as 
dose d istribution  fu n ction s, or as separate sets o f  results. Predicted num bers 
o f  health  e ffec ts  can also be calculated , using appropriate d o se /e ffec t  
relationships.

The final stage o f  safety  assessm ent is the com parison o f  the safety  
analyses results w ith  accep tab ility  criteria developed by the appropriate national 
and international authorities. A t present, generally agreed criteria for disposal 
in con tin en ta l geo log ica l form ations do n o t ex ist, although the IA EA  and m any  
national regulatory bodies are dealing w ith the subject [1 , 17].
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4.5. DOCUMENTATION OF RESULTS

Clear and effective  d ocu m en tation  o f  sa fety  assessm ent results is necessary  
for com m unication , n o t on ly  w ith  the regulatory body but also w ith in  the 
im plem enting organization  and w ith  other in terested  parties. Such d ocu m en ta
tion  is needed  especia lly  because safety  assessm ents o f  w aste repositories are 
n ot num erous or fam iliar d ocum ents and the tech n o logy  is rapidly developing.

5. EXAMPLES OF SAFETY ANALYSES

The purpose o f  th is chapter is to  in troduce and describe six  safety  assess
m ents that have been selected  to  provide exam ples o f  the m eth ods used for 
safety  analyses. Chapter 6 provides com m entaries on these sa fety  analyses. 
The selected  exam ples, described in A p pend ixes A —F, are:

A ppendix R epository

A INFCE salt
B N etherlands dom ed salt
C INFCE hard rock (granite)
D Sw edish hard crystalline rock
E Canadian Shield crystalline rock
F Belgian clay

Each o f  these exam ples has been  organized and directed tow ards specific  
purposes, w ith  d ifferent assum ptions, so that the results m ay n o t be directly  
com parable; how ever, each  provides som e insights in to  the m ethods that can 
be used for assessing the sa fety  o f  geological d isposal o f  radioactive wastes.

5 .1 . IN FCE SA LT REPO SITO RY

B oth  the INFCE salt and hard-rock repository assessm ents [1 2 , 13] were 
designed to  evaluate and com pare the predicted  long-term  health  and safety  
im pacts o f  each o f  seven d ifferent reference fuel cycles w hen all radioactive 
w astes (ex cep t those associated  w ith  m ining and m illing) are placed in a 
geological repository. As w ith  th e rest o f  the INFCE stud ies, the purpose was 
on ly  to  com pare the fuel cycles; it was n o t to  prove or disprove the safety  
o f  disposal in  a particular m edium  -  quite the contrary, the assum ptions in 
alm ost all cases were chosen  for their extrem e conservatism  and th e  sites were
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kept generic so  th ey  w ould  n o t be interpreted as representative o f  any specific  
site in any particular country.

The generic site o f  the salt repository was assum ed to  be located  in a large, 
undeform ed sedim entary basin. The top  o f  the salt form ation  was assumed  
to  be 2 5 0  m b elow  the surface, and the horizon  o f  the single-level repository  
was 6 0 0  m below  th e surface. T he salt form ation  was assum ed to  ex tend  
dow nw ards in d efin ite ly , w ith  no  aquifers beneath the repository. The hydrological 
system  above the salt is typical for a layered sedim entary sequence found in 
conjunction  w ith  salt. The aquifers con n ect to  a river, 6 .2  km  from  the repository  
w ith a flo w  rate o f  5 0 0  m 3/s. The hydraulic gradients in all aquifer system s 
were assum ed to  be 1 m /km  in the direction  o f  the river.

T w o general cases were analysed for each fuel cycle , one w ith ou t a major 
disturbance (norm al scenario) and one in w hich a major geological perturbation  
(abnorm al scenario) breached the repository conta in m ent. F or the norm al 
scenario the repository site w ould  n ot experience w ith in  several m illion  years a 
disruptive event that w ould  release radionuclides to  the biosphere. Solid  
materials buried in salt generally w ill n o t m ove by them selves. W ithout flow ing  
water on ly  solid-state d iffusion  can m ove the radionuclides from  their point 
o f  burial.

The abnorm al scenario assum ed an incredible, v io lent geological event 
w hich resulted in the creation o f  a saturated brine pathw ay from  the overlying  
aquifer system  through the repository and back to  the river or biosphere.
Further conservative assum ptions regarding this abnorm al scenario included  
breach in itia tion  50  years after closure, no engineered barriers and d issolu tion  
o f  h a lf the entire repository w aste in a period o f  3 0 0 0  to  4 0 0 0  years as a result 
o f  the elevation  in tem perature and the assum ption that the w aste had dis
integrated in to  sm all particles.

A nalysis o f  the geohydrological system  for the abnorm al scenario indicated  
a groundw ater travel tim e o f  100  0 0 0  years; radionuclide d ecay , retention  and 
dispersion were also m odelled  w ith  a transport code.

Concern has been expressed that the abnorm al scenario, described above, 
is n ot a reasonable one; the authors acknow ledge the unreasonable nature o f  
the scenario but chose it on ly  to  facilitate  an analysis that w ould allow  the  
fuel cycles to  be com pared. It was considered o n ly  as representative o f  a w orst 
case flow  through a salt repository and it did account for the m itigating e ffects  
o f  th e  geohydrological system  isolating the radionuclides from  th e biosphere.
The m odelling results confirm ed that deep geological system s such as the  
h yp oth etica l salt site  described cann ot m aintain very productive flow  system s  
through a ruptured repository even for the postu lated  occurrence o f  an 
extrem ely  v io len t geo log ica l event such as that m odelled  for the abnorm al scenario.

R elatively sim ple dose m odels, derived from  m ore com p lex  dose codes, 
were u tilized  for assessing dose to  the m ost exp osed  individual as a result o f  
50 years’ exposure after 50  years’ environm ental buildup at the peak value. To
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obtain  m axim um  possib le doses, the tim es o f  peak iso to p e  concentrations  
were obtained  from  the transport m odel, and the contribution  to  dose by all 
nuclides was calculated  at each peak tim e. F or assessm ent purposes these  
doses were com pared w ith  a dose an average individual m ight receive from  
natural background radiation during the sam e 50-year period.

5.2 . N E T H E R L A N D S DOM ED SA LT REPO SITO RY

A  generic safety  assessm ent was perform ed by  the R adioactive Wastes 
Subcom m ission  o f  the Interm inisterial N uclear Energy C om m ission to  determ ine  
the feasib ility  and the accep tab ility  o f  the disposal o f  high-level radioactive  
w astes in to  rock  salt form ations. The sa fety  analyses for th is assessm ent included:

(a) G eoh ydrologica l m odelling to  establish  the iso lation  properties o f  a salt 
dom e for w aste disposal purposes; and

(b) A n analysis o f  the radiation doses fo llow in g  a radionuclide release in the  
distant future from  th e salt dom e repository along d ifferent pathw ay m odels.

The report o f  the w orking group on  sa fety  assessm ent included geological 
data from  the State G eological Service, geohydrological m odel calculations made 
by the G eohydrological D ivision o f  the N ational Institu te  for Water Supply , and 
radionuclide release scenarios and radiation dose calcu lations provided by the  
Institu te  for A pp lication  o f  N uclear Sciences in A griculture. The report on  the  
feasib ility  o f  radioactive w aste disposal in salt form ations in th e  N etherlands 
was published by the Interm inisterial N uclear Energy C om m ission  [7].

For the generic safety  assessm ent the repository tunnels were assum ed to  
be situated at a 6 0 0  m depth  in a salt dom e structure w hich  had its top  rock  
salt at a depth  o f  3 0 0  m. There was a m inim um  isolation  shield o f  2 0 0  m o f  
rock salt on the flanks o f  the salt dom e. The conceptual design studies evolved  
from  (a) the disposal o f  50 0 0 0  canisters o f  high-level w aste (HLW ) in 50  m deep  
bore-holes at three consecu tive disposal levels at 6 0 0 , 7 5 0  and 9 0 0  m deep to
(b ) the disposal o f  th e sam e num ber o f  canisters in 3 0 0  m deep bore-holes from  
6 0 0  to  9 0 0  m. Each canister was assum ed to  contain  50  litres o f  so lid ified  HLW 
derived from  reprocessing 0 .6  t LWR fuel.

The scenario used for establishing an average groundw ater velocity  over and 
around th e  top  o f  the salt dom e was based on existing geolog ica l, geophysical 
and geohydrolog ica l kn ow ledge. A m odel was developed  to  calculate the rate 
o f  groundw ater flo w  in the system  o f  tw o  aquifers separated by a sem i-pervious 
layer. The process o f  up lift o f  salt dom es (diapirism ) is o f  great im portance  
w ith  respect to  the possib le d isso lu tion  o f  the iso lation  shield o f  rock salt 
surrounding th e  repository. Substantial up lift can lead to  con tact w ith  the
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upper aquifer where relatively high flow  velocities occu r in com parison w ith  
the low er aquifer.

For a future radionuclide release from  the salt dom e repository, several 
scenarios were considered feasible depending upon the rate o f  continuous  
upward m ovem ent o f  the salt dom e, the groundw ater v e loc ity , and the e ffect  
o f  long-term  clim atological changes. A series o f  values o f  upward m ovem ent 
o f  the salt, varying from  0 .2 5  to  2 .5  m m /year, was used in the m odel calculations. 
Even w ith  the m axim um  uplift rate o f  2 .5  m m /year, ap proxim ately  2 5 0  0 0 0  years 

w ould elapse before the disposed w aste w ould reach the surface. For the generic  
safety  assessm ent no  credit was taken for repository design or for any engineered  
barriers; thus, the w aste was considered to  surface alm ost intact.

Biosphere analyses considered several pathw ay m odels to  calculate the  
consequences o f  the p oten tia l releases (in itiated  2 5 0  0 0 0  years after disposal) 
in the form  o f  radiation doses to  a future population  living near the contam inated  
area. T hese included:

A drinking w ater m odel;
An inhalation  m odel;
T w o agricultural m odels, on e in w hich the radionuclides are taken up in 
plants and reach hum ans d irectly  through the food  chain and another in 
w hich th ey  are eaten  by cattle and reach hum ans via the m ilk or m eat chain; 
A n external radiation exposure m odel; and 
A fishery m odel.

The radiation doses calculated from  the d ifferent uptake m odels were 
com pared w ith  the exposure due to  natural radiation.

5.3. INFCE H A R D  ROCK (G R A N IT E ) REPOSITO RY

The purpose o f  this hard rock  repository assessm ent [13 ] was discussed  
in Section  5 .1 .

The generic site o f  the repository was assum ed to  be com posed  o f  relatively  
large areas o f  granite or gneiss consisting o f  solid  rock b locks surrounded by  
sm all fracture planes or jo in ts that are in terconnected  to  som e degree. This 
degree o f  in tercon n ection  results in lo w  perm eability  and porosity  associated  
w ith these relatively large areas. These large areas o f  low  perm eability  rock, 
dom inated  by flow  through jo in t system s, are bounded  by fractured zon es w hich  
need n o t be con tin u ou s throughout the rock mass and w hich  vary in length  
and w idth  according to  the stresses w hich now  ex ist, or caused these highly  
fractured zones. The ex ten t o f  the area considered is a square 25 0 0 0  m  on a side. 
W ithin this area there ex ists a sea to  the north  along w ith  lakes and rivers.
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A subdued version o f  the topography was used to  represent the groundw ater  
table e levations throughout the region. The groundw ater divide to  the sou th  
has an altitude o f  4 0  to  45  m  above the level o f  the sea to  the north.

The objective o f  the m odelling efforts for this study  was to  predict the  
transport rate o f  radioactive contam inants from  the repository through the 
geosphere to  th e  b iosphere, and thus estim ate the poten tia l dose to  hum ans so  
that the release consequence im pacts o f  the various fuel cycles cou ld  be com pared. 
Because the data on hard crystalline rock  indicate breach o f  the repository to  
be highly im probable, o n ly  a norm al scenario was studied. In this scenario, 
radionuclides are m oved by the sm all am ounts o f  w ater (norm ally present in 
hard crystalline rocks at depth) o u t o f  the repository area after the w aste 
canisters have failed.

It was assum ed that a groundw ater flow  rate o f  2 .6  m 3/year passed through  
the entire repository and slow ly  leached the radionuclides from  the wastes.
The release o f  radionuclides from  the vitrified w aste w ith in  a d iffusion  barrier 
was assum ed to  correspond to  that for d iffusion  o f  am orphous hydrated silica.
Other species were assum ed to  be released in proportion  to  their concentration  
relative to  silica.

Prediction o f  radionuclide transport required an estim ate o f  groundw ater  
m ovem ent because w ater is the main transport m edium  for waste m ovem ent 
in a geohydrolog ica l system . A num erical three-dim ensional groundw ater  
hydrological cod e was used. For the generic site the average stream line 
parameters (indicating the length  o f  path and tim e for m ovem ent o f  contam inants  
from  the repository to  th e biosphere) were estim ated  to  be:

Average distance — 7 100 m
Average velocity  — 0.61 m /year
Average water travel tim e — 11 7 0 0  years

The ou tp u t from  the hydrological m odel was used as input to  the o n e
dim ensional transport m odel that was used to  m odel radioactive decay and
rock-nuclide-w ater reactions.

The radionuclides in the groundw ater were assum ed to  enter th e biosphere  
environm ent as seepage in to  a fresh-water lake. Subsequent transport in the  
biosphere was m odelled  using a m ulticom partm ent m odel w ith  parameters 
selected  to  represent the reference granitic site. In th is m odel the radioactivity  
in each com partm ent is described m athem atically  by a system  o f  linear first- 
order differential equations w ith  constan t transfer rates betw een  the com partm ents. 
P roduction o f  radioactive daughters w ithin  each com parm ent is considered.
The exchange o f  radionuclides b etw een  com partm ents is described by  transfer 
coeffic ien ts  w hich  give turnover per unit tim e.

The m odel o f  the biosphere was divided in to  three sub-system s o f  pro
gressively increasing size referring to  regional, in term ediate and global ecosystem s.
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T he structure o f  the m od el perm its the recirculation o f  radionuclides betw een  
different com partm ents. The regional ecosystem  includes a fresh-water lake 
(receptor o f  groundw ater activ ity ), lake sed im ents, so il and subsurface ground
water. The in term ediate ecosystem  is represented by a large lake or sea w ith  
associated  sed im ents. The atm osphere above the regional area and interm ediate  
sea area is th e tropospheric air volum e up to  an altitude o f  one kilom etre.
T he global ecosystem  m odels the oceans, the con tin en ts, and the global 
atm osphere.

T he calculated  concentrations o f  radionuclides in th e  biosphere were used  
in the exposure pathw ay analysis to  estim ate th e  to ta l intake by the m ost 
exp osed  individual. Pathw ays considered include inhalation , ingestion  o f  food  
and drinking water, and external exposure from  m aterial deposited  on the 
ground; pathw ays found  to  be o f  principal im portance were ingestion  o f  food  
and drinking w ater. The pathw ay analysis provides the individual’s external 
dose and the inhalation  and ingestion  rate for each radionuclide. T he intake  
rates are used to  calculate w eighted  w h ole-bod y doses for each radionuclide.

5 .4 . SW EDISH H A R D  C R Y STA L LIN E  ROCK R EPO SITO RY

In 1977  the Sw edish  Parliam ent passed a N uclear Stipu lation  Law w hich  
requires that prior to  the loading o f  fuel and operation  o f  any n ew  nuclear  
pow er reactor in Sw eden the reactor operator shall, am ong other things, show  
h ow  and w here high-level w aste from  reprocessing (or spent unreprocessed  
nuclear fu el) can be finally  d isposed  o f  in an “ abso lu tely  sa fe” way. The 
Sw edish nuclear pow er industry responded to  the proposed  bill by  organizing  
the N uclear F uel Safety  Project (K BS).

The KBS project investigated b oth  th e alternatives (high-level w aste from  
reprocessing and,spent unreprocessed fu e l) w hich were m ention ed  in the  
Stipulation  Law. A  report o f  the handling and final storage o f  high-level 
vitrified w aste was published in D ecem ber 1977 [1 4 ]. Thereafter, this report 
was supplem ented  by additional geological investigations. Based on these 
reports and an ex tensive review  by several Sw edish  and foreign organizations 
and individuals, the Sw edish  G overnm ent approved the fu el loading and 
startup o f  additional nuclear pow er reactors in June 1979  and in April 1980 . 
The KBS project has also com p leted  and published a study  on final storage o f  
unreprocessed spent fuel [25 ],

A pp en d ix  D describes som e o f  the m ethods and data used for the safety  
analyses included in the first KBS reports. T hese m ethod s reflect the develop 
m ent status by m id -1977  w hen the analyses were m ade and are very similar 
to  those used for the IN FCE hard-rock repository stud y just described; 
how ever, the KBS stud ies were m uch m ore extensive and com plete .
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The sa fety  analyses were carried o u t w ith  the requirem ents and w ith  the 
in terpretation  o f  the law in  m ind. N o effo rt was m ade to  perform  the kind  
o f  analyses w hich  w ould  be required for licensing a repository at a sp ecific  site.

The repository studied  was supposed  to  be located  in hard crystalline  
rock o f  granite or gneiss. This typ e o f  bedrock  is abundant in Sw eden. The  
size o f  the generic rep ository was about 1 km 2 and it was located  at 50 0  m  
depth . It w ould  contain  vitrified high-livel w aste from  the 3 0 0  G W (e)-a  
nuclear program m e w ith  light-w ater reactors, authorized in Sw eden by a 1975  
parliam entary decision .

Because o f  the legal requirem ents, very cautious assum ptions, m odels  
and data were used throughout th e  sa fety  analyses. The results show  
calculated  m axim um  dose rates that are w ith in  the lim its recom m ended  by  
Sw edish  A uthorities for nuclear installations. The m axim um  levels o f  radio
nuclides in recipients (i.e . receiving bod ies such as a lake or a w ell) were fou nd  
to  be com parable to  the natural levels o f  radionuclides. The estim ated  doses 
were foun d  to  be less than the flu ctu ation s in th e natural radiation level.

5 .5 . C A N A D IA N  SH IELD  C R Y STA L LIN E  ROCK REPO SITO RY

The Canadian D isposal C oncept is to  im m obilize  the fuel w aste by  
rendering it stable chem ically  and m echanically  and em placing it in a deep  
underground repository (see F ig .2 ) in a stable geo log ica l form ation  [10 ].
Since no  decision  has y e t  been  m ade in Canada on fuel recycling, im m obilization  
tech n o logy  is being developed  for tw o  options: disposal o f  irradiated fuel 
itse lf  and disposal o f  the separated w astes that w ould  result from  reprocessing  
Candu fuel.

Work by  the G eological Survey o f  Canada (G SC) in the early ’seventies 
led to  the conclusion  that the geological hosts m eriting h ighest priority for  
stu d y  in Canada w ould  be igneous rock  form ations in the Canadian Shield know n  
as p lutons. (A  p lu ton  is an intrusive igneous rock form ation  w hich  resem bles 
an underground m ountain .) S ince m ost nuclear pow er produ ction  in Canada 
w ill be centred in Ontario for som e tim e to  com e, the search for disposal 
form ations is at present restricted to  that province. W ithin the O ntario portion  
o f  the Canadian Shield , approxim ately  1400  p lu tons have been identified  
b y  the GSC.

T he current program m e for nuclear fu el w aste disposal is in a C oncept 
A ssessm ent phase in  w hich  the objective is to  carry ou t the research and 
assessm ent o f  the con cep t o f  geo log ica l d isposal, w ith ou t consideration  o f  
sp ecific  sites. I f  th e results o f  the C oncept A ssessm ent phase are deem ed to  be 
satisfactory, this w ill be fo llow ed  by  site selection .
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The general objective o f  the environm ental assessm ent studies for nuclear 
w aste disposal is to  estim ate the to ta l e ffec t on hum ans and the environm ent 
o f  the construction , operation  and contin ued  ex isten ce  o f  all disposal facilities 
and auxiliary system s. The assessm ents are divided in to  tw o  parts: the pre
closure assessm ent and the post-closure assessm ent. For the pre-closure phase 
the to ta l im pact o f  transportation, im m obilization , em placem ent and d ecom 
m issioning are considered. Pre-closure assessm ent evaluates social and econ om ic  
im pacts, and radiological and non-radiological im pacts on the public, workers 
and th e  environm ent. M ost o f  the research and developm ent has focused  on  
the post-closure phase, th e scope o f  this report. Post-closure assessm ent 
includes the evaluation o f  processes w ithin the vault (i.e . the w aste repository), 
the geological form ation  and the biosphere.

D etailed  com puter programs are being developed  and applied for hydro- 
geological and chem ical m odelling. H ydrogeological m odelling is carried ou t  
w ith fin ite-d ifferen ce and fin ite-elem en t codes for three-dim ensional porous  
flow , heat and mass transport. C om puter programs are being developed to  
calculate flow  in in terconnected  rock fractures. T hey include routines for  
analysing field  m easurem ents statistically  to  prepare the fracture m atrix input. 
The com p lex  equilibria betw een  so lu tions and solids are being analysed from  
tw o  directions: chem ical m odelling program s, togeth er w ith  measured  
fundam ental data, are being used for detailed calculations; and em pirical 
relationships are being derived from  experim ental observations on representa
tive system s.

System s analysis programs link  togeth er  the hydrogeological, chem ical 
and mass transport processes w ith in  the vault, geosphere and biosphere, 
respectively.

The system s variability analysis code integrates the to ta l system  and sam ples 
data from  distributions reflecting the uncertainty  and variability in the data  
values. The resulting o u tp u t is a histogram  o f  consequence (dose to  hum ans) 
versus probability , indicating th e  m ost probable consequence o f  a project, and 
other consequence estim ates, together w ith  their probability  o f  occurrence.

T he present status o f  the m eth od o logy  developm ent and application is 
described, together w ith  results obtained to  date.

5 .6 . BELG IAN  C LA Y  REPO SITO RY

In 1 9 74 , the decision  was taken in Belgium  to  start research and d evelop 
m ent w ork on geolog ica l disposal o f  con d itioned  reprocessing w astes. This 
program m e is managed by  the C EN /SC K  (N uclear Energy R esearch C entre) 
o f  Mol. The sa fety  analysis studies for post-closure long-term  repository
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perform ance are still in progress and no com prehensive safety  assessm ent report 
is currently available; the w ork is introduced b e low  and discussed in A p p en d ix  F.

An inventory  o f  poten tia l geological d isposal form ations indicated  that 
on ly  clays and shales could be considered as p oten tia l host rocks in B elgium  [26 ]. 
Several poten tia l areas w ith  underground clay and shale form ations were 
id en tified . One o f  th em  is situated in the north-eastern part o f  the territory  
w here the N uclear Energy R esearch Centre (C E N /SC K ) and som e other nuclear  
industrial and research facilities are located . Thus, it was decided to  focu s the 
research and d evelopm ent program m e on the B oom  clay underlying the  
C EN /SC K  site at M ol, because it is believed that this form ation  presents favourable 
characteristics for m eeting the requirem ents for disposal o f  con d itioned  high- 
level and/or long-lived radioactive wastes.

The site-specific  program m e covers tw o  main areas o f  investigation: 
con cep t developm ent and safety  assessm ent. B oth  are supported by m odelling, 
field , in situ  and laboratory investigations.

Safety  analyses for tw o  d istinct scenarios are being develop ed . In one  
scenario (norm al case) the future evo lu tion  o f  the repository, ow ing to  its 
natural degradation, is considered . A  second  scenario (abnorm al case) is based  
on  a p oten tia l d isruption o f  the geological and geochem ical barrier fu n ction  
o f  the B oom  clay. B oth  scenarios w ill be based on  the sp ecific  repository  
con cep t that has been developed for disposal in the B oom  clay at the Mol site [11 ].

The abnorm al case stu dy is n ow  further developed  than the norm al case 
study and is being perform ed in close collaboration  betw een  C EN /SC K  and 
the Jo in t R esearch C entre (JR C) o f  the C om m ission o f  the European C om m unities  

at Ispra. In this study  the JRC m eth od o logy  for risk assessm ent [27 , 28 ] is 
being applied for the specific  case o f  a B oom  clay repository. The selection  o f  
the abnorm al release scenario is m ade on  the basis o f  a probabilistic fault-tree 
analysis [2 9 ] o f  h ow  natural and'geological events or processes, and non- 
in ten tion al hum an activ ities, cou ld  breach the barrier fu n ction  o f  the B oom  
clay form ation . The first abnorm al release scenario thus considers a faulting  
ph en om en on  triggering a release to  the enveloping aquifers, and water flow ing  
in  a contam inated  w ater p lum e. A n in gestion  pathw ay w ith  direct consum ption  
o f  the water, and an inhalation  pathw ay due to  re-suspension in the air o f  soil 
dust po llu ted  by soil irrigation, are considered for estim ating th e  dose rates 
to  a m ost exp osed  individual. O ther abnorm al release scenarios, related to  
glacial erosion  and non-in ten tional hum an in trusion , have also been exam ined, 
but are n o t discussed here.

T he norm al case stu dy scenario is based on  the loss o f  the engineered  
barrier fu n ction s provided by the w aste package (w aste form  and container).
The subsequent m igration o f  radionuclides through the w ater-filled pore space 
o f  th e  clay form ation  is m odelled , and releases in the overlying and underlying  
aquifers are estim ated . For m igration w ith in  the clay form ation  a three- 
dim ensional sp ecific  m od el has been  developed  [3 0 ] , T he pathw ays back to
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man to  be considered in the norm al case scenario w ill be similar to  th ose o f  
the abnorm al case.

6. COMMENTARIES ON SAFETY ANALYSES

In any radioactive w aste disposal program m e, safety  analysis m eth od s play  
m ore than the single role o f  providing in form ation  for the final sa fety  assessm ent 
required for repository licensing, construction  and operation . A s stated  in R ef. [2], 
they  are applicable for:

(a) C on cept evaluation;
(b ) S ite evaluation;
(c ) R epository  design evaluation; and
(d ) R epository  system  licensing.

The level o f  sop h istication  o f  the analyses and the quality  o f  the results increase 
as the repository system  design and d evelopm ent proceed.

Safety  analysis studies m ay proceed  from  generic to  site-specific  studies.
As the stud ies progress through th e  Various stages, the data vary from  scanty or 
non-ex isten t to  su ffic ien t, and th e uncertainty  bands b ecom e narrower. The 
m issing data (or design in form ation ), or broad range in th e  uncerta in ty  band for  
the data, w ill generally require that the m odelling or analysis vary from  sim ple  
to  m ore com p lex  as the stu dy  ty p e  and purpose m ove from  (a) to  (d ). The 
exam ples in troduced  and described in Chapter 5 illustrate stud ies o f  all but the  
last general typ e. W ith the ex cep tio n  o f  the KBS and N etherlands studies, the 
exam ples are o f  the first tw o  typ es. T he KBS and N etherlands stud ies represent 
m ore com p lete  studies approaching the last typ e. The KBS and the Canadian  
studies illustrate the use o f  sensitiv ity  analyses and validation  m eth od o log ies  
that are inform ative for all typ es o f  stu dy and for safety  analyses for repository  
system  licensing.

T he diagram for safety  analysis com p on en ts and in teractions show n in 
F ig .2 in Chapter 4  ind icates a p h ilosop h y  o f  scenario analysis fo llow ed  by  con 
sequence analysis. Som e m ore recent thinking ind icates that scenario selection  
and con seq u en ce analysis m ay need to  be m ore c lo se ly  integrated and expanded  
to  deal w ith  the u ncertain ty  q u estion  in a stochastic  w ay, as is illustrated by  
the Canadian approach. In add ition , analyses require close integration  to  study  
the in teraction  betw een  processes and events that through tim e have the poten tia l 
to  a ffect th e  in tegrity  o f  a rep ository  (e .g ., u p lift a lone m ay present n o  problem , 
erosion  alone m ay present no problem , but u p lift m ight lead to  increased erosion  
w hich m ight lead to  loss o f  integrity o f  th e  repository).
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In the fo llow in g  section s o f  th is chapter on scenario selection s and reposi
tory, geosphere and b iosphere analyses, the m eth od o logy  requirem ents, data  
requirem ents, som e sense o f  ranking and poten tia l problem  areas are discussed. 
C om m ents are based on  the sp ecific  studies described in C hapter 5 and described  
m ore ex ten sively  in the A ppend ixes. Som e possib le d irections for future efforts  
are also suggested.

6 .1 . SC EN AR IO  SELECTIONS

To date little  w ork has been  published on a system atic  review  o f  poten tia l 
release and transport scenarios. Such a review  w ould  exam ine a w ide range o f  
scenarios, considering their lik elih ood  o f  occurrence and their consequences. 
O bvious d ifficu lties arise in allocating probabilities to  u n likely  events as w ell as 
in quantitatively  describing the resulting system  state. In hard rock  m ost a tten
tion  has been concentrated  on  the h ighest probability , “ norm al” case o f  long
term corrosion  and subsequent nuclide m igration. In salt, w here it is very 
d ifficu lt to  p ostu late  natural release m echanism s o f  significant probability , 
the analyst’s desire to  produce a calculable result has led to  the inclusion  o f  
highly im probable scenarios.

In the exam ples review ed, b o th  the salt cases con centrate on  single very  
conservative scenarios. A lth ough  th ey  can be ju stified  w ith in  the scop e o f  the  
studies perform ed, unrealistic fracture events (as in the INFCE stu d y) or high  
rates o f  u p lift (as in the N etherlands stu d y) should  n o t figure as im portant 
scenarios in any final salt disposal safety  assessm ents. T he INFCE and KBS 
hard-rock studies c ited  do n o t include consideration  o f  the con sequ en ces o f  low - 
probability  release scenarios. T he m ore recent Belgian clay study describes the  
consideration  o f  a w ider range o f  poten tia l release scenarios in a m anner w hich  
is also being applied now  to  other host-rock  types.

There is a clear need to  concentrate on  developm ent and analysis o f  
realistic release and transport scenarios. In all sa fety  assessm ents, consideration  
o f  a w ide range o f  scenarios, together w ith  their probabilities o f  occurrence, w ill 
increase understanding o f  the relative im portance o f  events and processes con 
sidered. C om prehensive scenario lists are n ot possib le for generic stud ies o f  the  
typ e m ost com m on ly  perform ed to  date since the characteristics o f  th e specific  
site chosen  w ill play a decisive role in im proving the quantitative description  
o f  the system .

6.2 . REPO SITO RY A N A L Y SE S

T he scope o f  com m en ts to  be included in  th is section  is set by  the item s  
included in the left-hand box  in F ig .2. T he broad aim o f  all m odelling  o f  the  
repository analyses is to  produce a radionuclide source term for input to
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geosphere analyses or, in som e cases, d irectly  to  the biosphere analyses. As the  
m odelling requirem ents for rep ository analyses are discussed b elow , individual 
m odels describing sp ecific  parts o f  the system  are em phasized. Clearly such  
separation is som ew hat artificial and m any in terdependencies m ust be accou nted  
for in the com bined  system . A sim ple exam ple is the dependence o f  w aste  
leach rates upon  the water flow s predicted by h ydrogeological m od els. C urrently, 
various groups are w orking at integrating m odels for use in iterative, intercoupled  
analyses.

6 .2 .1 . M odelling requirem ents

For th e  repository part o f  the to ta l analysis w e have iden tified  five com 
ponents, the characteristics o f  w hich can a ffect the radionuclide source term  
w hich is required for subsequent use in geosphere or biosphere analyses. For  
each com p on en t there are various processes w hich  can in fluence these charac
teristics and w hich  m ust be capable o f  being m odelled  by the safety  analyst.
The repository com p on en ts and processes are sum m arized in Table III.

Sum m arized b elow  are som e remarks upon  the general im portance and the 
status o f  the m odelling areas indicated in Table III. It is obvious, how ever, that 
n ot all com p on en ts are relevant for disposal in all h ost rocks and that the 
im portance o f  the processes w hich  can occur varies greatly w ith  h ost rock. In 
the fo llow in g  section s th e  m ost im portant m odelling areas are therefore high
lighted for each h ost rock  in turn. C om m ents are also included on  th e  studies 
review ed, w ith  respect to  th e  range o f  m od els em p loyed  and th e  level o f  these  
m odels.

(a) Waste fo rm

A descrip tion  o f  the form  o f  the w aste is clearly an im portant starting point 
for any analysis. T he first o f  the various processes affectin g  the w aste form  and 
requiring m odelling is radioactive decay. O ne should be able to  predict, as a 
fu n ction  o f  tim e, the n uclide concentrations, th e  heat em ission  and con seq uent 
tem perature d istributions and the radiation d oses delivered to  th e  w aste m atrix  
and the surrounding m edia. E xam ples o f  m odels used to  treat th ese  problem s 
are the O R IG EN  [31 ] and BEG AFIP [3 2 ] cod es, w hich  w ere used in studies 
review ed in th is report.

If flu ids can con tact the w aste, leaching or d isso lu tion  processes should  be 
m odelled . L each rates are a ffected  by  a w ide range o f  param eters including  
geom etry , physical state o f  the w aste form , tem perature, pressure, groundw ater  
flow  and chem istry  etc. Current m odels do n o t handle all these effects.
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TABLE III. R EPO SITO RY  COM PONENTS A N D  PROCESSES  
TO BE M ODELLED

Com ponent Processes

(a) Waste form Radioactive decay
— com position changes
— heat production
— radiation 
Leaching/dissolution 
Mechanical stresses

(b) Canister Corrosion 
Mechanical stresses 
Radiation effects

(c) B uffer/backfill/structural 
m aterial

Nuclide migration 
Heating effects 
Wash ou t 
Radiation
Long-term  chemical and structural changes

(d) Host rock im m ediately
surrounding the repository

Heating effects 
Mechanical stresses 
Dissolution 
Nuclide migration 
Faulting 
Diapirism

(e) R epository seals Long-term  chemical and structural changes

M echanical stresses can also a ffect th e  w aste form  if  th ey  can reach levels 
w hich in flu en ce its physical in tegrity , bu t the im portance is generally low er  
than that o f  the processes m en tion ed  above.

(b ) Canister

F or cases w here a canister is exp ected  to  act as a p rotective barrier, the  
usefu l life tim e should be assessed. T his can ob viously  be a ffected  by corrosion, 
w hich depends u p on  the chem ical environm ent o f  the repository. M echanical 
stresses on  the canister, w hether built in or externally  im posed , can also affect  
the integrity and lifetim e. D irect irradiation e ffec ts  up on  th e canister should  
be estim ated , a lthough th ey  m ay be less im portant than indirect chem ical e ffects  
caused by  corrosive agents produced through radiolysis o f  w ater by radiation.
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(c) B u ffer, backfill and structural material

T he fu n ction  o f  the first tw o  o f  these com p on en ts, w hen  included  in a 
disposal system , is to  contro l th e  access o f  chem ically  active agents to  the  
canister and/or w aste form  and to  retard radionuclides w hich  m ay leave the 
w aste. A ccordingly , m igration through the buffer/backfill should be m odelled . 
The e ffec t o f  heating, irradiation and long-term  chem ical changes should also be  
considered. T he possib ility  o f  buffer properties being a ffected  by chem ical 
in teraction  w ith  structural m aterials can also be im portant i f  such m aterials 
rem ain in the repository after sealing.

(d ) H ost rock im m edia te ly  surrounding the repository

Processes w hich  occur throughout the b od y  o f  the repository h ost rock  
w ill norm ally be treated in geosphere analyses. T he rock  im m ediately  adjacent 
to  the repository , how ever, m ay be a ffected  by processes such as heating or 
stressing caused by the presence o f  the repository , or m ay be a ffected  by external 
processes such as faulting or diapirism in a m anner w hich  m ay need m odelling.

(e) R ep o sito ry  seals

The direct con n ection s o f  all repositories to  the biosphere during the  
operational phase m ust be sealed o f f  at closure. It is conceivab le that long-term  
chem ical or structural changes m ight lead to  deterioration  in the quality  o f  such  
seals; the m echanism s for failure and also the possib le consequ en ces o f  failure 
should be considered for each host-rock  type.

6.2.2. Comments on salt repository analyses

For salt repositories, in general, m any o f  the m odelling  issues included in 
Table III are irrelevant, or o f  reduced im portance, because o f  th e  absence o f  
significant w ater in th e  repository in all th e  m ore probable scenarios.

In the repository design the com p on en t that needs m ost m odelling is the 
w aste form  because th is com p on en t defines the radionuclide source term  and the  
decay heat develop m en t. M odelling w ill also be required to  define a disposal 
geom etry in  w h ich  the m axim um  rock-salt tem peratures w ill n o t exceed  certain  
preset lim its.

T he other com p on en t requiring good  m odelling  is the h ost rock surrounding  
the repository. P oten tia lly  im portant processes here are the d isp lacem ents  
caused by therm al expan sion  and by repository  closure due to  p lastic  deform a
tion  o f  th e  salt. A  further im portant process is the d isso lu tion  o f  salt w hich  
m ight occur ow in g  to  circulating groundw ater contactin g  the salt form ation .
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T he m ain d ifferences b etw een  bedded and dom e salt are related to  the  
geom etries o f  the form ation s and to  th e  fact that salt dom es usually  contain  
sm aller am ounts o f  clay and brine. T he presence o f  aquifers underlying a 
bedded  salt form ation  can increase m odelling  requirem ents for the processes 
involving water; diapiric u p lift, on  the other hand, can norm ally be ruled out 
for a bedded salt repository.

The repository designs are based on the geological m edium  as th e  dom inant 
iso lation  barrier. O ther com p on en ts such as canister, backfill and buffer material 
w ill therefore be less im portant areas for m odelling. O n the other hand, a failed  
shaft seal m ay short-circuit th is geo log ica l barrier so  th at analysis o f  th is possib ility  
is necessary.

T he N etherlands stud y described in this report defined  the w aste form , 
disposal geom etry  and leach rates. B ecause o f  th e  high rates o f  diapirism assum ed, 
the source term derived from  the repository analysis feed s d irectly  in to  a b io 
sphere analysis rather than the geosphere transport m odels w hich  fo llo w  in  
analyses o f  o th er h ost rocks. As w as m en tion ed  earlier, such high rates are 
unrealistic since repositories w ould  be located  on ly  in salt dom es, w hereby geo 
logical h istory  in d icates that a post-diapiric stage w ith  low  extrem ely  upward  
m ovem ent is in progress. A t m axim um  upward m ovem ents o f  around 0.1 m m /a  
or less, the m ost im portant process to  be m odelled  m ay be slow  d isso lu tion  o f  
the top  o f  the salt dom e by groundw aters below  th e  cap-rock.

6 .2 .3 . C om m ents on  hard-rock repository analyses

A hard-rock repository w ill contain  som e engineered barriers designed to  
iso late the w aste from  the surroundings. T he prim ary purpose o f  these barriers 
is to  delay leaching o f  th e  w aste. Further, th ey  should  ex ten d  the dispersal o f  
long-lived nuclides over a long period . T hese goals should be k ep t in m ind w hen  
considering the m odelling  requirem ents for hard-rock repository analysis.

T he release rates from  a hard-rock repository  to  the geosphere are depen
dent on  three m ain param eters. T hese are the life tim e o f  th e  w aste canisters, 
the leach rate from  th e w aste form , and the m igration o f  rad ionuclides through  
the buffer m aterial. T he relative im portance o f  these param eters is a fu n ction  
o f  the design o f  the repository and o f  the particular release scenario being  
m odelled . T he fo llow in g  com m en ts on  som e o f  the general m odelling  require
m en ts ind icated  in Table III reflect the experience gained in analyses aim ed at 
establishing th e  relevant ranges o f  values for th e  above-m entioned  param eters.

In hard rock , long-term  corrosion  and slow  leaching by  sm all quantities  
o f  groundw ater is the “ norm al” scenario considered . L each m od elling  should  
realistically  accou n t for th e  relevant environm ent o f  the w aste. T his m eans that 
leach  rates m easured in  th e  laboratory w ith  large quantities o f  w ater available 
should n o t be applied in norm al repository  con d ition s. In th e  Sw edish  study
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review ed, this conservative assum ption was m ade, although m ore realistic m odels  
were also considered; the INFCE hard-rock stu dy w ith  m ore realistic m odels  
arrived at tim es for com p lete  leaching w hich are m uch longer.

The canister is an independent barrier w hich  can isolate the w aste during 
the initial phase o f  relatively high heat and radiation p roduction . M odelling the  
corrosion  rate o f  the canister m ust account for the groundw ater chem istry in 
the repository. It is im portant to  include consideration  o f  how  th e  ch o ice  o f  
the buffer m aterial com p osition  adjacent to  the canister w ill in flu en ce the water 
chem istry. The im portance o f  m odelling th e production  o f  corrosive agents by  
radiolysis depends up on  the level o f  radiation penetrating the canister. Thick- 
w alled canister designs, like th ose in th e  Sw edish study, significantly reduce  
radiation levels.

In hard rock  the buffer m aterial can act b oth  as a chem ical and a m echanical 
buffer b etw een  canister and host rock. M igration can occur through flo w  o f  
water in the buffer or through d iffusion . M odelling m igration through th e buffer, 
as in the INFCE hard-rock study, is valuable for calculating transport o f  corrosion  
agents to  the w aste as w ell as transport o f  radionuclides from  the w aste. Since 
the buffer m aterial can be a ffected  by heating or irradiation, m odelling  o f  the  
tem perature and radiation fields in the buffer can be im portant. F inally , the  
possib ility  o f  loss o f  buffer m aterial through cracks or fau lt in the surrounding  
h ost rock should be considered . E xtensive analyses o f  th e  properties and behaviour 
o f  b en ton ite  as a buffer m aterial have been perform ed in the Sw edish  work  
subsequent to  the early studies review ed in th is report.

Therm al and m echanical in fluences on  the host rock  are im portant for hard 
rock because o f  poten tia l problem s w ith  spallation from the rock surface and 
effects  on  h ydrogeological characteristics. C om parisons betw een  experim ental 
and calculational results have show n that the pred iction  o f  tem perature distribu
tion s in hard rocks is generally m ore straightforward than pred iction  o f  stresses, 
since the latter are m ore affected  by details o f  th e  fracture system s in the rock.

Careful selection  o f  repository sites in hard rocks can reduce to  a very low  
level the probability  o f  a major fault intersecting the repository, but the possi
b ility  w ill be considered in a com p lete  analysis.

6.2.4. Comments on clay repository analyses

The tw o  com p on en ts o f  principal im portance are the w aste form  and the  
host rock, the latter being o f  prim e im portance because o f  th e  properties o f  
clay and th e  repository con cep t proposed . D epending, how ever, on  release 
scenarios selected  and on  tim e-scales involved, other com p on en ts m ay have to  
be considered. T he in teractions betw een  the tw o  principal com p on en ts are also 
significant.
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Clay contains a certain am ount o f  interstitial w ater w hich , because o f  the  
low  perm eability , can flow  on ly  ex trem ely  slow ly . R em oval o f  radionuclides 
from  the w aste cou ld  thus be represented by a slow  d isso lu tion  m od el. M odelling  
o f  the m igration o f  d isso lu tion  and corrosion products is im portant. T he chem ical 
and physical properties o f  clay determ ine the d iffu siv ity  and retardation. Pro
cesses like heating, w hich  can a ffect these properties, should be properly m odelled . 
Clay repositories contain  liners to  provide structural stab ility  during th e  operational 
phase, and their poten tia l long-term  effects  on  the chem istry in the repository  
should be studied.

Belgian w ork has dealt w ith  som e o f  the issues described above in analysing  
long-term  determ inistic release scenarios as w ell as som e probabilistic “ abnorm al” 
release scenarios. T he studies, how ever, represent a first approach, and thus 
sim plified and over-conservative m odels are em p loyed  in som e areas.

6 .3 . G EO SPH ERE A N A L Y SE S

C om m ents in th is section  on  geosphere analyses deal w ith  the three general 
areas show n in the left-hand side o f  the b ox  labelled “ S ite analyses” in F ig .2.
The broad aim o f  geosphere analysis m eth o d o lo g y  is to  provide the m eth od s  
for characterization and m odelling o f  the geological, hydrogeological and trans
port processes o f  poten tia l im portance. U se o f  these m eth od s then provides 
estim ates o f  the locations, concen trations, tim es and rates o f  entry in to  the 
biosphere o f  any radionuclides leaving the repository.

6 .3 .1 . H ydrogeological studies

6.3.1.1. M odelling requirem ents

The groundw ater flo w  w ill have profound  significance for any repository  
involving em placem ent o f  w aste in a non-salt geological form ation . C onsequently , 
great im portance is attached to  th e top ic  o f  hydrogeological m odelling.

In general, the phenom ena that should be taken in to  accou nt in m odelling  
the h ydrogeology  in h ost rocks and their adjacent m edia include porous flow ; 
fracture flow ; d iffusion  and dispersion; therm al effects; and so lu te  concentra
tion  gradients (e.g. brine gradients).

Im portant data required for porous flow  hydrogeological m odelling  include  
perm eabilities, hydraulic gradients and appropriate boundary cond ition s.

For fracture flo w  m odelling the requirem ents include fracture distribution  
and d im ensions, including w idth , orien tation  (dip and strike), spacing and degree 
o f  in terconnection .

M easurem ents o f  existing, and in ference o f  past, w ater-flow  fie ld s are o f  
value for validation  o f  com puter m odels.
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Particular atten tion  should be directed tow ards interpretation  o f  a lim ited  
am ount o f  field  inform ation  to  produce a p icture o f  the w h ole  geological form a
tion  to  be m odelled . Statistical m eth od s are probably appropriate to  do this.

The in fluence o f  elevated tem perature on  the major hydraulic param eters 
o f  the geosphere should be evaluated, including the developm ent o f  therm o- 
hydraulic gradients. For the hard-rock form ations the therm om echanical 
m odelling should  also accou nt for long-term  crack grow th and changes o f  
hydraulic gradient due to  therm al stresses.

6.3.1.2. C om m ents on  salt repository analyses

For the case o f  a repository in salt, the hydrogeological m odelling problem  
is essentially  to  predict the rate at w hich groundw ater flow s to  the boundary o f  
the salt form ation , dissolves the salt and carries the so lu te aw ay. I f  su ffic ien t 
salt is d issolved to  exp ose  the w aste to  water, the problem  b ecom es on e o f  pre
dicting h ow  the w ater w ill d issolve the w aste and carry it to  th e  b iosphere. It 
is necessary to  m odel the e ffec t o f  high salt concen trations on  the hydraulic  
properties o f  the so lu tion . For such m odelling requirem ents the ch o ice  o f  a code  
is strongly in fluenced  by  the properties o f  th e  form ations adjacent to  the salt 
and the im purities in th e  salt itself. G enerally a three-dim ensional cod e capable 
o f  treating high so lu te concen trations (brine), and possib ly  heat through the  
use o f  a porous m edia approxim ation , w ould  be selected . It is n o t alw ays 
necessary, or sensible, to  carry ou t a fu ll three-dim ensional flow  calculation.
For generic stud ies an approxim ate calculation  m ay be m ore appropriate, using  
‘lum ped’ param eters such as e ffective  average perm eability  and hydraulic gradient 
w ith som e approxim ate representation  o f  the location  o f  stream lines. H ow ever, 
in order to  give credibility  to  the param eters used, it is necessary that th ey  be 
derived from  real form ations w hich  are similar in structure to  the form ations  
assum ed for the generic assessm ent. O ne w ay o f  deriving such lum ped  para
m eters is to  m od el a real form ation  and adjust the program m e and data until 
a good  m atch  is ob tained  betw een  the predicted  and m easured results. The 
effective  perm eability  can then  be derived from  flo w  through a selected  region  
and hydraulic gradient across the region.

For the flo w  o f  w ater in the N etherlands dom ed salt stu dy, a tw o-dim ensional 
m odel was used, w ith  changing boundary con d ition s caused by the upw ard m ove
m ent o f  the salt itself. T he m od el used for the INFCE salt stud y was a three- 
dim ensional fin ite-e lem en t m ock-up o f  the to ta l site. T he capability  o f  th e  cod e  
used was w ell validated by com parison w ith  a fie ld  situation . H ow ever, the  
scenario m od elled  is unrealistic because o f  assum ptions o f  a m aintenance o f  a 
flow  path through salt w hen  such a path cou ld  n o t, in fact, rem ain open . The 
return flo w  w ould  b ecom e super-saturated ow in g  to  the geotherm al gradient
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and w ould  thus precip itate salt to  cause the fractures to  seal. N evertheless, before  
this scenario is criticized  further, its lim ited  purpose should be kept in m ind. It 
was on ly  to  be used to  com pare d ifferent fuel cycles, and thus any absolute  
estim ates o f  consequ en ces w ere unnecessary.

T he results from  the detailed m od el w ere then  used  to  estim ate averaged 
param eters for use in the MMT m ass transport cod e. This approach, using detailed  
m odelling to  derive averaged param eters and then transport m odelling using  
those param eters, seem s to  be m ost su itable and practical for the w aste disposal 
problem .

6.3.1.3. C om m ents on  hard-rock repository analyses

The major consideration  for m odelling groundw ater m ovem ent in  hard 
rock is fracture flow , w hich  is a com p lex  problem  n ot y e t treated com prehen
sively. Large fractures cou ld  ex ist and form  major condu its for flow . T he host 
rock  w ill be interlaced w ith  system s o f  m inor fractures and even th e  rock  itse lf  
has a certain degree o f  perm eability . A t the m icrofracture and p orous scale the  
transport m echanism s cou ld  be d iffusion -contro lled .

M odelling flow  in such a system  requires a con ceptualization  or m od el o f  
the system  that perm its practical m athem atical analysis, adequately  predicts 
quantities o f  interest, and does n ot require in form ation  w hich  w ould  be 
im practical to  ob ta in  from  field  observations. Insu fficien t in form ation  is 
available at present on  flow  in fractured rock to  say w ith  certainty  w hich  o f  
several possib le con cep tu a liza tion s is adequate. T he on ly  on e w hich  has actually  
been applied so far to  safety  analyses is to  approxim ate th e  fracture flo w  system  
w ith  a porous flow  m odel.

Sim ilarly, as for th e  INFCE salt study , three-dim ensional porous flow  
m odelling was carried ou t in the INFCE hard-rock study to  derive the hydro- 
geological param eters used in the G ETO U T transport code. Again, th is seem s 
to  be a very sensib le and practical approach to  the problem , keeping in m ind  
that it still rem ains for continu ing  research and developm ent studies to  investigate 
the adequacy o f  the porous flow  approxim ation .

For the Canadian study a range o f  hydrogeological parameters was used in 
a transport m od el called G A R D  [3 3 ], w hich  is similar to  G ETO U T [34], The 
param eters w ere derived from  an interpretation  o f  field  m easurem ents, expert 
op in ion  and som e three-dim ensional porous flow  calcu lations w ith  th e  SWIFT [35] 
code. T he very w ide range on  the resulting estim ations o f  the transit tim es to  the  
surface reflects the fact that th is was a generic stud y and a specific  site w as n ot 
used.

It also reflects the early stage o f  m easurem ent and estim ation  o f  equivalent 
porous flo w  param eters for fractured system s.
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6.3.1.4. Comments on clay repository analyses

There is som e question  as to  w hether there is any flow  in clay at all. For 
plastic in tact clays (n o t fissured or fractured) it is assum ed that a porous flow  
m odel could  be used.

The Belgian clay study involved tw o  typ es o f  calculation . F irst, for the  
exp ected  scenario a value o f  perm eability  was assum ed for the clay and a sim ple  
one-dim ensional Darcy flow  approxim ation  applied. This resulted in extrem ely  
low  flow  estim ates as w ould  be exp ected  for clay.

In the second approach a faulting event was proposed  to  fracture the clay  
and allow  leaching o f  th e  w aste.

6 .3 .2 . R adionuclide transport m odelling

6.3.2.1. Processes

The m igration o f  radionuclides in a saturated rock m ass is governed by  
several m echanism s such as con vection , d ispersion and retention . In addition , 
radioactive decay m ust be included since it causes reductions in the concentra
tions o f  radionuclides in the m edium  and also a generation o f  new  nuclides  
along the flo w  path. M igration o f  the decay products w ill take place according  
to  their ow n reten tion  properties and needs to  be considered in the transport 
m odels.

C onvection  is the m ovem ent o f  dissolved radionuclides w ith  the average 
velocity  o f  water. Its description  requires the know ledge o f  the flow  pattern  
w ith in  the rock mass w hich , in turn, can be in fluenced  by tem perature and 
other changes w hich  a ffect the density  o f  th e  fluid  such as m acro-solute con cen 
trations (e.g. brine concen tration ).

Dispersion  is the com bination  o f  m olecular d iffusion , w hich  can occur even  
under the con d ition  o f  no flow  and o f  hydrodynam ic dispersion. H ydrodynam ic  
dispersion represents the e ffect o f  the variation o f  the local v e loc ity  o f  water in 
the m edium  w ith  respect to  its average value as described by the convection .
This variation o f  v e loc ity  ex ists at any scale, from  m icroscop ic (in the pore) to  
m acroscop ic (ow ing to  h eterogen eity  o f  the m edium ) and even m egascopic  
(ow ing to  large-scale variations in the rock  properties, such as fractures). D is
persion causes m ixing and spreading (longitud inally  and transversally w ith  respect 
to  the flow  d irection ) o f  the transported elem ents.

Under con d ition s o f  no flow , m olecular d iffusion  is the on ly  m echanism  
generating m ovem en t o f  e lem en ts through the rock  m ass. H ow ever, if  tem pera
ture gradients ex ist, therm al d iffu sion  (Soret e ffec t)  can increase th is m igration.
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R e ten tio n  is a general term  covering all k inds o f  in teraction  that can take  
place b etw een  the transported elem en ts and the rock m atrix. A  non-exhaustive  

list cou ld  be:

Filtration;
M olecular d iffusion  o f  e lem ents in to  im m obile w ater (e.g . dead-end fracture, 

m atrix p orosity  adjacent to  the fracture ... );
Ion exchange (electrosta tic  binding o f  ions on  the surface o f  the solid);
C hem ical reactions betw een  radionuclides, o ther elem ents transported

in the w ater and the rock m atrix; these processes are tim e dependent 
(k in etics o f  the chem ical reaction);

P recip itation /d isso lu tion ;
F loccu lation .

Som e physical m echanism s (filtration , d iffu sion ) can be treated separately  
for each elem en t since there is no in teraction  or com p etition  betw een  these  
m echanism s. Som e o f  the other processes, generally o f  a chem ical nature 
(e.g. ion-exchange reactions, precip itation) m ust be m odelled  sim ultaneously  
for all elem ents present in the w ater as these m echanism s can interact and 
com p ete  w ith  each other.

So far, these basic p henom ena are o ften  n ot specifica lly  distinguished in 
m odels, their to ta l e ffects  being em pirically represented by a d istribution  co e f
fic ien t referred to  as K d , w hich  assum es that there is a constan t ratio betw een  
the am ount o f  radionuclides retained on  rocks and the am ount in so lu tion . Kd 
is defined  either per unit m ass o f  the rock  or by unit area o f  fractures and 
can be supported  by  tracer tests in situ or from  batch , colum n and w ater press 
experim ents in the laboratory. V ery seldom  do the tw o  typ es o f  m easurem ent 
m atch, the tracer tests giving generally sm aller values than the latter. The use 
o f  the K d im plies that each elem ent m igrates in d epend en tly  o f  the others, under a 
unique chem ical form  (e.g . ion  o f  a given valence, or com p lex  m olecu le  elec
trically neutral) and that reten tion  is instantaneous and reversible. Im provem ents 
have introduced a k inetic factor in the m odelling o f  reten tion . C onsequently , it 
m ust be p o in ted  o u t that chem ical exchange phenom ena are n o t the on ly  
phen om en a involved in the reten tion  factor.

6.3.2.2. M odels

M ost m od els developed sp far solve num erically the so-called “ dispersion  
eq u ation ” w hich  gives, for each radionuclide, the variation w ith  tim e o f  its 
con centration , C, in the w ater in relation  w ith  its concentration , F , retained  
by the solid . If the m edium  is porous and flow  takes p lace th roughout it, F is
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defined as the m ass o f  e lem en t retained per un it mass o f  rock; if  the m edium  is 
fractured, F is defined  as the m ass o f  e lem ent retained by un it area o f  fracture.

M ethods o f  so lu tion  o f  the equation  in  on e , tw o  or three d im ensions  
include:

A nalytical so lu tion;
F in ite  d ifferences or integrated fin ite  d ifferences;
F in ite  elem ents;
M ethod o f  characteristics (particle in cells, random w alk) w hich  solve 

separately th e  con vective and dispersive term s, the latter being  
m odelled  by the m ovem ent o f  a large num ber o f  particles through  
the m edium .

R ecen t theoretica l developm ents as w ell as field  experim ents have show n  
that th e  dispersion equation  on ly  very roughly approxim ates th e transport 
process [3 6 ,3 7 ] .  It appears indeed  that th e variations o f  v e loc ity  w hich  are 
represented b y  d ispersion seem  to  vary w ith  th e  average travel d istance o f  each  
elem ent, w hich cannot be accoun ted  for in the usual form ulation , and that a 
new  typ e o f  equ ation , w here the v e loc ity  variations are treated in a stochastic  
fram ew ork, should be developed. Such an approach is still in its in fancy.

6.3.2.3. Data requirem ents

C onvection  requires in form ation  about the flow  paths and velocities along  
these flow  paths. T hey can be either m easured in situ , or given by  hydrological 
m odelling.

Dispersion  requires the m easurem ent o f  th e m olecular d iffusion  coeffic ien t 
in the m edium  and data on hyd rodynam ic dispersion. In the classical approach  
a single d ispersion tensor is defined; co effic ien ts  are o ften  assum ed to  be linear 
fu n ction s o f  the ve loc ity . T hese co effic ien ts  can on ly  be m easured by per
form ing tracer tests in  situ , because values m easured in the laboratory on  cores 
are o n e  or tw o  orders o f  m agnitude sm aller than that m easured in situ. Even 
so , these co e ffic ien ts  are kn ow n to  b e a fu n ction  o f  the length  o f  the travel 
distance o f  the tracer during the test, w hich  is one o f  the drawbacks o f  the  
usual theory [3 8 ]. A rgum ent also goes on  about w hether the dispersion co e f
fic ien t is un ique for a given m edium , or w hether it is also a fu n ction  o f  the 
elem en t transported [39],

In the new  stoch astic  approach th e  in form ation  required is the probability  
distribution  fu n ction  o f  the v e loc ity  field  in the m edium  or, at least, som e o f  
its m om en ts (m ean, variance, co-variance). Such a set o f  data has n o t y e t  been  
obtained  in a real situation  but cou ld  be sought.
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F or reten tion , even if  each m echanism  cou ld  b e m od elled  precisely , the  
data requirem ents can be trem endous, especially  for chem ical speciation , 
chem ical reactions, including precip itation  and selective ion-exchange capacity. 
If this approach is used , the Eh and pH and the natural geochem ical equilibrium  
o f  the w ater in the m edium  are n eed ed , as w ell as a com p lete  m ineralogical 
description  o f  the rock and num erous chem ical reaction  constants.

If the sim ple K d approach is used , the equation  becom es:

F =  KdC, i f  reten tion  is instantaneous, and

9F
—  =  K (K dC — F ), i f  linear k in etic  is assum ed.

Data needed  are K d for each elem ent and possib ly  k inetic  constan ts, K, w hich  
can be d ifferent for sorption  and desorption .

Boundary and  initial cond itions  are also needed  for the transport equation . 
Boundary con d ition s describe the physical processes occurring at the end o f  the 
rock m ass (e.g. flow  in to  a lake, river, shallow  aquifer). Initial con d ition s  
describe the com p osition  o f  the w ater in the system  before any release o f  
radionuclide occurs.

6.3.2.4. D im ensional fac tors

The transport pattern in real m edia is three-d im ensional and ideally  should  
be m od elled  in that w ay. B ut, as three-d im ensional m odelling is expensive and 
lim ited  in term s o f  m esh  refin em ent, tw o- or one-d im ensional m odels m ay be 
som etim es preferred in th e  in itial investigative stages, w hen  other uncertainties 
preclude th e  need  for the refinem ent that a m ore detailed three-dim ensional 
m odel can provide.

(a) T w o-dim ensional m odels are adequate i f  a sym m etry  can be found  in the  
system  (e.g. radial flow , parallel flow ); otherw ise th ey  slightly under
estim ate transverse dispersion.

(b ) O ne-dim ensional m od els are seldom  representative o f  real field  situations, 
and th ey  grossly underestim ate transverse d ispersion (i.e . the calculated  
concentration  w ill be higher than the real on e, but the real o u tle t area will 
be m uch larger than predicted).

(c) O ne-dim ensional m odels are, how ever, very usefu l for generic studies and 
sensitivity analysis, as th ey  perm it running inexpensively  a large num ber 
o f  tests.
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6.3.2.5. Discussion

T he dispersion equation  was assum ed valid, w ith a constan t dispersion  
co effic ien t; the values used reflect either laboratory data (sm all dispersion) 
or average field  con d ition  (large dispersion);

T he m odelling w as in on e d im ension; and

T he sim ple con cep t o f  a linear isotherm  w ith instantaneous sorption  (the  
Kd approach) was used. (T he K d values for each radionuclide were 
determ ined from  laboratory m easurem ents.)

In all the study examples described in Chapter 5 it should be noted that:

6 .4 . BIOSPH ERE A N D  DOSIM ETRY A N A L Y SE S

Current m od els for estim ating radiation doses to  individuals o f  popu lation  
groups from  internal and external sources o f  radiation consider various exposure  
pathw ays ranging from  drinking w ater to  consum p tion  o f  fish , m eat, m ilk, 
vegetables, and to  direct external radiation. T hese m od els can also be used to  
estim ate co llective dose com m itm ents. It should be realized that these environ
m ental and dosim etric m od els were developed to  assess the consequences o f  
radionuclide releases from  nuclear facilities in the present tim e. T he level o f  
detail o f  the m odels reflects the ex tensive know ledge about the present 
environm ent, th e  present popu lation  and their interactions.

In relation  to  underground w aste repositories, it should be kept in mind  
that release o f  radionuclides in to  the environm ent is exp ected  to  take place in 
the very d istant future. T here is no possib ility  o f  predicting reliably the environ
m ental con d ition s and the p op u lation  distribution  over such a long period. In 
addition , the uncertain ties are com p oun ded  by the fact that the long-term  
developm ent o f  th e hum an species and its living habits are unknow n. A possible  
w ay to  overcom e the d ifficu lty  o f  predicting future con d ition s for th e environ
m ent and hum ankind is to  analyse a variety o f  poten tia l futures.

T he necessity  o f  providing a m eth od  for assessing the possib le consequences  
o f  future releases from  underground repositories is obvious. But it is d oubtfu l 
that detailed biosphere m odels are needed  to  analyse the radiological results o f  
releases from  underground repositories o f  radioactive w astes. T herefore, existing  
environm ental and dosim etric m od els are considered  m ore than adequate for the  
purpose o f  safety  analysis o f  radioactive w aste repositories; th e o n ly  m od ifica 
tion s that m ight be needed  are to  accou nt for long-term  e ffec ts  o f  slow  
environm ental processes.
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In all the safety  studies covered by th is report, the o u tcom e o f  th e  analyses 
resulted in expressions o f  annual doses for individuals o f  a p op u lation  group  
living in the p roxim ity  o f  th e repository. In som e cases the co llective dose  
com m itm en t was also calculated . In on e o f  the studies com parisons w ere also 
carried o u t w ith  natural levels o f  238U  and 226Ra in certain environm ental com 
partm ents and w ith  variations in natural background radiation. O nly in the  
Canadian study w ere probability  d istributions o f  doses derived.

As previously ind icated , to  com p lete  the safety  assessm ent the results o f  
safety  analyses need to  be com pared w ith  acceptab ility  criteria; at present, 
generally accepted  criteria have n o t been  established. A lthough  acceptab ility  
criteria, per se, are outside th e  scop e o f  th is report, som e com m ents are neces
sary to  ind icate the ty p e  o f  in form ation  needed  from  safety  analyses to  com plete  
a safety  assessm ent.

A  Canadian report [10 ] presents the fo llow in g  alternative bases o f  com 
parison on w hich  to  judge the accep tab ility  o f  a future release from  an 
underground repository:

(a) The predicted  dose to  individuals in the m ost exposed  group should not
exceed  som e specified  fraction  o f  ICRP recom m ended  levels [41 ];

(b) T he predicted  dose to  individuals in the m ost exp osed  group should  not
exceed  som e specified  fraction  o f  natural background dose;

(c) The predicted  radionuclide levels in the environm ent due to  the disposal 
operation  should n o t exceed  som e fraction  o f  the natural radionuclide  
levels;

(d ) The predicted  long-term  im pact (dose to  m an) o f  the disposal operation  
should n o t exceed  the predicted  im pact (using similar m eth od s) o f  the  
ore w h ich  w ould  have rem ained in p lace if  it had n o t been  m ined for 
uranium .

N on e o f  these alternatives considers th e  issues o f  h ow  to  evaluate very 
low -probability  events that m ight a ffect the behaviour o f  a repository or what 
w eight should be assigned to  doses arising in the near and distant future.

D ose lim its cannot be sim ply applied to  abnorm al events a ffectin g  under
ground disposal, because it is usually possib le to  id en tify  a scenario (even if  it 
has a very lo w  probability  o f  occurrence) for w hich  calculated  individual doses 
exceed  a selected  lim it. It w ill probably be necessary either to  specify  the  
scenarios to  w hich  dose lim its should  be applied (e.g. so-called “ norm al” cases) 
or to  develop  criteria w hich  take probabilities exp lic itly  in to  account (e.g . by  
fram ing criteria in term s o f  risk, w here risk is defined  as a com bination  o f  the  
probability  that a dose w ill occur and the probability  that the dose w ill give 
rise to  harm ful e ffects). If co llective  doses to  future p op u lations and collective  
dose com m itm en ts are calculated , the uncertainties associated  w ith  the calcu
lated values w ill be very large. T he range o f  values m ay be to o  large for
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op tim ization  and realistic com parisons o f  d isposal op tion s. For th is reason  
ju dgem ent m ust be used regarding the ex ten t to  w hich  future co llective  doses  
are considered in accep tab ility  decisions.

The issues discussed briefly  above are m atters to  be resolved by the  
appropriate national and international authorities. In the absence o f  established  
acceptab ility  criteria, safety  analyses should provide as m uch in form ation  as 
possib le for decision-m akers about predicted  doses and their probabilities, 
uncertain ties, and tim ing. T his in form ation  cou ld  also include com parisons  
w ith  natural background doses, background radionuclide concentrations or the  
predicted  radiological im pact o f, for exam ple, uranium ore bodies.

6 .5 . U N C ER T A IN T Y  A N D  V A R IA B IL IT Y

The uncertain ties in repository m odelling are o f  three d ifferent basic 
types: (a) random  variabilities due to  “random ” variations in nature,
(b) uncertainties due to  in su ffic ien t or inadequate data, and (c ) uncertainties  
due to  th e  use o f  inadequate or w rong m odels. T he first tw o  k inds o f  uncer
tain ties and variabilities can be accou nted  for by  stoch astic  m ethod s. The  
third kind o f  uncertain ty  w ill, how ever, also a ffect the results o f  any sensitivity  
analysis in an unk now n w ay. O ne w ay around this problem , w hich  has been  
frequently  used , is application  o f  so-called “ w orst-case” m odels. H ow ever, this 
approach has draw backs, and the problem  can best be resolved by validating  
com puter cod es b y  com paring pred ictions w ith  laboratory and field  data.

Current m eth od s for safety  analysis o f  underground disposal are typ ically  
determ inistic in nature. Several efforts are n ow  being m ade to  confront the  
uncertain ty  analysis q u estion  w ith  a broader class o f  stochastic  m ethods. The 
Canadian system  variability analysis represents a M onte Carlo approach w hich  
utilizes m ultip le runs o f  sim plified  integrated determ in istic m od els in order to  
develop a probability  d istribution  o f  the results from  a safety  analysis.

In particular, the o u tp u t form at from  the SY VA C  code [15]  is o f  interest. 
The process o f  sam pling sets o f  param eters defines a large set o f  scenarios. These  
scenarios represent the w h ole  variety o f  scenarios possib le w ith in  the w ide ranges 
o f  u ncertain ty  in  the param eters describing the system . T he analysis o f  this 
large num ber o f  scenarios (over 1 0 0 0 ) results in a histogram  o f  consequ en ce  
estim ates versus the frequency o f  occurrence o f  those estim ates. This is then  a 
clear expression  o f  the d istribution  o f  consequences from  all situations, from  
th e  m ost probable to  less probable, m ore severe ones. T his approach thus gives 
a m ore balanced and com p lete  description  o f  possible con sequ en ces than the  
so-called “ w orst-case” analysis. It also facilitates sensitiv ity  analysis and develop 
m en t o f  site selection  and design criteria and guidelines.
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Other methods now under development, but not at the same current state 
of advancement as the Canadian effort, are attempting to solve the stochastic 
partial differential equations which describe hydrological flow and transport in 
geospheric systems. There are also model development efforts to produce 
stochastic models to deal with the process events and time history difficulties 
associated with the development of realistic release scenarios.

In probabilistic analyses of uncertainties it is recognized that special care 
must be given to the actual existence of a probability distribution for the result 
of the analysis. This is especially true for Monte Carlo analysis, where the 
complete distribution computed experimentally can be simply a function of the 
number of runs, if the phenomenon under study is not stationary.

Stochastic models require estimates of the parameters and the probability 
distributions of these parameters, or variance, in order to be meaningful. Kriging 
methods [42,43], developed by the French, provide a potential solution to this 
problem, at least for certain geospheric parameters.

6.6. SENSITIVITY STUDIES

Sensitivity studies evaluate the influence on the output results of changing 
particular input parameters. This is somewhat different from uncertainty ana
lysis which evaluates the influence, on the output, of uncertainty in the input 
values. Sensitivity analysis should be performed in conjunction with uncertainty 
analysis.

Sensitivity studies can identify which parameters should be accurately 
defined and which thus may merit more detailed research attention. They can 
be used to guide further site characterization or other data gathering or design 
efforts.

Some design parameters could be identified as having a significant influence 
on the safety of the disposal facility, thus leading to the development of design 
criteria. Similarly, sensitivity analysis applied to site parameters could lead to 
site selection criteria.

Caution should be exercised in performing sensitivity studies for sub-systems 
only, in that some sub-systems responses may vary widely with certain parameters 
without having any significant impact on the predicted overall safety of the waste 
disposal system.

The extent to which sensitivity studies were carried out in the example 
cases varied. The KBS study was probably the most systematic and compre
hensive. The KBS effort represents a thorough classical sensitivity analysis 
approach where the effects on safety of various bounding parameter variations 
were tested.
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6.7. VALIDATION EFFORTS

Validation efforts are an extremely important part of any safety analysis.
It must be demonstrated in some convincing way that the models predict that 
which is observed in the field and laboratory. It must also be demonstrated 
that the hydrological and transport models, constructed for the overall site as 
it exists today, reasonably represent this system. Some of the processes identi
fied in the area of repository analyses can be validated against laboratory 
experiments. However, complete experimental validation of long-term behaviour 
is not possible; nevertheless, useful information can be gained from accelerated 
tests of various kinds and occasionally from natural systems where comparable 
processes have taken place.

The long time-frames of interest make model validation efforts difficult 
since only indirect methods can be used for this validation. One method used 
in the KBS studies was the comparison of model-predicted water dates with 
measured water dates. In the KBS studies the ability to model transport pro
cesses involving retention was demonstrated in field studies. The other studies 
discussed, being more generic and limited in nature, did not deal with the valida
tion question. More direct or indirect methods which will allow safety analysis 
models and methods to be validated are important goals for research.

7. CONCLUDING COMMENTS

This is an introductory report on concepts and methods useful for safety 
analyses of deep geological radioactive waste repositories. Numerous studies, 
not included here, have been made while this report has been under preparation 
(e.g., see Refs [43—46]), and the reader is also encouraged to study these 
references. Nevertheless, it is hoped that the following comments of the Agency’s 
Advisory'Group will be beneficial since the methodologies for safety analyses are 
continuing to be used and improved.

1. The studies reviewed in this report were originally conducted for different 
purposes and, while great caution is required in making comparisons between 
them in terms of approaches or results, they are useful to illustrate the safety 
analysis methodologies for underground repositories.

2. Safety analyses are necessary steps in the iterative process going from repository 
concept evaluation to repository system licensing; the samples reviewed here are 
considered as early steps in such a process.
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3. In generic safety analyses there is the tendency to make over-conservative 
assumptions about release scenarios and parameter values; this conservatism has 
resulted in a number of analyses which may be unrealistic. The situation is 
expected to improve as more realistic scenarios and input data derived from host- 
rock and/or site-specific investigations are utilized, and as safety analyses are 
extended to include the probabilities of occurrence of scenarios, as well as their 
consequences.

4. Many input data are characterized by significant uncertainty and variability, 
especially as a function of time. It is necessary to evaluate systematically the 
influence of these uncertainties and variations on the outcome of safety analyses.

Sensitivity analyses are required to establish the relative importance of 
different parameters and phenomena considered in safety analyses, and to give 
guidance on priorities in definition of research directions and data acquisition.
In addition, sensitivity analyses can help in developing guidelines for repository 
system site selection and design.

5. Detailed models of components of the disposal system need to be validated 
by comparison with laboratory or field data. Similarly, parameter distribution 
functions, which reflect variability and uncertainty should be obtained, and it 
should be shown that they provide a good representation of the actual distributions 
of such parameters.

6. Modelling of the release of radionuclides from a repository, through the 
geosphere to the biosphere, has to account for a large range of phenomena. The 
relative importance of these phenomena is largely dependent on the chosen host- 
rock formation, on the site, and on the specific repository design. Different sets 
of models are required to cope with all relevant phenomena for the different types 
of repository illustrated by the examples.

7. The results of safety analyses of underground waste repositories need to be 
compared with acceptability criteria in order to complete a safety assessment. 
Generally accepted criteria have not yet been established, but the development 
of criteria is under active discussion by national and international authorities.
In the absence of established acceptability criteria, safety analyses should provide 
as much information as possible for decision makers about predicted doses and 
their probabilities, uncertainties, and timing. This information could also include 
comparisons, for example, with natural background doses, background radio
nuclide concentrations or the predicted radiological impact of uranium ore bodies.

8. The examples reviewed here illustrate that safety analysis work, supported 
by laboratory and field data, can offer a practical approach to post-closure safety 
assessments of nuclear waste repositories in deep continental geological formations.
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Appendix A

INFCE SALT REPOSITORY

C. Cole

1. INTRODUCTION

The INFCE studies evaluated the relative safety impacts of seven different 
fuel cycles, including disposal of spent fuel in some cycles. For simplicity of 
presentation, and because the purpose of this document can be met in doing so, 
the example described is for only one of the fuel cycles, a LWR fuel cycle with 
plutonium recycle.

An integrated modelling system was used in this study to examine the 
potential consequences of a postulated release of nuclides from a hypothetical 
geological repository located in a salt formation. For purposes of the INFCE 
studies, all radioactive wastes from the fuel cycle (except mining and milling) 
were placed in the geological repository.

The objective of the modelling was to predict the transport rate of radio
active contaminants from the repository through the geosphere to the biosphere 
and to estimate the potential dose to humans so that the release impacts could 
be evaluated [ 1 ].

Currently available hydrological, transport, and dose models were used for 
this study. The hydrological model defines water-flow tubes and travel times 
from input describing the hydrological system and the disruptive event to be 
analysed. The transport model uses the output from the hydrological model and 
radioactive release source terms to describe the movement of the contaminants 
through the geosphere, and provides release rates and concentrations of radio
nuclides in the fluids released to the biosphere (in this case, to a surface-water 
body). This output then serves as an input to the dose model, which provides 
the estimate of the environmental dose resulting from the radioactive release.

Several hydrological models of varying complexity are operational and can 
assess a wide variety of groundwater flow systems, from very simple one
dimensional, homogeneous isotropic, single-layer flow conditions to the most 
complex three-dimensional anisotropic, multilayer aquifer case. To model most 
efficiently the multiple layers defined for this study, a three-dimensional finite 
element model was used [2].

Fewer groundwater transport models are available, but they also span a 
range of simple to complex conditions. A one-dimensional approach using the 
multicomponent mass transport (MMT) model was used in this analysis [3].
This approach, when used along actual flow tubes, gives a good approximation 
of two-dimensional transport.
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Few environmental consequence models (dose models) exist which consider 
radioactive dose (both external and ingestion exposure) from the water pathway. 
One of these is a set of computer codes, ARRRG/FOOD [4, 5], which calculate 
the annual radiation dose and long-term dose commitments to the total body 
and selected organs of individuals and population groups from both internal and 
external sources of radiation. A shorter version of these codes was developed 
for the work conducted for the Advanced Waste Management Studies [6]. This 
shorter version was adopted for use in this study. The final results from the 
dose model are the radiation dose rates (mrem/a) to the most exposed individual 
resulting from 50 years’ accumulation followed by 50 years of exposure to 
postulated releases of radioactivity from the repository.

2. PHYSICAL DESCRIPTIONS

2.1. Host rock site

The generic salt formation fo the INFCE salt repository was formulated by 
a step-by-step method, using data on the occurrence and stratigraphy of well- 
known domed and bedded salt deposits. Thus, the stratigraphic cross-section 
may be equally representative of either domed or bedded salt. The methodology 
used to determine the reference stratigraphic section was as follows. First, from 
the literature and from knowing the depth and thickness requirements from a 
repository, real stratigraphic sections from representative regions were obtained. 
Next, for each potential region of interest the real stratigraphic sections were 
combined into a composite stratigraphic section representative of a given region. 
Finally, the reference stratigraphic section was obtained by subjectively integrating 
the composite sections. Figure 3 shows the stratigraphic section for the INFCE 
salt formation.

The reference salt section is assumed to be located in an undeformed, or 
only slightly deformed large geological sedimentary basin. The top of the salt 
structure lies 250 m below the surface, and the structure extends a great distance 
(several hundreds or thousands of metres) below this point. The repository is 
located at a depth o f 600 m with 350 m of salt above. The strata overlying the 
repository are nearly flat, lying in such a way that the recharge areas are not 
topographically much higher than the discharge areas; therefore, the regional 
groundwater gradient is low, around 1 m/km. In addition, the repository is 
assumed to be situated at a sufficient distance from any point at which‘the site 
groundwater flow system discharges to the biosphere, or is used by humans.
The aquifers connect to a river, 6.2 km from the repository, with a flow rate of 
500 m3/s.
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The reference section contains a sequence of clastic or evaporative rock 
formations with varying permeabilities and porosities. These water-bearing 
formations contain and transmit various quantities of groundwater, depending 
upon the regional gradient and certain hydrogeological parameters such as 
porosity, permeability, and formation thickness. The values for these parameters 
vary considerably from site to site. The ranges of values obtained from the 
literature search and past experience are listed in Table V.

2.2. Repository and inventory

For this study the repository size is based on the area required to dispose 
of the wastes produced by a nuclear economy with a capacity of 100 GW(e), 
operating at this level for one year. Under this assumption the area covered by 
the repository would be about 30 ha; this would require about 15 tunnels for 
storing HLW, MLW and LLW.

The assumed waste packages are stainless steel canisters (30 cm i.d. and 
300 cm long for HLW), steel canisters (86 cm i.d. and 115 cm long for cladding 
wastes), and 200-litre carbon steel drums, shielded (20 cm concrete) or unshielded,
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TABLE V. PARAMETERS FOR GENERIC SALT STRATIGRAPHY3

Hydraulic conductivity

Rock type

Reference
section
(cm/s)

Range
(cm/s)

Porosity
(%)

Unconsolidated sand, 
gravel, and silt

6.8X 1CT3

VoX1
r-OX

20

Calcareous shale, 
partly sandy

1 .2 X 1 0 "5 i x i ( r 10 -  i x i c t 3 13

Sandstone 8 .1 X 1 0 -5

csOX1
o©X

20

Dolomite 8.1X1CT5 i x i c t 10 -  i x i c t 2 20

Shale, interbedded 
with clay, partly 
calcareous

i .2X  i c r s l x i c r 10 -  i x i < r 3 13

Cherty limestone 5 .8 X 1 0 -5 5X1CT8 -  1X 1(T 3 20

Dolomite, some 
anhydrite

5.8X 1CT5 5X 1CT8 -  1 X 1 0 '3 20

Interbedded shale 
and dolomite

6.8X 10-6

mOX1
01oX

20

Salt t
o

X o
1 00 2 X i o -21 -  l x i c r 8 0.5

a Figure 3 shows the representative salt stratigraphy assumed in this study.

for the other MLW and LLW wastes. The HLW is solidified as borosilicate glass, 
and the other wastes are immobilized in concrete. Decommissioning wastes are 
also included. The physical inventory of waste packages, representing 100 GW(e)'a 
of energy, is summarized below:

Unshielded drums 262 600

Shielded drums 71 200

Cladding waste canisters 4 300

HLW canisters 2 900

After emplacement of the waste packages, the tunnels (and holes) are backf.'lled 
with excavated salt.
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The total inventories and isotopic distributions and concentrations for each 
nuclide in the wastes were calculated by the ORIGEN code [7].

3. RELEASE SCENARIO SELECTIONS

3.1. Normal scenario

The repository site would not be expected to experience a disruptive event 
that would release radionuclides to the biosphere within several million years.
Solid materials buried in salt generally will not move significantly by themselves, 
notwithstanding the thermal conditions in a well-engineered HLW repository [8]. 
Without flowing water only solid-state diffusion can move the radionuclides from 
their point of burial. However, solid-state diffusion processes are very slow. This 
is known intuitively from the fact that ores in vein deposits have not diffused into 
the surrounding rock by measurable amounts in millions to tens of millions of 
years unless other driving forces were present. Generally a diffusion mechanism 
is inconsequential at temperatures below half the melting point of the material. 
Nevertheless, to provide perspective, the movement of one waste constituent 
through a continuous dense rock stratum was modelled.

A conservative estimate (fast movement) of the diffusion coefficient was 
found to be 1 X 10-10 cm2/s. Based on an assumed distance between source 
material and aquifer of 100 m, at least 500 million years would be required for 
the radionuclides to migrate to the aquifer. If the diffusion coefficient were 
1 X 10-13 cm2/s, the minimum time would be 5 X 10n years. With the reference 
repository, the radionuclides would have to diffuse through 350 m salt and 
190 m shale/dolomite/clay before reaching the aquifer. For a diffusion coefficient 
of 1 X 10~10 cm2/s, this would require about 3 X 109 years, or approximately the 
age of the earth.

3.2. Abnormal scenario

Only one abnormal scenario was modelled. The design of reasonable scenarios 
which would expose the waste to aquifer fluids is extremely challenging because 
of their improbability. It should also be pointed out that any scenario modelled 
needs to be weighted according to its probability of occurrence.

In developing a postulated abnormal release scenario, an attempt was made 
to define one that would represent the worst possible release of contaminants 
while still being reasonable in terms of the release mechanism. The worst case 
would be one that provides maximum water flow through the repository area, 
since this would result in the greatest leaching of the waste and the quickest entry 
of the waste into the aquifer system. Given the geological structure defined 
previously, a reasonable mechanism allowing for flow through the repository is
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difficult to envision since the site description assumes no aquifer systems below 
the salt zone. As a result, flow through the repository area must occur by re
routing aquifer fluids from above the repository area. If one consideres the 
aquifer fluid to have no salt content and the salt’s overlying rock (cap-rock) to be 
fractured, then salt dissolution must be modelled along with the associated cyclic 
solution mining of the salt and subsequent collapse of the overburden materials 
and resultant change in local permeability.

The questions to be answered for this kind of scenario are: How much fluid 
would be flowing past the salt surface, and how long would it take to dissolve the 
350 m salt layer above the repository? This dissolution process can be estimated 
from determination of the maximum rate at which the water could be flowing 
past the salt’s surface. A conservative estimate of flow rate was made by con
sidering that the salt and cap-rock were fractured in a zone through the repository 
2400 m wide to a depth of 450 m into the salt and of infinite extent parallel to 
the river. This extremely wide fracture zone was then assigned the same hydraulic 
properties as the limestone-dolomite-sandstone aquifer (hydraulic conductivity 
8.1 X 10-7 m/s). The flow from the aquifer system into this fracture zone over 
the repository 1200 m length would be approximately 9.5 m3/d. At this maximum 
rate it would require approximately 1.35 million years to dissolve the 1200 by 
1200 by 350 m overburden of salt before any water reached the repository, if the 
aquifer fluid originally contained no salt.

Dissolution of the salt as a result of shaft failure, or some more reasonable 
fracture of faulting of the salt cap-rock, would be much slower because the initial 
flow rate of fresh water past the salt would be much lower than this maximum 
rate; moreover, the flow rate from the fractured cap-rock or failed shaft seal 
would be greatly retarded by the large density gradient between the fresh water 
in the limestone-sandstone-dolomite aquifer and concentrated brine in the shaft 
or fractured cap-rock. The resultant movement of brine from the shaft or 
fractured cap-rock would be more realistically determined by molecular diffusion 
(10~6 to 10-5 cm2/s), or by second- and third-order flow effects arising from fresh 
water flowing past a hole or fracture filled with a dense brine.

Because of these considerations, the salt dissolution scenario was discarded, 
and the fracture scenario described above for estimating worst-case flow was 
chosen as representative. This worst-case fracture scenario allows the aquifer fluid 
to contact all the repository waste from the onset of the fracture process and 
allows the effects of maximum flow through the repository from the onset of the 
fracture under study. For the fracture scenario it was assumed that the fluid in 
the limestone-dolomite-sandstone aquifer was a concentrated brine so that effects 
o f retardation because of density gradients could be neglected. The somewhat 
unrealistically wide fracture zone can be thought of as resulting from a multiple 
fracture pattern through the repository area, or from the collapse of an undetected 
solution pocket beneath the repository.

5 4

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



4. REPOSITORY ANALYSIS

The scenario modelled assumed failure to occur as soon as the repository 
is sealed (50 years after building) and all repository wastes to be exposed from 
the onset.

To simplify the analysis, no engineered barrier material was assumed to exist 
except the waste form itself. Accordingly, all nuclides were assumed to be in a 
typical unencapsulated borosilicate glass. Because of insufficient data, it was 
assumed that once exposed to brine, all waste leached (dissolved) at the same rate. 
Data availability did not allow the sophistication and detail required to analyse 
the behaviour of each type of waste form.

A leach-rate model was developed to determine the length of time and the 
rate at which the contaminants would be carried, via the aquifer water, through 
the fractured salt and repository and into the upper aquifer system. The leach- 
rate model was formulated using preliminary data on waste leach rates and the 
observed effects of flow rate and temperature on leach rate. The data from 
leaching experiments on waste glass indicate that the specific leach rates vary 
from nuclide to nuclide, and with caesium in solid and crushed HLW glass, for 
example, at 25°C they were found to be 4 X 10~7 and 4 X 10~9 g-leached/cm2 
of surface area per day, respectively. The data also indicate that for rates greater 
than one flush annually the specific leach rate is a function of the flushing rate.
At less than one flush annually, the rates are essentially constant.

The data available on temperature effects indicate that specific leach rate 
versus temperature follows an Arrhenius-type relationship. Data available at 
T = 25°C and T = 250°C allow determination of the constants in this relationship. 
Leach-rate data comparisons between solid and crushed high-level wastes indicate 
that, although leach rate depends on actual surface area, the rate is not directly 
proportional to the surface area because the internal surface area within the 
mass of crushed waste leaches more slowly than the outer surface area. This is 
because of the interference between the boundary layer concentration gradients 
between adjacent waste particles.

For this initial leach-rate model the highest specific leach rate was used for 
all nuclides. The entire waste, including all drummed wastes, was assumed to 
leach at this rate. The glass was assumed to be crushed, and the crushed glass 
particles were modelled as spheres. Leach rate at any time, t, was calculated as 
follows:

LR (g/d) = SLR(T) X SA(t) X WSP (1)

where

t = time (d)
SLR(T) = specific leach rate (g/cm2 of surface area/d) and is dependent 

on the temperature T
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WSP = mass of one of the spherical glass particles
T = temperature of the glass at any time, t, in °C
SA(t) = surface area-to-mass ratio for a spherical waste particle, initially

0.424 cm2/g.

The glass temperature is assumed to be proportional to the heat generation 
rate of the glass, and the heat generation rate is determined from a power function 
fit of heat generation rate (HGR) for spent fuels. Equation (2), the power function used,

HGR(t) = 7468 T 0'723 (2)

gives results close to published heat generation rates. The temperature is calcu
lated by assuming that at t = 10 years, the crushed waste in the breached canister 
will be at the design canister temperature of 375°C, and at 1 000 000 years the 
waste will be at a background or ambient temperature of 50°C. Temperature 
at any time is thus calculated.

SLR(t) is assumed to follow an Arrhenius relationship which states that 
ln(SLR[T]) is proportional to the inverse of the absolute temperature. With 
experimental data at two temperatures, the leach rates at other temperatures are 
calculated.

The specific surface area of the glass (SA), based on a spherical model, 
is given by Eq. (3):

3
SA(t) = -----------  (3)

R(t) X D ;

where

R(t) = radius of a spherical particle, initially 2.14 cm 
D = density of glass, 3.3 g/cm3

The weight of a spherical particle of glass at any time t is given by Eq. (4):

4
WSP = -  7rR(t)3 X D (4)

The leach-rate model uses the above equations to calculate the fraction of 
the waste remaining in the repository at any time, t, by a simple rectangular 
integration scheme that determines the current radius of the glass particles. At 
the time t 0 when the leaching begins, the glass is assumed to be composed of 
equal-sized spherical particles. The values for T, SA, SLR, and WSP are calculated 
for time t0 to determine the current rate, LR, at which glass is being leached from 
the surface of each spherical particle. This rate is assumed to hold for some time
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At, thus dissolving some weight of glass from the particle, WD = LR X At. From 
this leached weight the decrease in radius, DR, of the fuel particle is then calculated 
from Eq. (5):

R (t0 = At) is now R (t0) -  DR(t0) and the process is repeated until (4/3 7rR(t)3)/
(4/3 7rR(t0)3) is < 0 .001 , at which time all the waste is dissolved.

With the above assumptions and suitable corrections for waste temperature 
changes, half the waste was found to dissolve in a period of 3000 to 4000 years 
in a flow of 190 m3/year.

5. GEOSPHERE ANALYSIS

5.1. Hydrological models

5.1.1. Three-dim ensional fin i te  e lem en t groundw ater f lo w  m odel

A three-dimensional finite element groundwater flow model [2] was used 
in this study to define water flow paths and travel times. This model was chosen 
for use because it has been applied and verified on large groundwater systems and, 
thus, is defendable as a predictive tool for generic or site-specific repository studies. 
The capacilities of the model were demonstrated by using a test case consisting 
oT the multilayered groundwater system beneath Long Island, New York [9].

Geohydrological systems and surface water bodies (lakes, rivers, etc.) usually 
have irregular boundaries, making the finite element method (irregular grid) a more 
powerful tool for their space and boundary definition than the finite difference 
methods (using uniform square or rectangular grids). The model divides a region 
into a number of discrete nodes and elements at which all hydrological parameters 
are defined. Connecting the nodes results in subdividing the entire surface region 
into two-dimensional elements. Spacing of the model nodes can be varied as 
required, thereby allowing a closer spacing and smaller elements (i.e. higher 
resolution in the results) in areas of interest (i.e. repository and river), and a larger 
spacing in areas where limited data or less complex interactions are present.

Some of the complex generic and site-specific geological configurations 
consist of multi-aquifer systems, and these aquifers respond conjunctively to stress 
imposed on any of the various layers. The finite element model can simulate these 
multilayered systems where not only thickness can vary, but the number of layers 
can be changed to agree with the vertical geological section. Moreover, the 
hydraulic conductivity and the pumping stresses can change from layer to layer

D X 4/3 X 7T
WD(T)

(5)
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and/or from element to element, thereby allowing an accurate representation of 
confining layers and inter-aquifer transfer.

To provide for interaction with the various facets of the problem, supporting 
programs have been developed to plot grid values, contour maps, streamlines, and 
three-dimensional graphics. These programs can be used to interpret and check 
the accuracy of input data as well as output predictions.

5.1.2. D evelopm en t o f  the conceptual waste repository hydrological m odel

The first stage of the modelling effort involved examining the geohydrological 
data and developing a conceptual model of the system. Much of this information 
was extracted directly from Ref. [1 ], but additions and adjustments were made as 
required to define the system for use in the modelling effort.

As described in Section 2.1, the model area consists of a hypothetical waste 
repository, a uniform flow region from the repository to the biosphere uptake « 
point, and uniform layering of five distinct geological units. Data supplied on 
the aquifer systems deal only with the change in properties with depth; this 
requires modelling the system as an X -Z  system, with uniform properties assumed 
along the Y dimension. Since the three-dimensional model was used, this X—Z 
system must be modelled with one row of three-dimensional elements in the 
X direction. As a result, the surface of the region was simulated by a row of 
20 rectangular linear elements involving 46 surface nodes as shown in Fig. 4.
The nodes are 1200 m long in the Y dimension (approximate length of one 
repository room), and 500 m wide in the X dimension. In the area of the salt 
layer and the river, the node spacing was changed to 600 and 100 m, respectively, 
to represent more accurately the actual size of the repository and a typical river. 
The total horizontal length of the region is 8600 m, and the distance from the 
repository to the river is 5000 m. The width over the entire region is 1200 m.

For modelling, the vertical dimension consists of four uniform geological 
units extending the length of the model region, plus a fifth layer of salt that exists 
only in the area of the hypothetical repository. Table V outlines a geological

200 r

2 0 1 9 8 7 6 '1 3 2 l 1 0 9 6 7 6 5 4 3 2 l  i

1 4 R 7 ft q 1171 1 1 . 1? n 14 lf» l f L . .17 i f l ?a . i

------ SALT 2400 m --------

h— 1200 m —H 
WASTE REPOSITORY

5000m

F IG .4. Plan view  o f  the m odel region.
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8600 m ----------------------------------------------------------------*

RIVER---- j

LAYER 1 U N CONSOLIDATED SAND. GRAVEL. AND S ILT 10 m \ 7

LAYER 2 C A IC A R E 0 U S  SHALE, PARTLY SA N D Y 30 m

LAYER 3 SANDSTONE, CHERTY LIMESTONE. AND DOLOMITE 160 m

LAYER 4 INTERBEDDED SHALE AND DOLOMITE 50m

LAYER 5 SALT

WASTE REPO SITO RY

450 m

F IG .5. Cross-section o f  the five  geological layers used to  define the m o d el region.

description of the layers and their applicable hydrogeological parameters. In the 
model, vertical nodes were placed at the intersection of the layers (Fig. 5). 
Additional nodes were evenly spaced in the thicker layers (i.e. layers 3, 4, and 5 
in Fig. 5) to increase resolution and accuracy in the model results. The combined 
thickness of all vertical layers is 700 m.

The hypothetical model repository was assumed to be a 1200 m square.
The repository was placed at 600 m below the surface and centred in the area of 
the fractured salt formation modelled.

The regional water table was assumed to have a uniform gradient of 1 m in 
1 km, and the river elevation to be 190 m above sea level. The repository is up- 
gradient from the river, and the water-table elevation at the repository is about 
195 m above sea level. To keep this gradient, a flux was calculated for each of 
the top four layers and was input into the model at the most upstream nodes. 
Figure 6 shows the calculations and the amount of flux.
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FIG. 6. M odel f lu x  calculations.

The river was assumed to be the regional discharge site for all the water
bearing layers. To simulate this in the model, the river was made to intersect the 
upper layer at nodes 23, 1023, 46, and 1046, and all nodes below this are con
sidered no-flow boundaries (Fig. 7). This would force the water in the lower 
layers to move up to the river.

5.1.3. H ydrological m odel results

The output from the hydrological model is the groundwater potential 
(elevations) distribution throughout the X—Z plane over the X—Z region modelled. 
A contour plot of these potentials with superimposed water flow paths is shown 
in the X—Z cross-section plot of Fig. 8. As a result of fracturing the salt formation 
and the overlying shale in the area of the repository, some of the water is able to 
flow down through the repository and eventually make its way up to the river.

An auxiliary program for the finite element model calculates the travel time, 
travel distance, and velocity of the water along any streamline within the region.
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RIVER

SCALE FACTOR (m /in .I 1000.00 VER TIC A L EXAGGERATION FACTOR 10.0000
M AXIM U M  POTENTIAL = 9.41374 M IN IM U M  POTENTIAL = 1.00000

ID E N TIF IE D  LEVEL (m) = 5.00000 CONTOUR SPACING *  0.100000

F IG S . C on tour p lo t  o f  th e  m o d el-p red ic ted  vertical grou n dw ater p o ten tia ls  w ith  super
im p o sed  stream lines.

These values are calculated according to the hydraulic conductivities, porosities, 
and gradients of the various layers along the flow path. The input required by 
the transport model is an average for each value in the flow tube encompassing 
the 600 m on the down-gradient side of the repository (see Fig. 8). The averages 
were calculated using a weighted average according to flow for multiple flow 
tubes and streamlines spaced along the repository. The average values used in 
the transport model are:

I
Average distance — 6100 m

Average travel time -  100 000 years

Average velocity — 0.06 m/a

Average width of the flow tube — 60 m

Average flow through the flow tube — 190 m3/a
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5 .2 . T ra n sp o r t m o d e ls

5.2.1. One-dimensional multicomponent mass transport model

The transport model used for analysing the scenario described above was the 
one-dimensional multicomponent mass transport (MMT) model which has been 
modified to handle simple decay and linear chain decay as well as branch chain 
decay. The transport equation, which considers the retardation resulting from 
rock-nuclide-water interactions, has the form shown in Eq. (6):

3Nj 92Nj 9Nj — 1 = d —_ i -  v  — I 
9t 9 x 2 9x

Ki —  = D T y - V - J - X ^ N ,  (6)

where

Kj = retardation coefficient for nuclide 1
N 1 = activity concentration of nuclide 1
Xj = decay rate of nuclide 1
V = groundwater velocity
D = dispersion coefficient
x = distance in x-direction
t = time

The initial and boundary conditions used include:
Nj (x,0) = 0 (initial).
Ni(L,t) = finite (boundary).
N^Ojt) = f (leach model and decay).

When accounting for decay chains a system of partial differential equations 
results, which are written as shown in Eqs (7) and (8):

9N 2 92N 2 9N 2
K2 -T T  = D - r - f  -  V — * -  X2K2N 2 + X .K .N , (7)

dt o x 1 ox

3Nn 02Nn 6Nn
K n ~d^ = D ~ h ? ~ W ~ b f ~  XnKnNn + X"Kn - l Nn -l

The units of N are in curies, not in gram-atoms. Branched chains are taken care 
of similarly; only the subscripts for the parent of the nuclide change.

The method of solution is by simulating the physical phenomena causing 
mass transport in groundwater aquifers. Convection is simulated by attaching 
mass to a parcel and moving that parcel a distance calculated by the product of 
the local groundwater velocity and the current time step. Dispersion is simulated
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TABLE VI. TRANSPORT MODEL INPUT PARAMETERS

Nuclides K d (m L/g) (3 (g/m L)

" T c 1.9 11.5
129 j 0.5 11.5

135Cs 1.0 11.5

226 Ra 0.7 11.5

231 Pa 100 11.5
ally 2.9 11.5

237Np 23 11.5

311 Pu 80 11.5

‘‘“ Am 1130 11.5

by using random numbers between —1 and 1, multiplied by a length factor 
characteristic of the dispersion constant and the time step [3].

The model used for these simulations, as stated above, was a one-dimensional 
version of MMT. The data requirements for that model include:
Retardation coefficient; dispersion; half-lives for all nuclides; path length; 
groundwater velocity; flow tube size; initial inventory; time after repository 
closure when the breach occurs; leach information to control entry of waste 
into groundwater system; and a mapping illustrating the parent-daughter 
relationship.

The retardation coefficient is calculated from the rock-to-solution ratio, 
/3(g/mL), and the distribution coefficient, Kd(mL/g), by Eq. (9):

1 + Kd = K (9)

where |3, the rock-to-solution ratio, is a function of the porosity and bulk density 
of the media. The path length and groundwater velocity were obtained from the 
hydrological model.

The results obtained from these simulations were groundwater concentrations 
of nuclides. These results were reported as a plot of maximum concentration 
(/uCi/mL) in the groundwater versus time for each nuclide. From the radionuclide 
inventory in the repository, only the isotopes which would have any measurable 
inventory after 10 000 years were selected for study since the travel time to the
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river was 10s years for water alone. Table VI shows the distribution coefficients, 
Kd, and the rock-to-solution ratios, (3, used as input to the transport code for 
each of the nuclides selected.

Isotopes not involved in chain-decay schemes can be followed one by one 
through the flow system. These isotopes include the fission products and the 
activation products. The actinides, however, are involved in essentially four decay 
chains, some of which are linear and some of which include branches. The total 
chain lengths are much longer than the list shown in Table VI, but the short half- 
lives of the intermediate members allow them to be ignored for the transport 
problem.

5.2.2. Transport model consequences

To represent properly the transport of the radionuclides, the model was run 
until all isotopes either reached the river or fully decayed. The results were 
reported by the computer as plots of concentration versus arrival time. The results 
for the example selected for presentation in this document are summarized in 
Table VII, which reports the maximum concentration in the groundwater and 
in the river, as well as the ratio of these maximum concentrations to the uncon
trolled water radiation standard (MPC). An asterisk (*) after the ratio value 
indicates that MPC was exceeded.

Only three of the fifteen fission products ("T c , 129I, and 135Cs) arrive at 
the river. The other fission products decay along the flow path. Of the three fission 
products reaching the river, only the 129I has a groundwater concentration greater 
than its MPC, and 129I is the first isotope to reach the river. For this particular 
scenario, the 129I peak groundwater concentration arrives at the river about 
600 000 years after the release from the repository and is 40 times greater than 
MPC. The two remaining fission products take well over one million years to 
arrive at the river, and their peak concentrations are below MPC.

Of the 16 alpha-emitting actinides modelled, only the 226 Ra arrives at the 
river with a groundwater concentration greater than MPC. For this particular 
scenario, the 226 Ra peak groundwater concentration arrives at the river about 
three million years after release from the repository, and the peak concentrations 
are 1000 times greater than MPC. The plutonium and the americium decay before 
reaching the river and all remaining actinides arrive at the river in concentrations 
far below MPC. Peak arrival times for the actinides range from 3.4 million years 
to 74 million years.

All the above concentrations should be put in proper perspective by noting 
that brine-saturated groundwater is about 1000 times above the recommended 
drinking-water standard for salt content. In addition, when the groundwater
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O nO
T A B L E  V II. SU M M A R Y  O F  IN F C E  S A L T  R E P O S IT O R Y  T R A N S P O R T  M O D E L  R E S U L T S

T I M E  OF M A X I M U M  M A X I M U M  R A T I O  OF M A X I M U M  R A T I O  OF 
P EAK R A T E  OF C O N C E N -  G R O U N D  C O N C E N -  B I O S P H E R E

R E L E A S E  rtELEASE T K A T I O N  WA T E R  T R A T I O N  R I V E R
( Y E A R S ) TO IN G R O U N D  C O N C E N -  IN T HE C O N C E N -

B I O S P H E R E  W A T E R  T R A T I O N  B I O S P H E R E  T R A T I O N
(C i/a) OiCi/mL) TO M P C * *  R I V E R  TO M P C * *

(H Ci/mL)

9 9 - T C
129-1
13S- C 8

3.3 8 E + 0 1  
1 « 26E + 0 2 
8 . 2 8 E + 0 2

2 . 0 4 E + 0 6  
6 . 0 1 E + 0 5  
1 > 11E+06

2 ,5 6 E + 0 6  
7 . 5 4 E + 0 5  
1 . 4 1 E + 0 6

2 , 2 3 E + 0 6  
6 . 6 8 E + 0 5  
1 , 2 3 E + 0 6

1 . 7 4 E - 0 4
2 . 2 2 E - 0 3
7 . 7 4 E - 0 3

1 .96E-07
2 . 5 1 E - 0 6
8 . 7 3 E - 0 6

6 . 5 5 E - 0 4  
4 , 1 8 E + 0 1 * 
8 . 7 3 E - 0 2

1 .10E-11
1 . 4 1 E - 1 0
4 . 9 1 E - 1 0

3 . 6 8 E - 0 8
2 . 3 5 E - 0 3
4 . 9 1 E - 0 6

2 4 0 - P U
2 3 6 - U
2 3 2 - T H

m m m m m m m m

5 . 1 0 E + 0 2
9 . 0 0 E - 0 2

3 . 0 1 E + 0 6
3 . 2 0 E + 0 6

m m m m m m m m

4 . 2 3 E + 0 6  
1 » 0 2 E + 0 8

m m m m m m m m

3 , 37E+ 0 6 
7 , 36E+07

m m m m m m m m

1 . 6 9 E - 0 3
1 . 0 6 E - 0 9

1 . 9 0 E - 0 6
1 . 1 9 E - 1 2

m m m m m m m m

6 , 33E- 0 2 
5 . 9 5 E - 0 7

1 . 0 7 E - 1 0
6 . 7 2 E - 1 7

• « • • • • • •

3 . 5 7 E - 0 6
3 . 36E-11

2 4 1 - A K
2 3 7 - N P
2 3 3 - U
2 2 9 - T H

4.1 1 E - 0 1  
7• 38E + 0 0  
1 .89E-01

2 , 35E+07 
3 . 0 2 E + 0 6  
3 . 0 3 E + 0 6

2.91E4-07 
2 , 91E + 0 7  
3 . 0 0 E f 0 7

2 , 6 0 E + 0 7  
2 . 4 6 E + 0 7  
2 . 5 S E + 0 7

1.7 0 E - U 7
1 . 3 1 E - 0 6
2 . 8 1 E - 0 8

1 . 9 2 E - 1 0
1 . 4 8 E - 0 9
3 . 1 7 E - 1 1

6 . 4 0 E - 0 5
4 . 9 3 E - 0 5
4 . 5 3 E - 0 6

1 . 0 8 E - 1 4
8 . 3 1 E - 1 4
1 . 7 8 E - 1 5

3 . 5 9 E - 0 9
2 . 7 7 E - 0 9
2 . 5 5 E - 1 0

2 4 2 - P U
238-U
2 34-U
2 3 0 - T H
2 2 6 - R A

4 . 0 0 E + 0 3
4 , 0 7 E * 0 3
l . B 0 E * 0 2
9 . 0 8 E + 0 3

2 . 9 7 E + 0 6  
2.91E4-06 
2.93E4-06 
2 , 57E+ 0 6

3 . 4 7 E + 0 7
3 . 4 7 E + 0 7
3 . 5 6 E + 0 7
3 . 6 2 E + 0 7

3 . 3 8 E + 0 6
3 . 3 8 E + 0 6
3 . 5 1 E + 0 6
3 . 4 0 E + 0 6

m m m m m m m m

1 . 3 4 E - 0 2
1.2 9 E - 0 2
4 . 4 3 E - 0 4
2 . 4 1 E - 0 2

1 . 5 1 E - 0 5
1 . 4 6 E - 0 5
5 . 0 0 E - 0 7
2 . 7 2 E - 0 5

3. 7 8 E - 0 1 
4 . 8 7 E - 0 1  
2 . S 0 E - 0 1  
9 , 0 7 E + 0 2 *

• • • • • * • •
8 . 5 0 E - 1 0
b , 1 8 E - 1 0
2 . 8 1 E - U
1 . 5 3 E - 0 9

• • • • • • » •
2 . 1 2 E - 0 5
2 . 7 3 E - 0 5
1 . 4 0 E - 0 5
S . 0 9 E - 0 2

2 4 3 - A M
2 3 9 - P U
2 3 5 - U
2 3 1 - P A

m m m m m m m m

m m m m m m m m

5 . 2 3 E + 0 1
1 . 7 6 E + 0 0

3 . 0 4 E + 0 6
3 . 0 5 E + 0 6

m m m m m m m m

m m m m m m m m

5 . 7 7 E + 0 6
7 . 6 8 E + 0 6

• • • • • • • »

3 , 38E + 0 6  
3 , 4 0 E + 0 6

1 . 8 0 E - 0 4
6 . 1 4 E - 0 6

2 . 0 3 E - 0 7
6 . 9 2 E - 0 9

6 . 7 7 E - U 3
7 . 6 9 E - 0 3

1 . 14E-11
3 . 8 9 E - 1 3

■ ■■iiiaai

3.8 1 E - 0 7  
4 i32E-07

* Indicates that the  isotope is above MPC.
** MPC maxim um  permissible water concentration uncontrolled water radiation standard OiCi/mL). 
—  Indicates that the isotope decayed before reaching biosphere.

I S O T O P E  T O T A L  R E L E A S E  P E R I O D  
C U R I E S  CLEARS)

R E L E A S E D
TO M I N I M U M  M A X I M U M
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TABLE VIII. INFCE SALT REPOSITORY -  SUMMARY OF DOSE RECEIVED BY MOST EXPOSED INDIVIDUAL OVER 
50 YEARS FOLLOWING 50 YEARS OF BUILDUP IN THE ENVIRONMENT

NUCLIDE PEAK TIME MAX. RATE SKIN BONE GI-LLI THYROID BODY
I

99-TC
129-1
135-CS

2.23E+06 
6 a 6UE+05 
1.23E+06

1.74E-04
2.22E-03
7.74E-03

0.0E-01
6.9E-04
3.9E-08

6.1E-06 
6 . 4E-04 
1.8E-02

3 . 0 0 0 4
4.3E-04
4.0E-04

0.0E-01 
7 (4 E - 0 1 
0.0E-01

2.5E-06
1.0E-03
7.0E-03

240-PU
236-U
232-TH

3.37E+06
7.36E+07

m m m m m m

1.69E-03 
1 . 0 6 0 0 9 .

1.2E-05
0.0E-01

• m  m  m  m  m

1.8E-02 
4 , 2E-08

1.3E-03
O.OE-Ol

------
1.4E-08
0.0E-01

••••••

1.1E-03
0.0E-01

241-AM
237-NP
233-U
229-TH

2.60E+07
2.46E+07
2.5SE+07

1.70E-07
1.31E-06
2.81E-0B

1.2E-07 
1 . 5 0 0 6  
3.0E-08

4 . 1 0 0 6
1.6E-05
8.4E-06

S « a N M «

5.4E-07
2.4E-06
7.0E-07

m m m m m m

9.6E-08
1.3E-06
2.5E-08

2.7E-07
2.2E-06
2.7E-07

242-PU
238-U
234-U
230-TH
226-RA

3.38E+06
3.38E+06
3.51E+06
3.40E+06

1.34E-02 
1.296-02 
4.43E-04 
2.41E-02

5.7E-06 
1.0E-04 
1 .4E-03 
6.8E-02

■ M ■ P ■ «

1.4E-01
1.5E-01
2.1E-02
1.8E+02

3 , 0E-02 
1.1E-02 
2.3E-03 
3.3E-01

1.7£-07
3.7E-06
1.2E-03
6.1E-02

«*•«««

8.3E-03
9.5E-03
1.7E-03
9.7E+01

243-AM
239-PU
235-U
2 U - P A

• •»•••»

3.38E+06
3.40E+06

•m m m m m

1 . 8 0 0 0 4  
6.14E-06

3 .6E-04 
6 •6E-06

O.OE-Ol
2 . 3 0 0 4

4.8E-04
7 . 0 0 0 5

2.9E-04
5.6E-06

m m m m m m

4.1E-04
1.4E-05

River flow = 500.0 cm Groundwater flow = 886.6 m3/a 
...............  Indicates that the isotope did not reach the biosphere.
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reaches the river, it will be diluted by a factor of 10s to 107, making it well below 
MPC, as indicated in the column farthest to the right in Table VII.

6. BIOSPHERE AND DOSIMETRY ANALYSES

6.1. Biosphere models

The dose models used in this study were derivatives of ARRRG [4] and 
FOOD [5], codes developed to estimate annual radiation doses and long-term 
dose commitments to the total body and selected organs of individuals and to 
population groups, from both internal and external sources of radiation. Although 
these computer codes were developed specifically fo r evaluating the potential 
radiological impact of commercial power reactors, they are usable for any nuclear 
facility that may release radioactive materials to the environment.

ARRRG calculates annual individual and population doses resulting from 
radionuclides released with liquid effluents. Various exposure pathways may be 
selected by the user: (a) consumption of fish, invertebrates, algae, and drinking 
water; and (b) direct external radiation from shoreline, water immersion (swimming) 
and surface water (boating). Doses are calculated for skin (external only), total 
body, GI-LLI, thyroid and bone. Individual contributions to dose by nuclide and 
pathway are output. At the time of the study ARRRG was able to calculate doses 
for eight organs and about 200 radionuclides. The user inputs the following 
variables to ARRRG from data files: (a) name of the facility under investigation;
(b) decay between release and point of exposure (hold-up); (c) usages and mixing 
ratios by pathway; (d) reactor coolant flow; (e) shore-line width factor; and
(f) reconcentration factor parameters.

FOOD calculates annual individual doses from the consumption of agri
cultural foods and animal products contaminated from air deposition or water 
(sprinkler irrigated). At the time of the study 14 food types could be selected.
The input data for FOOD includes: (a) facility name; (b) hold-ups; (c) usages;
(d) irrigation rates; (e) air concentration; (0  crop yields and growing periods 
for 14 food types (for animal products the parameters refer to animal feed);
(g) coolant flow and mixing ratio; and (h) reconcentration factor parameters in 
the case of liquid release.

Because of time constraints for the study, it was not possible to use the 
complete versions of ARRRG and FOOD; however, shortened versions of ARRRG 
and FOOD [6] were used to obtain doses from a river with an average flow rate of 
500 m3/s. Dose was calculated by the following:

(10)
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w here

Dy = dose im millirems (mrem) to an organ, j, of the most exposed
individual1 resulting from 50 years’ accumulation followed by 
50 years’ exposure for radionuclide species, i;

dfjj = dose factor for radionuclide species, i, and body organ, j (skin, total
body, GI-LLI, bone and thyroid);

Nj = rate of discharge of radionuclide species i to the river (Ci/a);
R = water flow rate in river of interest (500 m3/s);
283.2 = flow rate of reference river (m3/s) used to generate the dose factors 

dfij-

6.2. Dose model consequences

There are several modes for assessing dose: most exposed individual, average 
individual, local population, regional population, etc. The most exposed 
individual (worst case) was used for these analyses. To obtain maximum potential 
doses, the times of peak isotope concentrations were obtained from the transport 
model and the contribution to dose by all nuclides was calculated at each peak 
time.

The results presented in Table VIII summarize, by nuclide, the doses (mrem) 
to five organs of the most exposed individual (skin, body, GI-LLI, bone, and 
thyroid) for the example selected for presentation in this document. The doses 
are based upon 50 years’ buildup at the peak concentration followed by 50 years 
of exposure. The major contribution to dose is from 226Ra. The highest dose 
of 180 mrem resulted from 226Ra in bone.

Doses from drinking contaminated groundwater were not analysed since 
salt concentration in the groundwater was well above drinking-water standards 
and would preclude its use for water supply.

As was the case for transport model consequences, the dose consequences 
are for a repository containing a year’s accumulation of waste from a 100 GW(e) 
economy. To obtain the dose to the most exposed individual for any other size 
of repository up to the maximum of about four years of waste from a 100 GW(e) 
economy, the dose numbers in Table VIII must be multiplied by the number 
of hundreds of giga-watt (electric) years of accumulated waste. For example, 
for a repository holding 2.5 years of accumulated waste from a 100 GW(e) 
economy, the dose numbers in Table VIII must be multiplied by 2.5; for a

1 The most exposed individual is a person whose location and habits tend to maximize 
his radiation dose, resulting in a dose higher than that received by other individuals in the 
general population.
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repository holding 20 years of waste from a 4 GW(e) economy, the dose numbers 
must be multiplied by 0.8.

To assess the significance of the estimated potential doses, they were 
compared to the 5000 mrem the average individual might receive from natural 
background radiation during the same 50-year period.
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NETHERLANDS DOMED SALT REPOSITORY

J. Hamstra

Appendix B

1. INTRODUCTION

At the beginning of 1976 the Netherlands Government decided to order an 
investigation into all phases of treatment of radioactive waste. The Radioactive 
Wastes Sub-Commission of the Interministerial Nuclear Energy Commission (ICK) 
was charged with this investigation. It was stated, in particular, that "the 
investigation into the possibilities o f  ultimate disposal o f  radioactive wastes is to 
be pursued with vigour, for which purpose an interdepartmental working group, 
together with experts from  the State Geological Service and the Netherlands 
Energy Research Centre (ECN), is to carry out a study, including test drillings, 
into the feasibility and the acceptability o f  the disposal o f  radioactive wastes 
into rock salt formations”.

A number of working groups were set up by the ICK Sub-Commission, one 
of which specifically covered the safety assessment work. A generic safety 
assessment of underground disposal of high-level wastes (HLW) in a model salt 
dome was performed in the form of

A geohydrological model study to establish the isolation properties of a 
salt dome used for waste disposal purposes; and
An analysis of the radiation doses following a postulated future radionuclide 
release from a salt dome repository along different pathway models.

The report of the working group on safety assessment was published as appendixes 
to the report of the Interministerial Nuclear Energy Commission on the feasibility 

of radioactive waste disposal in salt formations in the Netherlands. These 
appendixes consisted of:

(a) The geological data for drawing up a geohydrological model as established 
by the State Geological Service;

(b) The geohydrological model calculations as made by the Geohydrological 
Division of the National Institute for Water Supply (RID); and

(c) The radionuclide release scenarios with their subsequent radiation dose 
calculations as made by the Institute for Application of Nuclear Sciences in 
Agriculture (ITAL).
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An English translation of the report and its appendixes was made available 
by the Ministry of Economic Affairs in April 1979 [ 1 ]. Information from this 
generic safety assessment work relevant to the present document is summarized 
in the following paragraphs.

2. DESCRIPTION OF HOST ROCK SITE AND REPOSITORY

For the generic safety assessment study a model salt dome, situated in the 
northeast Netherlands, was selected; its top rock salt is at 300 m depth. Figure 9 
shows the cross-section over the reference salt structure and the overlying strata.
The repository tunnels were assumed to be situated at 600 m depth and to have 
an isolation shield of 300 m thickness towards the top and 200 m thickness towards 
the flanks of the salt dome.

One of the main aims of the Netherlands conceptual design studies for a HLW 
repository was to limit the thermal loading of the host rock by making an optimal 
use of the vertical dimension of the.domed salt. The conceptual design studies 
evolved from the disposal of a total of 50 000 canisters of HLW in 50 m deep 
bore-holes at three consecutive disposal levels at 900, 750 and 600 m depth [2] 
to the disposal of the same number of HLW canisters in 300 m deep bore-holes
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FIG. 10. A rtist’s view o f  a,nuclear waste repository in a salt dome.

from 600 m down to a depth of 900 m [3] as illustrated in Fig. 10. Each HLW 
canister was assumed to contain 50 litres immobilized high-level waste derived 
from reprocessing 0.6 t LWR fuel.

The distribution of the HLW canisters over the available rock-salt volume 
was an important input datum for the safety analysis. The amount of rock salt 
surrounding each 100 litres HLW was increased from 5000 m 3 for the three- 
disposal-level concept to 10 000 m3 for the 300-m-deep bore-hole concept.

For the Netherlands generic safety assessment study, the emplacement of a 
total of 50 000 canisters of high-level reprocessing waste was conservatively 
assumed to be realized between a depth of 600 and 680 m. The distribution of 
the HLW canisters was thus limited and resulted in a rock-salt volume of only 
1500 m3 surrounding each 100 litres HLW.

The radionuclide inventory of the repository was calculated by the ORIGEN 
code and represented a total nuclear waste production of 1000 GW(e)/a of 
nuclear power production.

The HLW was assumed to be disposed of 10 years after discharge of the 
spent fuel from the reactor. The efficiency during reprocessing was assumed at 
a Pu and U recovery of 99.5%, whereas 100% of the 129I was assumed to remain 
in the waste.
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3. S C E N A R IO  S E L E C T IO N

The geohydrological model used for determining, in a generic way, the 
isolation value of a salt dome used for nuclear waste disposal purposes was 
established in close co-operation between the State Geological Service and RID.
The two main parameters that dominated these model calculations proved to be 
the groundwater velocity at greater depth and the upward movement of the salt 
dome.

The scenario used for establishing an average groundwater velocity over and 
around the top of the salt dome was based on existing geological, geophysical and 
geohydrological information. The circulation of groundwater in the NE Netherlands 
takes place for the greater part in the coarse sands of the Upper Tertiary and of 
the Quaternary. These strata are to be considered as the upper aquifer, which 
is not a homogeneous medium but is built up mainly of coarse sands, alternating 
with low permeability clay and loam layers. The bottom part of the aquifer 
consists of an alternation of fine sand and clay. Consequently, the hydraulic 
conductivity is low. The base of the aquifer is formed by the Oligocene clay 
(Rupelian). In some places the thickness of the aquifer is strongly diminished by 
the presence of glacial erosion valleys, filled up with silty material or clay. These 
valleys are found to reach depths of more than 300 m. Below the Oligocene clay 
that forms the base of the upper aquifer, there are water-containing deposits of 
Lower Tertiary (Eocene and Paleocene) and Mesozoic age. The last-mentioned 
formations are regarded as the lower aquifer.

The groundwater flow in the northeastern part of the Netherlands in the 
upper aquifer is well known. The groundwater potential is regularly registered in 
numerous observation wells. The regional groundwater flow is directed towards 
the north-northwest. Rain-water reaching the groundwater in the elevated 
infiltration area near the Federal German border flows underground towards 
lower areas, where it is drained by open water courses. A schematic section 
through the geohydrological model of northeastern Netherlands is shown in Fig. 11.

A finite-element model was developed by RID to calculate the rate of ground
water flow in the lower aquifer. The model described the flow in a system of two 
aquifers, separated by a semi-pervious layer. Aided by this model a flow rate in 
the lower aquifer of about 0.1 m/a was calculated. In the surroundings of a salt 
dome the flow lines will bend around the diapir. Owing to these curved flow 
lines the flow rate might become 0.2 m/a. For the hydraulic conductivity of the 
semi-pervious clay layer, a value of 2 X 10~9 m/s was used in the model.

The process of salt dome uplift (diapirism) could be very important with 
respect to the possible dissolution of the isolation shield of rock salt surrounding 
the repository. Substantial uplift could lead to contact with the upper aquifer 
where, in comparison with the lower aquifer, relatively high flow velocities occur.
In an extreme situation, diapirism would lead to the rise of the dome above ground 
level.
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The average uplift of the salt domes in Groningen and Drenthe from the 
beginning of the Tertiary period has not been more than 0.05 mm annually.

Since the diapiric movement can be assumed to have a pulsating character, 
a rate of 0.25 mm annually could be reached. For diapirism elsewhere in the 
world, figures up to about 2.5 mm annually can be found in the literature. Therefore, 
the values for upward movement of the salt dome used in the model calculations 
varied from 0.25 to 2.5 mm annually.

For a future radionuclide release from a salt-dome repository, several 
scenarios were considered feasible, depending upon the rate of continuous 
upward movement of the salt dome, the groundwater velocity and the long-term 
effects of climatological changes.

The most extreme scenario would be a high rate of diapirism of 2.5 mm 
annually. Supposing that the uplifted covering layers were continuously eroded 
away, the top of the salt diapir would, once it surfaces, also be eroded and the 
radioactive waste would ultimately come to the surface and come into contact 
with water or air. With an annual uplift rate of 2.5 mm approximately 
250 000 years would pass before the disposed waste would reach the surface.
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The climate at that moment would be very important. It is feasible that climatic 
changes could lead to a situation whereby the area may be assumed to be 
covered by sea. If the land were to remain dry, dispersion of the eroded glass, 
in which the radionuclides were fixed, by wind would be possible in a desert 
climate. Thus, the analysis of the radiation doses following a future radionuclide 
release from a salt-dome repository was made, assuming the release to start 
250 000 years after disposal, and taking into account the different climatic 
situations as they may develop in such a time period.

4. REPOSITORY ANALYSIS

For this generic safety assessment no values were attributed to either the 
repository design or to eventual engineered barriers. Important assumptions 
for the scenarios were:

The thickness of the isolation shield of rock salt above and around the 
repository used in the dissolution calculations will set the time period prior 
to any release of radionuclides; and
The distribution of the HLW canisters over the rock salt volume available 
for disposal, which in relation to the dissolution rate determines the 
radionuclide release rate, once the isolation may be assumed to have ended.

The figures used for both of these input data are given in Section 2.

5. GEOSPHERE ANALYSIS

Because of the high rate of the upward movement of the salt dome (2.5 mm 
annually) assumed for the geohydrological model, the geosphere transport is 
associated with the rising salt itself and not with dissolved radionuclides moving 
with water through the rock and/or the sediments.

Because the layers covering the salt dome consist of unconsolidated sand 
and clay, the arising of a mountain owing to the continuous upward movement 
of the salt dome was not considered credible, although a hill of some tens of 
metres might occur. It was, however, assumed that both these uplifted sediments 
and the surfacing cap-rock would be eroded away continuously. Finally, the 
surfacing rock salt surrounding the waste canisters was assumed to be dissolved, 
leading to the waste surfacing almost intact. It is consistent with such a scenario 
that no value was attributed to the geochemical retardation effects during the 
transport of radionuclides through the geosphere. Adsorption processes were 
only considered on soil in the biosphere analysis.
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TABLE IX. CALCULATED DISSOLUTION RATE OF A SALT DOME

Situation

Flow
velocity
(m /a)

D iffusion
factor
(m 2/a)

Boundary
layer
(m)

Dispersion
factor
(m 2/a)

Rate of
dissolution
(m m /a)

Top o f
the
dom e

Slow-flowing
groundw ater

0.5 0.025 50 0 .0 5 -0 .5 0.008

Flanks 
o f  the  
dom e

Slow-flowing
groundw ater

0.2 0.025 2 0 .0 2 5 -0 .2 0 .1 2 -0 .1 6

M oderate/
fast-flowing

2 0.025 2 0 .2 -2 0 .18—0.19

groundw ater 20 0.025 2 2 - 2 0 0.19

Prior to any future release of radionuclides from the disposed nuclear 
wastes is the continuous process of dissolution at the top and the flanks of the 
salt dome by moving groundwater. Although the radiation dose calculations 
were based on a release of radionuclides after 250 000 years, as a consequence 
of an extreme continuous diapiric movement of 2.5 mm annually, the dissolution 
calculations were made on a more realistic base.

Because known figures from the beginning of the Tertiary indicate that the 
average annual uplift of the salt domes was less than 0.05 mm, RID constructed 
a computer model to calculate the subrosion rate of the model salt dome at low 
diapiric movement.

The dissolution process of salt in water is governed by the diffusion and 
dispersion equations. At the top the salt dome is covered by a cap-rock of 50 m. 
It is presumed that fissures in the cap-rock are present. In these fissures diffusion 
of salt would take place. At the flanks of the salt dome there is no, or almost 
no, cap-rock but, if any salt dissolves, some insoluble substance would remain.
In the model it was presumed that diffusion would occur through fissures in the 
boundary layer and dispersion in flowing groundwater in the surrounding 
permeable strata.

The thickness of the boundary layer above the salt dome was set equal to 
the cap-rock thickness (50 m). At the flanks of the salt dome a boundary layer 
of 2 m was provisionally chosen. This 2 m boundary layer might be the result 
of the dissolution of rock salt and precipitation of insoluble substances. The 
model (SAL) calculates in a rectangular grid the transport of salt by groundwater 
under steady flow conditions.
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During the subrosion process the diapiric movement continues. For this 
reason contact with more permeable layers was assumed from the moment the 
salt dome breaks through the covering clay layer. Results are presented for the 
subrosion rate of the model salt dome in Table IX. The result of the calculation 
is that after about 1.5 million years groundwater might have dissolved 200 m rock 
salt and thus might reach the disposal area. The different combinations of the 
rate of diapirism and subrosion are presented in Fig. 12.

Although it is more realistic to assume that groundwater would dissolve the 
salt dome, thus exposing the waste after more than a million years, the worst 
case was assumed to be that all waste would be transported by the rising salt to 
the surface. In this case geosphere transport would not be with water 
through rock and/or sediment, but within the rising salt. The waste 
might reach the surface almost intact and then the release of radionuclides from 
the waste would start after about 250 000 years directly within the biosphere. 
Therefore, retardation of radionuclides by adsorption processes during geosphere 
transport would not occur in this evaluation.
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6. BIOSPHERE ANALYSIS

For the scenarios described above, the following models were used to 
calculate the consequences of postulated releases in the form of radiation doses 
to a future population living near the repository area:

(a) A drinking water model, in which the saline groundwater contaminated with 
radionuclides was assumed to be diluted to maximum chlorine content of 
600 mg/L, as recommended by the World Health Organization;

(b) An inhalation model, in which the surfaced glass particles were assumed to 
be eroded to re-suspendable dust particles;

(c) Two agricultural models, in which the radionuclides from the glass particles 
in the soil are taken up by plants and reach humans either because they are 
eaten directly, or because they are eaten by cattle and pass through the milk 
and meat chain; here sorption processes of radionuclides on soil are taken 
into account;

(d) A radiation model, in which the external radiation exposure comes from 
surface glass particles;

(e) A fishery model, in which the surfacing of the glass particles was assumed to 
develop after the area became sea bottom owing to an excessive relative 
rise in seawater level.

The radiation doses calculated for the different models were assessed by 
comparing the results with the maximum permissible doses for individuals of a 
population according to the ICRP Publications Nos 2 and 6. A review of the main 
assumptions made for the different radiation dose models and the results are given 
in Table X.

7. OTHER ANALYSES

Sensitivity analyses were made with respect to the influence of some input 
data in the model calculations. For instance, the influence of both the thickness 
of the boundary layer at the flank of the salt dome and the influence of the size 
of the contact area between water and salt on the dissolution rate were established.

Comparisons with radiation burdens from natural radiation were made to 
put the radiation burdens calculated for the different uptake models into 
perspective. For instance, the comparison was made between the amounts of 
238U and 226Ra in a soil contaminated with radioactive waste glass and other 
natural rocks. A comparison was also made between the dose rates above a soil 
contaminated with vitrified waste particles and those above soils with known 
elevated natural backgrounds.
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TABLE X. SUMMARY OF THE RESULTS OF THE NETHERLANDS DOSE MODELS

Critical
pathway

Vitrified waste 
in soil or rock 
(fraction)

Contam inated
area
(km 2)

Inhabitants
concerned

Estim ated m aximum 
radiation dose 
divided by ICRP limit

Drinking water 7 X 10-4 0.5 103 <  0.5

Inhalation: 7 X 1 0 '5 5 101 <  0.1
External <  1

A griculture 1: 5 X 1(TS 100
Potatoes 10s <  3
Milk 104 <  1
Meat 103 <  1
External 103 -  10s <  1

Agriculture 2: 7 X 1 0 '4 0.5
Milk 102 <  1
Meat 101 <  1
External 10* -  102 <  10

Marine 25 no estim ation <  0.1
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Appendix C

INFCE HARD ROCK (GRANITE) REPOSITORY

C. Cole

1. INTRODUCTION

The INFCE studies evaluated the relative safety impacts of seven different 
fuel cycles, including disposal of spent fuel in some cycles. For simplicity of 
presentation, and because it is sufficient for the purposes of this document, the 
example described here is for only one of the fuel cycles, a LWR fuel cycle with 
plutonium recycle.

An integrated modelling system was used in this study to examine the 
potential consequences of a postulated release of nuclides from a hypothetical 
geological repository located in a hard rock (granite) formation. For the 
purposes of the INFCE studies, all radioactive wastes from the fuel cycle (except 
mining and milling) were placed in the geological repository.

The reference repository for this study is for granitic rock or gneiss as the 
host rock. These rocks are in many respects representative of a broad class of hard 
crystalline silicate rocks. The descriptions of waste packages and repository 
facilities used in this study represent only one of many possible designs based on 
the multiple barrier concept. Actual designs could contain more barriers or fewer, 
depending on the actual hydrological conditions of the site and the particulars of 
the nuclear economy and local regulatory requirements.

The objective of the modelling efforts presented in this study was to predict 
the rate of transport of radioactive contaminants from the repository through the 
geosphere to the biosphere and thus determine an estimate of the potential dose to 
humans so that the release consequence impacts could be evaluated [ 1 ]. Currently 
available hydrological, leach, transport and dose models were used in this study. 
The hydrological model defines water-flow tubes and travel times from input 
describing the hydrological system and the disruptive event to be analysed. The 
transport model uses the output from the hydrological model and radioactive 
release source terms from the leach model to describe the movement of the 
contaminants through the geosphere. The transport model thus provides release 
rates and concentrations of radionuclides in the fluids released to the biosphere 
(in this case, to a surface-water body). This output then serves as an input to the 
dose model, which provides the estimate of the environmental dose resulting from 
the radioactive release.

The data on hard crystalline rock indicate that, except for highly improbable 
violent events such as meteorite strikes and volcanism, little else in the way of
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more probable geological activity (tectonics, erosion, etc.) is believed to result in 
disruption of the repository. If appropriate site selection criteria are applied, the 
probability of deliberate or inadvertent intrusion of a repository, or its immediate 
environment, by humans should be negligible. Thus, man-caused disruptive 
scenarios were not considered. As a result, the only release studied represents the 
normal scenario in which wastes are moved by the small amounts of water 
(normally present in hard crystalline rocks at depth) out of the repository areas 
after the waste canisters have failed.

2. DESCRIPTION OF HOST ROCK SITE AND REPOSITORY

2.1. Geological properties

Granitic rocks and gneisses are the most abundant rock types in the upper 
10 km of the earth’s continental crust. They occur at the surface in stable platform 
areas, in the cores of many mountain ranges and regional uplifts, and in the sub
surface beneath most of the younger sedimentary cover. They are attractive for 
waste repositories because of their strength, structural and chemical stability, 
abundance and low economic value.

Uplift, faulting and fracturing are the most significant effects of tectonic 
activity in the present context, and the rate at which they take place is the most 
important aspect in their evaluation. The distribution of mobile zones and stable 
areas is generally well known on the basis of seismic records and observations and 
structural evidence. Geological observations and isotopic age determinations have 
further demonstrated that the present deformational pattern has persisted for 
tens, even hundreds, of millions of years, and that changes in this pattern are 
extremely slow. This persistence also applies to individual tectonic features, such 
as major faults, which remain active for many million years. Their long-time 
activity probably corresponds to an equally long history of growth and propagation. 
Therefore, the possible role of tectonic activity must be evaluated on both regional 
and local evidence. Regarding the generic aspects of granitic rocks and gneisses 
it is found, however, that a subsurface repository in this type of rock is not 
endangered by seismic shaking.

Gneisses and granite often occur in vast masses. As a rule they constitute 
rather monotonous and uniform geological units of little intrinsic value. Ore 
deposits in these rocks are rather rare. A repository in such a rock, therefore, 
would not normally impede the development of natural resources or present a 
significant risk of intrusion by future human activities. Dispersal of the waste in a 
repository could take place if the rock cover were removed by erosion, either 
acting alone, or in combination with tectonic activity. This again is highly 
site-specific and must be judged on the basis of geological and geomorphological
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evidence at the site and the surrounding region. Very often it is found, however, 
that the areal exposure of granites and gneisses, which originally formed at great 
depth, in itself indicates that erosion has reached a mature stage in removing the 
overlying formations. The potential for renewed erosion, particularly in flat and 
low-lying areas outside recent orogenetic regions and away from major rivers, 
is therefore very small.

2.2. Geochemical properties

Geochemical dispersal involves the dissolution and transport of the waste in 
water pathways. The host rock of a repository will act as a geochemical contain
ment if its minerals react with the water and the individual radioactive elements 
in such a way that they effectively decay during groundwater transport. Granitic 
rocks, here taken to cover the granite-syenite-tonalite-diorite range, are mainly 
composed of feldspars, i.e. aluminosilicates of K, Na and Ca. The content of 
quartz, Si02 and dark minerals, representing silicates of Fe, Mg and Ca, may vary. 
Muscovite occurs occasionally. Gneisses cover about the same compositional range. 
Fractures and pores in these rocks as a rule contain quartz, calcite and various 
phillosilicates, such as chlorite, illite and smectite. Although these minerals 
represent only a small fraction of the rock by volume, they are geochemically 
important because they line openings where most of the groundwater flow takes 
place.

The groundwater in granitic rocks and gneisses in areas with a humid climate 
is normally of the calcium bicarbonate-sodium chloride type. The pH of the 
groundwater largely reflects the reactions of dissolved carbon dioxide, which is 
mainly derived from biological activity in the soil. Here it may reach a partial 
pressure of the order of 104Pa(10_1 bar). If the carbon dioxide of the soil- 
atmosphere equilibrates with calcite and water, the pH will be near 7.7, and the 
concentration of Ca2+ and HCOj in the groundwater will be of the order of 
10'3 mol/L, with a molar proportion of HCO^/Ca2* near 2. If equilibration takes 
place below the water table, the pH will be near 10.4 and the contents o f calcium 
and bicarbonate will be about ten times lower. The general correctness of these 
calculations is verified by a large number of analyses of groundwater from 
between 200 and 500 m depth. In many cases the HCO^/Ca2* molar proportion 
is larger than 2, indicating reactions of carbon dioxide with Na minerals as well.
In cases of deeply weathered rock, where most calcite has been removed, 
silicate/carbon dioxide equilibria may lead to a pH of around 8.0 in the groundwater.

The redox potential, Eh, of the groundwater will normally be buffered 
around — 0.2± 0.1 V by reactions with iron-bearing phillosilicates. For ground
water in contact with limonite, FeO(OH), as in oxidized rock or in limonite- 
stained fracture zones, positive Eh values may be expected. The ionic strength, I,
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often is of the order of 1 O'2 molar. The content of solutes generally increases with 
depth. The overall conclusion to be drawn from these studies is that the compo
sition of groundwater in granitic rocks and gneisses is governed to a large extent 
by a set of reactions with the available minerals. Since these are about the same 
in all granitic host rocks, the chemical characteristics of the groundwater can be 
expected to show rather limited variations.

At the pH and Eh of the groundwater in granites and gneisses at depth, 
some of the radionuclides, i.e. the actinides, will be immobilized by reductive 
precipitation and thus remain fixed in the bedrock. Both theoretical calculations 
and actual measurements show, for instance, that the maximum concentration of 
uranium in bicarbonate-bearing groundwater of this type is at most about 3 /ug U 
per litre. This concentration, furthermore, often already prevails in the oxygenated 
shallow groundwater zones. The deeper, reducing groundwater is therefore 
naturally saturated in uranium, and unable to dissolve and transport any additional 
amounts of this element. Other nuclides react with the host rock by ion exchange 
and adsorption. These processes are often considered together and described as 
sorption. They lead to a retardation of the nuclide in relation to the flow of the 
groundwater. Sorption effects may be calculated by means of distribution 
coefficients — Kd values. Such values pertaining to granite and gneiss and water 
of groundwater-like composition have been determined in the laboratory for a 
number of elements. The retardation effect has further been verified for some 
of them, e.g. Sr, by field experiments, as mentioned in Section 5.2.2 of 
Appendix D. It should be noted that iodine shows no effects of sorption and 
hence must be expected to migrate with the velocity of the groundwater.

2.3. Hydrogeological aspects

Groundwater would be the carrier of radioactive nuclides in geochemical 
dispersal; therefore, hydraulic considerations and the hydraulic properties of the 
host rock are of great importance in the present context. The groundwater moves 
in response to differences in hydraulic potential, i.e. the hydraulic gradient. 
Disregarding artesian conditions, which might occur if the hydraulic conditions 
are determined by a sedimentary cover on top of the host rock, such differences 
reflect the slope of the water table above the repository and in its surroundings. 
These differences in hydraulic potential decrease exponentially with depth. If 
the hydraulic properties of the host rock were uniform, this would also imply an 
exponential decrease in the velocity and volume of the groundwater flow.

From considerations of the hydraulic gradient and the general pattern of 
groundwater flow, it would appear advantageous to locate a repository beneath 
a groundwater divide. This would ensure an initially downward direction 
of the groundwater flow and thereby provide long transit times before the ground
water again approaches the surface. The downward flow would also counteract
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any tendency of the groundwater to move upward, as might otherwise be induced 
by heat effects from the waste. It should be noted, however, that the position 
of a groundwater divide, in a geological sense, might not be permanent.

The hydraulic properties of granitic rocks and gneisses are largely determined 
by their fractures. Therefore, they are site-specific. Nevertheless, each site may 
show a combination of the following zones:

(a) A zone of pervasive fracturing prevails at shallow depth and near larger 
fracture zones. Here groundwater flow takes place through a three- 
dimensional network of interconnected fractures which permeates the bulk 
of the rock. The hydraulic conductivity of such zones statistically decreases 
with depth. The effective (cinematic) porosity decreases in an orderly way 
with decreasing conductivity. The groundwater flow in this zone may be 
described by equations developed for flow in porous media.

(b) This zone gives way in depth and away from larger fracture zones to a realm 
of discrete fracture zones where water-bearing zones are separated by 
intervening volumes of rock, which will have low porosity and show very 
low hydraulic conductivity. The water-bearing zones here generally represent 
systems of more or less interlacing minor fractures throughout a certain width 
of rock. Underground studies at the Henderson mine (Colorado, USA) have 
shown that the individual openings along such fractures rarely exceed 3 m
in length, although continuous open fractures occasionally may be traced 
for many tens of metres. A large-scale tracer test in the vicinity of the 
Savannah River Plant (South Carolina, USA) indicates that flow in such 
fracture zones may also be described by equations derived for porous media.

(c) The intervening volumes o f  rock with very low hydraulic conductivity are 
also fractured, but the width of the fractures may be so small and the 
hydraulic connection between the fractures missing or incomplete, so that 
the water flow is severely limited or virtually inhibited. Very little is known 
of the mechanism of groundwater movements in such rocks, but it appears 
plausible that equations for porous media may provide an upper limit for 
groundwater flow in these parts of the bedrock.

(d) Finally, at some distance from the repository, large fracture zones may occur. 
These often indicate intense tectonic deformation. Such zones, in the form 
of eroded valleys, may represent important loci of groundwater discharge. 
They thereby mark natural boundaries of the wider area surrounding the 
repository site.

These various zones, in combination, define the hydraulic environment of the 
waste repository. Most of the groundwater will move through the shallow zone 
of pervasive fracturing. Some part of it, however, will percolate deeper and reach 
the realm of discrete fracture zones. Driven by some smaller gradient here, it will 
move along these zones towards the points of discharge, where it will again meet
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and be diluted by the more shallow groundwater. A still smaller fraction of the 
water will reach the waste emplaced in rock of very low hydraulic conductivity 
(i.e. 10'9 cm/s or less). After passing through some length of this rock, it will 
again reach one of the discrete fracture zones and end up at last at the same points 
of groundwater discharge as the major part of the groundwater.

2.4. Inventory

For this study the repository size was based on disposal of wastes resulting 
from a nuclear economy of 100 GW(e)- a. Its underground projected area would 
be about 90 ha.

The waste packages assumed for this repository are, with one exception, 
the same as those assumed for the INFCE salt repository. (See Appendix A, 
Section 2.2). Because of thermal considerations the HLW canisters are only 
20 cm i.d.,instead of 30 cm i.d.; thus, there are 6700 instead of 2900. The HLW 
canisters are emplaced inside compacted bentonite cylinders that line the holes 
to provide protection for the canisters from the groundwater in the granite. 
Backfilling of the repository is done with a mixture of sand and bentonite, rather 
than excavated granite, for the same purpose.

3. SCENARIO SELECTIONS

The data on hard crystalline rock indicate that, except for highly improbable 
events like meteorite strikes and volcanic eruptions, no geological activity such as 
tectonics or erosion could be expected to disrupt the repository significantly. 
Also, if appropriate site-selection criteria and protective measures are applied, as 
discussed previously, the probability of deliberate or inadvertent human intrusion 
into the repository or its immediate environs should be negligible. For these 
reasons, human-caused disruptive scenarios were not considered in this study.
As a result, the only release studied arises from a scenario in which the radio
nuclides are leached from the waste after the waste canisters have failed. The 
radionuclides are then transported from the repository by the small amounts of 
water normally present in crystalline rocks at depth.

Among the prerequisites for use of the GETOUT code (see Section 5.2) in 
determining radionuclide geohydrological transport are the estimations of two 
release parameters: the time elapsed after emplacement before release begins 
and the release duration (a constant release rate is implied). In this section these 
estimates are made for the waste forms, based on the repository description 
presented in Section 2.

In the INFCE hard-rock repository [2] containing vitrified waste in canisters 
and concreted waste in drums, release of radionuclides is from the waste forms
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F IG .13. S ch em atic  o f  packaged w aste  and b en to n ite  backfill (d im ensions used fo r  estim atin g  
mass transfer resistance).

through a compacted bentonite backfill, and into groundwater within rock 
fissures. Canisters of vitrified waste are emplaced in individual holes; for this 
case the release rate can be estimated by taking into account the resistance to 
mass transfer of the bentonite buffer.

Neretnieks [3] has treated the estimation of mass transfer resistance of 
homogeneous bentonite annuli fitted inside a hole in fractured rock. On absorbing 
water, bentonite swells and exerts pressure on its surroundings. Confined in a 
hole, the bentonite fills gaps and interstices, so that the assumption of homo
geneity is reasonable. The canisters are designed to resist the pressure. It is 
assumed that the hole intercepts a set of parallel, horizontal fissures in which 
groundwater flows around the bentonite annulus, as illustrated in Fig. 13.
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Because of the very low permeability of compacted bentonite, it was assumed that 
water flow in the bentonite would be too small to increase mass transfer signifi
cantly beyond that due to diffusion alone. It is likely that under its swelling 
pressure bentonite would intrude into the fissures, thereby extending the buffer 
region and its attending mass transfer resistance; for purposes of this study it was 
assumed that no intrusion would occur.

The ion-exchange capacity of bentonite can further inhibit release by 
retaining the shorter-lived or more strongly adsorbed radionuclides long enough 
for significant radioactive decay to occur. However, any such adsorptive retention 
must necessarily be preceded by release of canister corrosion products to the 
bentonite, which might become adsorbed and thereby reduce the exchange 
capacity. For this reason, no ion-exchange capacity for the bentonite was 
assumed; however, any retention of canister corrosion products would not be 
expected to affect the mass transfer resistance described above.

For the purpose of this study it was assumed that stainless steel canisters 
and drums are used that last 100 years. This fixed the time elapsed before 
release begins. Realistically, failures of the “ 100-year” canisters assumed for 
this study would be distributed over many years, but for the purpose of the study, 
simultaneous failures were assumed.

4. REPOSITORY ANALYSIS

As discussed above, the bentonite backfill around emplaced waste creates 
a barrier to mass transport. The mass transport can be controlled in three basic 
ways: by a limiting release rate from the waste form to the backfill, by a limiting 
concentration difference across the backfill, or by a limiting flow of water past the 
waste and surrounding backfill. Because of the bentonite diffusion barrier, it was 
assumed that limiting concentration differences control the release for indi
vidually emplaced canisters, as discussed below.

The release rate, N, through the annular backfill surrounding the vitrified 
waste and into groundwater flowing in the fissure is given by equation

N =  2ttL
b/S 

£n(r3/ r t ) b 
Di

( 1)

kvr2

where the dimensions S, b, r j , and r2 are identified in Fig. 13, and 
5 = (S -b ) /(£ n S /b )
L is the length of the hole
Dt is the diffusivity for mass transport in the bentonite
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Ac is a concentration difference, and
kv is a “ film coefficient” for mass transfer across the concentration boundary 

layer in the flowing groundwater adjacent to the bentonite annulus. 
Appropriate values for D! have been determined experimentally by Neretnieks [3]. 

To a good approximation [3],

where Dv is the mass diffusivity in water and Up the water velocity in the fissure.
The concentration difference, Ac, is taken to be the difference between an 

appropriate solubility concentration inside the annular backfill and the concentra
tion in flowing groundwater. Neglecting the latter, Ac is equal to the solubility.
The release rate, N, can be used to determine the dissolution rate of the waste 
form.

The dissolution of vitrified waste within a diffusion barrier is not straight
forward to analyse because no constituent dominates. Leaching of silicate glasses 
typically proceeds by ion exchange and slow hydrolysis of silica, although the 
scenario for complicated waste glasses is poorly understood. In the absence of a 
diffusion barrier, vitrified waste initially releases its radionuclides disproportionately 
to their concentration in the waste; the ratios of release rates relative to 
concentrations in the waste can differ by several orders of magnitude among the 
various radionuclides. With a diffusion barrier radionuclides would probably 
also be released disproportionately, but the differences among radionuclides would 
be difficult to predict. Since silica is usually a major constituent of vitrified 
waste, and its hydrolysis is closely related to glass leaching, it was assumed in this 
analysis that release from vitrified waste within a diffusion barrier is that 
corresponding to the diffusion of amorphous hydrated silica, with other species 
being released in proportion to their concentration relative to silica.

The release rate from vitrified waste will decrease rapidly from an initial 
maximum as the temperature decreases; the later release rate for the subsequent 
long time period is the appropriate parameter for the GETOUT calculations. The 
leach duration, based on the above considerations and appropriate quantitative 
data, was calculated to be 8 X 105 years.

It was further envisioned that medium- and low-level wastes would be 
emplaced in the repository in steel drums. The geometry of drums stacked within 
sand-bentonite backfill is rather complex. As the mass transfer resistance is 
difficult to estimate for that waste, it was assumed that a limiting flow of water 
would control the release. Uranium is the major waste constituent. The release 
rate is estimated to be controlled by uranium solubility and the water flow 
intercepted by the drums. Based on an assumed water velocity in the sand 
bentonite of twice the calculated bulk groundwater velocity (0.6 m3 • m '2 • a"1),

(2)
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TABLE XI. CALCULATED DURATIONS OF LEACHING FOR DRUMMED 
WASTES AND RELEASE RATES FROM REPOSITORY 
(Basis: lOOGW(e)-a)

Waste type
Duration
(years)

Release rates 
(Ci/a)

Conversion 4.7 X 104 4.1 X 10**

Enrichm ent tails 6.7 X 106 5.3 X 10<

UO2 fabrication waste 9.6 X 103 6.2 X 10‘4

MOX fabrication waste — U 5.4 X 102 6.4 X 10 '4

-  Pu 2.7 X 101 6.7 X 10l

Depleted U from  reprocessing 6.6 X 104 5.6 X lO"5

the maximum amount of water available was calculated to be 0.12 L per drum 
per year. By multiplying this amount by the solubility of uranium (1000 mg/L) 
a leach rate was estimated. Though probably conservative, the same rate was used 
for plutonium in the waste from mixed-oxide fuel fabrication. The duration of 
the leaching was then obtained by dividing the uranium and plutonium contents 
of the drums by the leach rates. No account was taken for retardation or dispersion 
in the sand-bentonite barrier. Without inclusion of these latter factors, because 
of limitations of time for the study, the study yielded unrealistically short leach 
durations for some of the waste categories. The release rates and leach durations 
for the various waste categories are presented in Table XI.

According to INFCE assumptions, iodine released during reprocessing is 
not incorporated into vitrified waste but instead is adsorbed on special filters.
It is assumed that iodine is immobilized on silver zeolite and emplaced in concrete 
in drums. For the given iodine inventory the number of drums can be estimated 
from the capacity (1.46 g I/kg) and density (1200 kg/m3) of the silver zeolite, 
so that the appropriate absorption area can be calculated. The release rate is 
taken to be the product of the solubility of silver iodide (1.5 X 1 O'6 g/L) and the 
water flow rate intercepted by the drums (0.12 L/drum per year). The leach 
duration, based on the above considerations, was calculated to be about 
2 X 109 years.
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5. GEOSPHERE ANALYSIS

5.1. Hydrological models

5.1.1. Three-dimensional fmite-element groundwater flow  model

For this study only normal slow water movement through the low permeability 
rock was considered. Consideration of the effects of highly fractured zones on 
regional water flow and the decrease in permeability and porosity of the rock 
masses and fracture zones with depth requires the use of a three-dimensional 
numerical model to  study water movement. To model the multilayered geo- 
hydrological system with discrete highly fractured zones described in the following 
sections, the three-dimensional finite-element groundwater flow model, described 
in Section 5.11 of Appendix A, was used. The previous discussion is applicable 
here.

5.1.2. Hydrological model o f  the conceptual waste repository

The first stage of the modelling effort involved examining the geohydrological 
data and developing a conceptual model of the system. Much of the information 
presented here was extracted directly from Appendix 2 of R ef.[l], but additions 
and adjustments were made as required to define the system for the modelling 
effort. The generic geohydrological description of the granite waste repository 
site, presented in Section 2, is expanded in the next paragraphs and is followed 
by the translation to a conceptual model and finally to an input data set for 
use with the groundwater flow model.

Figure 14 illustrates the boundaries of the conceptual repository site in 
granite along with the regional water-table configuration and assumed boundary 
definitions. Although an actual site might contain some surface layers of till and 
clay, these layers would tend to retard deeper circulation patterns and were ignored 
in the description so as to favour conservatism. The stratigraphy was thus assumed 
to be granite from the surface down. Recharge calculations are avoided by holding 
the water surface according to a subdued version of the actual topography. The 
reference topography assumed was a version of an actual granite area modified 
slightly to be consistent with the assumed boundary conditions. Regional tilt is 
of an order of 10'3 m/m, and local topographic variations are from near zero to 
10"1 m/m. The site shows a topography common for glaciated hard-rock areas 
in Precambrian shields. The regional discharge site was assumed to be both large 
fresh and salt water bodies. The boundary conditions include: no-flow boundaries 
on the east and west, a vertical no-flow boundary to the south since this is 
assumed to be the regional groundwater divide, and a lake or ocean boundary to 
the north which is held at the lake or ocean elevation on the lake or ocean surface
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F IG .14. R eferen ce  rep o sito ry  s ite  in granite, illustrating boundaries, fractu res and w a ter table.

and along the vertical northern boundary; consistent with data observed for 
hard-rock geologies, permeabilities and porosities decrease with depth. For 
modelling purposes, the upper 1.5 km is modelled in detail and the lowest layer 
is of sufficient thickness to avoid interference by the assumed no-flow boundary 
along the lower surface.

Major shear or fracture zones in patterns like those observed in an actual 
granite area have been included. These fracture patterns at an actual site should 
be spaced so that blocks (undisturbed by major fracture or shear zones) of the 
appropriate size for repository siting are available. All major fracture zones are
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assumed to be vertical. In accordance with a generic stress distribution in the 
rock, the fracture zones are divided into tension, shear and compression zones.

As discussed in Section 2, the flow in the hard-rock masses of the reference 
repository site is governed by all the properties of fracture — orientation, spacing, 
interconnection and aperture — including the three-dimensional effect of the stress 
field on aperture size. The equivalent porous medium approach has been used to 
describe the regional water movement.

The regions of major fracture or shear zones as determined from geophysical 
methods are handled as discrete features. The equivalent porous medium 
permeability and porosity were chosen to reflect the higher degree of connectivity 
between fractures in these zones, the greater fracture permeabilities and aperture 
sizes (as they relate to porosity), the closer spacing of fractures, and the presence 
or absence of clay in the fractures of these zones. It should be noted that, when 
the equivalent porous medium parameters are developed from an inappropriate 
data base, errors can be introduced in calculating the velocity field.

5.1.3. Model input parameters

The extent of the area used in the hydrological model is 25 000 m by 
25 000 m. The finite-element grid representation of the area is shown in Fig. 15. 
Element size, shape and orientation were chosen so as to represent the actual 
topography and structural properties of the granite mass within the modelled 
region in the best manner. The regional groundwater divide to the south has an 
altitude of 40 to 45 m above the level of the regional lake (or sea) elevation.
The vertical boundary of the regional lake or sea is placed about 4000 m from 
the shore-line, and it is a held potential. The major fracture zones are represented 
by discrete elements. The widths of these discrete elements were assigned 
according to the type of fracture zone. First- and second-order tension zones 
were assigned widths of 50 and 10 m, respectively. Shear zones and compression 
zones were assigned widths of 20 and 5 m, respectively. The model works with 
discrete layers in the vertical direction in which the permeability and porosity 
are set constant. Typical values of the hydraulic properties were used for the 
different geohydrological structures at the ground surface and at various depths. 
The same slope was assumed for the different geohydrological units, but they 
started at different surface values.

5.1.4. Geohydrological m odel results

The output from the hydrological model is the groundwater potential 
distribution throughout the modelled region. An auxiliary programme for the 
model calculates the travel time, travel path, and travel distance along any 
streamline within the region. These values are calculated from the predicted 
potentials and from the input values used for permeability and porosity.
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F IG .15. F in ite-e lem en t grid  represen ta tion  o f  the m odel region.

Figures 16 and 17 illustrate the X-Y paths that water, entering the four corners 
and middle of the generic repository, would take as it proceeds to the discharge 
site in Lake C. Figure 18 illustrates the Y-Z paths for the same five streamlines. 
The dots along the streamlines are placed 1000 years apart in time. Notice that, 
as the streamlines encounter the second-order tension zone en route to Lake C, 
they move upwards and westwards because of the higher permeability of the 
fracture and the disjuncture in gradients. The total travel time and distance for
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F IG .16. X -Y  pa th s fo r  stream lines 1 and 2  startin g  a t th e low er le f t  and righ t corners o f  the  
reposito ry . The d o ts  on the stream line paths are places 1 0 0 0  yea rs apart in tim e.

F IG .17. X -Y  pa th s fo r  stream lines 3-5 starting a t the upper le f t  and u pp er righ t corners o f  
the rep o sito ry  as w e ll as the m idd le. The d o ts  a long th e  stream line pa th s are p la ced  1 0 0 0  years  
apart in tim e.
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FIG. 18. Y-Z pa th s fo r  the five  stream lines starting  a t the fo u r  corners and m idd le  o f  the 
reposito ry . The d o ts  along the stream line paths are placed  1 0 0 0  years apart in tim e.
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each of the five streamlines are illustrated in the figures. The average streamline 
parameters are:

Average distance — 7100 m
Average travel time — 11700 years ± 1300 years
Average velocity — 0.61 m/year

Since the transport is to be simulated with a one-dimensional model, the 
hydrological model results must be reduced to an equivalent, one-dimensional 
data set. The one-dimensional model requires a column length, pore water 
velocity, dispersion length, column width, column porosity, column height and 
column flow. The one-dimensional column parameters are related as follows:

Flow =  width X height X pore velocity X porosity.

The flow through the repository was estimated from the average X, Y, Z flux 
per unit area at the corners and middle of the repository. The resultant one
dimensional flow is thus 2.6 m3/a.

The one-dimensional column width of 1600 m was estimated from Figs 16 
and 17. Pore water velocity of 0.61 m/a was obtained from the quotient of the 
average streamline distance and travel time. A porosity estimate of 1.9 X 10"4 was 
taken from the average of the time-weighted porosity along each of the five 
streamlines. The theoretical column height of 14.2 m was chosen to be consistent 
with the flow, width, velocity and porosity estimates. A column length of 
7100 m ensures the appropriate average travel time for a velocity of 0.61 m/a.
The ± 1300 years variation in arrival time due to flow geometry can be accounted 
for by appropriate choice of the minimum longitudinal dispersion length. For a 
one-dimensional problem a ± 1300-year spread in arrival time for a conservative 
contaminant is due to a ± 800 m (± 1300 X 0.61) spread in the contamination 
plume. The sigma for a one-dimensional transport problem is given by the square 
root of the product of twice the dispersion length X the velocity X the travel 
time. Equating 800 m to the transport sigma, the equivalent dispersion length 
required to yield a ± 1300-year spread is 42 m.

5.2. Transport models

5.2.1. One-dimensional multi-component mass transport model

The model used for the nuclide migration calculations is a one-dimensional 
transport model that includes axial dispersion, geochemical retardation, and 
radioactive chain decay. The model is called GETOUT [4, 5]. The version used 
in this study is mathematically equivalent to that used in Ref.[5], i.e. the 
dispersion is omitted for those nuclides formed by chain decay during the 
migration process. However, daughter-product dispersion was accounted for using
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dispersion factors generated by GETOUT for parent radionuclides. This procedure 
has been shown to give comparable results to a modified version of GETOUT [6].

The model is based on the analytical solutions of a set of partial differential 
equations of the form:

aNj j a2^  aN4

where:

Nj =  number of moles of nuclide i 
d =  dimensionless time =  t X u/L

t =  time, years
u — groundwater velocity, m/a 
L= column length, m 

77 = dimensionless length co-ordinate =  Z/L
Z =  length co-ordinate, m 

Pe = Peclet’s number =  u X L/D
D =  dispersion coefficient, m2/a 

Kj =  nuclide retentivity =  u/uj
uj =  nuclide velocity for nuclide i, m/a 

Rj =  decay number for nuclide i =  Xj X L/u 
Xj = decay constant for nuclide i, year'1.

Equation (3) is solved for a constant release rate of the waste. The retardation 
factor, Kj, is based on the assumption that for trace contaminants the geochemical 
interactions are reversible ion-exchange or adsorption reactions where the concen
tration of radionuclides sorbed on the rock is proportional to the concentration 
in the groundwater. From the laboratory measurements of the distribution 
coefficient, Kd (m3/kg), the retention factor for a fissured rock can be calculated:

Kj = 1 + Ka • a (4)

where:

Kd
Ka = —  = surface distribution coefficient, m 

a2

a2 = conversion factor equivalent to surface area of the laboratory sample, 
m2/kg

e = the porosity of the rock
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Equation (4) is based on the assumption that the sorption reactions take place 
only at the surface of the crack walls. Experimental measurements [7] of the 
conversion factor, a2 , indicate a significant kinetic effect, possibly diffusion into 
the microfractures of the rock mass. This would increase considerably the 
retention factors compared with the values used in this study.

5.2.2. Input parameters

Input data for use in the GETOUT model calculations include the radio
nuclide inventory, the release scenario results presented in Section 4 and additional 
geochemical and hydrological data. Whereas in the hydrological model 
(Section 5.1.2) both the permeability and the porosity can vary with depth, for 
the GETOUT model a homogeneous migration column is assumed; thus, these 
values as well as the resulting groundwater flow and velocity must be averaged 
before being used in the GETOUT model, as discussed in the next paragraph.

The hydrological model yielded an average groundwater travel time of 
11700 years. In the actual transport modelling this has been rounded to 
10000 years. The geometry of the repository gives a spread in the travel time for 
the five streamlines corresponding to a standard deviation of about 1300 years.
If this variability were interpreted in terms of the dispersion model defined by 
Eq.(3), it would correspond to a dispersion coefficient of 8.1 X 10'7 m2/s. It has, 
however, not been verified that this variation of transport times can be interpreted 
as a dispersion coefficient and applied in the GETOUT model. The travel-time 
distribution in the dispersion model arises from velocity fluctuations and molecular 
diffusion within a flow tube. However, the distribution obtained from the hydro
logical model is due to differences between the flow tubes and, hence, mainly 
dependent on the topography, permeability and porosity. Because of these 
uncertainties, a value of 1.5 X 10‘9 m2/s, accounting only for the molecular 
diffusivity for ions in water, was chosen. This implies, however, that the influence 
of dispersion on the maximum discharge rate is not fully taken into account. The 
average permeability and porosity have been evaluated as the time-integrated 
means; the permeability obtained this way was 6 X 10"9 m/s, and the porosity 
2X 10'4 .

Regarding geochemical input data for the transport model calculations, as 
discussed previously, chemical interactions between the dissolved waste nuclides 
in the groundwater and the rock result in a retardation effect quantified by a 
retention factor that is specific for a given element in a certain chemical and 
geological environment. The distribution coefficients, Kd (mL/g), used for the 
calculation of the retardation factors were taken as the best estimate values used 
in the study described in Appendix D. The retention factors were then calculated 
from Eq.(4). The factor a2 for the conversion of the Kd values to the surface
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distribution coefficients, Ka, was assessed from Ka measurements on a natural 
crack surface [7]. The a2 values were obtained by dividing the Kd values, 
measured for crushed rock, by the measured Ka values. Three different elements 
were used in the Ka measurements: strontium, caesium, and americium. The a2 
values obtained for these elements were 3, 2, and 10 m2 /kg, respectively. In this 
study the caesium value was used only for caesium, the strontium value for both 
strontium and radium, and the americium value for the rest of the waste elements. 
The differences in the a2 factor for the various elements reflect their different 
chemical behaviour in the geological environment. The use of americium value for 
the bulk of the elements is justified by similarities in the behaviour (e.g. formation 
of insoluble hydroxide complexes). This assumption also results in the lowest 
retardation factors, thus yielding the shortest nuclide migration times.

The area of fissure surfaces per unit volume of rock, a (m '1), can be calculated 
from the average fissure spacing, s (m), assuming that the fissure surfaces are 
planar and parallel:

If the porosity of the rock is interpreted as the result of parallel fissures with planar 
walls, the fissure spacing can be obtained from:

where:

g = gravitational constant, m/s2
v = kinetic viscosity, m2 /s
Kp = parallel fissure permeability, m/s

Based on an average porosity of 2 X 10"4 in the flow tube and the average 
permeability of 6 X 10"9 m/s, the average fissure spacing was calculated as 0.03 m. 
According to Eq.(5) this spacing yields a value for the parameter, a, of about 
67 m2/m 3 rock mass.

The geochemical input data to the transport calculations are summarized 
in Table XII. The retention factors were adjusted for the porosity and permeability 
used in this study.

5.2.3. Transport model consequences

The nuclide discharge rates to the biosphere for high-level waste were 
calculated with the GETOUT model. The results are given in Table XIII as 
maximum discharge rates and times of these maximums. The nuclide travel

a = 2/s (5)

(6)
e3/2
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TABLE XII. DISTRIBUTION COEFFICIENTS, Kd, SURFACE DISTRIBUTION 
COEFFICIENTS, Ka, AND RETENTION FACTORS, Ki} USED IN TRANSPORT 
CALCULATIONS

Element Kd
(mL/g)

Ka
(m)

Ki

Sr 0.016 0.008 2700

Tc 0.05 0.005 1700

I 0 0 1

Cs 0.064 0.021 7 000

Ra 0.50 0.25 84 000

Th 2.4 0.24 81 000

Pa 0.6 0.06 20 000

U 1.2 0.12 41000

Np 1.2 0.12 41000

Pu 0.30 0.03 10 000

Am 32 3.2 1080 000

Cm 16 1.6 540000

TABLE XIII. SUMMARY OF INFCE HARD ROCK REPOSITORY 
TRANSPORT MODEL RESULTS FOR HLW

Time of peak Maximum rate
Isotopes discharge

(years)
of discharge 
(Ci/a)

135 Cs 7.1 X 107 7.2 X 10'11
226 Ra 4.1 X 108 1.0 X 10'6
230Th 4.1 X 108 1.1 X 10‘6
232Th 8.IX 10s 3.2 X 10"9

231Pa 4.1 X 108 1.1 X 10‘6

234u 4.1 X 108 2.2 X10’6

235u 4.1 X 10s 1.7 X 10'6
236u 4.1 X 108 8.4 X 10'u

238u 4.1 X 108 2.2 X 10"6
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TABLE XIV. SUMMARY OF INFCE HARD ROCK REPOSITORY
TRANSPORT MODEL RESULTS FOR NON-HLW

Isotopes
Maximum rate 
of discharge 
(Ci/a)

226 Ra 3.4 X 10'4
230Th 3.5 X 10'4
231 Pa 1.7 X 10'5

7.4 X 10‘4
235 u 8.4 X 10'6
23®u 7.4 X 10-4

times are generally around hundreds of million years. An exception is 1291 
which migrates at the groundwater velocity with a travel time of about 
10 000 years; however, as discussed in Section 4, because of its extremely low 
solubility and consequent long leach duration, its release rate is expected to be 
insignificant. The long travel times allow most of the nuclides to decay, leaving 
only those with extremely long half-lives and those arising from long-lived parent 
nuclides; these are 238U along with its daughter nuclides 234U, 230Th, and 226Ra 
and 235 U with its daughter nuclide 231 Pa.

The transport of nuclides released from non-high-level wastes, as discussed in 
Section 4 was treated separately. The 235U, 238U and 239Pu are the only nuclides 
released that will result in any significant discharge rates to the biosphere. The 
other nuclides have either small inventories or will decay during the long transport 
times. Table XI presented the leach durations and the resulting release rates.
The release rates of 238U were used to calculate the discharge rates to the biosphere 
for the daughter nuclides 234U, 230Th and 226Ra. The discharge rates of 231 Pa and 
235U were calculated from the release rates of 239Pu and 23SU. The maximum 
discharge rates to the biosphere are presented in Table XIV.

It should be stressed that the calculated leach durations in several of the 
cases are extremely short and that an analysis of the diffusion resistance in the 
buffer material would yield much longer durations. It should also be pointed out 
that the leach durations might be extended by improved waste forms and packages.

In summary, all discharge rates to the biosphere calculated by the transport 
model are small in magnitude. No fission-product peaks of significance appeared. 
The peak concentrations for actinides all occur at 400 million years or later.
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6. BIOSPHERE ANALYSES

The biosphere environment selected for this generic study is representative 
of a typical granite site. This environment includes an inland lake with local 
farmlands and drainage to a larger intermediate lake1 or to the sea. Lake C 
(Figs 16 and 17) receives radioactivity from the deep groundwater as defined in 
Section 5.1 of this appendix. The biosphere model, described in Section 6.1 uses 
the deep groundwater activity release rate to determine the radioactivity in each 
compartment as a function of time. The compartment activities are used in the 
pathway analysis to determine the rate of radionuclide intake for the most 
exposed individual. The pathways of uptake by people are described in 
Section 6.2. The radionuclide intake rates are used to calculate the dose received 
in the fiftieth year of exposure by the most exposed individual. The dosimetry 
models are described in Section 6.3.

Doses presented in this report are the annual doses for the most exposed 
individual rather than the 50-year accumulated doses presented for the INFCE 
salt repository study [8] described in Appendix A. Therefore, the dose results in 
the two studies cannot be directly compared.

6.1. Biosphere transport model

Transport of radionuclides in the biosphere is described by the multi
compartment model of Bergman et al. [9]. In this model the ecosystem 
is divided into a number of physically well-defined areas or volumes. In 
the following discussion these are referred to as compartments. The quantity of 
radionuclide in each compartment is described by a system of linear first-order 
differential equations expressed mathematically in vector form as follows.

For parent radionuclides:

YP(t) =  KpYp(t) + QP(t) -  XpYp(t) (7)

For daughter radionuclides:

YD(t) =  KDYD(t) +  XDYP(t) -  XDYD(t) (8)

The vectors Yp and YD refer to activity in the system’s compartments at time t, 
and the vectors Yp and YD represent changes in activity per unit time. The 
coefficient matrix K (year"1) describes the constant transfer rates between the 
compartments, and the vector Qp(t) describes the production or release within 
the compartment (activity per year). The daughter activity source strength within

1 Called a regional lake in Section 5.1.3.
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each compartment is a function of the parent activity in the compartment. The 
constants XP and Xq are the radioactive decay constants for the parent and 
daughter radionuclides, respectively.

Inherent in the use of this mathematical model are the assumptions:

The radionuclide outflow from a compartment is dependent on the amount 
of the radionuclide in it and on the compartment’s transfer parameters;

The compartment is instantaneously well mixed; and

Each unit of activity has the same probability of leaving the compartment.

The model of the biosphere is divided into three subsystems of progressively 
increasing size referring to a regional, an intermediate, and a global ecosystem.
This subdivision of the environment into three ecosystem zones makes it 
possible to:

Study extreme exposure situations in limited ecosystems to help define the 
most exposed individual;

Increase the realism of the dispersal pattern described by the model by 
considering gradual dispersal on an ever-increasing scale as well as feedback 
between different zones; and

Apply the model adequately to typical conditions by choosing a large lake 
or a sea as an intermediate zone.

Figure 19 shows the compartments considered and their pathways of inter
action. Radioactivity from the repository enters the regional ecosystem through 
the deep groundwater in contact with the inland lake from which dispersal in the 
ecosystems begins. The lake has an area of 350 km2 and an average depth of 
20 m. The area of the sediment layer is the same as the lake’s, with an upper layer 
of sediment 10 cm deep assumed to participate actively in the processes of 
exchange with overlying water. The regional soil compartment consists of 900 km2 
farm land. The soil compartment in the region is considered to have an average 
depth of 2 m. Subsurface groundwater includes all soil water and groundwater 
down to a depth of 2 m and is not a primary recipient for the radionuclides from 
the repository. The average period of turnover for the subsurface groundwater 
is assumed to be three years. There is hydrological equilibrium within a pre
cipitation area.

The sea system comprises a surface area of 3.7 X 10s km2 and an average 
depth of 60 m. The sediment compartment is the sediment layer at the bottom 
of the sea. The atmosphere above the regional and sea area is the tropospheric 
air volume up to an altitude of 1 km.
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F IG .l 9. C om partm en ts o f  th e various ecosystem s.

The global ecosystem embraces seven compartments2 that are considered 
important for the dispersal and turnover of long-lived radionuclides. The oceans 
are divided into two compartments because mixing and exchange in the seas 
decrease rapidly with increasing depth. The surface ocean consists of the upper 
water layer down to a depth of about 100 m. The deep ocean basin is below the 
surface ocean. These two compartments connect directly with their respective 
sediment compartments. The uppermost sediment compartment encircles the 
continents and amounts to about 4% of the total sediment area.

The soil compartment consists of the upper ground layer on the continents 
down to a depth of 0.5 m. The groundwater compartments, which transports 
the nuclides to the surface water and back to the soil compartment, connects 
with the soil compartment. The biota compartment consists of the terrestrial 
short- and long-lived primary producers, i.e. vegetation that has a short life cycle 
of up to a few years and vegetation with a life extending over several decades.
The biota is particularly important for the turnover of carbon, iodine, and 
technetium.

The turnover of radioactive elements in the biosphere takes place in relation 
to the movement of certain carriers in different media. Through irrigation as well 
as dry and wet deposition, radioactive substances can be transferred to the ground,

2 The masses and areas of the various compartments are presented in Ref.fl],
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while re-suspension, leaching and runoff are responsible for transport in the 
opposite direction to the atmosphere, subsurface groundwater and lake water.
In the lake the activity settles out and is re-suspended while at the same time it is 
carried to the sea through water turnover. Exchange of activity between water 
and sediment occurs there as well. The sea is connected with the global ocean 
area. Exchange takes place between the global atmosphere and the ocean by 
means of evaporation, precipitation, and aerosol formation. Radioactive elements 
are recirculated in the global land area by means of re-suspension, leaching, and 
runoff.

The structure of the model permits the recirculation of radioactive elements 
between different parts of the compartment system. The exchange of 
radionuclides between the compartments is described by transfer coefficients 
which give turnover per unit time. Water balance calculations and hydrological 
information concerning water turnover on a regional and global scale are used in 
cases where groundwater and surface water are carriers. With this as a basis and 
with the aid of distribution coefficients determined by the mobility of the nuclide 
in relation to that of water, nuclide-specific coefficients for transfer between soil 
and water are obtained.

Studies of fallout radioactivity from nuclear weapon tests have provided 
information on the dispersal and deposition of a number of nuclides in various 
media. Leaking storage facilities and releases have also contributed to information 
on how elements migrate in soil and water [1 0 -1 4 ], The distributions of the 
stable isotopes of the radioactive elements, or of chemically analogous elements 
in the different compartments, as well as experimental data from field and 
laboratory studies, have also been used in the model [11, 15—18]. The transfer 
parameters with derivations are reported in Ref.[9].

6.2. Exposure pathway model

The environmental concentrations generated by the biosphere transport 
model are used in the exposure pathway analysis to estimate the total intake by 
the most exposed individual from ingestion and inhalation. External exposure 
situations are also considered. Previous work [9] has shown the most exposed 
individual to be located in the regional ecosystem. Pathways that have been shown 
to be important are internal exposure via inhalation and ingestion of food and 
drinking water and external exposure from material deposited on the ground. 
Figure 20 illustrates these pathways in the regional ecosystem. Other pathways 
of interest for external exposure include bathing, beach activities and exposure 
to fishing tackle contaminated with lake sediments.

Internal exposure from food results from several ecological transport paths 
such as uptake by plant roots, by fish, and by grazing animals used for meat and 
milk production. The food crop and grazing pathways include contributions
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IN H ALAT IO N

F IG .20 . Paths o f  hum an exposure in th e  regional ecosystem .

from irrigation with lake water. Also, groundwater from irrigated areas is used for 
human drinking water. The exposure pathways considered in this study are 
detailed in Ref.[ 1 ]. The annual intake by the most exposed individual is calculated 
by the equations given in Ref.[9].

External exposures are calculated directly from compartment activity levels 
using dose conversion factors described below. The exposure is also dependent 
on the total time of exposure (hours/year) for each external pathway. All data 
parameters for the pathway analysis are reported in Ref.[9].

6.3. Dosimetry model

The pathway models consider exposures to the most exposed individual from 
external irradiation, inhalation of airborne radioactivity and ingestion of 
contaminated food and water. This section describes the models used to convert 
environmental concentrations to external radiation dose and to convert radio
nuclide intakes via inhalation and ingestion to dose.

The weighted whole-body dose is calculated for each radionuclide and each 
pathway. The results presented in Section 6.4 represent the dose during the 
fiftieth year following fifty years of chronic intake for the most exposed individual 
plus any external exposure received during that year.

External radiation exposure may contribute to the dose for the most exposed 
individual through the following pathways:

Exposure to contaminated ground (soil),
Exposure to contaminated beaches (sediment),
Exposure while bathing (lake water),
Exposure to contaminated fishing tackle (sediment).
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The external exposures consider beta and gamma radiations. Gamma radia
tions contribute to all internal organ doses equally while beta radiations contribute 
only to skin dose. All external exposures are calculated in units of rem/a, with 
consideration of the fraction of the year that exposure is received. Details for 
calculation may be found in Ref.[9].

The weighted whole-body doses for the most exposed individual from 
ingestion and inhalation are based on the recommendations of ICRP [19].
Weighted whole-body dose conversion factors taken from the work of 
Adams et al. [20] were used to convert intake to dose. The factors give the 
doses (rem) to an individual during the fiftieth year of exposure for chronic intake 
at 1 Ci/a. A quality factor of 20 has been used for high linear energy transfer (LET) 
radiation and a factor of unity for low LET radiation, e.g. beta and gamma. The 
conversion factors are based on internal organ doses calculated using the lung 
model of the ICRP Task Group on Lung Dynamics [21 ] and the gastrointestinal 
tract model of Eve [22].

As stated previously, the radiation doses calculated for high-level waste 
disposal in granite cannot be directly compared with the radiation doses calculated 
for the INFCE salt repository [8]. Based on only the dose models, the comparison 
would be invalid for several reasons. Firstly, the salt repository values are doses 
accumulated over a 50-year period, while the granite values are annual doses in the 
fiftieth year following 50 years of constant chronic intake. Therefore, the two 
schemes for accounting for long-term exposure to radionuclides in the environment 
are considerably different.

Secondly, the dose methodology for the INFCE salt repository was based on 
ICRP Publication 2 (1959) [23], which identified certain specific organs as 
“critical organs” . The dose methodology used for the INFCE granite site was 
based upon ICRP Publication 26 (1977) [19], which identifies an entirely new 
entity called a “weighted whole-body dose equivalent” . The weighted dose is 
obtained by calculating doses to numerous body organs, selecting those identified 
either as important organs and/or those receiving the highest doses, and then 
multiplying these selected organ doses by weighting fractions.

A third difference is that a few of the parameters used to calculate the dose 
effectiveness of certain radionuclides have undergone changes between the two 
ICRP reports. The principal change was in the value of the Quality Factor, Q, 
for alpha radiation. The newly recommended value is 20, and the older value is 10.

6.4. Biosphere model consequences

The biosphere and dosimetry models were used to generate the maximum 
annual dose received by an individual. Table XV presents the annual maximum 
individual dose (by radionuclide) for the high-level waste.
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TABLE XV. INFCE HARD ROCK REPOSITORY: ANNUAL MAXIMUM
INDIVIDUAL DOSES FOR HIGH-LEVEL WASTE

Radionuclide Time of Dose
maximum (rem/a)
(years)

135Cs 7.1 X 107 1.7 X 1 0 '14
226 Raa 4.1 X 10® 1.1 X 1 0 '9
230Th 4.1 X 10s 3.1 X 1 0 '10
232 Th 8.1 X 108 5.0 X 1 0 ' 11
23ipa 4.1 X 108 2.7 X 10 '6
234u 4.1 X 108 1.6 X 1 0 '10
235JJ 4.1 X 108 5.0 X 1 0 '11
236u 4.1 X 108 1.1 X 1 0 '14
238u 4.1 X 108 2.6 X 1 0 '10
230Th/226Rab 4.1 X 108 2.4 X 10 '8
234u /226Rac 4.1 X 108 6.0 X 10 '10
Maximum annual total dose - 2.7 X 10"6
Time of maximum total dose

(years) 4.1 X 108

a Refers to 226 Ra which reaches the biosphere directly from the groundwater. 
b Refers to 226 Ra produced by radioactive decay of 230Th in the biosphere. 
c Refers to 226 Ra produced by radioactive decay of 234U (via 230Th) in the biosphere.

Table XVI presents the dose results for the non-high-level waste category. 
As discussed above, the dose represents the weighted whole-body dose received 
by the most exposed individual during the fiftieth year following 50 years of 
chronic intake.

The timing and magnitude of doses to the most exposed individual parallel 
the radionuclide discharge rates to the biosphere (Section 5.2.3). The highest 
doses appear at 400 million years. The calculated total dose of 0.003 mrem per 
year for high-level waste is far below the average annual background dose rate of 
100 mrem per year. The total dose for non-high-level waste was 0.05 mrem.
The main contributors to dose were 231 Pa and 226 Ra through the ingestion 
pathways.
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TABLE XVI. INFCE HARD ROCK REPOSITORY: ANNUAL MAXIMUM
INDIVIDUAL DOSES FROM NON-HIGH-LEVEL WASTE CATEGORIES

Radionuclide Dose: rem/a in 50th year

226 Raa 3.5 X 10"7

230 Th 1.0 X 10‘7

231 Pa 4.3 X 10'5

234U 5.3 X 10'8

235u 2.5 X 10-9

238u 8.8 X 10'8
230Th/226 Rab 7.7 X 10‘6

234U/226Rac 2.0 X 10'7

Maximum annual total dose 5.1 X 10"5
Time of maximum (years) 4.1 X 10s

a Refers to 226 Ra which reaches the biosphere directly from the groundwater. 
b Refers to 226Ra produced by radioactive decay of 230Th in the biosphere.
0 Refers to 226Ra produced by radioactive decay of 234U (via 230Th) in the biosphere.

The dose results shown in Tables XV and XVI are for a repository containing 
waste from a 100 GW(e)/a nuclear economy. To obtain the dose to the most 
exposed individual for any other sized repository up to the maximum of about 
four years of waste from a 100 GW(e) economy, the dose numbers must be 
multiplied by the factor:

Economy size • Years of operation 
Factor = ------------------- — ---------------------  . (9)

Where economy size is in units of GW(e)/a.

For example, for a repository holding 20 years of waste from a 4 GW(e) economy, 
the dose numbers must be multiplied by 0.8.
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Appendix D

SWEDISH HARD CRYSTALLINE ROCK REPOSITORY

P.E. Ahlstrom

1. INTRODUCTION AND BACKGROUND

In 1977 the Swedish Parliament passed a Nuclear Stipulation Law which 
requires that before loading fuel and the operation of any new nuclear power 
reactor in Sweden the reactor operator shall, among other things, show how 
and where high-level waste from reprocessing (or spent unreprocessed nuclear 
fuel) can be finally disposed of in an “absolutely safe” way. The Swedish nuclear 
power industry responded to the proposed bill by organizing the Nuclear Fuel 
Safety Project (KBS).

The KBS project investigated potential disposal concepts for both the 
alternatives (high-level waste from reprocessing and spent unreprocessed fuel) 
which were mentioned in the Stipulation Law. A report of the handling and 
final storage of high-level vitrified waste was completed in December 1977 [1 ]. 
Later on, this report was supplemented by additional geological investigations [2]. 
Based on these reports and an extensive review by several Swedish and foreign 
organizations and individuals, the Swedish Government approved the fuel loading 
and startup of additional nuclear power reactors in June 1979 and in April 1980. 
The KBS project also completed and published a study on final storage of 
unreprocessed spent fuel [3].

This Appendix describes some of the methods and data used for the safety 
analyses included in the first KBS reports [1 ]. These methods reflect the status 
by mid-1977 when the analyses were made. Some additional information and 
data have been included for completeness and in such case the proper references 
are given. No attempt has been made to update the models and results in order 
to reflect the extensive development work which has been performed by KBS 
and others since 1977.

The Swedish Stipulation Law uses the expression “absolutely safe” . In the 
strictest meaning of the word, no human activity can be considered absolutely 
safe. The fact that such an interpretation of the wording of the Law was not 
intended is evident from the formulation of the statements made by the Govern
ment in support of the Law, indicating that the storage of waste shall fulfil 
"the requirements imposed from  a radiation protection point o f  view and which 
are intended to provide protection against radiation damage". Questions regarding 
protection against radiation damage are regulated by the Swedish Radiation 
Protection Act.
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This interpretation is supported by the statements made by the Committee 
of Commerce and Industry in its review of the Law, in which the Parliament also 
concurred. The Committee thus finds the expression “absolutely safe” to be 
warranted in view of the very high level of safety required, but considers that a 
“purely Draconian interpretation o f  the safety requirement” is not intended. 
(‘Draconian’ in the purest sense of being excessively severe, inhuman.)

The safety analyses of the KBS studies were carried out with the require
ments and the interpretation of the law in mind. No effort was made to do the 
kind of analyses which would be required for licensing a repository at a specific 
site.

2. DESCRIPTION OF HOST ROCK SITE AND REPOSITORY

2.1. Host rock characteristics

The geological investigations carried out by the Geological Survey of 
Sweden on behalf of KBS aimed to establish whether the Swedish Precambrian 
bed-rock can be used for a waste repository [1,2]. Field investigations have 
been performed at five sites, three of which have been selected for further study. 
The studied areas contain the most common types of rock, namely granite, 
gneiss and gneiss-granite. The descriptions of the properties of these rocks, 
given in Appendix C, are applicable from a generic standpoint. Some of the 
site-specific information found during the Swedish studies is summarized 
below. This site-specific information is given to enable one to get an idea of the 
type of studies needed and the data that can be generated from them.

Of the areas studied, the Karlshamn area is geologically the best known.
The bed-rock in the area is a grey gneiss which contains few fractures and little 
groundwater. The fracture systems alternate, and the fractures exhibit no pro
nounced main directions. Core drillings, which were carried out within the 
area to a depth of 790 m, also show unchanged good conditions at this depth. 
This is because the gneiss has been a rigid and highly resistant body ever since 
its folding more than 1300 million years ago. Displacements along fracture 
zones have been small for a very long period, approximately 0.02 mm per 
million years. On the basis of obtained data, the groundwater flow at a depth 
of 500 m can be calculated to be considerably less than 0.2 L/m2 annually 
(permeability of the order of 5 X 10~12 m/s on the average below 300 m level).

Geological and geophysical surveys have been conducted in the Finnsjo 
area which is characterized by a very common type of crystalline Precambrian 
rock in Sweden. The area is composed of primary granite, which is a uniform, 
weakly gneissified granite. The central parts of the area are characterized by 
large block's of little-fractured bed-rock interspersed by fracture zones. On the
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basis of measured values for water permeability, the groundwater flow at a 
depth of 500 m can be calculated to be approximately 0.1 L/m2 annually, 
although larger flows occur in some fracture zones. The path of the groundwater 
through the bed-rock has also been studied. In general, the groundwater flows 
down into the rock in elevated areas and then up towards the surface in valleys. 
The influence of the topography on the groundwater flow often extends down to 
a depth of several thousand metres.

The KrSkemBla area has been the third site for geological and geophysical 
surveys where three core bore-holes have been studied. The area is composed 
of a very uniform, undeformed granite. The groundwater flow in the less 
pervious sections has been calculated to be about 0.15 L/m2 annually. Con
siderably larger flows are found in the crush zone within the area.

Several studies of groundwater composition and movement have been 
conducted and the results carefully evaluated. Groundwater datings show, for 
example, that the transit time of the groundwater to the surface of the-earth 
from a rock repository in an inflow area can amount to several thousand years. 
Changes around a rock repository caused by the blasting work and by the waste 
heat generated by the waste are local. The risk that new flow paths for the 
groundwater will be created by such changes is negligible. The studies at 
Karlshamn, Finnsjo and Krakemala show that all three areas possess the funda
mental prerequisites for a safe rock repository for high-level waste, providing 
that the repository is designed with consideration for local conditions.

2.2. Repository design and data

The repository size is based on disposal of only HLW from thirty years’ 
operation of thirteen LWRs, equivalent to about 300 GW(e) • a without plutonium 
recycle. The area of the filled repository is about 1 km2.

The HLW is vitrified as borosilicate glass and enclosed in stainless-steel 
canisters (400 mm i.d. and 1500 mm long); the HLW canisters are encapsulated 
in canisters of titanium (6 mm thick) with annular spaces of 100 mm thickness 
filled with lead. It was assumed that about 9000 canisters would be disposed of in the 
repository. The canisters are emplaced in the repository with a backfill, nomi
nally 85% quartz sand and 15% bentonite.

The repository consists of a system of tunnels at 500 m depth. The tunnels 
are 3.5 m wide and high and spaced at about 25 m. The waste is emplaced in 
1-m-diameter and 5-m-deep holes which are drilled at 4 m spacing from the 
tunnel floors.

The inventory of radionuclides was calculated using the ORIGEN code [4]. 
Data for PWR fuel with 33 000 MW • d /t U were used when performing the 
calculations. Later calculations using more detailed reactor physics codes [5]
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have shown that the ORIGEN code used probably underestimated the amount 
of heavy nuclide formed.1

The inventories calculated do, however, conservatively represent the mix 
of 75% BWR fuel (27 600 MW • d/t U) and 25% PWR fuel (33 000 MW • d/t U) 
which are the basis for the analyses (see Vol.II, Section 8.2 of Ref. [3]).

3. SCENARIO SELECTIONS

The radioactive waste is isolated from the biosphere by a number of 
barriers. The degradation of these barriers by both slow natural processes and 
by extreme and sudden events was evaluated. The release scenario of primary 
significance is that in which radionuclides are leached from the waste, after the 
waste canisters have failed, and transported from the repository by small 
amounts of groundwater normally present in crystalline rocks at depth.

The activity release caused by natural processes is determined by the 
minimum canister service life of 1000 years, a glass leaching period of 30 000 
years and a nuclide specific retention in the geosphere transport based on 
assumed oxidizing conditions of the groundwaters all the way down to the 
repository. The parameters used in the analyses were selected to be conservative, 
that is to yield consequences to the biosphere more unfavourable than would be 
expected. The intention was to calculate an upper limit of the consequences to 
show that it is possible to provide a safe disposal of the high-level waste according 
to requirements in the Stipulation Law (see Section 1).

The quantitative discussion on extreme events was concentrated on bed
rock movements. Owing to the stability of the Fennoscandian shield such 
occurrences have very low probabilities. The consequences of various rock 
displacements through the repository were analysed.

The effects caused by acts of war, sabotage and future disturbance by man 
were discussed in a qualitative way.

4. REPOSITORY ANALYSES

As a reference case for safety analysis, a titanium/lead/stainless-steel 
canister system was devised for the glass waste form. This combination was 
estimated to withstand 1000 years in the repository without loss of integrity [6]. 
Earlier penetration of canisters (e.g. 100 and 500 years) was also considered. In 
a variation analysis, the consequences of one canister having a damaged seal at

1 The ORIGEN code has since been modified — see Ref. [31] of Chapter 7 of this 
Safety Series.
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the time of being emplaced was calculated. With the waste form as one barrier, 
the canisters are another effective barrier during this period when the total 
radioactivity level is lowered through decay by three orders of magnitude. The 
retardation potential of clay in cracks is a third barrier. Radiolytic effects on 
the groundwater will be reduced to insignificant levels by the shielding offered 
by the lead.

In the reference scenario, a basic leach rate for vitrified waste of 2 X 10-7 
g/cm2 of surface area per day at 25°C was chosen, based on laboratory experi
ments with short-term interval leachant replacements. This leach rate was 
corrected for the effect of temperature, being for example 10-fold higher at 
70°C. The surface area assumed for leaching was assumed to be five-fold higher 
than the geometrical surfaces of the waste forms to allow for cracks in the glass; 
this factor is about twice that indicated by experimental measurements. Based 
on experimental evidence and analysis of the groundwater situation, it was 
concluded that the pH of the groundwater would stabilize at a value between 
8 and 9. The effect of pH on the leach rate could thus be neglected.

On the basis of these assumptions, the leach rate corresponds to a dissolu
tion time of about 30 000 years after the canisters fail.

In reality, leaching of the waste glass will be controlled, because of the 
low solubility of silicic acid, by the supply of water which is limited owing to 
the low permeability of the host rock and the bentonite clay barrier. This 
subject is discussed in Appendix C, Section 4. Complete dissolution of the glass 
was estimated to take approximately 3 000 000 years when these factors were 
considered. Nevertheless, the shorter duration dissolution time was used for 
most of the safety analyses, although the effects of longer durations were 
evaluated.

5. GEOSPHERE ANALYSES

5.1. Hydrogeological studies and modelling

As described in Section 2.1 numerous geological and geophysical investiga
tions have been carried out in three areas of Sweden, including measurements 
of groundwater flow. Groundwater datings (using the 14C method) also showed
that the transit times of groundwater to the surface of the earth from a repository
in an inflow area can amount to several thousand years (e.g. in Krlkemala from
4000 to 11 000 years). In addition, comprehensive theoretical studies have
been carried out within the KBS project to shed light upon the flow pattern of
the groundwater in rock at various depths. Thus, the repository safety analyses
rest on experimental and theoretical data for actual potential sites.
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To calculate the travel time of the groundwater, i.e. the time it takes for 
the water to migrate from a repository to a receiving body of water, such as a 
lake or a well, requires knowledge of the local pattern of groundwater flow as 
well as of the permeability and porosity properties of the rock. Although these 
data are not yet fully known, calculations were carried out for a number of 
reference cases employing hydrological models like those described previously 
and using various input data.

The choice of input data to the nuclide transport calculations was based 
on two-dimensional and axially symmetric one-dimensional models for the sites 
of Finnsjo [7] and Karlshamn [3,8]. These models were used to calculate the 
groundwater transport time from the repository to the biosphere for a number 
of simplified cases. The results exhibit considerable variations in calculated 
groundwater travel times owing to the choice of input parameters.

Since it cannot be demonstrated with certainty at this time that the travel 
time of the groundwater from depths of around 500 m generally amounts to 
several thousand years, the very conservative value of 400 years was used in the 
consequence analysis. Both the theoretical calculations and the age determina
tions show that actual travel times from a suitably situated final repository are 
considerably longer.

5.2. Radionuclide transport models

5.2.1. Mathematical model

The model used for the nuclide migration calculations was the one
dimensional transport model, called GETOUT [9], adapted to Swedish conditions 
by the KBS project. This model is for a homogeneous medium and takes into 
account hydraulic convection and dispersion as well as chain decay and geo
chemical retardation for the various nuclides. GETOUT is based on analytical 
solutions of a set of first-order differential equations:

92Ni dNj 9Nj
D ~ a Z ^ - V  l z  " Ki ~9t Ki^iNi Ki-1 Ni-1 = 0 (D

where:

D = dispersion coefficient (m2/s)
V = groundwater velocity (m/s)
Kj = retardation factor for nuclide i
Xj = decay constant (s_1)
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Z = distance of migration (m)
t = time (s)
Nj = discharge rate of nuclide i at Z and t (mol/s)

The leach rate is assumed to be constant. If the dispersion can be neglected, Nj 
is independent of specific values of V and Z. Instead the ratio Z/V, i.e. the 
groundwater transport time, will be the controlling parameter. Other para
meters are

Time to canister failure
Dissolution time for glass or fuel
Retardation factors.

5.2.2. Input parameters

Input data for use in the GETOUT calculations were the radionuclide 
inventory in the repository, the release rates as determined by the repository 
analyses (Section 4) and the groundwater travel time as derived from the hydro- 
geological models (Section 5.1). In addition, geochemical data were derived 
from experimental data as described below.

Various chemical reactions are responsible for retention of nuclides in the 
geosphere, primarily ion-exchange processes, ion adsorption, reversible precipita
tion and mineralization. These processes are collectively referred to below by 
the term “sorption” . Mineralization and precipitation are the most favourable 
processes from the viewpoint of safety, since they result in very low residual 
levels in the groundwater and thereby high retentions. It can be assumed on good 
grounds that many of the elements in the waste participate in mineralization 
and precipitation reactions, for example caesium (mineralization), protactinium 
and americium (precipitation as hydroxide compounds). Available experimental 
data indicate that a safety margin can be obtained with respect to retention by 
treating sorption as ion exchange. Consequently, in the safety analysis, all 
sorption is considered to be reversible processes.

Retention is expressed as a retardation factor, defined as the ratio of the 
groundwater velocity to the nuclide velocity. The size of the retardation factor 
is dependent on a chemical equilibrium constant and a quantity which charac
terizes the available amount of ion-exchange material.

Within the KBS project, Allard and Neretnieks [10,11] carried out 
determinations of the equilibrium constants for the buffer material (10% bentonite 
clay and 90% quartz sand), granite and various zeolites. The data encompass 
14 elements. Burkholder [9] has specified retardation factors for a large number 
of elements in a type of soil called Western US Desert Subsoil. Landstrom 
et al. [12] carried out in-situ measurements of retardation in rock fissures at 
Studsvik.
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Retention in the buffer material immediately surrounding the waste canisters 
was neglected; Neretnieks [11] has shown that diffusion through 20 cm of 
buffer mass is relatively rapid. However, the buffer material is of vital impor
tance in preventing radioactive elements which have been dissolved from the 
glass from dispersing via tunnels and shafts. Haggblom [13] has shown that 
diffusion over the distances in question is extremely low.

The retardation factor in rock can be written as follows:

Kj = 1 +  Ka • aj (2)

Kj = retardation factor
Ci/m2 rock \

a M 1 '  Ci/m3 solution/
Ka = surface-based equilibrium constant 

a, = accessible surface area for

( C i f  
\Ci/r

(
m2 rock \  
m3 solution/

The surface-based equilibrium constant can be calculated from a mass-based 
equilibrium constant as follows:

Kd
Ka = (3)

a2

Kj = mass-based equilibrium constant — r°™ ̂ —
Ci/m3 solution

m2 rock
a2 = specific area for laboratory specimen -----------

kg rock

Allard [10] was able to determine the K j values with reasonable accuracy.
But there is a degree of uncertainty involved in the determination of the surface 
areas aj and a2. If the particles in the crushed rock specimen used in Allard’s 
measurement are regarded as solid spheres, a value of approximately 30 m2/kg 
is obtained for a2 . A measurement according to the BET method (adsorption 
of nitrogen gas on the rock specimen) gave a specific surface area of 12 000 m2/kg, 
however. The large difference between the measurement results and the calculated 
external surface area of the particles shows that a large portion of the area is in 
pores in the particles. If  the pores are sufficiently large for the waste nuclides to 
enter, a2 should be set at 12 000 m2/kg in calculations of Ka. In this case, 
however, ax should be estimated on the basis of the assumption that the rock 
is porous, i.e. that the waste nuclide-can diffuse into the rock from the fissures 
in which transport normally takes place.

In the calculations, the rock was assumed to be solid, i.e. the value of a2 
was set at 30 m2/kg. The accessible surface area for ion exchange, a1; was 
calculated as the geometric surface area of the fissures, assuming that the walls
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TABLE XVII. RETARDATION FACTORS

Element
Oxidizing
environment

Reducing environment 
with conservative 
concentration values 
and short contact time

Best estimate for 
reducing environment 
and slow groundwater 
transport

Ni — - 6 100

Sr 51 120 1 500

Zr 8 000 4 800 61 000

Tc 1 1 950

I 1 1 1

Cs 800 1 200 4 000

Ce 80 000 19 000 200 000

Nd 25 000 3 800 200 000

Eu 50 000 30 000 200 000

Ra 670 1 200 48 000

Th 5 100 1 900 46 000

Pa 37 37 11 400

U 41 1 900 23 000

Np 260 1 900 23 000

Pu 1 100 2 800 5 700

Am 80 000 19 000 610 000

Cm 40 000 9 500 305 000

of the fissures are flat and parallel. The retardation factors were calculated for 
three different fissure sizes corresponding to the permeability (k) span of 1CT9 
to 10“5 m/s. Subsequently, supplementary measurements indicated that the 
model assuming solid rock and plane-parallel fissure walls may underestimate 
the retardation factors by at least a factor of 10. Furthermore, Allard’s early 
measurements [14] were performed under oxidizing conditions which entailed 
high valence states for the elements neptunium and plutonium. Owing to the 
presence of iron (II) in the type of rock selected for the repository, the chemical 
conditions will be reducing. This means that the elements mentioned will be 
present primarily in the form of tetravalent ions.

Allard’s later experiments [10] showed that many of the retardation factors 
will be considerably larger in a reducing than in an oxidizing environment. The 
experiments also showed that the retardation increases with increasing contact

123

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Inflow to recipient area (Ci/a)

FIG.21. Example o f calculation o f inflow to recipient area at various points in time, carried 
out using GETOUT computer program.

time between the solution and the solid. The influence of these parameters are 
illustrated by Table XVII, which was derived from Allard’s measured Kd and 
Ka values [15]. The values were calculated for a rock with a hydraulic conductivity 
of 1CT9 m/s and an average fissure spacing of 1 m, assuming a surface reaction 
mechanism.

The nuclide transport calculations for the vitrified high-level waste study [ 1 ] 
were made using only the values in “Set a” of Table XVII. These values were the 
only data available at the time the calculations were made.

Other phenomena involved in the nuclide migration are the possibility of 
the formation of colloids and complexing with organic species in the clay. These 
phenomena were not fully explored but later studies [3, Vol. II, Section 7.2.5] 
have shown that such transport mechanisms are small compared with other 
transport mechanisms.

The dispersion is treated as an axial diffusion mechanism in GETOUT and 
will only give a slight effect of annual inflow. Neretnieks [11] has shown that the 
dispersion due to the occurrence of different crack widths and corresponding water 
flow is more important. The latter effect has been taken care of by manual 
corrections.
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Figure 21 is an example that illustrates the type of results obtained from 
calculations using GETOUT. The curves in the graph describe the inflow of 
important radionuclides to the primary recipient area as a function of time. The 
example is based on the following assumptions:

HLW from 300 GW(e) years;
1% iodine-129, 0.1% uranium and 0.5% plutonium loss to waste;
All canisters fail after 1000 years;
Dissolution time for the glass is 30 000 years;
Groundwater travel time is 400 years;
Retardation factors according to “Set a” in Table XVII.

Nuclides of little radiological importance have been omitted from the figure.

; 5.2.3. Example o f  results from geosphere analyses

6. BIOSPHERE AND DOSIMETRY ANALYSES

6.1. Biosphere transport models

The interfaces between the geosphere and the biosphere are where the 
groundwater comes into contact with receiving bodies, such as a lake or a well; 
these are called “recipients” in the following text.

The ecosystems are described by a model system which encompasses 
interconnected areas or volumes, as illustrated by Fig. 22. Within and between 
these areas, radionuclides can be transferred to various reservoirs, known as 
“compartments”, such as water, sediment, earth, biota and atmosphere. Backflows 
can also occur between the compartments in an interconnected system. The 
concentration of radionuclides within the compartments is assumed to be homo
geneous. (Figure 22 is somewhat simplified and includes the separate reservoir 
systems for the local area, considered in the model applications, within the 
regional area.)

The models for the intermediate and global ecosystems apply to all main 
types of outflow from the geosphere to the biosphere. However, the models for 
the local and regional ecosystems vary, depending on whether the outflow from 
the geosphere takes place in an inland area, such as in a valley or under a lake, 
or to the Baltic Sea (Intermediate Sea). Details of these ecosystems are described 
below.
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FIG.22. Reservoirs for the various ecosystems.

6.1.1. Local ecosystems

Three main alternatives for inflow of radionuclides to the biosphere were 
studied:

The well alternative: If the groundwater discharges into a valley, the wells 
and the nearest lake in the catchment area comprise the primary paths of inflow 
for the radionuclides into the biosphere. The inflow of radionuclides is divided 
equally between a valley and a nearby lake. Half the inflow was thus assumed 
to be diluted in the percolated rain-water (5 X 10s m3/year) from a 2 km2 area.

The lake alternative: If  the groundwater flows out into a lake the lake is 
the path of inflow. The inflow is divided equally between a nearby lake and its 
downstream lake system. Dilution was assumed to occur in 2.5 X 107 m3/year.

The Baltic Sea alternative: If the groundwater containing the radionuclide 
discharges into the Baltic Sea, a water area in the proximity of the coast is the 
primary recipient of activity. The inflow occurs into a coastal zone of the Baltic 
Sea with a volume of 1 km3. This volume is exchanged 10 times per year.

The local ecosystem in the well and lake alternatives is assumed to consist 
of a 0.25 km2 area of farm land. The area is regarded as a system of reservoirs 
for the radionuclides. The depth of the reservoirs for soil and superficial ground
water is 2 m.
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In the Baltic Sea alternative, the local ecosystem consists of 1 km3 sea-water 
and underlying sediment within a coastal belt 2 km wide and 30 km long.

6.1.2. Regional ecosystems

In the well and lake alternatives, the regional ecosystem is assumed to 
consist of a land area which is 30 X 30 km and 2 m deep. The groundwater in 
the system is the superficial groundwater down to a depth of 2 m underneath 
the land area. The surface water in the regional ecosystem consists of the volume 
of the lake. The ecosystem also includes the surface sediment layer at the 
bottom of the lake.

In the Baltic Sea alternative, the regional ecosystem is the same as the local 
ecosystem.

6.1.3. In termediate ecosystem

The intermediate ecosystem consists of the Baltic Sea and its coastal region. 
The Baltic Sea reservoir comprises a water volume of 3.7 X 10s km2 with an 
average depth of 60 m. The system also includes the sediment at the bottom of 
the Baltic Sea and the volume of air in the atmosphere up to an altitude of 1 km 
above the region and the Baltic Sea area.

6.1.4. Global ecosystem

The global ecosystem encompasses a number of different reservoirs.

The global atmosphere up to an altitude of 1 km.

The surface sea, which comprises the upper 100 m of the open sea. It mixes 
relatively rapidly, but has a relatively slow rate of exchange with the deep sea.

The deep sea, which consists of the sea-water below a depth of 100 m.

The sediments at the bottom  o f  the sea. These include sediments on the 
bottom down to a depth of 150 m around the sea coasts (littoral sediments) and 
sediments on the deep sea bottom (abyssal sediments). The total surface area of 
the sediments is approx. 2 X 108 km2. The littoral sediments comprise 4% of 
the total surface area.

Soil, which comprises an upper soil layer to a depth of 0.5 m.
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Groundwater below the surface o f  the ground. This comprises 4 X 1018 kg 
water which transports the radionuclides to the surface seas and the upper soil 
layer.

The biomass o f  the global land area — the biota. This constitutes an 
important reservoir in the global ecosystem for some radionuclides with long half- 
lives, e.g. 14C, "T c , and 129I.

6.1.5. Transfer o f  radionuclides

Within these regional and intermediate ecosystems there is a turnover of 
radionuclides in relation to the movements of the air and water masses which 
transport the activity. The nuclides are then transferred to the land area through 
irrigation from the lake or via the atmosphere by precipitation which entrains 
particles which come from the global land areas. The nuclides are then recirculated 
in various natural cycles until they reach the superficial groundwater or run off 
into the lake again via the groundwater and surface water.

The lake and its sediments exchange nuclides by means of sedimentation, 
resuspension and dissolution. Surface water runs via the lake to the Baltic Sea, 
where there is an exchange between water and sediment. The Baltic Sea is 
connected via Oresund Sound and The Belts with the oceans in the global 
ecosystem. By means of mechanisms such as evaporation, precipitation and 
foaming the radioactivity can be exchanged between the air and water in the 
Baltic Sea as well as the global area.

The global ecosystem is connected with the regional ecosystem by exchanges 
via air and water in the Baltic Sea area. The global system of carriers is basically 
identical to the system for the regional and intermediate areas.

The transfer of radionuclides from one reservoir (compartment) to another 
can be calculated with the aid of coefficients of transfer. These have been 
determined by a review of the results from many different studies [16], mainly 
of the distribution of the various nuclides between the reservoirs, nuclide balances, 
the migration of the radionuclides from the atmospheric testing of nuclear 
weapons, the escape of nuclides from leaking storage facilities and a number of 
laboratory experiments with ecosystems on land and in water. Data on the 
turnover of air and water in the Baltic Sea area and in the global system are 
available from meteorological and hydrological studies.

With the aid of the mathematical model it is possible to  calculate the 
concentration of various radionuclides in the reservoirs when the inflow of radio
activity to the primary recipient and the coefficients of transfer between the 
reservoirs are known.
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TABLE XVIII. EXPOSURE PATHWAYS IN THE LOCAL ECOSYSTEM AND 
IMPORTANT NUCLIDES

Exposure
pathways

/
Primary
recipient3

Some important 
nuclides

Internal exposure:

Inhalation W, L -
Soil — grain W, L -
Soil — green vegetables W, L 237Np, 229Th,231 Pa

Soil — root vegetables W, L -
Grass — milk W, L "T c , I29I, 226Ra

Grass — eggs W, L 129I, U(all), 14C

Grain — eggs W, L -
Drinking water • W, L 237Np, 226Ra, U(all), 

Th(all), 242Pu, 231Pa
Water — fish (fresh and 
salt water fish)

W, L, B 13SCs, 226Ra, U(all) 
14 Cs

External exposure:

Ground contamination W, L -
Beach activities L, B 226 Ra, 229Th

Swimming L, B -
Fishing tackle L, B 226Ra, 229Th

a W = well; L = lake; B = Baltic Sea.

6.2. Exposure pathways

When the radionuclides have arrived at the reservoirs in the biosphere, they 
can reach man in basically two different ways. They can be ingested into the 
body either through food and water or through inhalation. As long as they 
remain in the body they cause internal irradiation. Knowledge concerning the 
transport and enrichment of the radionuclides in the food chains is therefore of 
great importance for being able to calculate the dose to man. Human beings 
can also be irradiated by radionuclides outside the body -  “external irradiation” .

The different pathways accounted for in the dosimetry analyses are listed 
in Table XVIII. In the table W = well; L = lake; and B = Baltic Sea. The table 
also lists some important nuclides for the pathways.
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FIG.23. Scheme o f  consequence calculation.

6.3. Dosimetry models

The principle of the dose calculations starting with the source of the radio
nuclides and ending with radiation doses or consequences is shown in Fig. 23. 
The use of the ORIGEN and GETOUT computer programs was introduced 
previously. The BIOPATH computer program [16], briefly introduced here, 
was developed at Studsvik, Sweden, for the calculations of individual and 
collective doses arising from releases of radionuclides into the biosphere. The 
mathematical treatment of ecological cycling is based on compartment theory, 
illustrated in Fig. 22. The transport of nuclides between these compartments or
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TABLE XIX. DOSE CONVERSION FACTORS FOR INTAKE WITH FOOD 
AND WATER OR THROUGH INHALATION OF 1 Ci IMPORTANT NUCLIDES

Nuclide

Weighted whole-body dose com m itm ent (rem /Ci)

Intake by food 
and w ater

Inhalation

14C 9.9 X 102 6.6 X 102

^ S r 1.5 X 106 2.3 X 106

93 Zr 1.7 X 102 1.8 X 104

" T c 5.5 X 102 3.6 X 102
129 j 3.4 X 10s 1.9 X 10s

135Cs 7.3 X 103 5.7 X 103

I37Cs 5.5 X 104 3.8 X 104

226 Ra 2.8 X 106 3.8 X 106

229 Th 1.8 X 106 4.9 X 109
23°T h 3.4 X 10s 9.0 X 108

231 Pa 6.6 X 10s 2.4 X 109
233u 1.1 X 10s 2.7 X 106

234 u 1.1 X 10s 2.7 X 106

23su 1.1 X 10s 2.7 X 106
236u 1.1 X 10s 2.7 X 106
238u 1.1 X 10s 2.7 X 106

237Np 2.0 X 10s 5.0 X 108

239Pu 1.6 X 10s 9.5 X 108

^ P u 1.6 X 10s 9.5 X 108

242Pu 1.6 X 10s 9.5 X 108

241 Am 2.2 X 105 4.1 X 108

243 Am 2.2 X 10s 4.1 X 10s
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reservoirs is described by a set of first-order differential equations with constant 
coefficients. The mathematical analysis also includes products in decay chains, 
i.e. daughter nuclides generated by decay of nuclides during ecological cycling.
The equations are written as follows:

For the parent nuclide

Y M(t)  = KMYM(t) + Q M ( t ) - X MY M(t) (4 )

F or  the daughter

YD(t) = KDYD(t) + XDYM( t ) - X DYD(t) (5)

where,

Y = amount of activity in compartment at time t
Y = change of activity per unit time 
K = transfer coefficient
Q = source strength within the compartment 
X = decay constant

The further dispersion and turnover of the nuclides take place in relation 
to the movement of certain carriers in different media. Uptake in food is 
described by use of concentration and distribution factors. The exposure pathways 
which have been considered here are those which experience has shown to cover 
the most significant possibilities.

The individual radiation doses calculated are weighted whole-body annual 
dose rates as a function of time with weight factors according to ICRP 26 [17].
The collective doses are weighted whole-body annual global collective dose rates. 
The dose conversion factors used are given in Table XIX. It should be pointed 
out that some of the dose conversion factors given in Table XIX have been 
changed considerably in the recent publication, ICRP 30 [18], e.g. for the actinide 
elements in particular.

6.4. Results from biosphere and dosimetry analyses

As stated previously, apart from the extremely unlikely events such as a 
large meteorite hitting the repository area or a volcanic explosion, transport of 
radionuclides from the repository to the biosphere can only occur by groundwater 
flow. Initiating events or processes of release may be:

Initial failure of one or a few canisters;
Long-term degradation of the canisters as a result of corrosion,
Breakage of canisters due to substantial rock displacement as a result of 
faulting.
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In the initial stages of the safety analysis, efforts were made to cover the 
two-dimensional risk spectrum by treating consequences and probabilities. Lack 
of probability data and time made it necessary to concentrate on consequences 
of the most important release scenarios, while keeping the axis of probability in 
mind. Thus, for example, the many possible modes of canister failures were 
treated in a simple but realistic way, by calculating the consequences of an 
initial failure of one canister at the time of emplacement as one main case in 
parallel with the case of a failure of all canisters during a certain time interval 
as a result of long-term degradation. Other cases, e.g. initial failures of several 
canisters, could easily be evaluated by comparison.

About 160 runs were made with GETOUT, covering about 30 nuclides.
The output data from GETOUT, illustrated by the example in Fig.21, are the 
annual inflows of activity to a primary recipient as a function of time. These 
data are used as input to BIOPATH, where the three relevant types of primary 
recipient are also defined by a certain volume for dilution. The concentrations 
in the primary recipients are calculated as a first step. About 60 of the GETOUT 
runs were followed by BIOPATH runs, each one treating only one single nuclide. 
Thus, with an emphasis on the 5—15 most important nuclides, about 70 runs 
with BIOPATH were made [19].

The consequences of releases of radionuclides from the waste canisters into 
the groundwater, calculated during the above BIOPATH runs, are summarized 
below. Consequences for the reference scenario (i.e. canister life: 1000 years; 
glass dissolution time: 30 000 years; groundwater travel time: 400 years; and 
retardation factors, “set a” of Table XVII are presented first, and the effects of 
variations from the reference parameters are discussed subsequently.

To limit the scope and content of this document, there is no detailed 
analysis or discussion of the evidence for the choice of certain values or range of 
variation of parameter data. These can be found in various KBS reports [1, 19].

6.4.1. Reference scenario

Since calculations for the reference scenario were based on the very 
conservative assumptions described previously, they reflect upper limits for the 
consequences of radionuclide releases to the biosphere. The maximum radiation 
dose rates to individuals in the critical group for the reference scenario are shown 
in Table XX.

The dose to individuals far in the future, who may use water from a nearby 
well, will remain at approximately 10 mrem/a and will relate to only a small 
group of people. As can be seen, the predominant nuclides for the well case are 
237Np, "T c , 226Ra, 233U and 13sCs. The use of water from the lake will limit the 
maximum individual dose rate to 1 mrem/a in the reference scenario. If the 
inflow goes to the Baltic the doses will be considerably lower.
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TABLE XX. MAXIMUM ANNUAL DOSE RATES TO INDIVIDUALS

Maximum inflow  to 
recipient

Maximum dose rate (rem /a)

Nuclide
Time
(years)

Activity
(Ci/a)

Well Lake Baltic

93 Zr 4 X 106 3 X 10-3 2 X 1 0 '7 2 X 1 0 '7 2 X 10‘9

" T c 6 X 1 0 3 S X10° 2 X 10~3 9 X 1 0 's 7 X 1 0 “7
129 j 6 X 1 0 3 1 X lO '4 7 X 10-5 3 X 1 0 '6 2 X 10“8

13sCs 4 X 10s 2 x  i c r 2 4 X 10“4 3 X lO"4 1 X 1 0 “6

226 Ra 5 X 104 1 X 10 4 6 X 10"4 4 X 10~4 1 X 10~6
229 Th 9 X 104 3 X 10~4 6 X lO’4 6 X 10"4 2 X  10"6
230 T h 5 X 104 1 X 1 0 '5 2 X 10~6 3 X 1 0 '7 2 X 10“9

233U 5 X 104 3 X 10~2 2 X 10 ~3 9 X 10 ‘s 7 X 10“7

234 U 3 X 104 7 X10~3 3 X 10‘4 2 X 10-s 2 X 10 ' 7

237Np 2 X 10s 9 X 10~2 9 X 10‘ 3 4 X 10"4 3 X 10"6

239Pu 6 X 10s 5 X IQ-7 4 X 10-8 4 X 1 0 '8 7 X 10~12

Maximum to ta l dose rate 

Time to  m aximum to ta l dose

1 X 1 0 '2 1 X 1 0 ~ 3 5 X 10~6 

200 000 years

6.4.2. Effect o f  the content o f  radionuclides

With other conditions constant, all calculation results for a given nuclide 
are proportional to the level of the nuclide in the waste. This level is affected 
by two factors which are important in this connection, namely:

(i) Degree of separation of uranium and plutonium as well as certain 
fission products in reprocessing; and

(ii) Time from discharge of fuel from reactor to reprocessing.

It has been assumed in the calculations that 0.1% uranium, 0.5% plutonium 
and 1% 129I end up in the high-level waste. Some consider that the value for 
uranium is probably slightly too low, but this is of little importance for the 
results. It is estimated that an increase to 0.5% uranium would increase the
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level of (and the dose from) 234U and 226Ra by about 30%. The value of 0.5% 
chosen here for the plutonium content is above the expected or actual values 
for fuel cycles without plutonium recycle. Radionuclide inventory values for a 
simple plutonium recycle scheme or more complicated uranium and plutonium 
recycling schemes at equilibrium are not greatly changed apart from 240Pu and 
243Am with its daughter 229Pu. Because of the high retardation factors for these 
nuclides, these changes are of little importance.

It was assumed that reprocessing takes place 10 years after discharge of the 
fuel from the reactor. Of the important nuclides, the level of 237Np (which is 
formed by neutron absorption and by the decay o f 241 Pu, with a half-life of 
14.6 years) is affected most. If  reprocessing takes place after three years, the 
level of (and the dose from) 237Np decreases by about 20%, whereas if reprocessing 
takes place after many more years, the level of 237Np increases by a maximum 
of 75%.

6.4.3. Effect o f  the time for canister degradation

As a reference case for safety evaluation the titanium/lead canning of the 
glass cylinders was assumed to withstand 1000 years in the repository without 
loss of integrity. The case with one initially damaged canister was also analysed. 
The results showed that the doses due to this canister would be about 2 X 10~4 
of the doses obtained for the reference case.

The consequences of a few initially damaged canisters will at worst be 
proportional to their number. In general, however, the local consequences will 
not depend upon the number of damaged canisters owing to the large size of the 
repository and the randomness of the damage.

Analyses of canister degradation in 100 and 500 years was also considered 
and found not to influence the dose results except for the slight obvious changes 
in the timing of the initial releases.

The extremely unlikely case with a combination of a disruptive displacement 
due to faulting and enhanced water flow is treated in Section 6.5.

6.4.4. Effect o f  waste glass leaching rate

In the reference scenario the leach rate for vitrified waste was chosen to 
be 2 X 10~7 g em-2 - d '1, as discussed in Section 4 with short interval leachant 
replacements. This leach rate corresponds to a dissolution time of about 
30 000 years for a glass surface area enlargement by a factor of ten compared 
with the nominal surface area of the glass cylinder. For the analysis of initial 
canister failure due consideration was taken of the temperature effect on the 
leach rate.
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Maximum

Dissolution time 
(years)

F IG .24. M axim um  dose rates fo r  d ifferen t d isso lu tion  tim es fo r  the glass cylinders. The 
crosses sh o w  to ta l calcu lated dose rate an d  th e  nuclides are those which are predom in an t.

The water flow limitation due to the low permeability of the host rock and 
the bentonite clay barrier is expected to decrease the actual leach rates to values 
orders of magnitude lower than was assumed for the conservative reference 
scenario.

The leach rate will influence the doses, but dispersion and chain decay in 
combination with different retardation factors for parent and daughter nuclides 
will restrict a direct proportionality. Figure 24 shows the maximum individual 
doses for different leach durations for the well case.

As can be seen by extrapolation, shorter dissolution times than the reference 
30 000 years do not increase dose levels in proportion owing to the dispersion 
effect. There is also a change of dominant nuclide.

6.4.5. Effect o f  groundwater travel time and retardation factors

Among the parameters entering the migration calculations, the groundwater 
travel time and the retardation factors are of key importance. As these two 
parameters govern the nuclide transport time, they also govern the extent to 
which the nuclides decay before appearing in the recipient.
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FIG .25. M axim um  individual dose  rates fo r  d ifferen t w a ter tran sport tim es in the H LW  
scenario. The crosses sh o w  to ta l dose  rate and the nuclides are those which are predom in an t.

As discussed previously, the water travel time from the sealed repository to 
a primary recipient is dependent on rock properties and the hydraulic gradient.
Four hundred years was first selected as a conservative value for the reference 
travel time for the whole repository. The effect of different water travel times 
on individual doses has been evaluated for 10, 40, 100, 400, 2000 and 10 000 years. 
The dose rates for the well alternative are given in Fig. 25 [19].

As expected, dose rates increase with shorter water travel times. There are 
also changes of dominant nuclides. It should be noted that only 6000 years was 
assumed for the leach duration data in Fig. 25. If  the reference 30 000 years 
were used, the doses would be lower.

As discussed previously, the general water travel time from the main body of 
canisters disposed in high-quality rock will be in the range of thousands of years. 
Water from single canisters may, however, experience shorter travel times, but 
this means a considerable decrease in source strength and thus in doses. A 
combination of even 100 canisters with the extreme 10-year travel time yields a 
dose rate of 0.007 rem/a, which is lower than that of the reference scenario.
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6.4,6. Collective doses

A nnual as w ell as accum ulated  co llective doses were calculated  for the 
groundw ater-borne radioactive m aterial reaching the biosphere. The collective  
doses are th e  sam e for the tw o  inland alternatives (w ell and lake as recipient) 
since the critical groups are sm all and the regional areas are the same. When 
the recip ient is th e  B altic, the co llective doses are som ew hat sm aller ow ing to  
sm aller doses to  the region caused by the fact that the water o f  the Baltic is 
brackish and cannot be used  for con sum ption  or irrigation.

Sum m ed over the w orst 50 0  years, the co llective dose via inland recipients 
has been  calcu lated  to  0 .0 0 7  m an-rem  per M W (e)-a energy production . T he  
corresponding num ber w hen the B altic is the recip ient is 0 .0 0 6  m an-rem  per 
MW(e) • a.

T he m axim um  global co llective dose rate for the repository studied  by KBS 
(w aste from  the produ ction  o f  3 0 0  0 0 0  M W (e)-a o f  energy) w ill be around  
4  m an rem /a and w ill n o t be reached until som e hundred thousand years after  
the disposal.

T he buildup o f  the accum ulated  global co llective dose was later calculated  
by the Sw edish  R adiation  P rotection  In stitu te  and given as man-rem per un it  
produced  energy [20]:

A fter  1 0 3 years 
104 “

10s ' “

106 “

to  in fin ity

6 .5 . In flu en ce o f  extrem e con d ition s

The probabilities o f  m any phenom ena (e.g . vo lcan ic activ ity , d isplacem ents  
due to  faulting and glaciation , and future drilling in to  the repository) are reduced  
to  negligible levels w hen appropriate sites and repository designs are selected . 
N evertheless, faulting was analysed in  m uch detail in the KBS studies, as w ell as 
other un likely  and extrem e events, to  determ ine their poten tia l for causing  
sign ificantly  increased releases o f  radionuclides and resulting doses.

T he analyses o f  the geo log ica l stab ility  o f  the F ennoscandian rock  form ation  
and th e  frequencies o f  earthquakes and d isp lacem ents along fault planes are 
d ocu m en ted  in  several KBS technical reports and sum m arized in R ef. [1 ] . The  
m ost prom ising w ay to  analyse the probability  o f  displacem ents is b y  studying

0 .0 0  man -rem  per MW(e) - a 
0 .2 3  
0 .4 7  

27  
3 0 0
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the frequency o f  disp lacem ents in bare rock walls. It has been  estim ated  under  
certain assum ptions for one form ation  that one canister in  every 28 m illion  years 
w ould be h it by  a fracture m ovem en t in excess o f  3 cm. F or the tim e being it  
cannot be exc lu d ed  that such  m ovem ent w ill im pair canister integrity and also  
increase the perm eability  loca lly . The leach  duration o f  the w aste glass after such  
an event is ex p ected  to  rem ain at the 3 0  000-year level. T he increased local 
perm eability  m ight low er the groundw ater travel tim e but, based on the data 
show n in  Fig. 25 , the e ffec t on b oth  the individual and co llective dose rates is 
exp ected  to  be small.

F uture changes o f  landscape such as the drying up o f  a nearby lake or parts 
o f  the B altic Sea m ay give rise to  special exposure pathw ays, ow ing to  the fact 
that the sed im ents m ay be used in  agriculture. The conseq uences were analysed  
qualitatively. N o  increase o f  dose rates will occur for a lake drying up because the 
uptake via agricultural products grow n on the sed im en t does n o t result in such  
high doses as fish con su m p tion  from  the lake. D rying up o f  the Baltic may  
increase the individual dose for this in flo w  alternative by a factor o f  ten , ow ing to  
exposure from  135Cs in agricultural products. T he to ta l individual dose will still 
be m uch  low er than for the w ell and lake alternatives. T he to ta l co llective dose  
rates in th is case m ay rise by  a factor o f  tw o.

A n ex ten d ed  use o f  m arine organism s other than fish, such as krill and 
m acroalgae, w ill n o t increase the to ta l global co llective  dose rates significantly.
A  replacem ent o f  10 kg fish  m eat by 10 kg krill or algae w ill raise the collective  
dose rates 10% ow ing to  the contribution  from  242Pu.

7. SUM M ARY O F R ESU LTS

T he factors in fluencing future individual dose rates arising from  a repository  
in crystalline rock contain ing HLW corresponding to  3 X 10 s MW(e) a were 
analysed in som e detail. D ose rates o f  10 m rem /a or m uch low er were estim ated  
for the m ost ex p o sed  critical group very far in the future. Even extrem e values 
o f  param eter data d o  n o t y ie ld  alarming dose rates. F or the severest id en tified  
case — a deep drinking water well in the v icin ity  o f  the final repository — it  was 
calculated  that the individual dose in  the future cou ld  increase by a m axim um  o f
0 .4  rem over a 30-year period , w hich w ould  be reached after around 2 0 0  0 0 0  years. 
T o put these individual dose rates in perspective, Fig. 26 is helpful.

Figure 26  also presents the range o f  variation for the radiation doses w hich  
can be ob ta ined  from  226Ra in  drinking water in  Sw eden. T hese radiation doses 
have been  calculated  using the sam e dose factor w hich is used  elsew here in the  
study.
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FIG.26. Calculated upper limit for radiation doses to people who live near the final repository 
(critical group). The calculations pertain to the slow decomposition o f  the canister with a well 
as the primary recipient. For purposes o f  comparison, the dose load from several natural 
radiation sources, as well as a number o f  established dose limits, have also been plotted in the 
diagram.

T he calculated  m axim um  dose rates are m uch low er than the m axim um  
perm issible radiation dose recom m ended  by the Sw edish  authorities for persons 
living near nuclear energy installations. The increm ent in individual doses is less 
than fluctu ations in the natural radiation level. In the m ost unfavourable case, 
the dose rate w ould  be approxim ately  equal to  the target value recom m ended  by  
the S w edish  Institu te o f  R adiation  P rotection  as the goal w hich  should  be aim ed  
at in the design o f  nuclear pow er plants.

The regional and global dose rates to  large popu lation  groups were calculated  
for the m ost unfavourable 500-year period  in  the future. In th e  very lon g  run, 
a m axim um  500-year co llective dose o f  less than 0 .01  m an-rem  per MW(e) and 
year o f  operation  is exp ected .
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T A B L E  X X I. L E V E L S  O F  R A D IO A C T IV E  E L E M E N T S  IN  W A T E R

Radioactive
element

Levels in natural 
water in Sweden

(pCi/L)

Maximum calculated increase 
in level in primary recipients 
near the final repository3 

(pCi/L)

Drinking
water

Sea-
waterb

Well Lake

226 Ra 0 .1 -4 0 0.3 0.1 0.002

Uranium 0.1 —1500c 3 30 0.6

237Np - - 90 2
40Kd ca 20 330 - -

13sCsd - - 25 0.5

a Expected maximum values are less by a factor of about 100. 
b With 3.5% salinity.
c Applies to natural water (not necessarily drinking water).
d and I3sCs are biologically comparable, but have slightly different dose factors 

(24 000 as compared to 7300 rem/Ci, respectively).

T he calculated  increase in  the level o f  radionuclides in  the recipients to  
w hich the w aste m aterials cou ld  possib ly  be dispersed are com parable to  the natural 
levels o f  such  elem ents. N ep tu n iu m -237  can be com pared w ith uranium  and 
caesium  w ith  potassium . Table XXI presents the ranges o f  variation for the level 
o f  certain elem en ts in  natural w ater and the levels w hich  have been calculated for  
the various primary recip ients in the least favourable case.
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Appendix E

CANADIAN SHIELD CRYSTALLINE ROCK REPOSITORY

R .B. L yon

1. IN TR O D U C TIO N

The Canadian con cep t for nuclear fuel waste disposal is to  im m obilize  the  
fuel waste, that is to  render it stable chem ically  and m echanically , and to  
em place it deep underground in a stable geological form ation  [1 —4]. Pending  
a decision  in Canada on fuel recycling, im m ob ilization  tech n o log ies are being  
developed for tw o  options: disposal o f  irradiated fuel and disposal o f  the  
separated w astes that w ould  result from  reprocessing Candu fuel. The assessm ent 
discussed in th is paper considers the disposal o f  in tact fuel bundles in crystalline  
rock form ations, kn ow n  as p luton s, located  throughout the Canadian Shield.

The current program m e for nuclear fuel w aste disposal is in a “C oncept 
A ssessm ent” phase in w hich  the research, developm ent and assessm ent o f  the 
con cep t o f  disposal are being perform ed w ith ou t consideration  o f  sp ecific  sites. 
During this tim e the assessm ents are generic but w ith  data derived from  real 
location s where possible. T he assessm ents are divided in to  tw o  major parts 
(F ig. 27): the pre-closure and the post-closure assessm ents. T he pre-closure  
assessm ent is considered  som ew hat con ventional and w ill be com m en ted  upon  
on ly  briefly  before dealing in som e detail w ith  the post-closure assessm ent.

F or the pre-closure phase the to ta l im pacts o f  transportation, im m obilization , 
em placem ent, backfilling and sealing and finally  decom m ission ing and rem oval 
o f  surface facilities are considered. In safety  studies the probability  and 
con sequences o f  accidents, b oth  to  the workers and to the general public, are 
analysed. The environm ental im pacts o f  radiological and non-radiological 
em issions are estim ated. C onsideration is given to resource u tilization  such as 
the possible use o f  lead  as an in vestm ent m aterial around fuel bundles and the  
use o f  land w hich  m ight otherw ise have farm ing or recreational potentia l.

Social and econ om ic  studies consider e ffec ts  such as the im pacts o f  an 
increased w ork force, extra traffic and the e ffec ts  o f  extra load  on  loca l facilities  
like schools. B enefits are id en tified  in this area, including long-term  em p loym en t  
for a w ide range o f  skills from  scien tific  m anpow er to  labourers.

Post-closure assessm ent includes the evaluation  o f  processes w ith in  the vault 
(i.e . the waste repository), the geological form ation  and the biosphere. 
M eth odology  being developed  and applied includes: com puter programs, such  
as fin ite-elem ent codes, for detailed analysis o f  com p on en ts o f  the system ;
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FIG.27. Program components.

system s analysis cod es for integrated analysis o f  m any interrelated com ponents; 
and ‘system s variability analysis’ o f  the w hole system .

D eta iled  com puter programs include hydrogeological and chem ical m odelling  
codes. H ydrogeological codes include fin ite d ifference codes for three-dim ensional 
porous flow , heat-and-m ass transport, fin ite  elem ent codes for regional flow , and  
codes for flo w  in  in tercon n ected  rock fractures, together w ith routines for  
statistically  analysing field  m easurem ents to  prepare ‘w hole form ation ’ input for  
fracture flow  analysis. Chem ical m odelling codes analyse the com p lex  equilibria  
betw een  so lu tion s and solids at one extrem e and, at the other, em pirical, o ften  
non-linear, relationships for representing such equilibria are being derived.

System s analysis programs lin k  together the hydrogeological, chem ical and 
m ass-transport processes w ith in  the vault, geosphere and biosphere, respectively.

T he system s variability analysis code integrates the total system  and sam ple 
data from  d istributions reflecting the uncertainty  and variability in the data values. 
T he resulting ou tp u t is a histogram  o f  consequence (dose to  hum ans) versus 
probability , indicating the m ost probable conseq uence o f  the project, and other  
con seq u en ce estim ates, together w ith  their probability  o f  occurrence.

The present status o f  the m eth od o logy  developm ent and application  is 
described, together w ith  results obtained  to  date.
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FIG.28. Post-closure assessment.

2. SC EN AR IO  SELECTIONS

T he objective o f  the post-closure assessm ent studies is to  predict h ow  radio
active m aterial m ight escape from  a disposal vault and m igrate through the  
geosphere and biosphere to  cause radiation dose to  man.

Figure 28  illustrates th e  overall approach taken. Laboratory and field  
research provide data and em pirical m odels, w hile detailed  com puter programs 
help  interpret the m easured data, w hich  are used  to  derive averaged param eters, and  
o ften  form  a basis for th e developm ent o f  sim ple m odels. T he assessm ent itse lf  
is carried ou t w ith  a com pu ter program called SY V A C  w hich links togeth er a set 
o f  sub-m odels to  represent the disposal fac ility  and its surroundings.

A  central problem  in predicting the con seq uence o f  a nuclear w aste disposal 
operation  in th e  distant future is the treatm ent o f  uncertainty  and variability.
One source o f  uncerta in ty  is in the ab ility  o f  m athem atical m odels to  describe 
the real system . This is generally resolved by validating the com pu ter codes where  
possib le, by com paring p red ictions w ith  laboratory and fie ld  data.
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Given a particular site and design, a secon d  source o f  uncertainty  is due to  
the error bands on m easurem ent or specification  o f  param eter values, and 
uncertain ty  about changes in  the values w ith  tim e. A  third source is due to  the 
requirem ent in  the con cep t assessm ent phase that results are to  be representative  
o f  a range o f  sites and design options.

SY V A C  applies a procedure called system s variability analysis [5] to  take 
accou n t o f  the last tw o  sources o f  u ncertain ty  and variability. T his is done by 
representing the sub-m odel defin ing param eters as distributions rather than as 

. single values. Sam pling a value o f  each parameter in turn from  its distribution  
then  characterizes a possib le state o f  the system , or defines a “ scenario” . SYVAC  
then  proceeds to  estim ate the transport o f  radionuclides from  the vau lt to  the  
biosphere and calculates a “ con seq u en ce” , at present taken as m axim um  dose to  
an individual in the m ost ex p o sed  group, irrespective o f  tim e o f  occurrence. 
R epeated  sam pling o f  scenarios and estim ation  o f  consequences result in a 
histogram  o f  con seq uence estim ates versus frequency o f  occurrence.

3. V A U LT  (R E PO SIT O R Y ) A N A L Y SIS

A s illustrated in Fig. 29 , the current m odel for the vault (i.e . the waste 
repository) assum es that groundw ater flo w  is vertical and that flow  through the 
repository is estim ated  from  flo w  in  the rock, taking account o f  d ifferences in 
hydraulic con d u ctiv ity . Mass transport ou t o f  th e  repository is derived by  
assum ing that th e  w aste dissolves to  its so lu b ility  lim it in the water available.
In the case o f  fuel the d issolu tion  o f  the fuel m atrix is considered to  release the 
radionuclides in  proportion  to  their concentrations in the fuel. R adionuclides  
considered  to  have m igrated to  the fuel/sh eath  gap during irradiation are 
assum ed to  be in stan tly  released on container failure. D iffusion  and advection, 
w ith  delay due to  chem ical reaction , are analysed to  estim ate the transport 
rate across th e  buffer. A  sim ple failure fu n ction  has been assum ed for the  
containers, based on engineering judgem ent.

4. DESC RIPTIO N  O F HO ST ROCK SITE A N D  R EPO SITO RY

The vault w ill be located  in crystalline rock  form ations, know n as p lu tons, 
lo ca ted  th rou ghout the Canadian Shield . T he characteristics o f  these form ations  
are sim ilar to  those for  the other hard rock  form ations described in A ppend ixes C 
and D . T hus, n o  further descriptions w ill be given here.

Figure 3 0  presents the m ajor param eters associated  w ith  the vault, the 
inventory and d istribution  o f  the spent fu el in  the disposal area. In this figu re:

U niform  in log  m eans that the logarithm  o f  the variable is selected  from  a 
uniform  d istribution  w ith in  a range from  a m axim um  to  a m inim um  value.
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FIG.29. Vault sub-model
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FIG.30. Vault parameters.
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Gaps refer to  the fuel/sh eath  gaps as referred to  in the description  o f  Fig. 29. 
B u ffe r  is a term  for the backfill m aterial im m ediately  surrounding the waste. 

It cou ld  be a m ore expensive clay w ith  chem icals added, com pared to  the rest o f  
the backfill material.

5. GEO SPH ERE A N A L Y SIS

The geosphere sub-m odel is essentia lly  the sam e as that developed  for the  
G A R D  [6] com puter program. A s illustrated in  Fig. 3 1 , a one-d im ensional path  
is assum ed for  w hich  the hydraulic param eters are derived from  field  m easurem ents, 
results o f  hydrogeological cod es and h yd rogeo log ists’ judgem ent. C hem ical 
in teractions are lum ped  in to  a sim ple retardation param eter w hich is defined  as 
the ratio o f  w ater v e loc ity  to  radionuclide velocity . This approxim ation  is being  
im proved as the chem ical m odelling studies mature.

Figure 3 2  lists  th e  param eters used  in  the geosphere sub-m odel and their  
variability.
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□El
EFFECTIVE PATH LENGTH I TO 4 0 ;  4 0  TO 1000km
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POROSITY I0 'G TO I0 ‘ 3 *

*  UNIFORM IN LOG

FIG. 32. Geosphere parameters.

FIG.33. Hydrogeological modelling.

5 .1 . G eohydrological analysis

Figure 33  illustrates the application  o f  com puter programs to  m od el the  
flo w  o f  groundw ater in  th e  vault and in  the surrounding geological form ation . 
It is necessary to  m od el flo w  in  b oth  porous and fractured m edia. T he latter  
presents som e d ifficu lty  since there has been  little  in terest in hydrogeological
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D yno m ic  H e a d  D ifference  Calculated 

FIG. 34. Fracture flow: Calculation versus experiment.

m od ellin g  o f  fractured m edia in  the past and th e  capabilities are n ot well 
developed. B ecause o f  the advanced d evelopm ent o f  porous flow  codes, it 
w ould  be advantageous to  represent the fractured m edium  as an equivalent 
porous m edium . Suitable param eters cou ld  then  be ob tained  either directly  
from  fie ld  m easurem ents, or by running the fracture flo w  cod e for a representative 
fracture system . T he con d ition s under w hich the use o f  porous m edium  para
m eters w ould  be acceptab le are under investigation.

T he SWIFT [7] code is m ain ly  used for porous flo w  calculations and a code  
called  FLO W NET [8 ] is being developed  for fracture flo w  analysis. SWIFT 
em p loys a three-d im ensional, transient or steady-state m odel and treats heat and 
so lu te  transport as w ell as f low . FLO W NET analyses flo w  in  a set o f  parallel-sided  
fractures w hich  can in tersect at arbitrary angles. T o  provide the inpu t to  
FLO W NET, a com p uter program  is being developed  to  use the fracture data 
derived from  th e fie ld  m easurem ents and syn th esize  p ossib le fracture system s.

A p p lication  o f  th e  porous flo w  cod e, or calculation  o f  the w hole fracture 
system  w ith  FLO W NET, provides averaged param eters for use in  SY VA C. To  
begin th e  validation  o f  FLO W NET, an exp erim en t [8 ] was set up to  flo w  water 
through cubical fractures form ed by a lu c ite  cube in a lu cite  b ox . H ead m easure
m ents w ere taken  over th e  faces o f  th e  cube and com pared w ith  values predicted  
from  FLOW NET. A s show n in Fig. 3 4 , the com parison was good  for alm ost a 
four-fo ld  range o f  R ey n o ld s’ num bers.

150

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



FIG.35. Chemical modelling.

5.2 . G eochem ical analysis

The object o f  the chem ical m odelling calculations is to  pred ict the course 
o f  chem ical reactions betw een  the groundw ater so lu tion s and the con tacted  
solids. This includes th e  processes o f  container corrosion , waste d issolu tion  and  
mass transport w ith chem ical retardation through buffer, backfill and fractured  
rock.

Figure 3 5  illustrates the general approach to  chem ical m odelling. Water 
m ovem ent underground is ex p ec ted  to  be very slow , so  a great deal o f  a tten tion  
is being given to  equilibrium  therm odynam ic m odels. T he m ajor focus in  this 
area is the SOLM NEQ [9 ] com pu ter program, w hich has been m od ified  and for  
w hich the data base has been ex ten d ed  to  include uranium  and p lu ton ium  species 
[10 ]. K inetic  e ffec ts  are taken in to  accoun t m ainly by id en tify in g  th ose reactions  
w hich are s lo w  even in  the tim e scales o f  significance for disposal. Such reactions  
are then exclu d ed  from  th e equilibrium  m odelling.

O utput from  th e chem ical m od ellin g  can be used  d irectly  in SY V A C  or in 
the form  o f  sim plified  chem ical relationships in deta iled  m ass-transport codes. 
Figure 36  presents som e o f  the chem ical m odelling results [1 1 ] w hich have been  
used directly  in the SY V A C  assessm ent. T he to ta l so lu b ility  o f  uranium  species 
is p lo tted  against pH. Eh buffering w ith m agnetite-haem atite represents redox
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FIG. 36. Solubility o f  uranium under disposal-vault conditions.

con d ition s ex p ected  in deep granite groundw ater, and Eh buffering w ith siderite- 
goeth ite  represents red ox  con d ition s ex p ected  in  so ils nearer the surface. From  
these curves it  can be d educed  that, over the range o f  con d ition s ex p ected  for a 
disposal vault in  granite, the range o f  uranium  so lu b ility  will be 1CT11 and  
10 -8 molar. Uranium  so lu b ility  is a very im portant param eter in the assessm ent 
stud ies; it  is ex p ected  to  contro l the rate o f  release o f  radionuclides from  the  
fuel m atrix.

6. BIO SPH ER E A N D  D O SIM ETRY  A N A L Y SE S

Figure 3 7  illustrates th e  biosphere m odel. T w o op tion s are assum ed to  be 
possib le for the arrival o f  the radionuclides at the surface : arrival at a ground  
surface, such  as a valley b o ttom , or d irectly  in to  a lake.

O ne o f  th ese m odels is chosen  by the SY V A C  sam pling procedure. T he  
radionuclide concen trations in  soil and w ater are then  estim ated  by use o f  sim ple  
com partm ental m odels, taking account o f  rem oval by run-off from  the ground  
com partm ent or by f lo w  from  the lake. D ose/con cen tra tion  ratios [12 , 13] are
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FIG.37. Biosphere sub-model.
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FIG.38. Biosphere parameters.

then  used to  calculate the dose to  man. T he ratios were derived by  use o f  the  
FO O D  II [1 4 ] and N E PT U N  [1 5 ] com p uter programs w hich contain  the  
assum ption that in teractions betw een  the radionuclides in  so il and plants, 
anim als and m an, occur su ffic ien tly  rapidly com pared w ith  changes in the soil 
and lake concentrations, that steady  state is reached. Figure 3 8  gives the para
m eters used for the biosphere sub-m odel.

Figure 3 9  presents results o f  a single run through th e  sub-m odels w ith  one  
set o f  param eters or “ scenario” . In th is case the m axim um  dose, w hich is taken  
as the consequ en ce estim ate, is due to  release o f  the 129I in the fu el/sh eath  gaps.
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FIG. 39. Maximum dose to most exposed individual.

Years

FIG.40. Single case -  dose versus time.

The subsequent, slow ly  reducing dose is m ostly  due to  release o f  129I and " T c  
as the fuel m atrix dissolves.

Figure 4 0  gives the results o f  over 3 0 0 0  estim ates o f  m axim um  dose to  an 
individual in the m ost exp osed  group. On th is histogram  are drawn lines at 
natural background dose, at 1% o f  natural background and at 1% o f  the regulatory  
lim it for m em bers o f  the public. A b o u t 1% o f  the dose estim ates exceed ed  1% o f  
the natural background and about 0.5% ex ceed ed  1% o f  the regulatory lim it.
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ANNUAL DOSE (Sv)

FIG.41. Downward cumulative probability o f maximum annual dose.

N on e o f  these estim ates exceed ed  natural background. A p p roxim ately  2 0 0 0  
other cases, in  w hich n o  dose results before on e m illion  years (ow ing  to  an 
estim ated  transit tim e to  the,surface exceed ing  a m illion  years), were exclu d ed  
from  the histogram . This tim e cu t-o ff was arbitrarily ch osen  but probably cou ld  

be ju stified  on th e  basis that doses b eyon d  this tim e are due m o stly  to  the  
daughters o f  238 U. O ne thousand  cases were carried o u t to  10 m illion  years 
and show ed  n o  significant e ffe c t  on  the histogram  other than a higher proportion  
o f  uranium  doses due to  234T h, as w ou ld  be exp ected .

A n alternative w ay o f  p lo ttin g  these results is show n  in  Fig. 41 w here the 
dow nw ard cum ulative probability  is p lo tted  against the annual dose estim ate.
A gain, possib le m easures o f  accep tab ility  are ind icated  and the probability  o f  
exceed ing  th ose  m easures can be read from  the curve. For exam ple, the  
probability  o f  a con seq u en ce estim ate exceed ing  1% o f  natural background can 
be read as 0 .0 1 , or 1%.

This approach is believed to  provide a fram ew ork for defin ing a criterion o f  
accep tab ility  for a nuclear w aste disposal project. I f  th is is acceptable to  the  
regulatory authorities, it  w ould  then  be appropriate for th em  to  d efine suitable 
consequence estim ators, an appropriate level o f  accep tab ility  and an acceptable  
probability  o f  exceed ing  that level. O ne consequ en ce estim ator is m axim um  
dose to  an individual in the m ost exp osed  group, irrespective o f  tim e o f  occurrence. 
O ther estim ators cou ld  be used, such as p op u lation  dose integrated over tim e.
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7. C O N C L U SIO N S

T he Canadian studies on the environm ental and safety  assessm ent for nuclear 
fuel waste disposal to  date have considered the pre-closure and post-closure  
phases for the disposal o f  in tact fuel bundles in  crystalline rock o f  th e Canadian  
Shield. M ost o f  the research and d evelopm ent are focu sed  on the post-closure  
phase. T he current assessm ents o f  the post-closure phase pay particular a tten tion  
to  the problem  o f  uncertain ty  in  pred ictions in to  the distant future. R esults to  
date, w hile based on prelim inary in form ation  from  the research program m es, 
ind icate that future generations should n o t experience radiation doses, due to  
the disposal operation , exceed ing  a sm all fraction o f  natural background.
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Appendix F 
BELGIAN CLAY REPOSITORY

A. Bonne

1. IN TR O D U C TIO N

In 19 7 4  a special w orking com m ittee  was established by the Belgian  
M inister o f  E conom ic Affairs to  assess the various aspects o f  nuclear energy and 
to  give the authorities independent advice on the future energy p o licy . A m ong  
the num erous conclusions and recom m endations o f  th is com m ittee , published  
in March 1975 , it was stated  that, taking in to  accoun t the Belgian potentia ls, 
argillaceous form ations are believed  to  b e the m ost su itable available ones for  
the disposal o f  high-level and alpha-bearing wastes. T he report also recom m ended  
that research on  that d isposal con cep t should b e supported.

Since that tim e, C EN /SC K  (N uclear Energy Research C entre) o f  Mol 
considerably expanded  the w ork in its research and developm ent programm e 
(already started in 19 7 4 ) concern ing the possib ilities o f  radioactive w aste disposal. 
This program m e aim s to  obtain  know ledge about the disposal system  behaviour  
and the appropriate engineering tech n olog ies so as to  assess the safety  and 
feasib ility  o f  the disposal concep t.

The research and developm ent program m e is site-specific and is focused  on  
the B oom  clay form ation  underlying the nuclear site o f  Mol. Thus, the safety  
assessm ent exercises n ow  under w ay are based on  a repository con cep t specific  
for the B oom  clay at the site, and the geoscien tific  data to  be used in the safety  
analysis are specific  to  the geological c o n tex t o f  the area. The current programm e 
on sa fety  assessm ent considers on ly  the post-closure phase; assessm ents for the 
operational phase are to  be perform ed later.

The p o licy  at present adopted  for the safety  analysis studies is to  lim it the 
developm ent o f  new  m odels and codes and to  rely generally on, and to  use, 
already ex isting  m odelling. This allow s validation  o f  existing m odels by  using  
them  w ith  real data for the sp ecific  site. The C EN /SC K  program m e is carried out 

under a contract b etw een  the C om m ission  o f  the European C om m unities (CEC) and 
C EN /SC K , and thus preference is given to  m odels and codes developed w ithin  
the fram ew ork o f  the actions undertaken by  the CEC. Thus, part o f  the safety  
analysis stud ies for the Belgian clay repository is perform ed in close collaboration  
w ith  the Join t Research C entre o f  the C om m ission  o f  the European C om m unities  
at Ispra (Ita ly ), w hich  developed  its ow n  m eth od o logy  for sa fety  analysis.

A t present n o  com prehensive sa fety  assessm ent report for the Belgian clay  
repository is available, the studies still being in  progress. T he fo llow in g  sections 
o f  th is A ppendix  thus ou tlin e the approach and m eth od o logy  applied.
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FIG. 42. Simplified geological column section at the Mol site.

2. DESC RIPTIO N  O F HO ST ROCK SITE A N D  REPO SITO RY

2.1 . Host rock and site  characteristics

The repository site  is located  in the northeastern part o f  Belgium , w here the 
national nuclear research centre o f  Mol and other nuclear facilities are situated.
In th at lo ca tio n  the B oom  clay (see sim plified  geological colum n section  in  
Fig. 4 2 )  occurs from  approxim ately  160 to  2 7 0  m b elow  land surface, w hich is 
about 25 m  above the present m ean N orth Sea level. This clay form ation  belongs
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to  a m ore ex ten d ed  O ligocene clay sed im entation  province (± 3 -  3 .5  X 10 7 years 
o ld ) found  in northern and central Europe. In the Mol area the B oom  clay dips 
(±  \% ) to  the northeast and is covered by  m ore recent, m ainly M iocene  
glauconiferous sands.

The characteristics o f  the B oom  clay were determ ined on  sam ples cored  
during several drilling cam paigns at the Mol site (see Table X XII). System  
analysis studies are under w ay to  evaluate changes o f  these characteristics due 
to  w aste host rock interactions, especially  near-field phenom ena. A lso in-situ  
determ ination  o f  som e o f  these characteristics is p lanned for future w ork (e.g. 
in fluence o f  tem perature on in-situ geom echanical properties, in-situ therm al 
con d u ctiv ity , etc .).

In the co n tex t o f  site investigations, characteristics o f  the overlying and 
underlying form ations were also studied  in field  experim ents (e.g. pum ping tests) 
or laboratory tests. H ydraulic param eters and data in particular were determ ined. 
The underlying aquifer (Berg sands) is com posed  o f  very fine sands. Its average 
hydraulic con d u ctiv ity  (k ), determ ined by pum ping tests at the site, is 
approxim ately 4 .2  X 10~5 cm  ■ s -1 . The overlying neogen ic sandy deposits m ay  
be subdivided in to  four subunits:

Mol sands (k =  approx. 1.8 X 1 0 -2 cm  • s_1); K asterlee sands (k  =  probably  
similar to  Mol sands); D iest sands (k =  approx. 2 .8  X 1CT3 cm • s -1 ) and 
A ntw erp sands (k =  approx. 1.2 X 1 0 -3 cm  - s -1 )-

A  regional hydrological survey has show n  that at several places d ifferent 
aquiferous layers are present in the overburden sands o f  the B oom  clay. From  
w ell observations it was also learned that at the Mol site a dow nw ard gradient 
o f  0 .0 1 —0 .0 2  exists. Further details about the site m ay be found  in R ef. [ 1 ].

2 .2 . D escription o f  the repository and w aste inventory

For the Belgian clay case the repository size is based on the am ount o f  
vitrified high-level w aste and alpha-bearing w astes arising from  the 3 0  years 
operation  o f  a 10 GW (e) nuclear pow er program m e or 3 0 0  GW (e) • a equivalent.
The disposal area needed  is roughly 1.5 km 2. The disposal horizon  cou ld  be in 
the m id-plane o f  the B oom  clay, at a d ep th  o f  >  2 0 0  m b elow  land surface.

The high-level w aste is vitrified  as borosilicate glass and enclosed  in  
corrosion resistant cylinders (3 0  cm  in  diam eter and 150  cm  long). Similar 
canisters are considered  to  be used for cladding wastes. B ecause o f  heat lim itations  
the high-level w aste w ill be stored for at leat 5 0  years after reactor discharge 
before em placem ent in the repository. A lpha w aste and m edium -level w aste are 
packaged in 200-litre carbon steel drums, w ith  concrete or b itum en im m obilization .
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T A B L E  XXII. SOME CH ARACTERISTICS OF THE BOOM CLAY  
(M OL SITE)

Chemical composition of dry material (%) ~  64 S i02, ~  14 A120 3 

~  5.9 Fe20 3, ~  2.2 K20  

~  1.4 Na20 , ~  0.6 CaO 

~  0.5 T i02 , ~  0.7 MgO 

weight loss at 1000°C: ~  10

Natural water content (wt %) ~ 2 6

Mineralogical composition of the 
fraction: <  2jUm (parts per ten)

Illite (2 -3 ) ,  smectite (2), vermiculite-like (3), 
illite-montmorillonite interstratified (1 —2), 
chlorite + chlorite-vermiculite-like interstratified

Organic matter (%, 14 samples) 2 .3 -5 .5

Granulometric omposition (%) d <  2 /jm: 49 

2 um <  dia. <  60 (im: 47 

60 pm <  dia. <  200 pm: 3.5 

dia. > 2 0 0 p m : 0.5

Bulk density ~  1.93

Dry density ~  1.53

Hydraulic conductivity (cm • s '1) Between 1.4 X 10"8 and 4.7 X 10"10

Porosity (%) Between 34.6 and 44

Saturation degree (%) Between 88.4 and 100

Plasticity limit (%) (average 50 samples) 
geotech, core drilling)

~ 2 7

Liquidity limit (%) (average 50 samples) -  76

Index of plasticity (%) 
(average 50 samples):

- 4 9

Thermal conductivity (Wm'1 ■ K-1) 0 .9 -1 .3  (from 20 to 90°C)

0 .3 -0 .5  at 100°C and 0 .6 -0 .8  at 500°C

Natural radioactivity (Bq ■ kg'1 dry 
sample)

®K — 7.4 X 102 

226Ra — 7.4 X 101 

232Th — 4.4 X 101

Cation exchange capacity (meq. per 
100 g dry clay)

2 0 -4 0 , depending on sample and technique 
used
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The physical inventory  o f  w aste packages, representing 3 0 0  GW (e) • a 

energy p roduction , is sum m arized below :

U nshielded  drums 
Shielded drums 
High-level w aste canisters 
Cladding w aste canisters

6 000 
150 0 0 0

9 0 0 0  
9 0 0 0

T he radionuclide inventory in the high-level w aste is calculated  by the 
O R IG EN  code.

As far as alpha waste is concerned , on ly  one stream , including radionuclides 
from  reprocessing (1% Pu loss) and M OX fabrication (2% Pu loss), has been  

considered.
Iodine w aste is considered  as a separate w aste typ e, 99% o f  the iod ine being  

rem oved during the fuel d isso lu tion  step  in the reprocessing plant and 1% 
rem aining in the high-level waste; how ever, all the 129I cou ld  be considered to  be 

em placed  in the repository.
A  feasib ility  stu d y  for the underground repository led to  the design o f  

several repository geom etries, resulting from  the d ifferent possib le em placem ent 
techniques for the high-level w aste. For the in itial sa fety  analysis studies, on ly  
one design, described b elow , was taken in to  account.

The underground part o f  such  a disposal facility  cou ld  be com posed  o f  
seven parallel d isposal galleries (secondary galleries), in tercon n ected  by a main  
gallery, allow ing the transport o f  the w aste from  the access shaft tow ards the 
disposal galleries. T he distance b etw een  the disposal galleries for high-level waste 
cou ld  be 22 5  m and for m edium -level, alpha-bearing w aste and cladding hulls 
35 m. The length  o f  these galleries cou ld  be approxim ately  2 .5  km, w ith  the 
excep tion  o f  the gallery for cladding hulls, around 1.8 km  long. A ll galleries are 
cylindrical. The em placem ent o f  canisters o f  high-level w aste and cladding hulls 
cou ld  be perform ed in inclined  lined ho les at the bases o f  the galleries. The 
distances b etw een  the inclined stacks o f  high-level w aste and cladding hulls are, 
respectively, 20  and 4 .5  m.

A fter em placem ent o f  the w aste packages, the tunnels, holes and shafts  
w ill be backfilled  w ith  clay or clay m ixtures.

Further details about the con cep t design o f  the underground facility  m ay be 
found  in  Ref. [2 ]. A lternative designs m ay also be developed and used in 
forth com ing analyses.

3. SC EN AR IO  SELECTIONS

The scenario analysis aims at evaluating h ow  disposed radionuclides could  
leave the repository and/or the host form ation  and h ow  th ey  cou ld  return back  
to  the biosphere and u ltim ately  to  man.
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T A B L E  XXIII. M EAN PR O BA BILITY  O F D ISR U PTIV E  EVENT  
O C CURRENCE FO R  THE BOOM C LA Y  AT THE MOL SITE

Receptor

Time span \ _  
(years)

Groundwater Land surface Atmosphere

2 X 103 9.65 X 1CTS 3.35 X 10~6 1.1 X 1(T8

2.5 X 104 8.54 X 1<T4 2.44 X 10~5 1.34 X 1(T7

1 X 10s 3.8 X1(T3 7.9 X 10'4 5.6 X 1(T7

2.5 X 10s 5.2 X 1CT3 3.4 X 10‘3 1.34 X 1CT6

Several e lem ents o f  the repository system  act as a barrier, ham pering the 
release o f  the radionuclides. T o define the scenarios by w hich the barriers 
cou ld  be breached by  disruptive events or processes originating from  outside the 
repository, a screening was m ade o f  the slow  processes know n to  have been  
active in th e site area during the Quaternary and Tertiary geoh istory. T hese  
processes are associated  w ith  eustatic m ovem ents, glaciation, epeirogenesis, etc. 
Based on  the sam e rates or in tensities for these processes in  the future as 
reckoned from  the past, it is estim ated  that such slow  processes w ill n o t reach 
or perturb the to p  o f  the host form ation  in a tim e span o f  2 X 10s years [3].

A  m ore com prehensive assessm ent o f  geological con ta inm ent failure was 
perform ed by  applying the fault-tree analysis technique [4]. This is the first step  
in applying the JRC (Ispra) m eth od o logy  for the Belgian clay case. The fault-tree 
analysis technique allow s for id en tifica tion  o f  the possib le failure m odes o f  the 
geological con ta in m en t and assessm ent o f  the probability  o f  occurrence o f  such  
events. In the analysis sudden and slow  natural events and hum an activities, 
inspired by  the n eeds o f  natural resources, were considered. In th is approach  
three possib le release receptors were iden tified  — groundw ater, land surface and 
atm osphere. F or each receptor failure, probability  ranges were estim ated  for  
the fo llow in g  tim e spans: 2 X 103 years, 2 .5  X 104 years, 105 years, 2 .5  X 10s 
years. In Table X X III the m ean probability  values are given for the four tim e  
spans and the three receptors. This analysis also revealed that, for shorter tim e  
spans (2  X 1 0 3 years), the hum an activities have a higher w eight than the natural 
events. For longer tim e spans (m ore than 2.5 X 104 years) natural events 
present a higher w eight in the probability  values.

From  an exam ination  o f  the fault-tree for the release to  land surface it  is 
seen that aquifer contam ination  fo llow ed  by  radionuclide m igration through  
the subsoil m ay be the m ost lik ely  scenario able to  cause an environm ental 
contam in ation , m ainly during the longest tim e spans. For w hat concerns the
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aquifer contam in ation , faulting phenom ena were found  to  be am ong the 
principal m echanism s having the poten tia l to  cause radionuclide release to  ground
water; in particular, faults characterized by  a d isp lacem ent greater than 5 to  
10 m can play a m ajor role in governing the failure probability.

For a first exercise the scenario analysis o f  such a geological barrier failure 
starts from  the conservative assum ption that, once the form ation  has been  breached  
by a fault, a fraction  o f  the radionuclides is leached from  the w astes by flow ing  
w ater and transported in to  adjacent aquifers. Subsequent transport o f  the  
radionuclides through the low er and upper aquifers, entrance o f  the contam inated  
w ater p lum e in to  the zone o f  in fluence o f  a well, and use o f  this water for  
dom estic  and agricultural purposes, con stitu te  the successive steps by w hich  
radionuclides reach man.

Up to  now , on ly  an abnorm al release scenario, w here a post-closure  
incid en t originates from  outside th e repository, has b een  studied . H ow ever, 
analysis o f  the repository system  for a norm al release scenario is also under way. 
This scenario is based on  the assum ption  that the d ifferent repository com p on en ts  
(som e o f  them  acting as barriers) w ill eventually  be con tacted  by  interstitial 
water o f  the clay. This interstitial so lu tion  will act as a m edium  for facilitating  
m utual in teraction  b etw een  the d ifferent repository com p on en ts (includ ing the  
near-field h ost rock). Natural degradation o f  the repository w ill thus occur and 
corrosion  o f  canisters and w aste m atrix can release im m ob ilized  radionuclides, 
form ing the source term  for m igration through the clay form ation . In norm al 
con d ition s the on ly  w ay for the radionuclides to  reach th e  aquifers is by  
m igration through the in terstices o f  the clay form ation . For calculating the 
release from  the host form ation  a three-dim ensional m igration m odel has been  
developed [5]. Som e exercises w ith  this m odel have b een  perform ed [6] 
but n o t y e t  specifica lly  for the sa fety  analysis cond itions.

4. REPO SITO RY  A N A L Y SIS

The repository analysis perform ed up to  n ow  has to  be understood  in the 
fram ew ork o f  the incidental scenario o f  a tec to n ic  d isp lacem ent through the  
repository. The orien tation  proposed  for the galleries o f  the repository is 
WSW-ENE and thus perpendicular to  the m ost frequent d irection  o f  the d etected  
Quaternary and Tertiary faults. Based on an assum ed w idth  o f  10 m etres for the  
fault zone, a sim ple calcu lation  show s that about 0.5% o f  the overall w aste 
volum e cou ld  be con tacted  and leached by  groundw ater flow ing through the 
fractured zone. To take in to  accou n t the p ossib ility  o f  a larger fault zone, or 
in particular unfavourable fault plane orientations, it is assum ed in the first
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consequence analysis exercise that a fraction as high as 5% o f  the disposed waste 
is leached. T he fo llow in g  leach  rates were adopted  for the d ifferent w aste types  
considered:

(a) V itrified  high-level w aste: Starting from  the assum ption that the tecton ic  
event occurs 2 0 0 0  years after em placem ent, it m ay be calculated  that the 
tem perature w ill be reduced to  a very lo w  level and the repository  
tem perature w ill be nearly the norm al geotherm al tem perature. The usual 
leach rates o f  10~7 g- c m '2 - d -1 and a geom etrical sp ecific  surface area o f
0 .5  cm 2 • g _1 were assumed.

(b ) C o n d itio n ed  alpha-bearing w aste: A  leach rate o f  10 -7 g • cm -2 • d _1 and 
a geom etrical surface area o f  0 .5  cm 2 • g~* were assum ed.

(c) C o n d itio n ed  iod in e  w aste: A  leach  rate o f  10~7 g- c m -2 • d -1 and a 
geom etrical surface area o f  0 .5  cm 2 ■ g_1 were assumed.

In the repository analysis for the abnorm al scenario no  value was attributed  
to  canisters or to  o ther engineered barriers. The leaching m od el used is based  
on the fo llow in g  assum ptions:

(a) All iso top es are leached at the sam e rate;
(b ) Leach rate rem ains constan t w ith  tim e;
(c ) Specific surface remains constan t over the leaching period;
(d ) D uration o f  leaching is 2 0 0 0  years.

B ecause o f  the early stage o f  w ork on the norm al scenario, n o  com m ents w ill be 
m ade on the repository analysis o f  this case.

5. G EO SPH ERE A N A L Y SIS

For the con seq u en ce analysis for the abnorm al scenario the m odelling  
perform ed for the geosphere analysis was n o t sophisticated .

5.1. H ydrological studies

H ydrological investigations in  the site  area have been carried ou t since  
1975, and recen tly  a m ore detailed netw ork  o f  hydrological observation w ells 
was installed  in the hydrographic basin o f  the site. H ydrological m odelling o f  
the m ulti-layered sedim entary overburden o f  the B oom  clay and the underlying  
aquifer is under w ay.

For analysis o f  the abnorm al scenario, w ater-flow  velocities in the under
ly in g  and overlying aquifers were estim ated , based on hydrological data gathered  
by field  observations and testing. W ater-flow velocities o f  1 m • a-1 and
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100 m • a *, respectively , were considered  for the aquifers under and over the 

B oom  clay.

5.2 . Mass transport

Because o f  the appreciable am ount o f  g lauconite, the overlying sandy  
form ations w ill act as a geochem ical barrier by  retaining or delaying the transport 
o f  released radionuclides. R etardation o f  radionuclides relative to  the w ater-flow  
velocity  can be expressed in sorption  equilibrium  con d ition s, b y  in troducing a 
retardation factor (R ) in the mass transfer equation . When taking also in to  account 
radioactive decay, the radionuclide m igration (one-d im ensional) is represented  
by E q .( l) :

6C; 5 2 C  5C;

D 6T  = D^ - V ^ - RX^  (1)

w here C; =  con cen tration  o f  radionuclide i
Dj =  axial d ispersion co e ffic ien t o f  radionuclide i 
V =  interstitial water flow  v e loc ity  
x =  distance
A; =  decay constant o f  radionuclide i 
R =  retardation factor

The sorption  param eters are based partly on laboratory investigations, 
partly on literature data. Som e radionuclides, e.g. T c and I, are considered n o t to  
be susceptib le for sorp tion  in these aquifers. Laboratory investigations also 
show ed  that on ly  a sm all fraction  o f  the actin ide elem ents is freely transported [7]. 
In the present exercise 0.1% Pu and A m  and 2.5% N p are considered as m obile  
fractions conveyed  freely w ith  w ater-flow  velocity .

6. BIO SPH ERE A N D  D O SIM ETRY  A N A L Y SIS

In the conseq u en ce analysis o f  the abnorm al scenarios the fo llow in g  path
w ays are considered:

(a) A fter m igration over 1 km  from  the release zone, the contam inated  ground
water is assum ed to  enter the zon e o f  in fluence o f  w ell-w ater ex traction . The 
concentration  o f  any radionuclide in  the w ell m ay be sim ply calculated  by  E q.(2):
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F IG .43 . R e lea se  scen a r io s  a n d  p a th w a y s  to  m an c o n s id e re d  in th e  B elg ian  c la y  case  

(a b n o rm a l scen a rio ).

where Xj =  arrival rate o f  iso top e  i 
P =  water extraction  rate.

(b ) With direct con su m p tion  o f  this water as drinking water, the corresponding  
doses are calculated  using the dose factors given in the literature [8].

(c ) W hen using the w ell water for irrigation o f  agricultural soils, ingestion  path
ways according to  d ifferent food  chains can be considered. H ow ever, because  
the ingestion  risk is exp ected  to  be governed by the direct ingestion  o f  contam in
ated water, the ingestion  pathw ays through fo o d  have n o t y e t  been  studied.

(d ) With an inhalation  pathw ay (soil to  air to  m an), calculations are based on  
som e quantity  o f  so il dust resuspended in the air. Inhalation doses can thus 
be calculated through the use o f  inhalation  dose factors [8].

The release scenarios and pathw ays back to  man, considered  in the present 
exercises, are show n  in Fig. 43.

7. G E N E R A L  C O N CLUSIO N S A N D  REM ARKS

The Belgian safety  assessm ent stu d y  for disposal o f  radioactive waste in to  
a pastic clay form ation  is site-specific and concerns on ly  the post-closure phase.

R elease scenarios for an abnorm al disruptive event and for a norm al future  
evo lu tion  o f  the repository are being taken in to  accou nt for the safety  assessm ents.
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The first exercises for the abnorm al case are being com p leted  and results w ill be 
available soon . The analysis based on the norm al scenario o f  natural degradation  
o f  the repository is in an early phase. In the future w ork m uch a tten tion  w ill be 
drawn on data uncertain ty , param etric sensitiv ity  o f  the m odel ou tp u t and 
coupling o f  the incidental and degradational m odels.
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