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ABSTRACT

The Swedish Nuclear Power Inspectorate (SKI) and the Swedish Nuclear Waste
Management Co. (SKB) have carried through a joint scenario development excr-
cise of a hypothetical repository for spent nuclear fuel and high level waste based
on the KBS-3 concept as disposal method.

The starting point of the scenario development strategy has been the “Sandia
methodology™, but the actual implementation of the steps in this method has re-
quired new strategy development. The work started with a relatively large inter-
nationally composed group meeting. which identified an extensive list (ap-
proximately 150 items) of features. events and processes (FEPs) that might in-
fluence the long term performance of a repository. All these FEPs and a memo-
text containing a description of the FEP as well as its possiblc causcs and consc-
quences have been entered into a computer databasc.

The next step in the development was to remove from the list approximately
30 FEPs of low probability or negligible conscquence. In a follosing stcp a large
number of the FEPs on the original list were assigned to the “PROCESS SYS-
TEM™. The PROCESS SYSTEM comprises the complete sct of “dctcrministic™
chemical and physical processes that might influence the releasc from the re-
pository to the biosphere. A scenario is defined by a sct of external conditions
which will influence the processes in the PROCESS SYSTEM.

Approximately S0 FEPs wcre left representing external conditions. These
remaining FEPs have been grouped (lumped) into a few (10) primany FEPs of
external conditions. The remaining FEPs could all be combined to form
scenarios, but it is concluded that it is not meaning(ul to discuss combinations
without first analyzing the consequence and probability of the individuaf condi-
tions.

An important aspect of the work is that the developed strategy includes a
framework for the documentation of the complete chain of scenario devclop-
ment. Such a transparent documentation makes possiblc an extensive review
and updating of the set of scenarios. A revicwing process. open to very broad
groups in the socicty, is probably the best means of assuring reasonable com-
pleteness and of building up a general consensus on what are the critical issues
for the safe disposal of radioactive waste. .

In conclusion, the strategy developed within the project appear to be a”
feasible approach to scenario development, but it must be siressed that the
present project is a firsi stage and that the complete analysis must be reiterated
several times.
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SUMMARY

The Swedish Nuclear Power Inspectorate (SKI) and the Swedish Nuclcar Waste
Management Co. (SKB) have carried through a joint scenario development exer-
cise of a hypothetical repository for spent nuclear fucl and high icvel waste based
on the KBS-3 concept as disposal method. An incentive for the project has been
the perceived need for a common understanding of principles and procedures for
scenario selection well in advance of the actual licensing process. Also the value
of developing an internationally available and well documented data post on pos-
sible features, events and processes that could be of importance in scenario
_ developm.ent was recognized. A well defined structure for the scenario develop-
ment and documentation will also facilitate latcr phases of scenaric development
including interactions with broader groups in socicty. Besides the c{forts for the
development of a common understanding and an internationally available infor-
mation basis, the work on devclopment and evaluatior. of scenarios is performed
scparatcly in SKI and SKB.

The starting point of the scenario development strategy has been the “Sandia
methodology”. However, the actual implementation of the steps in this method
has required new strategy development.

The work started in 1988 with a relatively large internationally composed
group mecting. This large group also met in carly 1989. However, the major
devclopment has been carried out by a smaller working group within SKI and
SKB. The work has becn madc in interaction with an international working
group on scenario development within the OECD/NEA.

The initial large mecting resulted in an extensive list (approximately 150
items) of fcatures, events and processcs (FEPs) that might influence the long
term performance of a repository. This list and all further documentation have
been cntered into a computer databasc. The first effort of the working group
was to write a memo-text for each FEP. This text contains a description or an ex-
planation of each FEP as well as its possiblc causes and conscquences. The
memo-text has provided the basis for the further structuring of the original list.
The next step in the development was to remove (screen out) from the list ap-
proximatcly 30 FEPs of low probability or negligible consequence.

In order to structure the remaining parts of the list it was necessary to intro
duce the concepts of the "PROCESS SYSTEM ™ and “externz| conditions™. The
PROCESS SYSTEM comprises the complete sct of “deterministic™ chemical
and physical processes that might influence the relcase from the repository to
the biosphere. The external conditions are events or processes that arc not re-
pository induced and may occur (relatively) independent of the processes in the
PROCESS SYSTEM. A scenario is defined by a sct of external conditions which
will influence the processes in the PROCESS SYSTEM. The external condi-
tions determine how to actually model and combine thc processes in the
PROCESS SYSTEM when evaluating the consequence of the scenario. Fur-
thermore, most processes in a scenario have conceptual and parametcr unccr-
tainties. These uncertainties may be analyzed by evaluating a set of cases with
different parameter values or different conceptual models. This set of cases are
not scenarios but represent the sensitivity of the scenario to conceptual and
paramcter unccrtainty. With these definitions most of the FEPs on the original
list were assigned to the PROCESS SYSTEM and only a smaller number (ap-
proximatcly 5C) werc Iclit as FEPs rcprescnting external conditions.




The remaining FEPs representing external conditions have been grouped
(lumpe 1) into a few (10) primary FEPs of external conditions. Thc objective of
this lumping is to reduce the number of combinations that nced to be analyzed.
One criterion for lumping FEPs to the samc group is when the (modelling) con-
sequence for the FEPs are similar. Another possibility may be to lump FEPs with
the same and only primary causc.

The primary external conditions could all be combined to form scenarios. In
order to reduce the number of combinations to be carefully analyzed it is neces-
sary to introduce restrictions in these combinations. Onc important restriction is
introduced by the term “ISOLATED SCENARIO", which should not be com-
bined with other FEPs. The possibility to introduce other restrictions in the com-
binations have been discussed within the working group, but it was concluded
that it probably is not possible 1o discuss meaningful restrictions cf combinations
without first analyzing the consequence and probability of the individual condi-
tions. Furthermore, a more clear understanding of the time aspects of the exter-
nal conditions are needcd as the importance of a combination of events may
depend on in which order they occur. Finally, well defined criteria arc nceded
for screening scenarios.

In conclusion, the strategy developed within the project appear to be a
feasible approach to scenario development. It must be stressed that the present
project is a first stage and that the complete analysis must be reiterated several
times. Still, the developed strategy includes a framework for the documentation
of the complete chain of scenario developmuent. This documentation is the key
to the following analysis. Even if a scenario development strategy never will
producc a complete set of scenarios one must strive for completeness. In this -
context it is extremcly important to documcent all steps in the development. A
transparcnt documentation makes possible an extensive review and updating of
the set of scenarios. Such a reviewing process, open to very broad groups in the
society. is probably the best means of assuring reasonable completencss and of
building up a general consensus on what arc the critical issues for the safe dis-
posal of radioactive waste.




1.1

INTRODUCTION

GENERAL

The Swedish Nuclear Power Inspectorate (SKI) and the Swedish Nuclear Waste
Management Co. (SKB) have decided to carry through a joint scenario develop-
ment exercise of a hypothetical repository for spent fuel and high level v. aste
based on the KBS-3 concept as disposal method. An important motivation for
this project is tha. there is a need for a common understanding on principles and
yrocedures for scenario selection well in advance of the actuai licensing proc s.
After this first phase, scenario deve'opment, as well as consequence analysis of
the derived scenarios will be performed within each organization separatcly.

The basic objective of a scenario development is to make sure that all relevant
future cvolutions of a repository is properly considered. For public confidence it
is important that the scenario development is well documented and made in a
transparcnt way. A well defined structure for the scenario development and
documentation will also facilitate for latcr phases of scenario development in
Swcden including interactions with broader groups in socicty. These require-
ments imply that it is not only important to obtain sensible scenarios, but it is also
esscntial to prove the sensibility of the scenario sclection procedure.

The objcctive of the present project is to initiate efforts in a structured ap-
proach to scenario devclopment. The starting point for the projcct has been to
apply the “Sandia Methodology™ (as described in the report NUREG.CR-1667)
[1]. This method has been discussed by the NEA/PAAG “Working Group on the
Identification and Selection of Scenarios for Performance Asscssment of
Nuclcar Waste Disposal™ and found to bc an apparently systematic and well
documented approach. The Sandia methodology has been applicd by US NRC
for demonstration purposcs on disposal concepts for disposal in salt, basalt and
tuff. However, it must be stressed that the Sandia method is not the only ap-
proach to scenario analysis. The motivation for its application in the present
project is that it was considered to be a fruitful starting point for the work.

In the present project the scenario development is applicd to the KBS-3 con-
cept for disposal of spent fuel and high level waste. It has been assumed that the
repository is located at a site in “typical Swedish crystalline rock™. During the
project there has been little need for actual site specific geological data. Had
such a nccd arisen it was planned to use the gencric SKI Proje:t-90 reference
site (SKI TR 89:2) [2]. Thus site has no correspondence with any potential dis-
posal sitc in Sweden, although the aim has been to make the site as realistic as
possible in terms of the features included and their associated parameter values.

The main interest in the present project is to develop methodologies for
scenario development. The technical results need to be updated and the analysis
reiterated for the evaiuation of a real potential repository site. In particular, a
future analysis has to be fully adopted to the actual disposal method, barrier
design, repository iayout etc., that will be suggested.

As a [inal remark it could be mentioned that the scenario project happens to
fall well in time with the SKI Project-90, which is a performance asscssment ex-
ercise. Some of the scenarios and issues identificd in the present project will be
analyzed within Project-90.




1.2

ORGANIZATION OF WORK - THE SKI/SKB WORKING
GROUP

The start of the project was a workshop in Kolmérden in Scptember 26-28,
1988. The participants were representatives from SKI, SKI consultants including
Sandia, SKB, SKB consultants, the SKI Project-90 expert group and the Swedish
National Institute of Radiation Protection (SSI). In addition. onc obscrver cach
from the NEA secretariat and the Finnish organizations TVO and VTT at-
tended the workshop. :

At this first workshop a large number of features, events and processes 10 be
included in the scenario development were identified and principles for further
work discussed. It then was decided to form a joint SKI and SKB working group.
The working group, which has met fairly regularly, tried to follow the different
steps in the Sandia methodology. In this process the problems of implementing
this methodology were highlighted. The members of the working group are:

Johan Andersson (SKi)

Torbjorn Carlsson (SKI)

Torsicn Eng (SKB)

Fritz Kautsky (SKI)

Erik Soderman (ES-Konsult/SKB)
Stig Wingclors (SKI)

In addition to “hc elforts and mcetings within the SKI’SKB woiking group
there has been two larger meetings. In December 15-16. 1988 there was a mecet-
ing with participation of the SKI/SKB working group. other SKI and SKB per-
sonncl and a few external experts. The objective of this meeting was to review
the current status of the work. A second workshop was held in Stockholm.,
February 14-16. 1989. The participants of the second workshop were basically
the samc as the participants of the first workshop in Kolméarden. In addition. a
new working group on the biosphere (3] was initiated at the meeting involving
SSI. SKI and SKB as well as new experts. The main objective of the workshop
was 1o review the work of the SKI/SKB working group and to clarifly the future
development of scenario analysis. In particular, problems encountered in im-
plementing the different steps in the Sandia methodology were discussed. Ap-
pendix A:S lists all participants at the differcnt meetings.




’ 2.1

METHODOLOGY

OBJECTIVES OF SCENARIO DEVELOPMENT

In principle, the safety analysis of a radioactive wastc repository involves the
considcration of all possible relevant Features, Events, and Processcs, FEPs,
that could, directly or indircctly, influcnce the relcase and transport of radionu-
clides from the repository. Each FEP has to be analysed not only with regard to
its cause, its probability of occurrence and its consequences, but also with regard
to its eventual intcractions with other FEPs. It should be pointed out, that these
interactions often affect the probabilitics and conscquences associated with a
given FEP.

In order to handic properly the huge and complex amount of information in-
volved in the safety analysis of a rcpository a thoroughly worked out perfor-
mancc asscssment methodology is recded. An important part of such a
mcthodology consists of a scenario development procedure.

The basic objective for scenario development 1< to makce sure that the relevant
possible future evolution of the repository is properly considered. However. this
objcctive is very general. The scenario development strategy also has to be re-
lated te the criteria used in the performance assessment and safety analysis,

The criteria may, for example, be formuliated as upper bounds on doses. total
Jsk interpreted as (integrated) probability times dose or activity inflow to the
biosphere. These different criteria imply difterent demands on the level of ambi-
tion nceded in the scenario development strategy.

With critcria specificd as total risk the set of studied scenarios principally
should be complete and realistic. Furthcrmore. in order to make it possible to
obtain total probabilitics the individual scenarios need to be mutualiy exclusive.
Howcver, these requircments may be unrealistic and the ettorts in fullilling
them may lead to that the most critical phenomena related to the performance
of the repository may in fact be overlooked. Furthermore, the Swedish criteria
for performance assessment do not specifically require total risk estimates.

Onc of the most important aspects of scenario development is that it should
aid in identifying critical issues. In particular, formulating scenarios could be an
important mcans of estimating (pin-pointing) probabilitics of a scrics ol smaller
events. For example, oxidizing conditions at the canister could probubly only
accur if there exists a short-cut from the hiosphere to the repository (c.g. by
damagc to the scals of bore holcs and shafts 5.9). Such rcasoning would imply
that the probability for oxidizing conditions combincd with a short-cut from the
repository to the biosphere could be much larger than the product of the
probabilities for thesc two states individually. In faci, synergetic effccts may
cause the probabilitics for a scries of smalicr of events to be many orders of mag-
nitude larger comparcd to the probability if these events where statistically inde-
pendent.

Even if a scenario development strategy never will produce a complcte set of
scenarios one must strive for completeness. In this context it is extremcly impor-
tant to document all steps in the development. A transparcnt documentation
makes possible an extensive review and updating of the sct of scenarios. Such a
feviewing process, open 1o broad groups in the socicty is prabadly the best
means of assuring reasonable completeness and of building up a genceral consen-
sus on what are the critical issucs for the salc disposal of radicactive waste.




2.2

Scenario development and performance assessment are iterative processes.
The SKI/SKB scenario development project is a first step in longer process for
scenario devclopment. At this stage the main objective is to investigate the
feasibility of the Sandia sccnario development strategy (sce section 2.2). Fur-
thermore, the appropriate steps in further scenario development should be
identified. In the long term the level of ambition for scenario development may
certainly differ from what has been reasonably achicvable for the SKI'SKB

working group.

THE SANDIA METHOD OF SCENARIO DEVELOPMENT

The present project includes an cvaluation of a scenario development
methodology developed by thc Wastc Management Systems Division of Sandia
National Laboratories. Albuquerquc, USA. This procedure, herein referred to
as the Sandia method, is not the only approach 1o scenario analysis but it was
considered to be a fruitful starting point for the present work.

The main objective of the Sandia method is to combine FEPs into scenarios
and 10 produce, by mecans of an objective and consistent procedure, a set of
scenarios that is impertant in a potential disposal site analysis. The term
“scenario”, as used in the original Sandia method [1]. refers to “a sct of naturai-
ly oczurring and or human-induced conditions thut represent realistic [uture
states of the repository, geologic systems, and ground-water flow svstems thit
could aftect the repository and transport of radionuclides from the repository to
humans™.

An important concept in the Sandia method is the “hase case scenario™. This
represents “the initial conceptualization of the disposal system including the re-
pository and cmplaced waste. All components of the engir.eered barricr system
arc assumed to perform as designed.”

According te the above definitions. a scenario (with the cxeeption of the base
casc scenario) may be regarded as a perturbation of a repository system thit
functions as expected under the base case conditions.

Scheme ,
The Sandia method is meant to be a systematic procedure for arriving at a sctol
scenarios for use in the analysis of a potential disposal site. Furthermore is in-
tended that the selection of relevant scenarios should be bhased on well-defined
criteria. In short, the Sandia method consists of the following steps:

1. Aninitial comprehcensive identification of thosc FEPs that arc considered to
be important to the long-term isolation of radivactive waste in a repository.

2 Aclassification scheme is nceded in order to make the hist of FEPs as com-

plcte as possible.
3. Ascreening of these FEPs based on wcll-defined criteria.

4. The formation of scenarios by taking specific combinations of those FE Ps rc-
maining aftcr the screening process.

An initial screening of these scenarios.

6. The sclection of a final set of scenarios for use in evaluating a potential dis-
posal site.
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Figure 2-1. Simplified sciieme of the Sandu scenasio selecion procedure, [Fronrc

1]

Figure 2-1 presents a simpliticd graphical desceription of the Sandis scenario
development procedure. The ioop ¢onnccting classitication back to identifica-
tion indicates that the finst two steps in the procedure miy have to be aterated
several times before the third SICE s exceuted.

Identilication of Features, Events, and Processes

The first step in the Sandia method consists of the identilivation of & large num-
ber of FEPs. both natural and human-induced. which are belicvad to e impaos -
tant 10 the isolation of rudioactive waste with regard to the site and the time
periods under consideration. This idertification could be accomplished by
mcans of meetings, workshops or panc! discussions amonrp knowlcdgeable in-
dividuals represcnting earth scicnces, wastc-management. chemistry cte. in
order to assure that important FEPs are not overlooked.

Classification of Features, Events, and Processes
The identilication process produccs a number of FEPs. In the next sicp of the
method. or during the identification phasc. these FEPs arc classiticd into dif-
ferent groups. Examples of classification schemes are

- natural, human induccd, wastc and repository induccd phenomena.
- likely. unlikely but possiblc. very unlikcly.

— near ficld, far ficld, biosphere,

- 0 - 100 years, 100 - 10" years, 10° - 10" vears, > 107 yean.
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2.2.5

The objective of classification procedure is to aid in assuring that important
scenarios will not be overlooked. Furthermore it is believed that the classifica-
tion provides the organization nceded in order to begin developing and analye-
ing scenarios.

Screening of Features, Events, and Processes

The identified FEPs could be combined into scenarios. However, in practice the
number of coribinations ¢ nsidering all identified FEPs will be an extremely
large number. By screening FEPs the number of scenarios that have to be con-
sidered in the scenario development can be drastically reduced. The following
screening criteria are suggested in [1]:

1. Physical reasonableness of the FEPs.
2. Probabiliy of significant releasc of radionuclides from these FEPs.

3. Potertial consequenccs associated with the occurrence of these FEPs.

It is assumed that screening based on physical considerations largely should be
site (and design) specific while screcning based on probabilities largely should be
associated with judgment..l decisions which have to be consistent with ap-
propriatc regulations.

Screcning bascd on consequences is assumed to take place in several ways.
For examplc, it is suggested thai FEPs with insignificant conscqueaces can be
screened out, while FEPs having similar consequences can conceivably be
lumped together provided that the probabilities are properly combined. Thus,
lumping should reducc the number of FEPs that has to begchnically handied in
the following steps of the scenario development process since all FEPs that arc
lumped together are treated as one FEP. (This should of course not mean that
lumping reduces the number of FEPs being considered.)

Finally it is noted that the screening proccss has to be repeated for cach re-
pository site and the screcning criteria have to be adjusted to the regulations of

the national authorities.

Scenario Development

The next step in the Sandia scenario development method consists of the forma-
tion of scenarios by taking meaningful ccmbinations of the FEPs remaining alier
the screening. It is stated that the use of a logic diagram, as illustrated in Figurc
2-2, will help assure that all possible FEP-combinations are idcntified. Scenarios
are created by choosing either the “yes” or “no” alternative associatcd with each
FEP. According to the Sandia method, this organizational method is preferable
to the classical event-tree, fault-tree techniques {requently used in the analysis
of engineered systems.

Using the logic diagram for constructing combinations of FEPs implies that
the Sand‘a method does not separate between two combinations of FEPs con-
sisting of the same FEPs but with different order. Assuming the order between
FEPs 1o be irrelevant implics that n FEPs can be combined into 2° sccnarios (ct.
Figure 2-2). However, if the temporal order between FEPs is included the num-
ber of possible scenarios would considerably exceed 2". The Sandia method
claims that the problem of temporal order can be handlcd by only considering
the most important temporal order of the FEPs.
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Figure 2-2. Logic diagram showing the possible combinations of five FEPs (1wo re-
lease and threc transport phcnomena). {From ref 1.}

As a final remark may be noted that the need of screening among the FEPs is
clcarly understood from the fact that n FEPs can be combined into 27 scenarios.
Combining 100 FEPs would result in approximately 10™ scenarios, whereas com-
bining 10 FEPs “only” results in 1024 scenarios.

Screening of Scenarios

The final step in the Sandia method involves the screening of scenarios
developed by taking combinations of the various FEPs. The initial screcning of
thesc scenarios is based on physical rcasonablcness, probability. and consequen-
ces.

Screening bascd on physical reasonableness should lcad to the elimination ol
scenarios containing e.g. mutually exclusive FEPs. Scrccening based on
probability considerations simply mcans that scenarios are screcned out if their
probability of occurrence is below a certain valuc (e.g. 10*At). Screcning based
on consequences means that scenarios of minor importance are screened out.

The Sandia report [1] states that “a final screening of the scenarios remaining
at this point can be accomplished using combined probability and consequence
arguments, namely risk. However, unicess regulations for disposal are risk-based.
the use of risk in screening scenarios is gencrally not applicable.™




2.3 THE WORKING GROUP APPLICATION OF THE SANDIA
METHOD

The SKIZKB working group has so far carried through the three first steps in
the Sandia method (cf. Figure 2-1), i.e. the identified FEPs have been organized
(classificd, screened etc.) but not combined to scenarios. Howcever, the SKI'SKB
application of the method differs somewhat from the original Sandia method | 1).
The details of the performed analysis will be given in chapter 3.

Already at this point it is possible to make some general comments on the ap-
plicability of the Sandia methodology as expcrienced by the working group. The
first step - ldentification of FEPs - appear to be straightforward and could be
made even more fruitful by clearly documenting not only the name of the iden-
tified FEP but also a by writing an explanatory text (memo-commen?® ‘0 cach
FEP. The second step - Classification of FEPs - seems reasonable for assuring
completeness in the original list of FEPs but appear to be of little value in the
following scenario analysis.

The third step - Screening of FEPs - was found to be considerably more com-
plicated and time-consuming than the preceding oncs. As screcning implics that
some FEPs will obtain less (or no) attention in the following scenario evaluation
it was found that the screening process is intimately linked with the scenario
development procedure. Thus, in addition, to apply screcning as a means for
removal of FEPs for further analysis it was considercd [ruitful 1o deline a
PROCESS SYSTEM (sec ncxt section) and screen FEPs 1o this PROCESS
SYSTEM. Finally, some FEPs where grouped or Lumped together into groups.
where the groups and not the individual FEPs where considered in the following
analysis.

The present p.oject had little time over for the subsequent steps in the
scenario development. The suggestions discussed in Chapter 4 arc the result of
different working groups during the second workshop of the project. However.
the suggestions discussed there have not been analyzed within this project.

Finally, it is interesting to note that the tedious discussions concerning scman-
tics often experienced by the SKI/SKB working group secm to be uncscapable.
This conclusion can be drawn not only from the work within the working group.
but also from the expert mectings arranged by SKI/SKB, and from the extensive

- glossarics produced e.g. by IAEA and NEA.

2.4 INTRODUCTION OF THE PROCESS SYSTEM CONCEPT

2.4.1 Identification of a Need for a PROCESS SYSTEM

Very soon in the discussions on the screcning of FEPs it was recognized that the
FEPs belonged to several different categorices, and therefore, that they had to be
treated differently in scenario development. First of all, in the great span of
FEPs ranging from large scale climate changes to the detailed description of
mechanisms for fuel dissolution, some distinction must be madc between major
external events and the phenomena that these events in turn would control
more or less automatically. Such “primary causes™ (or “extcrnal conditions™)
would, of course, be the first candidates for FEPs to be combined into scenarios.
On the other hand, the more detailed phenomena could be regarded as always
operativc, but to highly varying degree depending on the initial and boundary
conditions governcd by the primary causes.

In fact, a similar distinction was madc alrcady at the first workshop in Septem-
ber 1988, when it was concluded that those FEPs that “are surc to occur” should
be screcned to “the basc casc scenario” (BCS). On that occasion nothing was

an
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concluded about how to combinc these FEPs to a scenario or how they should
be ireated in other scenarios.

Parts of a solution to thesc problems were eventually found according to the
following linc of reasoning.

— Systematic pcrmutation of thc many FEPs in the BCS would be out of qucs-
tion duc to the outragcous number of possible combinations as alrcady men-
tioned earlicr. In addition, a non-systcmatic permutation of FEPs would Icad
to inconsistencies. Instead they should be linked together according to cause
and effect, and this linking could bc made once and for all.

— Grouping (or “lumping”) of FEPs in the BCS is of little value and should pre-
[erably be replaced by linking as mentioned abovc.

— Even FEPs that would be of importance only at extreme conditions should be
screened to the BCS as far as they do not belong to external conditions.

At this stage the greatest probicm was that the meaning of the word
“scenario” in “base case scenario” (or “reference scenario™) had been lost. The
working group found one feasible way out of this dilemma by crecating a new con-
ccpt. the PROCESS SYSTEM (PS). which should replace the BCS as described
above.

Application of the PS in screening of FEPs and in scenario development s
described in sections 3.4.3 and 3.5.2. respectively. The following two sections
provide a definition of PS and a discussion of alternative methods to deseribe the
PS.

Definition of the PS

The PROCESS SYSTEM is the organized assembly of all phenomena (FEPs)
required far description of barrier performance and radionuclide behaviour in a
rcpository and its environment, and that can be predicted with at least some
degrec of determinism from a given set of exteral conditions.

DifTerent Approaches for Description of the PS

Onc of thc most straightforward descriptions of the PS is to comparc the rc-
pository and ats geological environment with a chemical plant’'~ or rather its
processing system. The diffcrent barricers would then correspond to blocks in the
plant, the geological structure and rock fractures to the piping nctwork, ctc.
Combination of FEPs to scenarios would then correspond to different scttings
of controls in the control room of the plant. The recharge groundwatcr is 1o be

likened with the raw material and thc discharge to the biosphere with the -

product stream. Our task is to predict the product quality. i.c. the radionuclide
content in the discharge, accounting for various operating modes and qualitics
of raw material.

Now, leaving the “hardwarc™ of the PS. our tools to perform this task is a
(sketchy) process scheme and a heap of computer codes and data bases for
simulation of the industrial process. (The real problem in doing 50 might be that
we should also account for stochastic phcnomena and uncertaintics, i.c. crratic
behaviour in the control room and in the design and construction of the plant.)
This more or lcss mathematical represcntation of the PROCESS SYSTEM is
what we deal with in performance and safcty analyscs of a repository.

In the design of a PROCESS SYSTEM information is aceded (rom many
professional disciplines, e.g. gcology. hydrology. chemistry etc. Classification and




organization of phenomena according to thesc subject arcas arc not fruitful in
scenario development, however. Instcad the available knowledge has to be in-
tegrated in an effort to understand the behaviour of the PROCESS SYSTEM
for all scenarios of importance. A suitable starting point in this work is the sct of
barricrs. The pcrformance and cvolution of each barricr will have to be
described [rom given initial conditions and considering intcractions on the
macro scalc with other barriers and/or differcnt external conditions. It should be
noted that this development of the PS from statc () state will in gencral not be
influenced by the presence of radionuclides. which are to be trcated as micro
components of the system. Rather, the barricr states wil! providc the setting for
radionuclide behaviour.

On the most fundamental lcvel we are concerned with flow of mass and encr-
gy in the PS. The main potentials (“driving forces™) for flow correspond 1o dif-
ferences in temperaturc (T). hydraulic head (H), mechanical stress (M) and
chemical potential (C). The resistance to flow is mainly provided by the
geometrical structure and other physical propertics of the system (S). Combina-
tions of the entitics THMCS can be ascribed to the phenomena (FEPs) belong-
ing to the PS of diffcrent barricrs and also for classification of intcractions be-
tween barriers. By proper usc of the THMCS concept “coupled™ processes can
also be identified and a checklist be derived for assertion that no important
phcnomena have been overlooked. This logic scheme for classification and
derivation of phenomena in the PS is simitar to, but not the same as. the scheme
suggested by Tsang for discussion of coupled processes {4]. Although presented
alrcady at the February workshop in 1989 little time has been available tor pur-
suing these lines of thought since then.

A more lucid and uselul description of the PS would be a graphic repre-
scntation of linking. i.c. a process fiow sheet or diagram that shows how
phenomena act together and influcrnse cach other within barriers and over
boundarics between barriers. Such a diagram coulu also be used for visualisation
ol thc paramcter and information flow in a comprchensive safety analysis.

In a safcty analysis report a vertal description of the PS must accompany the
approachcs mentioned above. An outline of how this can be made is found in
Appendix A4, ,

On the next level of abstraction the PS is described by a sct ol conceptual
modcls and their mathematical represcntations. It would also be possible to con-
struct a flow sheet of the PS transformed to this “modcl and paramcter space™

The final level of abstraction for the PS is the sct of numerical (computer)
codes uscd for a safcty analysis. At this stage it will also be necessany to more
preciscly define and possibly also visualize the information flow.,

_This somewhat lengthy characterization has been deomed nccessary to
preclude any ambiguousncss of what the PS might be. From above it should be
clear that depending on circumstances ii might be the real world as well as con-
ceptual descriptions and representations of this reality on diffcrent levels of
abstraction. In scenario development and safety analyscs it will be necessary to
consider several, if not all. of these descriptions.

ko]
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3.1.1

3.‘!2

INITIAL ANALYSIS AND
CLASSIFICATION

IDENTIFICATION OF FEATURES, EVENTS, AND PRO-
CESSES

| Initial Lists

The first step of the Sandia methodology: Identification of Featurces, Events and
Processes (FEPs) was initiated, and basically completed at the first workshop in
Kolmirden. The workshop participants were divided into four groups with five
persons in each group. The groups were selected rather arbitrarily but it was
tried to cover as wide area of knowledge and experience as possible in each
group. ,

The groups worked individually for about four hours. Each group uscd a dif-
ferent classification scheme for FEPs in order to illustrate the benefits of dif-
fercnt schemes. Each group should be comprehensive and cover all aspects. The
classification schemes for the individual groups were

1) Likely. Unlikely but possible, Very unlikely.
2) Ncar (icld, Far ficld, Biospherc.
3) 0-100ycars. 100 - 10'ycars, 10" - 10 vcars, > 10" years.

4) Repository induced. Human induced. Natural processes.

Each group produced a list of FEPs. The lists from the difterent groups were
not ¢qual and each list contained cvents or processes not covered in the other
Jists. However, it is hard to decide if these differences are caused by the ditferent
classification schemes, the specific group members or just expresses that the
time allotted to producing the list was short.

Group 1 (classification based on probability) found that "likelhv™ was by far the
largest group. Group 2 found that many processes were relevant both for the
ncar ficld and the far field. Group 3 found that the time classification was not
very helpful in organizing thoughts with the exception that it puts atiention to
the very carly times. Group 4 produced the most extensive list and it appears that
this classification scheme is uscful. Howcver, the main objective for the clas-
sification schemes is to aid in assuring that “everything™ is covered. Thus there
are bencfits in all schemes provided that not only one scheme is used.

Final List of FEPs - The Merged List

The individual group lists were combined into a joint merged list including all

the events and processes in the group lists. This merged list is the list entered to

the scenario database (sec Appendix B) and has been the basis for the further

development by the SKI/SKB working group. Initially it was intended to classify

thc merged list into near field, far field and biosphere phenomena. Howcever.,

during this process it was found that many phenomena that are relevant for the
ncar ficld aiso affect the far ficld. Thus the classification in the merged list

should not be taken oo scriously.
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The merged list did contain inappropriate entrics such as duplicates and the
inclusion of processes expressed as conceptual uncertaintics that should be
treated with uncertainty anmalysis scparate from the scenario development.
However, when making the lists it is important to include as many features,
events and processes as possiblc. In principlc. inappropriate cnirics should be
removed during the screening process.

Completeness

All participants at the [irst workshop were encouraged to add new items on the
list and to produce argumerts for the inclusion or screening of the particular
items, but only 10 FEPs have been added to the merged list as it appeared initial:
ly. The merged list is not complcte but it is extensive. It should be stressed that
this list is not definite but open to adjustmcnt all times. Scenario development
should be an iterative long term proccss.

The present list of FEPs was produced within aver) limited time period and
applics in principle only to the KBS.3 concept.

In rcality ti:e scenario development should take considerable time and should
be adjusted to tuc relevant storage concept. Much more time should be used and
special expert opinions need to be gathered. However, alrcady at present it is im-
portant to identify critical issucs that nced rescarch as these will aftect the re-
search plans. On the other hand there may be a danger of specilving the critical
issucs prcmaturcly as there is a risk that too much resources then would be illo-
cated in the wrong dircction.

It is especially important 1o remember that the present Bst only contans a few
FEPs rcicvant *o the biosphere. Biosphere aspects of scenario development are
treated in another project [3]. It can be noted that the prediction of biosphere
changcs poses a major difficulty. Howcver, with the excepiion ol some processces
with common causes (¢.g. icc agc). most biosphere processes are independent
from the geospherc processes. Thercfore. it should be possible to decouple the
biosphere from the analysis.

MEMO-COMMENTS

Motivation for Writing Memo-comments

The initial list of FEPs is just a lor.g cataloguc of hcadings. These headings need
to be better defined before it is possible to continuc the development of the list.
Furthermore, it is essential that all steps in a scenario development should be
traceable which implies that it is nccessary to document how and why FEPs were

added, removed or groupced.
In order to meet the above demands a rcianvclv short memo-text has been
written to cach FEP and entcred into the Scenario Database. The outline of a

memo should ideally contain:

1) Definition and explanation
2) Cause

3) Conscquence /effect

4) How to model

5) Motivation for screening




6) If applicablc: Motivation {or lumping

7) Rclerences

3.2.2 Writing Memo-comments - Conclusions

Appendix B:1 contains a complete printout of the contents of the Data Basc in-
cluding the full memo text. The main effort of the working grou,. especially in
the beginning. has been to write the memo-comments to the individual FEPs. It
is the opinion of the working group that given enough time there arc few prin-
ciple problems in writing the memo-comments. Furthermore, it is definitely
worthwhile to go through the effort of writing thesc comments in order to
facilitate the remaining steps in the scenario development.

The time that could be spent for writing the memo-comments was limited. Ob-
viously the texts need to be reviewed. In particular, most memos are written
without proper references to original scientific work. Parts of the memos have
been rcviewed by external experts but morce review is necded.

3.3  CLASSIFICATION OF FEATURES, EVENTS, AND PRC.
CESSES

The nest step in the Sandia methodology is to classify the different FEPs. The

motivation for this classification is that it should help assure that important FEPs

will not be overlooked. Furthermore, the classificaiion should provide the or-
/ ganization needed to begin developing scenarios.
Four different schemes of classifying FEPs were tricd at the mecting in
Z  Kolmirden (sce 2.2.3). The differcnt schemes contributed to the complctencss
of the lists. The final “merged list” classificd under the headings: Near field. Far
field and Biosphere. Furthermore, it was tried 1o substructure the list into wasic,
canister, bvfler, nearby rock, far ficld rock and biosphere. The INDEX_1 num-
ber of the dat~vase is constructed from this original classification.

Tre SKI'SKB working group has not continucd with the classification. Fur-
thermore, it was felt that the scheme ncar ficld - far ficld - biosphere was dif-
ficult 1o apply. Many FEPs are not restricted to a single region. In addition. a
FEP may originally occur at a well defined location (i.e. canister failure) but its
occurrence will affect FEPs at other locations (i.e. radionuclide migration). This
implics that the INDEX_1 numbcr in the Data Base is basically used for
reference. The index numbcer does not anymore imply grouping or classilication.
Grouping and sorting of the FEPs should be made through proper ficlds (cur-
tently not updated) in the database.

In conclusion, it is felt that in order to assure completeness the classification
is well motivated but this point was illustrated already at the meeting in
Kolm4rden. Classification in order to structure scenarios is probably also a good
idea but the adopted schemc has to be well defined in order to be useful. In fact,
the SKI/SKB working group has not felt that the lack of proper classification has
been the main obstacle in the further scenario analysis.

N
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SCREENING OF FEATURES, EVENTS, AND PROCESSES

Different Elements of Screening

The next step of the Sandia methodology is to screen the initial list of FEPs in
order to reduce the number of FEPs to consider in the futurc development.
When starting the screcning process it was found that there arc at least three dit-
ferent methods of reducing the list. One possibility is to remove a FEP from thc
list becausc it is considered to be unimportant or irrelevant based on some
criteria. A second possibility is to classify the FEP to the PROCESS SYSTEM.
The third possibility is to group (lump) FEPs and only consider the group in the
following analysis.

Removing FEPs from Further Analysis
The following criteria for screening out (removing) FEPs were suggested at the
first workshop:

1) Low probability (P < 10°/ycar).

2) Negligible consequence (relative unimportance comparcd to other phenome-
non takeninto account. obviously negligible impact on repository and site cha-
racteristics or futurc impact of cvent is signilicantly greater than radiclogical
conscquence).

3) Physical reasonableness.

4) Unplanned options. (c.g. unforescen chunges in the repositon design such as
co-storage of other waste).

5) Unscreening criteria (kcep processes that cicarly should be screened out
bascd on the other criteria but still should be analyzed as whai-if scenarios).

In addition to the strict probability. conscquence and physical reasonablencss
criteria. the working group has also used

6) Responsibility (KBS-3 p. 21:6 [§] “...each gcncration must take the respon-
sibility for its own conscious actions™, e.g. for FEP 5.30 Underground test of
nuclcar devices).

7) Administrative (For removing multiple cntrics, poorly defined FEPs ctc.).

8) Biosphere (A FEP that only affects the biosphere is screcned out as the bio-
sphere is treated separatcly in [3]).

The working group ha" examined the total list of FEPs and removed FEPs ac-
cording to the screening criteria. Appendix B:2 is a list of the removed FEPs.
This screening was relatively straight forward, but the individual decisions have
to be reviewed.

Out of the 156 FEPs on the original list 37 FEPs have been screcned out. The
physical reasonableness ciiterion and :ne Administrative critcria are the most
widely used. Some suggested processes like 2.1.6.2 “Natural telluric electro-
chemical reactions™ may eventually be screencd out as unimportant or un-
reasonable. However. today these phenomena are not well anelyzed. This lack
of analysis should not be forgotten.

The probability criterion has been difficult 1o apply with few exceptions (5.29
Mcteorite). Obtaining probabilities of other FEPs would require more carclul
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analysis. Furthermore, it is not clear that the probability for individual FEPs left
re illy could be as low as 10* per vear. (The probability of a combination of FEPs
could still be much lower than 10°%).

It has been discussed to usc risk as a screening criterion. especially in relation
to 1.1.1 Ciriticality. However, {or individual FEPs it should be possible to use
either (or both) probability and conscquence. A necd 10 use risk in such cases
only indicatcs that the phenomenon needs further analysis for determining if the
other criteria apply.

Screening FEPs to the PROCESS SYSTEM

According to the definition of the PROCESS SYSTEM in section 2.4.2, FEPs
that could be predicted with at least some degree of determinism should be as-
signed (screened) to the PROCESS SYSTEM. This statement may be inter-
preted such that FEPs that can be predicted ones the external conditions or sct-
tings are specified can be assigned to PS. With this interpretation scenarios are
basically formed by defining settings of external conditions or stochastic events
of the FEPs that are not screencd to the PROCESS SYSTEM.

An analysis of the list of FEPs showed that a large portion of the FEPs could
te screened ta the PS. However, the list of FEPs screened to PS. shown in Ap-
pendix B:3, docs not define the PROCESS SYSTEM. It should rather be used
as a cheek list that a given maoded of a repository contains all relevant processes.

The links between different external conditions (and other FEPs that can be
rcgarded as primary causcs within a given scenario) saould be detined both for
the external conditions themsches and for the input siapes in the PROCESS
SYSTEM. For example, a change in climate (external condition and priman
causc) can influence the groundwater head and thereby also groundwater {low
(input stagc). This example also shows that the cxisting list of FEPs belonging to
the PS is far from completc, since groundwatcer hcad would suitabiv be a FEP in
its own right. This problem has to be dcalt with in a more detailed description of
the PS.

A wcll-defined PROCESS SYSTEM connccied to primary causes might
facilitate checking and proving that important links arc not omitted. Of special
importance in this context is the possible occurrence of “common causc
failures™, e.g coupling of disturbancces in groundwaicr flow and hydrochemistry.
This aspect has seldom becn dealt with properly in carlier salcty assessments. In
this respect and many others the PS concept is believed to be useful in any
mcthod for scenario development and analysis.

The distinctior. between a PROCESS SYSTEM and the “outer world™ was
briefly discussed at the Fcbruary-89 mceting. Theorctically the PS could be
regarded as a submodel to an “Earth” (o1 even “Universe™) model. For example, -
if it would be possible to predict the occurrence and distribution in un.c of
glaciations this feature could be built into the PS. In that way the time aspect of
at least some exter .13l conditions could be treated with a certain degrec of deter-
minism. From the practical point of view these problems might as well be treated
separated from the PS, although it could be admitted that the idea of an en-
larged PS would possibly have some advantages when defining the couplings be-
tween geosphere and biosphere.

Screening by Lumping FEPs into Groups
The objective of lumping is to reduce the number of FEPs that arc to be com-
bined into scenarios by grouping “similar™ FEPs together and only work with the
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Figure 3-1. Demonstration of the conflict between different lumping-criteria: lumping
based on similar cause implies that the FEPs ] and 2 should be lumped together,
while lumping based on effect (consequence) implies lumping of FEPs 2 and 3.

groups in the following scenario analysis. Clearly, when formulating lumping
criteria the key issue is to identify how the lumping will affect the later scenario
formulation. In particular, certain combinations and linkings might be over-
looked i too much is lumped together. Furthermore too much lumping will com-
plicate thc consequence analysis such that the lumping was ol no usc. On the
other hand. in practice, it is necessary to resort to lumping in order to reduce the
number of FEPs such that the final number of furmed scenarios is manageable.
In fact, the number of FEPs remaining after the screening processes (removal.
PROCESS SYSTEM and lumping) has to be in the order of 10.

First. it must be noted that FEPs in thc PROCESS SYSTEM should not be
lumped. In particular. these FEPs will not contribute to the numbcr of combina-
tions that nced to be analyzed. Howcever, as discussed in section 2.4 they should
be linkcd in order to make a logical structurc of the processes in PS.

The lumping (grouping) of FEPs could be bascd on both “similar consc-
quence (effect)” and “similar cause™. Thesc rules are sometimes in conflict with
each other (see Figure 3-1) and it is not always quitc obvious which rule offers
the best result, i.e. the minimum amount of FEPs to be handled in the scenario
development. However, mostly the lumping has been based on the “similar con-
sequence-rule.

The lumping rules have a purely technical nature which means that cach cnc
of them oflers several possible applications. For examplc. the ‘similar corsc-
quence” rule does not indicate whether the consequence to be considered is
chemical. physical, hydrological or something else. Furthcrmore. it is far from
obvious what kind of e.g. chemical consequences that should be considered as
most important.

Numerous discussions within the SKI/SKB working group resulted finally in a
set of lumping decisions. Table 3-1 lists the FEPs that remzined after the lump-
ing process. Appendix B:4 contains the complete set of lumping decisions. The
working group does not claim that the result from this lumping necessarily is the
“best™ one. Clearly FEPs with the same and only primary cause may be lumpec
together as these FEPs always will occur in combination. Furthermore. FEPs
with sinilar (modelling) consequence may be lumped provided that the
probabilities are appropriately combined. However, the lumping performed by
the SKI/SKB working groun has not always followed these strict criteria.




Table3-1.  Listof primary FEPs KEPT outside the PROCESS SYSTEM includ-
ing ISOLATED SCENARIOS (see section 3.5.3).

251 Random canister defects - quality contral

3211 Backhil matcrial deficiencies

426 Faulting

53 Stray materials left

59 Unscaled boreholes and'or shafts

5.16 Uplift and subsidence

517 Permafrost

527 Human induced actions on groundwater recharge

5 Change in sea level

542 Glaciation

78 Altered surface water chemistry by humans

5.2 Non-sealed repository (ISOLATED)

5.10 Accidents during operation (ISOLATED)
- 533 Waste retricval, mining (ISQI.ATED)

538 Explosions * Sabotage (ISOLATED)

5.39 Postclosure monitoring (ISOLATED)

In addition (0 the strict lumping criteria above much of the lumping is based
on more vague criteria. For example. the FEPs lumped 10 (2.5.1) Random
canister defects™ basically represents different reasons (e, causes) why o
canister may be imperfect, the FEPs lumped 1o =(3.2.11) Backtill matenal
dehicwencies™ are basically conscquences of imperfect backfill behaviour,
whereas the FEPs lumped to “(5.9) Unscaled borcholes and shaftn™ represent
dilferent examples of boreholes and wells that may affect the repositon. With
this lemping the final sct of KEPT FEPS are basically headings of sets of related
or similar FEPs. Of course it may be questioned il this lumping i allowable for
the scenarnio development.

Onc mav arguce that the lumping performed is premature. On the other hand
it is not casy to follow strict lumping criteria when the FEPs are formulaied in
genceral. With distinctly formulated FEPs such as a borchole placed at a certain
location with a specific withdrawal rate or faulting at a speaificd location. it may
be possible to only rely on consequence lumping combined with additional
screcning on probability and consequence. However, in the present situation
with a generic study such detailed FEPs cannot be formulated.

At the present stage lumping may be vicwed as mcans of structuning the
KEPT FEPs and making simplistic conscquence analysis more ctficient. At &
later stage all lumped FEPs must be decoupled and considered 1a a detailed
scenario formulation. Afier having analyzed the FEPs and their relevance within
each group of lumped FEPs it may be possible to describe the FEPs in more
dctail. to screen thesc detailed FEPs and [inally apply more strict lumping
criteria.

INITIAL ATTEMPTS OF FORMING SCENARIOS

Introduction

The Sandia mcthodology was designed to provide a comprechensive sct of
mutually exclusive, potentially disruptive scenarios. In order to obtain this com-
prchensive sct the remaining FEPs are combined. The combinations may be il-
lustrated by a tree diagram (Figurc 2-2). However. even il neglecting the order
in time between FEPs and neglecting that conditions may apply to ditferent




degrees, the number of combinations is 2% il M is thc numbcr of KEPT FEP..
This number is usually 100 large e.g if M =40 the number of combinations arc
10") and some means of reducing this number is needed.

The reduction of the number of combinations may be obtained by restricting
thc combinations of certain FEPs in the tree diagram (bascd on an argumcent
that these combinations arc illogical) and then screen the remaining relatively
long list of combinations using probability. consequence or risk.

Application of the PS in the Scenario Formulation

Scenarios are formed by combining the PROCESS SYSTEM with onc or a com-
bination of the FEPs KEPT outside PS. The processes in PS should, as discusscd
carlicr, be linked together according to cansc and effcct. Thi: linking of proces-
ses in the PS should not be confused with the permutation of F'EPs KEPT out-
side PS. However, onc must note that the specific modelling of (many of) the
processes in PS must be properly adopted to the specific scenario. This adop-
tion. which probably constitutes a major modclling cffort, can wait until the ac-
tual consequence analysis of the scenanio (cf 3.4.3).

Even for a particular scenario many processes in PS have conceptual or
paramcter uncertainties. These uncertainties may be analyeed by evaluating a
sct of cases with different parameter values or dilterent conceptual models. Thas
sel of cases are not new scenanios but represent the sensitivity of the PS with

" respect to conceptual and paramcter uncertainty for the particular seenarnio

analyvecd.

A problem which must be recognized is that the sensitivity and uncertinnty
analvsis made for a particular scenano may be insufliaient for another scenario.
In practice it would be unrealistic to perform a complete sensitivaty and uncer-
taanty analvsis for cach scenario and it is necessary to defline a strategy for limit-
ing this analysis.

One possible strategy that may work insome instances is 1o evaluate the effect
of paramcter distnibutions caused by the new scenario and compare witn the
paramcter dsstributions uscd in the hirst scnsitivity analysis. If the pew seenanio
affects the paramceters less than what is alrcady considered in the first anak sis a
ncw sct of uncertainty and sensitivity analyses is unnecessary. However, [ the
ncw scen- o changes the paramcters, or their unccrtainty, more than what is
considered in the original seasitivity analysis a new evaluaiion is neccssary.
Anothcr possibility is to start witi: a global scnsitivity analysis of the PS that en-
compasscs the maximum paramcicr ranges for any scenario.

Restricting the Number of Combinations ~ ISOLATED SCENARIOS
In the original Sandia method (e.g. {1]) is stated that it is passiblc to climinatc il-
logical combinations of FEPs in the trce diagram. In trying to apply this pos-
sibility to all two by two combinations of the remaining FEPs, the SKI'SKB
working group found that in most cases it was not possible to claim that a given
combination of FEPs was illogical and therefore could be disregarded. Thus it
appcars that the a priori elimination of combinatiors on logical grounds will aid
little in reducing the number of combinations. Howcever, the SKI/SKB working
group found that another but similar restriction, which was labcled ISOLATED
SCENARIO, may indeed be uscful.

Table 3-1 alio contains which of the FEPs icft after the lumping procedure
that were labeled ISOLATED SCENARIOS. A FEP labeled ISOLATED
SCENARIO should not be combincd with other FEPs 10 form new scenarios.
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The reason for this special treatment could be that the "normal™ rclcasc and
transport mechanisms considered in PS arc unimportant in comparison to the
ISOLATED SCENARIO. For example Waste rciricval and mining (5.33) is by
far a much more effcctive releasc and transport mechanisin thun c.g. canister
corrosion, canister failure and radionuclide migration through buffer and geo-
spherc. Another cause for labeling a FEP with ISOLATED SCEMARIO could
be that the phenomenon merely is a separate issue which needs to be taken care
of and may requirc a special discussion on ethics. Examples of such later isolated
scenarios are 5.2 Non-scaled repository or 5.39 Post-closure monitoring.

Problems with the Initial Formulation of Scenarios
The lists of primarv FEPs KEPT outsidc PS and the ISOLATED scenerios rep-

“rescent the present level of the scenario development made by the SKi/SKB

working group. The remaining steps of the Sandia mcthodole~y have nct been
executed. Limited t:me is onc reason why the development have halted at this
level but there are also other problems that necd to be settled before it is
worthwhile to continuc the work with combining FEPs to scenarios.

The present definitions of the FEPs are genceral and vaguc. Combinations of
FEPs and espccially restrictions or screening of combinations require ihat the
individual FEPs are more well defined. In particular. the present delinitions are
not mutually exclusive. For cxample. 5.42 glaciation may cause 4.2.6 faulting but
faulting and glaciation cannot be lumped together as both glaciation without
faulting and faulting without glaciation are possible conditions. The logistics of
combining thc FEPs would be simplificd i the FEP glaciation only causes fault-
ing il explicitly combined with the FEP faulting.

Anothcer unresolved maticr is time. The Sandia method docs not use time ex-
plicitly. It is assumed that future and cvolutionary FEPs may be combined for
maximum cffcct and should be modelled for the full leagth of the time {frame
censidered. However, the applicat.ility of this strategy may be questioned as the
probability of a FEP and the conscquence of a FEP can strongly depend upon
time and the order of occurrence.

In this context it may be advisable to divide ithe FEPs into cffects daring “the
active period” and the “remaining cffects”. For example 5.42 glaciation implics
icc cover over a limited time (active period) but may cause remaining cftects on
faulting or erosion. During the active period many combinations of FEPs may be
outscreencd as the probability of simultancous occurrence may be very low. Fur-
thermorc, FEPs in the active period may be anti-correlated (for example 5.42
glaciation and 5.27 human induced actions on groundwater recharze). The
“rcmaining effcct”™ part of a FEP (e.g. a fsult caused by a glaciation) may. on the
other hand, be lumped into a limited sct of FEPs (e.g. faults caused by glaciation
could eventually be lumped into 4.2.6 faulting). '
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4.1

4.1.1

POSSIBILITIES FOR FURTHER
DEVELOPMENT

Asoted in the previous section it is not straight forward to strictly adopt the San-
dia methodology and develop scenarios from even a short list of FEPs. Further-
morc, it may even be questionable if the proposed method isat all possible or if
other techniques [or developing scenarios should be applicd.

At the second scenario development workshop in Stockholm the problem of
scenario development was analyzcd in a special group session. The workshop
participants werc divided into three different groups. Each group tried to
develop and apply a diffcrent technique for developing scenarics based on the
list of FEPs supplied by the SKI/SKB working group. The following approaches
werc studied:

- Furthcr application of the Sandia methoaolcgy.
— Identification of critical issucs.
— Top - down aralysis.

The result of these efforts arc presenicd in the {ollowing sections.

FURTHER APPLICATION OF THE SANDIA METHODO-
LOGY

Introduction

The working group discussing the possibilities of a further application ol the
Sandia methodology first noted that the scenario develupment by the SKI SKB
working group represents preliminary results in an iterative process. Further-
morc. it was concluded that at this stagc it is not rcally fruitful to go further with
the Sandia methodology until the tedious FEP lumping/screcning proccss has
been carefully re-examined and all the memo-comments mect with acceptable
standards.

The completion of memo-comments is considered to be a straight-forward
work. Howcver, the re-examination of the FEP processing is more complicated.
According to some participants at the February 1989 mceting. it may not only b
necessary (0 check that all FEPs have been processed in a logical and consistent
way, but also to split up some of the FEPs into smaller ones before repeating the
screening/lumping process. It was also stressed that it may be advantageous to
distinguish carefully between lumping based on cause and conscquence, respcc-
tively.

Furthermore. the FEP processing contains problems that have not yet becr.
sufficiently dealt with, namely how the time ordering between FEPs should be
involved in the scenario development and how the binary yes/no alternatives as-
sociated with the FEPs in many cases should be exchangcd by a continuous
variation between these extremcs. In this context, “time ordering™ refers to the
temporal order of occurrence of the FEPs in a certain scenario.

Thec original Sandia method considers FEPs that may or may not be time de-
pendent processes but it does not explicitly consider the time order between
FEPs. Thus, in a strict scnse each scenario formulated in the original Sandia

”
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method, represents a whole set of scenarios which can be obtained by permutat-
ing among the FEPs and by including arbitrary time order of FEPs.

For example, provided that each FEP occurs only once and that thc FEPs may
either occur at separate times or simultaneously, a scenario containing e.g. 3
FEPs in the logic diagram (cf. Figure 4-3) represents in fact 25 differcnt
scenarios, when all possible temporal orders and permutations are considered.
The example clearly indicates the considerable increasc in the number of
scenarios to be handled when “time order” is introduced in the scenario
development. Yet, this number is small in comparison to the number of scenarios
that has to be treated when “time” in all its aspects is considered.

Possibilities for Scenario Development

It was pointed out at the February 1989 meeting that the above limitations con-
cerning time order and binary yes/no options can be eliminated by including in
the Sandia methodology one or more of the following parameters: (1)
probabilitics, (2) time, (3) time order, and (4) multiple options in stcad of yes/no
options.

The development of a repository does not only depend on what kind of FEPs
that occur. but also on their time of occurrence. As an example. the importance
ol glaciation may highly depend on whether it occurs at an early. intermediate.
or latc stage during the life time of the repository. Therefore, it is reccommend-
ablc to divide this FEP into new FEPs corresponding to different time periods.
In the logic diagram presented in Figurc 4-1 glaciation has been divided into
glaciation occurring during the arbitrarily chosen periods 0 - 10* years. 10’ - 10°
years, and 10° - 10¢ years, respectively. (Times longer than 10" ycars were not
considered in this case.)

Figure 4-1 also demonsirates the possibility of including in the logic diagram,
if wantcd, probabilities of occurrences associated with each FEP. In cases when
a FEP has been split up into several successive FEPs. as “glaciation™ above. the
probability of occurrence is highly dependent on the time period considered.
Thus, since each period is about ten times longer than the preceding onc. it may
be reasonable to consider the probability of glaciation within 10* years. P(A) in
Figure 4-1, to be “low”, while the corresponding probabilities , P(B) and P(C).
for the two following periods may be regarded as “medium™ and “high™, respec-
tively. The qualitative measures should of course, il possible bc exchanged by
exact numbers in order to obtain the best results.’

The multiple option can be used e.g. when a FEP is known to occur but the
time for its occurrence is unknown. Figure 4-2 demonstrates the use of this op-
tion in association with the FEP “faulting”. The probability assigned to faulting
is highly dependent on what time period is considered. Since one of thc main

reasons for faulting is glaciation, it may be reasonable to assign increasingly,
“higher probabilities for faulting occurring at an early, intermediate, and late

stage, respectively. The probabilities presented in Figure 4-2 are for demonstra-
tion purposes only.

Multiple options may also be used in order to present all possible tirne orders
of FEPs in a scenario (“scenario” is here used in accordance with the Sandia ter:
minology). As an example, the logic diagram in Figure 4-3 presents all possible
time orders of three FEPs (A, B, and C) provided that each FEP occurs only
once and that all FEPs may occur simultaneously or at different times.

It is obvious that the introduction of probabilities, time, time order, and mul-
tiple options considerably increases the work to be done in the scenario dcvelop-.
ment. Nevertheless, in order to carry through a complete scenario analysis thcsﬁf
factors have to be considered. From practical points of view the above stresscs
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Figure 4-1. Logic diagram in which the FEP “glaciation ™ has been divided into three
pans corresponding to different time periods. P(A), P(B). and P(C) represent the pro-
bability of glaciation occurring during the time period under consideration.
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Figure 4-2. Simplified tree diagram indicating the possibility of having a multiple op-
tion associated with a FEP.
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Figure 4-3. Logic diagram showing all possible time orders among the three FEPs A,
B, and C. The signs < and = means “occurs earlier than” and “occurs at the same
time as", respectively.

the need of a carefully prepared strategy concerning the screcning and lumping
among the FEPs (cf. Chapter two).

4.2 IDENTIFICATION OF CRITICAL ISSUES

The attractiveness of the Sandia approach is that it appears to produce a com-
plete set of scenarios. However, this apparent completeness may be misleading
as the lumping and screening process includes many ill-defined decisions. Fur-
thermore, the method directs a lot of effort in sorting out details and there may
be a risk that the overall critical questions are lost in this process. For example. a
key parameter for the performance of the KBS-3 concept is the canister life time
distribution. Will a bottom-up scenario evaluation really show this? As an ulter-
native it may be much more fruitful to, based on expert judgement. select a few
scenarios and analyze them first before putting too much emphasis on obtaining
a complete set of scenarios.




A possible strategy for sclecting the few =ritical scenarios may be to:
i divide the future into dilferent time frames (c.g. 10% 10" and 107 ycars).

ii} formulate scenarios for each particular time framce by asking what may cause
a rclcasc in that particular time frame. In answering this question the identi-
ficd FEPs are used as a check list.

Somec of the FEPs on thc final list of KEPT FEPs may be rcgarded as design
problcms (sce Table 4-1). The main reason for separating design problems from
other FEPs is that the causcs for the design problems are uncorrelated with the
causes for the other FEPs. Thus, the design problems may be left out from the
sccnario development and instcad be treated as uncertaintics regarding the
source and near ficld propertics.

Table4-1.  Design problems selected from the final list of KEPT FEPs.

251 (Random) canister defect
an Backfill (matcniai) deficicncics
s Strav materials Ieft

The remaining FEPs were used for constructing scenarios for the 10° time
frame and the 10° time frame. Tables 4-2 and 4-3 display the FEPs selected in

the respective time frames.

Tabie 4-2.  Potential causes for release in the 10° time frame selected from the
final Jist of KEPT FEI's.

59 “Unsca'ed boreholes ard shafts™ (includiag all types of wells)
78 “Alered waler chemistry by humany”
5.16 *“Uplift/subsidence™

Tabl: 4-3.  Potential causes for release in the 10" time frame selected from the

final list of KEPT FEPs.
59 “Unsealed borcholes and shafis” (including all types of wells)
78 “Allered water chemistry by bumans”
4.26 “Faulting”
5.42 “Glaciation”
5.16 “Uplift/subsidence™

Tables 4-2 ard 4-3 illustrate that most FEPs cciected to be potentially criticul
for a particular time frame are potentiaily critical for all later time frames. Thus,
the debinition of the time frame docs not aid much in the selecticn of which
FEPs 10 be considered. However, the probability, conscquence and analysis of a
FEP may be very different in different time frames.

Al present combinations of FEPs do not scem crucial just {or identifyving criti-
ca! scientific problems. It is probably morc important to analyzc and spevily the
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individual FEPs, for example to identify the consequences of glaciation or
evaluating the extent and location of faulting, than to worry about which com-
binations of FEPs to consider and not consider. Especially thc intermediate
combinations of FEPs are mainly only intcresting when the objcctive is to dcter-
mine probability density functions of releases, but are of minor importancc for
highlighting critical issues.

In any time frame it is possible to construct a human induced scenario which
will result in large releases. For examplc, a set of wells for geothermal produc-
tion drilled right through canister deposition holes (5.9 Unsealed boreholcs and
shafts). However, the scenario may in fact be very far fetched. Thus it is not easy
to formulate “a realistic” critical scenario and probably the only solution to this
problem is to introduce probability of occurrence combined with screening out
such human induced scenarios which may be labeled “conscious actions™.

As a general conclusion it appears that the suggested strategy of using “expert
judgement” for the scenario development is not really constructive in adding in-
formation on how to develop the final list of KEPT FEPs into scenarios. In fact,
all the KEPT FEPs need to be analyzed. Furthermore, it is not always possible to
formulate the most critical scenario without being overly pessimistic. Thus
probability and (isk estimatcs are somctimes necded.

On the other hand the philosophy of concentrating on critical issues should be
valuablc for the scenario development strategy. The formal scenario building
skould be aimed at providing a framework giving insight into critical issues and
processes. Clearly. probabilistic paramcters such as the canister life time dis-
tribution or possible well locations need to be considercd and may prove to be
critical. 1t may also prove necessary to evaluate the risk of certain scenarios.
Howcver, the main effort should be spent on how to detcrministically or
probabilistically evaluate the particular phenomcna already identiflicd on the
final list of KEPT FEPs at diffcrent time frames. Evaluating total risk or pdf’s of
releascs or doscs integrated over all time and all possible scenarios, which may
be an objcctive of the scenario development, is such a large undertaking that it
may divert the resources from the critical issucs.

AN I.XAMPLE OF A “TOP-DOWN” APPROACH - THE
BARRIER STATE METHOD

An alternative to the Sandia approach would be to disrcgard the detailed
phenomena and their coupling from the outsct and just look upon combinations
of different barrier performance. In practice this mcans that the PROCESS
SYSTEM is divided in a set ot barriers, e.g. canister, ncarfield and farficld. Ini-
tially, it is then assumed that the performance of each such barricr might be
denoted by either of three states: ordinary, less efficient or short circuited. In
performance assessment calculations these states correspond to different sets of
parameters according to the following scheme.

Barrier performance Set of parameters
Ordinary (O) Realistic

Less efficient (LE) Pessimistic

Short circuit (SC) (None)




CANISTER STATE o ST (EARLY)

(TIME OF FAILURE)

0 * *
NEARFIELD STATE LE

sc| # * [ #
FARFIELD STATE 0 LE sC ' D LE SC

Figure 4-4. Formulation of scenarios by combining different barrier states. (*) denotes
an improbable combination.

This scheme might not apply to a copper canister, however. According to the
evaluation of KBS-3 it is very difficult to assign any barricr function to an alrcady
failed canister, which means that the canister only exist in two states, breached,
i.e. non-existent, or not yct breached. Thus the LE state might be excluded for
the canister. Ordinary performance means that its life-time is as expected and
short circuit corresponds to an initial canister failure (or earlier failurc than ex-
pect=d). An alternative would bc to denote the time frame of canister failurc in-
stcad of the state of the canister. i.c. initial. early and as expected.

The total set of scenarios according to this mcthod can be represenied by
Figure 4-4, whe:e each box mcans a scenario.

For cach of the 18 combinations of states (scenarios) in Figurc 4-4 it might be
possible to assign some measurc of probability. Screcning might also be possibic
since the simultaneous occurrence of different states arc not always inde-
pendent. For examplc, a short circuited ncarficld would most probably not occur
together with an undisturbed [arficld. A reduction 10 12 combinations is
achicved after such screening.

In order to further develop this method it is necessary to morc carclully ana-
lyse the interdependence of barricr states. Evidently such an analysis must be
bascd on the PROCESS SYSTEM and its development in time. It should also be
rccognized that (a) the starting point in time for each scenario (i.c. time for
canister [ailure) is a parameter of major importance, and (b) scenarios might
only apply for part of the repository.

An advantage of the barrier statc method seems to be the [kittle need for
analysis of couplings within the PROCESS SYSTEM. Considering the impor-
tance of possible common cause failures, as described in'section 2.4, this is not
quite true, however. Still it might be useful for construction of “bad cases™ which
can be used for regulatory purposes or as a starting point for development of
more realistic scenarios.

In order to be useful in a safety assessment the scenarios according to this
method should be combined with realistic sets of primary causes, e.g. according
to the list of KEPT FEPs. In that way it is possibie to get clues both how to dis-
tribute scenarios in time and how to achieve couplings in the PROCESS SYS-
TEM. The easiest way to do this is to assign to each FEP a set of barrier states,

(Table 4-4).
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Table 44. lllustration of cunsequences on the barrier states caused by in-

dividual FEPs.

KEPT FEPs BARRIER STATES
: Canister  Nearfield  Farfield

Faulting sC* LE sc*
Nearfield deficiencies LE
Unsealed boreholes sC*
Up:ifsubsidence LE
Glaciaion sC* LE sC*
Hunuan actions on ground-
water flow and composition LE

(* mezns for part of repository only)

THE SITE EVOLUTION METHOD

The most important objection to the already described methods for scenario
development is lack of the arrow of time. It is evidently of tremcndous impor-
tance whether the failure of canisters or other barrier functions occur carly or
after long periods of time. In principlc. a solution to this problem would be to
replace the scenario development with a total simulation in time of all aspects ol
the repository development, where uncertain parameters are described by
probability density functions and the result of the total simulation is expressedin
probability space. In fact, the UK Department of the Environment kavc
developed a code (VANDAL) /Thompson, 1987/ [6], with this ambition.
Howevecr, the practicality of the approach and the interpretation of the unalysis
is still in question. R

A slight medification of the approach of a total simulation might be tq first
develop scenarios for the large scale evolution of the site, including the re-
pository, i.e. the macro system and in a sccond step superimpose on the large
scale scenarios the more detailed scenarios that also includes .he dispersion of
radionuclides, i.e. the microsystem. The greatest advantage with this approach
would be to account for the accumulation of detrimental effects on the re-
pository from internal and external piimary causcs. This aspect is very difficult 1o
handle in a logic and defensible way in other methads of scenario develnpment.

A serious objection to this method, as well as to the total simulation approach,
is the necessity to include predictions ci the future that are extremely uncertain,
e.g. with regard to glaciations, faulting. biosphere development and human be-
haviour. Such difficulties have to be discussed in the scientific community, of
course. Anyhow, the prospects for consensus are favourable keeping in mind
that it is the relative accuracy in estimated time of occurrence that is important.
If needed the order in time could then always be chusen as to maximize the ef-
fect.
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DISCUSSION AND CONCLUSIONS

PRESENT STATE O SCENARIO DEVELOPMENT WORK

The scenario development project has resuired in 3 extensive list of features,
events and processes. These FEPs have becn soried intv different groups, i.e.
outscreened, PROCESS SYSTEM and FEPs KEPT outsidc the PROCESS
SYSTEM. Furthermore, the FEPs KEPT outside the processes system are
grouped (lumped) together into a limited set of primary FEPs.

The structure given to the initial list of FEPs is constructive in the sensc that
the final list of KEPT FEPs appears to represent the key external events and
processes that could be f critical importance {or a radioactive waste repository.
Furthermore, even if this list is incomplete it should be straight forward to up-
date it with new FEPs.

It has not been possible to continuc the evaluation and actuallvy combine FEPs
into scenerios. The reasons for this fact are basically:

— a too gencral specification of the KEXT FEPs,
— uncertainty with regard to the proper scenario development strategy.,
— limited time for the working group.

Thus in order to continue the scenario development it is nccessary to analvee
each KEPT FEP in detail. analyze the potcatials of _.[tcrent scenario develon-
ment strategies and finally start a new ileration of the scenario development
chain.

DETAILED ANALYSIS OF KEPT FEP3

It is nccessary to work out the details of the KEPT FEPs and perform (himited)
conscquence analysis of each individual FEP before it is really meaningful 1o
start to discuss combinations of FEPs.

For example glaciations may imply a serics of phenomena like small move-
ments along fractures intersccting canister deposition holes, faults through the
repository, temporal permcability changes or temporal extreme groundwater
heads. Establishing the probabilitics and consequences of such more weli
defincd events is first of all necessary in evaluating the consequences of glacia-
tions. Furthermore, this increased detailed knowledge will make combinations
of glaciations with other primary FE?s more straight {orward.

SCENARIO DEVELOPMENT

At 'east three different methods of formulating scenarios by combining FEPs
have been discussed. Even if the identification of critical is. ues is a key objective
of the scenario developmcnt it must be stated that “expert judgment alone™ ap-
pears to be insufficient for formulating scenarios. A predefined strategy for the
scenario development s needed. Without a strategy for selecting scenarios it will
become extremely difficult to defend if the selected scenarios aie on onc side
overly pessimistic or on the other side incomplete,

3
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5.5

The discussion in section 4.1 shows that it is possiblc to carry on with the San-
dia methodology for selecting scenarios, espccially if the general FEPs arc fur-
ther specificd as discussed in 4.1. Also the top-down “barrier-state™ mcthod (as
discussed in section 4.3) appears to be 7 practical approach.

Both the Sandia approach and the “barrier-state™ approach providc a
framework for incorporating probabulitics and thereby solving the problem of
overly pessimistic scenarios. Furthermore, both methods comprchensively
analyzc all suggested FEPs and thus address the question of completeness.
However, the success of the mcthods depend upon the quality of the dctailed
consequence analysis and the quality of tne probability estimates. Neither of the
suggested methods provide guidance for how to obtain this crucial information.
Thus it may be stated that provided that the consequences and probabilities of
the PROCESS SYSTEM and the individual FEPs KEPT outside the PROCESS
SYSTEM are properly understood the actual technique for the scenario
development may be of a secondary importance.

As has been stated in section 4.4 ncither the Sandia method nor the top-down
(barrier-state) method explicitly include time evolution and the time ordering
between events. The “sitc-evolution-method™, as discussed in 4.4, appears to be
attractive as it includes time explicitly. Howevcr, solving the repository evolution
in a fully transicnt mode would in practice be extremely complicated which in
turn may lcad 1o undesired simplifications of the involved processes. Or.c alter-
native 10 explicit time cvolution is to divide the futurc into different time (rames
and to combine the FEPs [or maximum cflect for each time franic. as discussed
in scction 4.1, appear to be a sensible approach.

DOCUMENTATION AND REITERATION

Clearly. a given set of sccnarios could always be questioned for various reasons.
Thus, it is extremely important to remembcr that scenario development. salcty
analysis and pcer review should be iterative processes. In order to make possible
for constructive iterations and revicw, a transparcnt documentation is of key im-
portance. The documentation strategy adopled by the SKI'SKB working group
based on computerized scenario database should bc very constructive in this
sensc.

CONCLUSIONS

In conclusion, the strategy developed within the projcct appears to be a [casible
approach to scenario development. In particular, the strategy includes a
framework for the documentation of the complete chain of scenario develop-
ment. This documentation is the key to the following analysis.

It must be stressed that the present project is a first stage and that the com-
plete analysis must be reiteraled several times. In particular for some of the
FEPs, (e.g. glaciation, faulting or unsealed boreholes and shafts) a proper
scenario formulation can only be made after a limited conscquence analysis of
the individual FEPs. After these analyses it should be possible to continue with
the scenario formulation.
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Appendix
GLOSSARY

This glossary discusses some of the most frequently used terms in the report. The
objective is not primarily to provide strict definitions of the terms but to illustrate
how some of the terms have been interpreted and how they are used in this work.

BASE CASE

The Sandia report { 1] gives little information about the Base Case but notes that
it represents the site without any disruptions and that it needs to be considered
as a possible scenario. Scenarios are formed by taking meaningful combinations
of the Base Case and the other phenomena remaining after the screening
process.

The SKUSKB Working Group

found that the actual definition of the Base Case is crucial for the scenario
development and that the original definition was difficult to apply. In com-
binations with cther phenomecna the Base Case has been superseded by th
new concept PROCESS SYSTEM (q.v.).

CONSEQUENCE
Risk Methodology for Geologic Disposal of Radioactive Waste:
Scenario Selection Procedure [1]:

Consequence can nave diflferent interpretations, depending upon the stage of
the screening process. For example, in the earlicr stages of the screening
process, “consequence” generally refers to the effects that a certain cvent or
process might have on the natural properties of the site (e.g.. hydraulic head
distribution). Thus, only flow and possibly thermo-mechanical analyses arc
needed at this point. In the screening of scenarios, “consequence™ gencrally
refers to the amount of radionuclides being discharged to the environment and
the health effects associated with these discharges. Thus. radionuclide transport
and health effects calculations are needed at this point. The reason for this
breakdown is that in the early stages of the screening process, detailed transport
and health effects calculation should be avoided because of the higher computer
and man-power costs associated with thesc efforts,

EXTERNAL CONDITIONS

The SKI/'SKB Working Group:

The external conditions are cvents or processes that are not repository in-
duced and may occur (relatively) independent of the processes in the
PROCESS SYSTEM. In this work, external conditions are includcd in
FEPs KEPT outside RS.
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KEPT

The SKI/SKB Working Group
divided the FEPs into four mutually exclusive categories:

(1) Isolated FEPs, which represent isolated scenarios that are no¢ further
considered in the present work,

(2) Outscreened FEPs, which are excluded from the scenario development,

(3) FEPs which belong to the PROCESS SYSTEM PS,

(4) KEPT FEPs which does not belong to the PS but may interact with the
FEPs inside the PS.

Thus, scenarios are formed by combining FEPs in the PS with KEPT
FEPs.

LUMPING

The SKIVSKB Working Group:

The main objective of lumping is 10 decrease the number of FEPs thut is to
be technically handled in the later steps of the scenario develepment
process. Lumping does however rot reduce the num'scr of FEPs being con-

sidered.
FEPs can be lumped together if they have the same cause or cffcct or if

onc FEP is part of a greater FEP. Lumping is restricted to FEPs KEPT out-
sidc the PROCESS SYSTEM, sincc only these FEPs affcct the numbcr of
possiblc scenarios,

PROCESS SYSTEM, PS

The SKUSKB Working Group:

The PROCESS SYSTEM comprises the complicte sct of “deterministic™
chemical and physical processes that might influcacce the relcasc of radio-
nuclides from the repository to the biosphcre. Sec also scction 2.4.2 for a
more detailed and stringent definition.

REFERENCE SITE

The SKVSKB Working Group:

The reference slte in this work is synthetic and has no correspondence to
any potential disposal site in Sweden, although the aim has been to make
the site as realistic as possible in terms of the featurses included and their as-
sociated parameter values.




RISK

The SKI/SKB Working Group
has used the following widely accepted definition:

Risk is the product of probability and conscquence associated with a cer-
tain event.

1t must be recognized that risk is closcly related to the time period under
consideration; an event associated with a high risk in the onc million yrars
perspective may very well be associated with a low annual risk.

SCENARIO

Scenario is the most important concept in this work. Still no gencrally accepted
dcfinition exists.

The SKUSKB Working Group
usc the following definition:

A scenario is defincd by a sct of external conditions which will influence
processes in a process system. The external conditions determine how to
aciually modcl and combine the processes in the PROCESS SYSTEM
when evaluating the conscquence of the scenario.

SCREENING

The SKUSKB Working Group:

The objective of screening is to eliminatc less impcriant FEPs and
scenarios from the scenario development by means of firm and well-defined
screening criteria. The great practical advantage of screcning FEPs is that
the number of possible scenarios is considerably reduced.

s/ur




Appendix
A:2 SUBJECT INDEX FOR FEPs IN THE DATABASE

Accidents during operation, 5.10
Accumulation in pcat, 7.2
Accumulation in sediments, 7.1
Accumulation of gases under permafrost, 5.22
Acidic surface watct, 4.1.2, 7.8
Alpha-dccay, 1.1.3

recoil of a., 1.1.3
Alpharadiolysis, 1.2.1
Altered surface water chemistry by humans, 7.8
Archcological infrusion. 5.37

Backfill: sce Bentonite
Backfill cflccts on Cu corrosion: see Canister
Beidellite, 3.2.5
Bcentonite
cementation, 3.2.5
cement pore watcr: reactions with b., 3.1.7
coagulation, 1.5
colloid genceration, 3.1.4.3.2.4
conversion of b, 3.2.5, 5.11
corrosion products and b.. 3.1.10
degradation by chemical reactions., 3.1.1, 3.1.10
diffusion, 3.2.6
cffects on groundwater chemistry, 3.1.3
crosion (of bufter/backfill). 3.2.4, 5.11
flocculation. 1.5
flow (through buffer/backfill), 3.2.9
hydrothermal effccts, 3.2.5
ion-exchangc propertics. 3.1.3
mechanical failure, 3.2.3
perturbed buffer material chemistry, 3.1.12
radiation effects on bentonite. 3.1.10,3.1.13
saluration of sorption sites, 3.1.2
sedimentation, 3.1.6, 5.11
surface diffusion, 3.2.6
suspensions of b., 3.1.6,3.2.4
swelling
1nto tunnels and cracks, 3.2.1.1
unevens., 3.2.1.2
thermal effects on b., 3.2.5
Biosphere, 7.1,7.2,7.3
Borcholes
futurc b., 5.21
reuse of b., 5.36
undctected past b., 5.21
unsealed b., 5.9
Buffer; sce Bentonite
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Canister o

backfill effects, 2.1.9
channeling inside ., 2.1.4
chlorides and corrosion, 2.1.5
corrosion, 1.2.1,2.1.1,2.1.3,2.1.5,2.1.6.2, 2.1.9. 2.3.3. 5.1
corrosive agents, 2.1.8, 2.1.10
cracking, 2.3.1, 2.3 2, 2.3.3, 2.4,3.2.7
creeping of copper, 2.2
defects, 2.5.1,2.5.2
ductility (loss of d.), 2.3.4
electrochemical cracking, 2.3.2
electrochemical Pb/Cu reactions, 2.1.6.1
clectrochemical telluric reactions, 2.1.6.2
external stress, 2.3.7.1
failure and release of radionuclides, 1.5
hydrostatic pressure, 2.3.7.2, 5.23
internal corrosion due to wastc, 2.1.3
internal pressure, 2.2,2.3.8
movement of ¢. in buffer/backfill, 3.2.2
pitting, 2. 7
plastic deformation, 2.3.4,2.3.7.1
quality control, 2.5.1
radiation effects on c., 2.3.5
stress corrosion, 2.3.3
welding zone, 2.2,2.3.6

Cement pore water, 3.1.7

Channcl flow of oxidants and nuciides. 4.2.3

Channeling, 4.2.3,4.2.9, 6.6

Channeling inside canister, 2.1.4

Chemical sabotage, 5.5

Chemical toxicity of wastcs. 7.4

City on the site, 7.11

Clathrate, 5.22

Climate changes. 5.31, 5.32, 6.8, 6.10

Coagulation of bentonite, 3.1.5, 5.11

Copper (see also Canister)
crecping, 2.2
thermal cracking. 2.3.1

Colloid
generation, 3.1.4,3.2.4,4.1.2, 545
transport, 5.45

Colloids, 4.1.3, 4.1.9, 5.45

Complexing agents, 4.1.3,4.1.9, 5.45

Corrosion; see Canister

Corrosion products
interactions with waste and bentonite, 3.1.10
swellingof c.,3.2.7

Corrosive agents, see Canister

Co- storage of other wastc, 5.6

Cracking; sce Canister

Creeping
of copper, 2.2
of rock, 4.2.6,4.2.9

Crystalline rock; see Rock
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Criticality, 1.1.1
plutor..umc., 1.1.1
uraniumc., 1.1.1

Cs; migration to fuel surface, 1.2.5

Damaged or deviating fuel, 1.3
Decontamination materials left in repository, 5.4
Degradation of hole- and shaft seals, 4.2.5, 5.11
Desert, 5.32
Diagenesis, 7.10
Diffusion
matrix d., 4.1.5, 4.2.3
surface d., 3.2.6
Diiution of radionuclides, 6.5
Discontinuities, 6.12
Dispersion, 6.4
Dissolution of fracture fillings/precipitations, 5.25
Dissolution of fuel matrix, 1.2.9, 1.5
Distribution coelficient, 3.2.6,4.1.4
Drinking water, 5.41
Ductility of canister, 2.3.4
Dwellings, 5.23
Dykes (Intruding d.). 6.11

Earthquake, 1.4,3.2.4,4.2.5,4.2.6,4.2.1,5.15
Electrochemical reactions
Pb/Cu reactions, 2.1.6.1
telluric reactions, 2.1.6.2
Elcctrophoresis, 2.1.2,2.1.6.2
Encrgy release (Suddene.)
carthquake, 1.4
sabotage, 1.4
Enhanced rock fracturing. 4.2.8
Erosion (of buffer/backfiil), 3.2 4
Erosion on surface/sediments and crystalline bedrock, 5.26
Excavation/Backfilling effects
hydraulic conductivity change, 4.2.2.2
mechanical effects, 4.2.2.3
skin-zone, 4.2.2.1
Explosions
general, 5.38
HyO; explosions, 1.2.2
Extren.e channzl flow of oxidants and nuclides, 4.2.3
Extreme groundwatcer heads, 5.42

Far field hydrochemistry, 6.3
Faulting, 4.2.6
Flocculation, 3.1.5
Flow
geothermaily induced f., 6.13
thermally induced (general), 3.2.10
Flow paths
short-circuit of £, 4.2.6
weathering of f., 6.6
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Flow through buffer/ackfill, 3.2.9
Fracture
healing of {., 6.6
surface of f. and sorption, 4.2.3
permeability and stre-s, 4.2.2.1
transmissivity, 4.2.3
zoaes (Undetected f.), 6.1
Fuel
damaged or deviating [, 1.3
dissolution of f., 1.2.6, 1.2.9, 1.5, 5.1
variation of f. composition, 1.3
Fuel model, 1.1.2

Gammaradiolysis, 1.2.1
Gas accumulation due to permafrost, 5.22
Gas generation
general, 1.2.4
He production, 1.1.4,2.3.8
pressure in canister, 1.1.4
Go- transport, 3.2.12,6.2
Geothermal production. 5.34
Geothermally induced {low, 4.2.5, 6.13
Glaciation, 3.2.4,4.2.5,4.2.8, 5.31. 5.42. 6.10
sce also No ice age
Granite (Future use of). 5.35
Groundwater
chemistry, 4.1.8, 5.14
effect of bentoniteon g.. 3.1.3
enhanced flow, 5.18
extreme gw head, 5.42
flow and changes, 4.2.5, 5.31
intrusion (of saline or fresh g.). 5.1, 5.31
recharge/discharge. 5.26, 5.27, 5.46
velocity, 4.2.3

Hcat from radioactive decay, 1.1.2
Heat-induced conversion of montmorillonitc. 3.2.5
Heat-induced stress-redistribution, 4.2.7
He-production, 1.1.4
Human induced changes in

climate, 5.32, 6.8

groundwater recharge, 5.27

surface hydrology, 6.9, 7.7

surface water chemistry, 7.8
Hydraulic conductivity, 3.2.5, 4.2.2.2, 5.14, 5.24,

see also Fracture permeability
Hydrology near surface, 6.9, 7.7
Hydro-mechanical models, 4.2.2.1
Hydrostatic pressure

elfect on canister, 2.3.7.2, 5.23

I; migration to fuel surface, 1.2.5
Illite, 3.2.5
Internal corrosion, see Canister
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Internal pressure, see Canister
Intruding dykes, 5.13,6.11
Intrusion into biosphere, 7.3
Ion exchange propertics, 3.1.3
Isotopic dilution, 7.5

Lead; reactions with iodinc, 1.2.3
Lead filling (Voids in). 2.4

Loading effects due to glaciation, 4.2.8
Loss of records, 5.28, 5.30, 7.9

Magnetic field, 5.20
Magnetic pole inversion. 2.1.6.2
Malfunctioning of rock reinforcement, 4.2.10
Matrix diffusion, 4.1.5, 4.2.3. 4.2.8, 6.6
Meandering (effects on hydrology), 6.9
Mechanical failure of buffer/backfill; sce Bentonite
Mechanical rupture of repository, 4.2.1, 4.2.5
Mcthanc
hydrate, 5.22
intrusion, 5.43
Metcorites, 5.29
Microbes. 2.1.10
Migration. 4.1.4.4.1.5
Mining. 5.33
Monitoring after closvre, 5.39
Montmorillonite (Hcat-induccd conversion of m.). 3.2.5

NAMMU, 4.24
Necar ficld buffer chemistry:
see Perturbed buffer matcrial chemistry
Ncar storage of other waste, 5.12
Non-closed repository, 5.2
Noice-age. 6.10
Nuclear war, 6.7
Nuclide transport in buifer, 3.2.6,4.1.4

Organic decomposition, 1.2.4
Orogeny, 5.1
Onxidizing conditions, 4.1.1, 5.14

Pathways, 3.2.1.2,3.28
Pbl reactions, 1.2.3
Peat (Accumulationin p.), 7.2
Permafrost, 4.2.5, 5.17, 5.22
Permeability

in fractures, 4.2.2.1

in rock, 4.2.7, 5.16
Perturbed buffer material chemistry, 3.1.12
pH-deviations, 4.1.2
PHREEQE, 3.1.7
Pitting, 2.1.7
Plate motion, 4.2.6, 4.2.9,5.19
Poorly construction of repository. 5.8
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Poorly design of repository,

Postclosure n-onitoring, 5.39 ,
Precipitation (of compounds containing radionuclides), 5.44
Preferential pathways; sec Pathways

Radiation effects on canister, 2.3.5
Radioactive decay, 1.1.2
Radioactive decay and heat gencration, 1.1.2
Radiolysis
alpharadiolysis, 1.2.1
gammaradiolysis, 1.2.1
He-producti~a, 1.1.4
redox potential, 1.2.6
Radionuclide release from canister, 1.5
Recoil of alpha decay, 1.1.3
Reconcentration, 4.1.6
Records (Loss of r.), 7.2
Recrystallization, 1.2.7 -
Redox front, 3.1.11,4.1.1,4.1.6, 5.46
Redox potential, 1.2.8
Repository
co-storage of other waste. 5.6
decontamination materials leftinr.. 5.4
mcchanical failure of 1., 4.2.1
non-closedr., 5.2
poorly construction of r., 5.8
poorly design of r., 5.7
stray materials left inr., 5.3
Resaturation (of repository), 4.2.5, 5.14
Reuse of boreholes, 5.35
Rheology, 3.2.5
River meandering, 6.9
Rock
creeping, 4.2.6,4.2.9
fracturing. 4.2.5,4.2.8
malfunciioning reinforcement, 4.2.10
other future use of crystalline r.. 5.35
permieability, 4.2.2.1.4.2.6,4.2.7
reinforcement, 4.2.10
stress distribution, 4.2.2.1, 4.2.3
ROCMAS, 4.2.2.1,4.2.7

Sabotage, 14,5.5

Saline groundwater intrusion, 5.1, 5.31

Saltwater, 5.1

Sealevel,(Change of's.), 5.31

Sealing. 5.11, 5.14

Sediment erosion, 5.26

Sediments (Accumulation ins.), 7.1
Sedimentation, 3.1.6

Skin-zone - Excavation/Backfilling effects, 4.2.2.1
Solubility (of compounds containing radionuclides), 5.44
Soret effect, 3.2.10

Sorption, 4.1.4,4.2.3,4.2.8
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Spalling, 4.2.8

Stray materials left in repository, 5.3

Stress
changes of fracture permeability, 4.2.2.1
changes of hydraulic conductivity, 5.24
redistribution, 4.2.2.1

Subsidence, 5.16

Sudden energy release: see Energy release

Surface diffusion, 3.2.6

Surface hydrology, 6.9, 7.7

Surface water chemistry (human alteration of s.), 7.8

Suspensions of bentonitc. 3.1.6, 3.2.4

Swelling (Unevens.), 3.2.1.2

Swelling of corrosion products, 3.2.7

Swelling into tunnels and cracks; see Bentonite

Tectonic activity - large: scale, 6.14
Telluric current, 2.1.6.2, 5.20

Test of nuclear devices. 5.30
Thermal buoyancy, 4.2.4,4.2.5
Thermal effects, 3.2.5
Thermo-chemical changes, 4.1.7
Thermo-mechanical changes, 4.2.7
Transport of nuclides in bu(fcr. 4.1.4
Turbulent flow, 3.2.4

Undcrground dwellings, 5.28
Undecrground test of nuclear devices, 5.30
Undetected discontinuitics, 6.12
Undetected {racture zonges, 6.1

Ureven swelling. 3.2.1.2

Unsaturation, 5.32

Unsealed boreholes and shafts. 5.9
Unsuccessful site improvement, 5.40
Uplift, 4.2.5, 5.16

Volcanism, 5.13

War, see Nuclear war
Water producing well, 5.41
Water sorption isotherm, 3.2.6
Waste
chemical toxicity, 7.4
retrieval, 5.33
Welding zone (in canister)
cracking, 2.3.6
creep, 2.2
Well (waiet producing w.), 5.41
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A:3 STRUCTURE OF THE SCENARIO DATABASE \
A:3.1 Introduction )
The list of features, events and processes (FEP) has been entered into a

Database created by dBASE III Plus. The motivation for working with a ;
database is that it allows for f :
i

— continuous updating including bookkeeping of altered decisions, ?
- a referencing system, R
- sort and search possibilities.

At present the database contains the following fields:

Structure for database: E:FEPSN1.dbf
Number of data records: 157

Datc of last update: - 26/01/89
Field Field Name Type Width Dec .
1 PHENOMENON Character 60 ,
2 LOCAT_BEH Character 28 n
3 REACT_TYPE Character 30 -
4 INDEX] Character 10 -
5 LUMPING_I Character 40 .
6 SCREENING Character 15
7 PHEN_COMM Mcmo 10 N
8 REP_INDUCE Logical 1 g
9 HUM_INDUCE Logical 1 i
10 ©  NAT_PHENOM Logical 1
1 FUEL Logical 1
12 CANISTER Logical 1 .
13 BUFFER_BAC Logical 1 .
14 NEAR_FIELD Logical ] :
15 FAR_FIELD Logical 1 2
16 BIOSPHERE Logical 1
17 NFB_COMM Memo 10 .
18 SCR_CR_NF Numeric 3 M
19 SCR_CR_FF Numeric 3 :
20 SCR_CR_BIO Numeric 3 )
21 SCR_CR_COM Memo 10 A
22 SCE_GR_REF Memo 10 B
23 SCE_GR_COD Character 20
24 SCE_GR_COM Memo 10 -
25 LITT_REF Memo 10 _. :
26 GEN_ZOMM Menio 10 “y

** Total ** 289
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A:3.2

A:3.2.1

A:3.2.2

A:3.2.3

A:3.24

Actively Used Fields in the Data Base

Of the 26 fields of the Data Base only a few are ised activcly. Thesc are
PHENOMENON, INDEXI1, LUMPING_1, SCREENING and PHEN_COM.
The other fields may be aliered, deleted or updated at a later stage. New fields
may also be added.

The Field PHENOMENON

This field contains the title of the Feature, Event or Process (FEP) that was
entered on the merged list or later added.

The Field INDEX1

This field contains the number of the +‘EP as given in the merged list enclosed
with the Minutes of the September 1988 meeting. FEPs addcd to the list obtain
a new index. The index number is basically used for refercnce. The index num-
ber does not imply any grouping or ciassification (aithough they did indicate
grouping on the original merged list). Grouping and sorting of the FEPs should
be madc through proper ficlds in the databasc. Classification is further discussed
in section 3.3.

The Field LUMPING 1

This ficld contains pointers to the FEP(s) to which this FEP is lumped. The
pointer address is the INDEX1 number of the FEP. Lumping is further discussed

inscction 3.4.4.

The Field SCREENING
This ficld contains the decision of the screcning process (see scction 4to 7). The
possible decisions are:

PROCESS SYSTEM
This FEP belongs to the PROCESS SYSTEM (sec scction 4).

KEPT
This FEP should be part of a considered scenario (sce section 3.5).

OUT(.....)
This FEP is screened out. The text between the parenthesis indicate on what

criterium (see section 3.4.2).

UNDECIDED
Not decided.

ISOLATED SCENARIO
This FEP represent a very special situation with no (few) references to iher
FEPs (see section 3.5.3).




A:3.2.5 The Field PHEN_COM

This ficld is a (memo) text of arbitrary lergth which should serve as a back-
ground for the other entries in the Databasc. The memo should preferably con-
tain:

1)
2)
3)
4)
5)
6)

Dcfinition and explanation of thc FEP
What may cause the FEP
Consequence / effect of the FEP

How to model the FEP

Motivation for lumping and screening

References
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A4

A1

Appendix

DESCRIPTION OF THE PROCESS SYSTEM FOR A
REPOSITORY OF THE KBS-3 TYPE

Various alternatives for description of the PROCESS SYSTEM of a repository
and its environment have already been presented in the main part of this docu-
ment (Ch 2.4.3). One of these alternatives that has to be integratcd with all the
others is the verbal description, which also should form the basis for the descrip-
tion in a safety analysis report. It is possible to organize a text of that kind in many
ways. When scenario developent is considered, the structure chosen here might
be preferred, however.

The main principle is that the system is described starting from the outside
and going inwards. The iancr {caturcs of the system are accounted for as pertur-
bations of the larger system described earlicr. In that way the evolution of the
larger scale features are defined before discussion of phenomena on a smaller
scale. This approach will morc or less automatically provide the insight about the
chains of causcs and cffccts necessary for scenario formualation. Scenarios will in
turn dcline barrier performance and. finally. provide the setting for radionuclide
behaviour.

Of coursc. time and space do not allow a full description of the PS, c.g. as re-
quired in a safcty analysis report. Thus, the following text should only be
regarded as an outline. only giving examples of the most important issuces.

The Barrier System

Since this report only concern the situation in Sweden, the KBS-3 concept has
been choscn for repository design. Many issues might be considered relevant for
most other repository designs in crystalline rock, however. Although the KBS-3
repository should be rather familiar by now, a short recapitulation of its systcm
of barricrs is given in this scction.

Swarting from the innermost barrier, i.c. the spent fuel itsclf, the radionuclides
are surrounded by a set of joint barricrs that prevents and/or delay their migra-
tion towards the biosphere. The fucl is first surrounded by encapsulations of
mctal such as zircaloy, stainless stecl, titanium, lead. copper or carbon steel. Ac-
cording to the KBS-3 method the spent fucl elements are enclosed in a copper
canister filled with either lead or copper. Aftcr that follows a clay buffer, i.c. 4
layer of highly compacted bentonite, between the canister and the rock wall in
the emplacement borehole. Attention must also be paid to the backfilling in tun-
nels, shafts and investigation driltholes. Together with thosc portions of rock
that has been or ever will be disturbed by the presence of a repository these parts
form what often is called the near field. The remaining parts of the undisturbed
geosphere form the last barrier. the far field (commonly but not quitc correctly
referred to as the geosphere).

Thus, we see that the physical structure of the PROCESS SYSTEM in this
casc is comprised by the following scven barricrs (or barricr clements).

- the spent fuei itself,

— the copper canister,
— the clay buffer,
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A4.2

A:4.3

— the backfill,
- the near field rock,
-~ the far field rock.

States and Evolutionary Processes in the Undisturbed Geosphere

Any prediction of the behaviour of a repository and the migration of radionu-
clides must be based on an organized knowledge of the present statc and pos-
sible evolution of the chosen geological formation. This knowledge forms the
basis for our conception of the “natural” part of the PROCESS SYSTEM.
However, in scenario development it is suitable to also include the humanity and
its actions in a description of the “natural” system. Thus, the only result of
human actions that is not included is the repository itself. The needed
knowledge mainly concerns parts of the geophysical sciences: mineralogy, litho-
logy, geohydrology, rock mechanics, properties of the fracturc network, tec-
tonics and geochemistry.

Ideally, the available knowledge should be organized in a complete
hydrogeochemical model of the repository site. This model is then our mathe-
matical realization of the natural PROCESS SYSTEM. It should describe the
groundwater flow field from recharge to discharge. weathering ol rock mincrals
and formation of fracture mincrals, the convergence, mixing and divergence of
difterent groundwaters, and how fractures and fracturc zones arc developed and
influenced by tectonic movements. climatc changes and human actions - in short
a modcl that describes possible transport paths for groundwater and radionu-
clides in space and time.

Dectails in this part of the PROCESS SYSTEM that requirc morc serious at-
tention arc,

— the regional and local groundwatcr flow ficlds and their characteristics of im-
portance for radionuclide migration (dispersion and channeling effects. corrc-
lation of flowrates and fracture mineralogy/rock porosity),

~— the mechanical stability of the rock formation and its behaviour during inter-
nal and external stresses,

.— weathering processes, including the effects on deep groundwater chemistiy

from disturbances in surface water chemistry.

Depending on our knowledge about the initial (present) statc of the natural
PS and its uncertain features and different (uncertain) assumptions about com-
ing external events it would then be possible to predict possible {uture states.
First when such a state, and the evolutionary processes leading to that statc,
have been identified it will be possible to predict the state of the other barricrs
consistently by superposition.

States and Evolutionary Processes in the Near Field

With the excavation, construction, operation, sealing and the following mere ex-
istence of the repository the rock formation is subjected to a disturbance that
varies with time and is limited in space. The extension of this disturbance is com-
monly assumed t Jefine the outer boundaries of the near field in performance
assessments. This distinction between near field and far field does not only arisc
from the fact that the migration models for the near ficld are quite diffcrent
from those for the far field. The near field modclling must also comprisc the
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source term for radionuclides and account {or more complex phenomcna than
encountered in the far field.

The disturbances within the near field are primarily of a thermal. mechanical.
chemical or hydraulic nature. By way of couplings between them they might give
rise to a row of complex and potenti-lly important phenomena, c.g. change in
redox state, convection flow and colloid formation.

In this section we will give a description of evolutionary processes that deter-
mine the possible future states of the barriers within the near ficld. Only after
that it will be possible to describe the behaviour of the radionuclides in the fol-
lowing section. The reason for why such a distinction will work is that most radio-
nuclides can be regarded as micro components in the PROCESS SYSTEM. As
such tney are assumed not to influence on other radionuclides and not on the
macrosystem, i.e. the barriers and their components. Exceptions from this rulc
do exist, however, see below.

States and Evolutionary Prucesses in the Near Field Rock

Superimposed on the processes identified for the evolution of the undisturbed
geosphere it will, in principle. be possible to describe the evolution of the near-
ficld rock. Examples of important initial states and processes to consider are,

- the groundwater flowficid on repository scale (including the same aspects as
for the undisturbed gcosphere).

— mcechanical disturbances from the excavation (skinzones etc),

— the changes i redox state due to acration and resaturation,

— thermal cffects on gcochemistry, groundwater flow, and mechanical stresses.

— influence of buffer and backfill materials: changes in geochemistry. mechani-
cal stress, groundwalcr flow, colloid generation and thermal behaviour.

— propagation of the redox front (including redistribution of uranium as a mac-
ro-compenent, cf above).

States and Evolutionary Processes in the Backfill

The main issues to consider for the backfill of tunnels and shafts arc the abilitics
to provide mechanical support for the excavated host rock and resistance against
groundwater flow. Important phenomena to consider arc almost the samc as for
the buller, see below.

States and Evolutionary Processes in the BufTer

The mechanical and chemical stability of the buffer (and backfill) is of impor-
tance for its ability to limit groundwater flow and provide a stable and beneficial
chemical environment for the embeddcd copper canisters. The follcwing issues
have to be addressed.

— The initial state of the buffer, i.e. QA in macerials selection and for emplace-
ment techniques (mechanical and physico-chemical properties, including re-
dox capacity, and their variations).

— Alteration in clay mineralogy as possible consequence of chemical interactions
with groundwater components, reaction with corrosion products. and tempera-
ture changes.

-~ Effects on the physico-chemical properties (swelling ability. rheology. diffusi-
vity and hydraulic conductivity) of clay as a result of mineral altcration. varia-
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tion in salinity, and mechanical behaviour of surrounding barriers (rock and
canister).

.~ Behaviour during and afier disruptive events (mechanical and thermomecha-

nical effects) in the repository for different time-frames.

States and Evoiutionary Processes fof the Canister

Considering the states and evolutionary processes in the surrounding outer bar-
rier elements it should be possible to estimate the time for failure of canisters or
even calculate a distribution of life-times. The overall distribution in time of
canister failures is of fundamental importarce for a repository concept like that
of KBS-3 where the expecied life-time ranges over more than miilions of years.
Examples of phenomena to be analysed are

— the initial state of canisters, i.e. QA. and the probability of “immediate” canis-
ter failure,

- corrosion chemistry and availability of corrodants (oxygen, sulfides, sulpnate),

— corrosio i reaction rates, transport of corrodants,

— possible mechanical failure modes of canisters, e.g. due to rock movements and
internal pressure.

The only barricr function that could be ascribed a failed canister would
probably be some redox capacity. (For sure, the corroded material will remain
and act as a strong barricr, but it would bc immenscly difficult to say anything
definitc about its transport properties.)

Radionuclide Transport

The time of a canister failure marks the time lor start of a scenario. and the ini-
tial seiting for radionuclide bechaviour and transport is provided by the then ex-
isting state of other barricrs, including the spent fuclitsclf. In a strict analysis the
subsequent evolution of the total barricr system should be considered.

Transport Processes in the Near Field
A:44.1.1 Release of Radionuclides from the Fuel

Some important aspects (0 be covered under this heading arc

— initial state of fuel at the time of canister failure (nuclide distribution).

— production of oxidants by radiolysis, '

- dissolution/conversion of the fuel matrix, ,

— availability and rate of radionuclide release irrespective of matrix behaviour
(“gap” and grain boundary release),

— radionuclide solubilities.

A:44.12 Transport of Radionuclides through the Buffer and Backfill and
Release to the Geosphere

Important aspects on the nearfield transport are

— the initial (and developing) states of buffer and surrounding rock (mineralo-
gy, groundwater chemistry incl. redox properties, hydraulic parameters and dif-
fusivities),
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— diffusion through buffer (backfill), into the rock matrix, and with rclcase 10
fracture flow or precipitation at a redox front as outer boundary conditions,
— distribution of transport parameters between emplacement borcholes and the
coupling to corresponding canister life-times,

— the temperature field for early scenarios (and possibly some other Onsager cf-
fects. ¢.g. osmotic phenomena),

— interactions with solid phase: sorption, matrix diffusion.

Tzansport Processes in the Far Field

The setting for radionuclide transport in the “undisturbed™ zone of the geo-
spherc has already been described in section A:4.2. In addition to thc
phenomena mentioned therc the following should be considered:

— dispersion and its variation with sc~*  and in different zones.

— retardation by surface sorption anu/or matrix diffusion,

— the chemical state of radionuclides in solution including complexation with or-
ganic substanccs.

— colleid transport.
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Appendix Bis a printout of the contents of the Scenario Data Base including the
full memo text. The main effort of the working group has been to write the memo-
comments to the individual FEPs. However, the time that rould be spent lor writ-
ing the memo-comments was limited and therefore the databasce is by no means
complete. Further work to enhance the quaiity of the database is needed as well
as external reviews by competent experts.
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Appendix
FULL MEMO COMMENTS ON FEPs

LL1  Criticality
Lumping
Screening OUT (Cons)

PROCESS

Plutonium criticality coutd theoretically occur within the canister during the first
50 000 years of storage. This would call for selective dissolution and transport of
uranium and part of the canister filling material. Uranium criticality could only
occur outside the canisters. This would call {or selective deposition of dissolved
uranium in the bentonite. A minimum amount of 4 400 kg of uranium is ncces-
sary for criticality. The conscquences have been calculated 10 be insignificant,
max 130 kW power in one tunncl.

EFFLECTS
Criticality would impact the radionuclide inventory and thermal behaviour of
the repository. i.e. the near ficld madels.

The far field and biosphere modcls would not be influcnced. only some input
data of nuclides and thermal impact.

REFERENCES

The casc has been studied in the KBS-2 study by ASEA-ATOM.
Refcrence 1o KBS-2. volume 2, page 255 and KBS Technical Report 108,
“Criticality in a spent fucl repository in wet crystalline rock™, 1978-05-30.

SCREENING

According to the reference reports, the case could be screencd out. The possible
thermal heat produced is restricted. as the increasc in [ission product inventory.
The probability is also shown to be very low, although the phenomenon cannot
be ruled out.
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Lumping
Screening PROCESS SYSTEM

PROCESS

The radioactive decay of the fuel in the repository is well i:nown. It is modelled
in the fuel model, which keeps track of the timely isotope inventory in the fuel
matrix. Even the heat generated by the radioactive decay is modelled, as an input
to near field and far field calculations.

Whether or not the model corrects the inventory for amounts of different
isotopes, that have left the fuel by dissolution is not known.

The far field model does keep track ot radioactive decay of species that nccur
in the transport path, but not for the heat generation. This should be fully ac-
ceptable.

EFFECTS

The heat generated in the fuel is the driving force for convective grounc water
movemcnt. It also may have impact on ground water chemistry.

SCREENING
This representation should be included in the PROCESS SYSTEM.

11.3 Recoil alpha-decay -

Lumping 12.6
Screening PROCESS SYSTEM

PROCESS

Concerns the possible destruction of the fuel pellct structure induced by high
energy alpha-particles from alpha-decay. Could also include the liberation of
atoms from the fuel surface.

EFFECTS

Probably unimportant effect as the fuel has experienced a lot of alpha-decay
before the canister emplacement. Its impact on the fuel matrix should thus be
screened out, using conservative assumptions concerning fuel pellet structure.

SCREENING

The alpha-decay recoil may affect solubility of alpha decay daughters and should
perhaps be further investigated or alternatively lumped into solubility estimatcs,
1.2.6.

s




Gas generation: He productio

Lumping 23.8
Screening PROCESS SYSTEM

PROCESS -
Helium production is a consequence of alpha-decay in the fuel.

EFFECTS

It is important only with respect to the pressure build-up inside the canister.
KBS-3 calculations showed that the interna| pressure will exceed the cnviron-
mental pressure after 10°years.

SCREENING

Shall be included in the PROCESS SYSTEM.
Note that Helium production inside the canister is not included in the
radiolysis calculation buti rathcr of radioactive dccay.

Lumping i#
Screening PROCESS SYSTEM

B

PROCESS
Only radiolysis duc to gamma and ncutron radiation is possible as long as the
canisters are intact. It will have some impact on water chemistry in the vicinity of
the canister.

Alpha aiid beta radiolysis, occurring up to .03 mm from the fucl pellcts, will be
of importance after canister failure, when water gets in closc contact with the
fuel matrix.

EFFECTS
In KBS-3 it is shown that the impact of radiolysis on chemistry and canister cor-
rosion is negligible cutside and intact copper canister with a reasonable thick-

ness.
Alpha-radiolysis will lead to the formation of hydrogen and oxidizing specics
such as hydroperoxide. Conservative calculations have been madc in the KBS-3

report and references.

REFERENCES
KBS-TR 83-24.




SCREFNING

Radiolysis should be taken into account in the PROCESS SYSTEM and be sub-
ject to sensitivity analysis. Far field impact has been marked in the Merged list.
This should be deleted, the impact being negligible.

Lumping
Screening OUT (CONS)

PROCESS

The gases may be formed by alpha and beta-radiolysis. The probability that they
gather in gaseous form, in an explosive composition, and in a cavity in the rc-
pository area, are judged to be very small. The fuel itsell, the canistcr or its cor-
rosion products, the backfill (bentonite) and surrounding rock and groundwater
will in general act as a reductant and consumc the oxygen.

EFFECTS

Should it occur, the energy relcased is very small and the canisters. bufler and
backfill are well suited to withstand the pressure wave initiated.

Expcrience from mining explosions show the low impact of an explosion on
rock and excavations.

SCREENING

HyO: explosions should be a sccnario to screen out at an carly stage. However,
some more reference material nceds to back up this screcning decision.

Pl reactions’

Lumping 1.8
Screening PROCESS SYSTEM

PROCESS

Pb-I reactions refer to the possibility that iodine is bound to the lead in the fill-
ing of the canister, and thus not subject to release. Several similar reactions, I-
Cu. Cs-Mo etc. are possible but difficult to assess.

EFFECTS
The reactions will increase the release rezistaace from the spent fuel material.

SCREENING

Shall be included in the PROCESS SYSTEM. Probably the best way to handlic
the problem is to make a conservaiive assumption.
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Lumping
Screening PROCESS SYSTEM

PKROCESS

Gas generation could be caused by radiolysis, helium production, carbon
dioxidc, organic decomposition, corrosion or changing water chemistry.

EFFECTS

The gas generation might impair the buffer, change the ground water flow local-
ly and may also provide the source for gas transport. It is thus a divergent basis
for a group heacing.

SCREENING
Gas gencra‘ion should be incluced in the PROCESS SYSTEM. Special effects
mavy later form separate scenarios.

1.2.5 I, Cs-m.igralvion to fuel surface

Lumping
Screening PROCESS SYSTEM

PROCESS
Migration of I and Cs to the fucl surface could impact the fission product relcasc
after canister failure. Considerablc experience exists on this subject from
analysis of spent fucl.

Ccnservative assumptions with respect to burn-up and operational history of
the fucl can be made when designing the base case fuel matrix dissolution model.

EFFECTS

The assumptions made will greatly impact the time function for release of Cs and
1 after canister failure. This FEP is modelled (in KBS-3) as given (assumed) frac-
tions of Cs, I, C, Tc available for transport immediately after a breach of 2
canister.
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SCREENING

Should be included in the PROCESS SYSTEM, probably by making conserva-
tive assumptions concerning fractions of the said specics thal arc available for
transport immediately after canister failure.

1126 Solubility withi

& o

n fuel matrix

Lumping
Screening PROCESS SYSTEM

PROCESS

Solubility within the fuel matrix refers to the solubility of specics contained in
the fuel matrix in the water entering the canister after it has [ailed. Is highly de-
pendent on water chemistry, redox potential and radiolysis.

EFFECTS

The solubility afiects the release of radionuclides to the near ficld.

SCREENING
Should be included in the PROCESS SYSTEM.

1.2.7 | -Revcljst_a.l_liiat.ion :

Lumping
Screening PROCESS SYSTEM

Recrystallization is linked to solubility phcnomena and changes in water .
chemistry. in turn coupled to radiolysis.

Recrystallization may also refer to the long-term altesation of a cement
matrix, i.e. crystallization of calcium silicate hydratcs.
EFFECTS

The first effect may have to be taken into account closc tc the redox front.
However, recrystallization is a non conservative assumption as it gives lower
values of soiubility.

SCREE;'ING
‘The recry<tallization should be included in the 2ROCESS SYSTEM.
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1.28 Red_ox potentia

Lumping 12.6
Screening OUT(Adm)

PROCESS

The redox potential is influenced by the natural composition of groundwater
and, to a high extent, of possible radiolysis close to the fuel. The redox potential
greatly influences the oxidation of materials and the solubility of species in the
groundwater. It is thus an important intermediate parameter in calculating fucl
dissolution, canister corrosion and radionuclide transport.

SCREENING

Rcdox potential is a parameter, not a process‘. Should be screened OUT on
‘redundancy’ (i.e. the ADM criterion). The parameter is handled within the far
field chemistry and within the radiolysis effects in the near ficld.

: 129  Dissolution éhemistry

Lumping 1.5 -
Screening PROCESS SYSTEM

PROCESS

Dissolution refers to dissolution of the fuel matrix. It is highly influcnced by
water chemistry and radiochemical rcactions. The dissolution chemistry might
be defined as those chemical conditions that influencc the ratc of fucl matrix
oxidation (matrix conversion). reprecipitation and “lcaching ratc™ of uranium. It
includes chemical equilibria as well as reaction kinetics.

EFFECTS

The dissolution chemistry, together with solubility and groundwater exchange
rate, decide the nearfield activity release.

SCREENING
Shall be included in the PROCESS SYSTEM.




13 Damaged or deviating fuel

Lumping
Screening PROCESS SYSTEM

PROCESS

The detailed composition of the stored fue] will vary, due to initial enrichment,
possible Pu-enrichment, burn-up etc.

Damaged and possitly also extreme high burn-up fuel might have a greater
surface exposed to the water penetrating the canister.

Codes to assess the nuclide inventory in different cases are available and suf-
ficiently accurate; the difficulty is formulating representative input parameters
for the calculations.

EFFECTS

For the single canister in question, this might be important for the releasc rate
of radionuclides, but as long as it is light-water power reactor fucl, the overall
impact will remain within geaeral conservatism in assumptions.

SCREENING
Forms part of the PROCESS SYSTEM.

14 Sudden energ)" release
Lumping
Screening OUT (CONS) C3
PROCESS

Sudden energy release could occur by sabotage during the operational period.

Formerly, suspicions have been put forward on the possibility of sudden
release of lattice energy stored in the fuel, similar to the Wigner effcct. This has
however, shown not to be possible.

EFFECTS

The storage is not very sensitive, canisters, backfill and excavations will not easi-
ly be damaged, the energy will spread elastically in the bedrock, consequences
are like those from an earthquake. '
REFERENCES

(See SKN-review of KBS-3).

SCREENING
Should be screened OUT for low consequence.
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Release of radionuclides from the failured canister

Lumping
Screening PROCESS SYSTEM

PROCESS

Is linked to solubility of the fucl matrix, to the binding of soluble specics in the
matrix and to the access of water and its chemical propertics. Examples of
release resistance arec Pb-l reactions, that could rcduce the releasc of fission
products to the groundwatcr.

EFFECTS

The effect of release resistance may be to reducc the releasc of fuel matcrial to
the nearfield.

SCREENING

Should be modciled in the ncarficld chemical model and included in PROCESS
SYSTEM. Chcemical paramcters subjcct to sensitivity analysis.

2.1.1 Chemical reactions (copper corrosion)

Lumping
Screening PROCESS SYSTEM

SCREENING
Naturally, chemical reactions is part of thc PROCESS SYSTEM.

2.12 Cbﬁpled effects (élec(rophoresis)
Lumping
Screeaing OUT

Electrophoresis is the migraticn of ions in an electrical ficld. Probably this can
only occur in connection with galvanic corrosion, i.e. alter breach of the canister
when migration of radionuclides is considercd. The effect might possibly in-
fluence the rate of uranium dissolution. This can probably be calculated and/or

tested by laboratory experiments.

SCREENING
May eventually be screcned out after morc carcful analysis.




g2.1.3 lhlernal coﬁosion due to waste :

SRS 2 e

Lumping
Screening PROCESS SYSTEM

The only really aggressive components in the waste are the halogens (iodine and
bromide) and possibly also Se and Te. It could easily be calculatcd how much

‘copper these elements would consume if released from the fuel rods to the

canister.

.

ng within the canister -

Wk

Lumping
Screening PROCESS SYSTEM

This FEP only concerns the channcls that may be formed in the canister itsclf.
The effect on the canister of channcling in other parts of the repository (chan-
neling in the buficr, in the nearby rock orn the geosphere are treated at these
respective FEPs).

EFFECTS

Channclling within the canister can be ruled out within an intact bulfer. Also.
advective transport within the canister after failurc of both canister and buffer
has to be trcated as a special casc with no available modcls.

SCREENING ‘

Should be in the PROCESS SYSTEM. but may at a laicr stage be screened out.

%21.5 Role of _chlofidés in cobber corrosion

b BB BS

Lumping
Screening PROCESS SYSTEM

During oxidizing conditions it has been shown in a Canadian work (MRS 88,
Berlin) that the corrosion of copper is limited by the transporn of reaction
products in the presence of chloride ions.

During reduciang conditions extremely low pH (about 2 or less) is necessary in
crder to cause copper corrosion (cf KBS-3). However, the pH interval where the
copper is stable for corrosion may decreasc as the salinity increascs.

(This FEP is related to 5.1 Saline groundwater intrusion).




d Pb/Cu._"ejle.ctrgc‘hen;i“é;i;;ctions '

Lumping
Screening PROCESS SYSTEM

This kind of reaction can only occur in a breached camstcr Only of importance
when coupled to (2.1.2) electrophoresis.

l 6 2 Nalural lellunc eleclrochemlcal reacuons

Lumping
Screening PROCESS SYSTEM

PROCLSS

Electric currents will have an effect on the corrosion on the canisters and possib-
" Iy on the transport of elements through the bentonite buffer by electro-osmosis
or clectro-phoresis (the former for dissolved specices the latter for particulates).

The {irst question is to find all possiblc sources of clectric currents in the re-
pository environment. The most obvious onc is clectrochemical reactions occur-
ring at the canister boundary, or due to the presence of diffcrent metals in the
rcpository.

Another source is the electrical field associated with radiolytic cllects duce to
the waslc; it has already been mentioned in some conferences. A third one is
natural currents occurring in the ground. known as “telluric currents™. These
currents are generalcd be several processes: onc is piczo-clectricity which is
being tested in Greece to predict earthquakes in the vicinity of faults where
large stresses develop.

The major cause of telluric currents is related 12 the solar activity, which
creates ionospheric currents around the earth, in relation to its magnetic ficld.
Thesc currents are randem, ana cover a large range of frequencics. The frequen-
cies below 1 Hz have a penatration depth which exceeds the repository depth
and thercfore they need to be considered. Telluric currents also follow the solar
activity (with the 11-year cycle) and have the same origin as the “pular lights™.

At repository and since crystalline rocks are mostly resistors, the flow of the
electric currents will take place in the water conducting fractures, and will be
“channelised™ by the conducting argillaceous material introduced into the re-
pository as buffer and backfill. They will also use the long copper canisters as
preferential pathways. It is thus necessary to study their role in corrosion studies,
e.g. pit corrosion, since the circulation of the current in the water-conducting
fractures wil' concentrate them to restricted areas of the canister, where they
may increase the corrosion rate and the pitting factor; this effect may be onc
reason why the pitting factor of metal is a function of the size of the object (a
small coin does not have the same pitting factor as a large bronze cannon).

It is also of interest to investigate the possiblc changes of thesce solar ionos-
pheric currents in the future, e.g. if they have other cycles than the 11-year onc.
or what can happen when the magnetic polc of the earth vanishes and becomes
inverted (a phenomenon that occurred sevcral times in the past and is uscd as a
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geological clock; the next magnetic pole inversion is predicted to occur in ap-
proximately 200 000 years, i e. wi hin the time frame of a repository performance
assessment).

If these currents are quantified, their potential impact on corrosion ratcs and
transporl enhancement by electro-osmosis could be assessed by a preliminary
calculation, to see if they should be included in the scenarios.

SCREENING

Should be included in the PROCESS SYSTEM, although bascs for quantifica-
tion lack at the moment.

Pitting’
i RO
Lumping
Screening PROCESS SYSTEM

Pitting is a corrosion phcnomenon.

REFERENCES

Niclsen and Videm, Evaluation of the fcasibility of carrying out a probilistic as-
sessment of the life of the copper canister. Technical Report SKI1 88:7. 1988S.

+2.1.8 Corrosive agents , Sulphides, oxygen etc

Lumping
Screening PROCESS SYSTEM

DESCRIFTION

The presence of corrodants, either naturally occurring or prescnt initizlly in
backfill materials, will give rise to corrosion of the copper canistcr, eventually
leading to its failure and subsequent release of radionuclides. In the absence of
oxygen, which is the expected condition at repository depth, copper may only
corrode to cuprous sulphide. The source of sulphur is free sulphide (or possibly
polysulphides) or sulphate. The latter is thought to be of littlc significance.
however, due to very slow reaction kinetics; the supply of ferrous iron might also
be limiting.

CAUSES

Sources of corrodants are substances originally present in backfill materials
(oxygen. sulphides, sulphate) or in the groundwatcr. The content of ccrrodants
in clay buffers etc can be controlled and is otherwise well known. In totai they

can contribute to gencral corrosion of some tcns of kg of copper. The con-

tinuous inward transport of corrodants from the geclogical cnvironment is
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probably dominated by diifusion from the tunnel system, giving risc to a local-
ized attack at the top of the canister. This 15rm of corrosion is then limiting for
the canister life-time. The measured concentrations of total sulphide in ground-
waler is in general below 1 mg/l, which gives life-times on the order of tens of
millions of years. A combination of very unfavourable conditions (concentra-
tions, buffer failure, high groundwater flowrates etc) might lessen these figures
by about one order of magnitude. In conclusion, a very early failurc of canisters
from corrosion attack, say within one million years, does not seem very probatile.

EFFECTS

Extreme conditions (see above) might lead to fai'ure of copper canisters from
general corrosion in the timespan between one and ten millior:s of ycars. This as-
sumption is based on a canister wall thickness of 100 mm. A smalicr wall thick-
ness will give correspondingly shorter life-times.

REFERENCES
Copper as a canister matcrial for non-reprocessed nuclear fucl waste. Asscss-
ment from viewpoint of corrosion. (In Swedish.) KBS TR 90, KBS, Stockholm

1978.
Corrosion resistance of a copper canister for spent nuclear fucl. KBS TR 83

24, SKBF Stockholm 1983.

Nielsen. P-O. and Videm, K., Evaluation of the feasibility of carrying out a
probabilistic assessment of the lifc of the copper canister. SKI TR 88:7, Stock-
holm 1988. (Translation of Scandpower Report 2.34.12-2, 1984.)

f2.1.9 | Backﬁll eﬂ'ectson Cu corrosion

Lumping
Screening PROCESS SYSTEM

DESCRIPTION

Backfill and buffer materials might influence the rate of copper corrosion in the
following ways:

- initial content cf oxidants, e.g. trapped oxygen, sulphidcs, sulphatc. the trans-
port of corrodants to the canister surface is limitcd by diffusion in the backfill
and the transport resistance betwecn the backfill and the flowing groundwater,

- the clay buffer influence localized corrosion, on the micro scale (pitting), and
on the macro scale (in case of buffer failurc).

CAUSES

Unfavorable conditions might result from inferior quality control and unex-
pected buffer failure.

EFFECTS

Poor backfill characteristics might shorten the expcected ¢anister life-time con-
siderably. This is not thought to be a scrious problem, however, scc 2.1.8.
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£2.1.10  Microbes’

Lumping
Screening PROCESS SYSTEM

PROCESS

Microorganisms exist in geologic environments. There are scveral different
types. Anacerobic bacteria are the most likely species in deep groundwaters, e.g.
methanogenic bacteria and sulphate reducers.

Microbial activity is likely both in the near- and far-field of a high-level waste
repository but the biomass is constrained by nutrient availability. In the near-

field the presence of microbes can not be excludec but the nutrical availability

will generally be very low as compaied to the biosphere.

Bacteria have been found in undisturbed deep groundwaters but again this is
a heterotrophic environment with general unfavourable conditions for extensive
microbial growth. The activity in the far-field is likely to depend on the supply of
nutricnts from the surrounding waters and host rock.

EFFECTS

Possiblc adverse consequences of microbial activities are production of cor-
rosive agents and gases. Either the microbes themsclves or substances produced
by the microbes car be imagined to take up radionuclides by sorption or complex
formation. These aggregates may act as mobile species of radionuclides which
would otherwise have a low solubility or a strong tendency to sorb on the mineral
surfaces. Bacteria driven geochemical reactions can also at least in principle
cause generation of colloids e.g. ironhydroxide particles by oxidation of iroa.
Bacteria in a heterotrophic environment have themsclf a tendency to live sorbed
on minceral surfaces. This may in fact add to the uptake of radionuclides on
mineral surfaces but it also introduces an uncertainty vis-a-vis laboratory sorp-
tion measurements and the fact that dead bacteria or decomposition products of
them may become released to the water phase.

In the near-field corrosive agents might be produced that could influence the
corrosion rate of the canister and eventually also radionuclide migratior. Resi-
dent microorganisms in the far-field could potentially act as colloids thus en-
hancing nuclide transport.
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£22  Creeping of copper .

Lumping
Screening PROCESS SYSTEM

PROCESS
Movements in and deformation of the canister material.

CAUSES

If voids inside or outside of the canisters are present and internal or external
pressure respectively is formed, the ductile copper material will creep into these
voids. If tension stresses are formed at the outside of the copper material during
manufacturing these stresses might be reliefed by creeping of the material.

 EFFECTS

The canister barrier effect might be impaired. Coppers ductility for creep are yet
not known to full extent but can be limited to deformations to a few percent.
Espccially the welding zonc is sensitive for crecp since this small arca is subject
to hcavy heat changes during manufacturing of the canister.

Lumping
Screening PROCESS SYSTEM

PROCESS

Very high temperatures 1n a brittle material could causc stresses thiat could lead
to cracks. The probability for such temperatures are judged to be negligible and
copper is not a brittle material.

Cycling variances of temperatures could lead to fatigue in the material. The
frequency in the tempcerature changes must then be rather high. Temperature
changes with a high frequency are very unlikely in a repository environment.




Lumping
Screening OUT(ADM)

Electrochemical cracking is covered by corrosion (2.1.1). Thus 2.3.3 may te
screened out on the administrative (duplicate) criterion.

Lumping 2.5.1
Screening KEPY

PROCESS

Stress corrosion refers to cracking of the copper material under stress.

CAUSLS

In an aggressive environment and with tension stresses on the material corrosion
might occur. The groundwater have to have a nitrogen concentration above 1
mmolar or 50-60 ppm before any corrosion reaction will occur. The probability
for such an environment will be very iow.

EFFECTS
Increased leakage of radionuclides.

SCREENING

Stress corrosion cracking could be lumped to random canister defects (2.5.1).
One could view 2.3.3 being a special case of 2.3.3.




Lumping 2.5.1
Screening KEPT

PROCESS

Copper material looses some of its ductility for plastic and/or creepirg deforma-
tions.

CAUSES

Loss of ductility may take place due to:
~ Impurities in the copper material.

~ Bad manufacturing methods.

EFFECTS
The matcrial becomes morc sensible for creep andor plastic deformations.

‘2.3.5 Radiation efTects on canister

Lumping 2.5.1
Screening KEPT

PROCESS
Radiation may lead to brittlencss of the copper matcrial.

CAUSES

A ncutron flux will causc brittleness of the copper matcrial. Since the neutron
flux will be very low in the repository any severe brittleness will be very unlikely.

EFFECTS
May lead to canister failure (2.5.1) if combined with other effccts.
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: 23.6 Cracking along welds -
Lumping 2.5.1
Screening KEPT
PROCESS

Cracking along the weld at the canister lid.

CAUSES
Bad manufacturing methods could lead to “cold cracks™.

Late cracks:

Creep
Stress Corrosion Cracking
Loss of ductility

EFFECTS _
Cracking implies a canister faslure which may lead to le~kagc »f radionuclides.

2.3.7.1 lfxtérhél .st.ress

Lumping 4.2.1
Screening KEPT

External stress, caused e.g. by rock displacements. may lcai to plastic deforma-
tions and creep in the canisier and subsequent leakage of , .dionuclides.

Lumping
Screening OUT(CONS)

The hydrostatic load (5 MPa) on the canister must be a negligiblc stress com-
pared to the swelling pressure of the buffer. The hydrostatic load could be
screcned out on low consequence on the canister integrity.

The canister is dimensioned for a hydrostatic load of S MPa and a swelling
pressure of the buffer of 10 MPa (see KBS TR 83-20).

REFERENCE
KBS TR 83-20.




2.}.8 ) ln‘ternal p

Lumping
Screening PROCESS SYSTEM

PROCESS

After about 1 million years the He production in the spent fuel will have caused
a higher internal pressurc than the surrounding hydrostatic pressure and the
swelling pressure {rom the bentonite. Design differences for {ucl types as well as
different burn-up history will, due to diffcrent internal pressure build up. causc
a time spectrum for canister brecak down.

." 24 | des m the Jead tilling

Lun, zing 2.5.1
Screening KEPT

PROCLESS

If voids occurs in the lilling material in the canister this might lead w creep
phcnom-na in the surrounding copper matcrial. Depending on the volume of
the void this could lcad to weak paits in the canister wall and thereby carhier
brecakdown of the canister than otherwise expecied.

:2.5.1  Random canister defects — quality control

Lumping
Screening KEPT

One or a few damaged canisters cannot be outruled despiic carclul quality con-
trol. There are a number of reasons why a canister may f4il. FEPs influencing
canister failures are lumped t0 2.5.1.




Common cause canister detects — quality control

Lumping 2.5.1
Screening KEPT

Very unlikely but an important what-if situation (sccnario). Common causc
should be lumped to 2.5.1 (random delects) as common causc is a special casc of
2.5.1. Evaluating the conscquencs of 2.5.2 knowing the consequence oi 2.5.1 is
probably straight forward.

e T NI T P T L R S T s

“3.1.1 Degradation of the bentenite by chemical reactions’

Lumping
Screening PROCESS SYSTEM

PROCLSS

The degradation could be causcd either by material deficiencics. c.g. poor
quality control, or by unexpected chemical composition of the ground water.
EFFECTS

The result of the bentonite chemical degradation could be twofold: firstly reduc-
tion of swelling capabilitics and thus increased hrdrological conductivity,
secondly “cementation”, reduction of plasticity and conscquently a risk for chan-
nelling cffects.

REFERENCES

Much information is available in the KBS-3 work on the [caturces of bentonite,
and also of the probabilities fur chemical degradation.

SCREENING

Should be included in the PROCESS SYSTEM.




£3.1.2 Satv: ation of sorption sites

Lumping
Screening PROCESS SYSTEM

There is an upper limit of the sorption capacity of a buffer materizl which may
be described in terms of the cation exchange capacity (CEC) of the clay mineral
component. (The clay mineral also Las a minor anion exchange capacity which
however is neglected here.) Most of the important nuclides will sorb on the

clay also for other reascns than ion-exchange mechanisms. It is probably the
large specific surface of the clay that is of importarze.

The risk that the amount of nuclides released from an eventually damaged
canister exceeds the sorption capacity of a buffer may easily be avoided, pro-
vided that the nuclide content and CEC are known. It should also be roted that
in the KBS-3 study no credit was taken from sorption in the buffcr.

3.13 Effects of bentonite on groundwater chemistry

Lumping
Screening PROCESS SYSTEM

PROCLSS

The inu-exchange properties of the bentonite and impuritics such as sulphidcs.
sulphates, organic compounds, carbonates and Fe(Il). will influence the chemi-
ral composition of the groundwater. This will in turn have an impact on the ag-
grassivity of the groundwater on the corrosion of the canister.

Tne ion-exchange capability may also aifect the transport of radionuclides
back through the bentonite to some extent.

This heading refers to the impact on ground water chemistry, which should b
included in the base case description of the buffer maicrial.

The ion exchange properties may also be benclicial and have a positive impact
in cases, when the groundwater chemistry deviates from the standard composi-
tion.

SCREENING

The chemical properties of the bentonite should be included in the PROCESS
SYSTEM.
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= source.

Lumping !
Screening PROCESS SYSTEM

PROCESS

This heading refers to the possibility that the bentonite contains. or produces,
particles small enough to follow the water in colloidal form, especially in case of
non-filled cavities.

EFFECTS

The colloidal particles would bring with them radionuclides due to ion-exchange
and other sorbing mechanisms. As long as the nuclides stick to the particles they
would not be subject to sorption on the fracture surface along the groundwater
flow path. )

REFERENCES

The KBS-3 and later knowledge of bentonitc properties should form the basis to
set figures on probability and extent of colloid generation from the bentonite.

SCREENING

The existence of colloid particles should be included in the PROCESS SYS-
TEM.

A e L R R, | B e S R

Lumping
Screening PROCESS SYSTEM

PROCESS

Coagulation or flocculation is the process by which dispersed clay particles begin
to stick together in suspensions. The flocculation may take placc due to the ad-
dition of a few percent of salt to the clay suspension. The flocculation gives risc
to aggregates of clay particles. Large aggregates are influenced by gravity forces
and will settle to a bottom sediment.

CAUSES

Flocculatijon is only expected to take place in a dilute clay-water system (e.g. gel,
solution, or suspension). Flocculation is mainly favoured by high ion concentra-
tions and by high cation valencics.

92




CONSEQUENCE

Although flocculation may change the properties of a bentonite-water system,
the bullering capacity in the originally dense be1tonitc is expected to be
damaged mainly by the dilution of the system and not by the subsequent floc-
culation. In fact, in order to avoid that the bentonite particles are dispersed from
the buffer into the fractures, it is necessary that the bentonite in the buffer has
a sufficient capacity for coagulation (the concentration of coagulating ions ex-
ceed the CCC (Critical Coagulation Concentration)).

RIS, 2
ey |
nite:

Sedimentation of bent

Lumping
Screening PROCESS SYSTEM

PROCLESS

Sedimentation is the process where large particles (on a molecular scale) in a
suspension settles due to the gravity forces and form a sediment. After the
sedimentation the suspension consists of the sediment and a clear, particle-free
supernaiant liquid.

CAUSES

Sedimentation in bentonite/water svstems only occurs when the water content is
so high that the properties of the system arc similar to those of a liquid. 1(
scdimentation occurs in the bentonite bulfer it presupposcs considerable dilu-
tion, caused by e.g. washing out of bentonite particlces.

EFFECTS

In the vicinity of a canister, the effccts of sedimentation may be considered as
negligible in comparison to the processes which dilute the bufter. 1t should
however be pointed out that sedimentation of water transported bufler matcrial
may play a significant rol: in the sealing of rock fissurcs.

53.1.7 Reactions with ceme
Lumping
Screening PROCESS SYSTEM

PROCESS

The ccment pore water composition is determined by reactions with the solid
phases. The flowing groundwater will deplete the pore water of initially dis-
solved sodium and potassium hydroxides. Then the Ca(OH). cement component
is dissolved and the pH-value riscs to 12.4. When all calcium hydroxide is dis-
solved. then the aluminia silicate components are depleted from cement. The
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pH drops at the same time but is still above 10. When all silicate is dissolved. the
pore water will be equal to the groundwater.

EFFECTS

Sec especially 3.1.1,3.1.8,3.2.1,3.2.2,and 3.2.3.

REFERENCE

1 Lunden & K Andersson: Modeling of the mixing of cement pore water and
groundwater using the PHREEQE code. (1988).

1318  Near field buffer chemi

...... et

Lumping
Screening OUT (ADM)

Ncar ficld bufier chemistry is a heading and does not describe specilic processes
or cvents. This FEP is screened out on the administratise criterion.

3.19  Radiolysis -
Lumping ?
Screening OUT(ADM)

Radiolysis is covered in 1.2.1. This FEP is scrcened out on the adrainistrative
criterion.

:3.1.i0  Interactions with corrosion products and waste

Luuping
Screening PROCESS SYSTEM

PROCLSS

The heading refers to the ion-exchange and other interactions between cor-
rosion products and wastc and the bentonite matcrial. These phenomena must
be treated together with the interaction with groundwater, 3.1.3.




EFFECTS

The effects of interaction could be degradation of the bentonitc maicrial.
The probability of waste concentration in the benionite to an cxtent that this
degradation be of importance, is probably low.

SCREENING
The interactions should be modelled in the PROCESS SYSTEM.

:3.1.11 edox front
Lumping
Screening PROCESS SYSTEM

The redox front could refer to three different possible redox fronts:

1) The change of water chemistry when oxidizing surface water enters the far
ficld and at the redox front changes to reducing conditions.

2) The transient after closing the storage. when the nearficld resumes the natu-
ral reducing conditions.

3) The possibic establishment of oxidizing conditions. duc to radiolysis in the clo-
s¢ vicinity of the fucl. and the change to oxidizing conditions further out in
the nearfield.

The cifect of the first point (natural phenomenon) should be well known and
. taken into account in basc case scenario. Alternative scenario could be caused
e.g. by human induced change of surface watcr chemistry.

The second point should have negligible i.npact, as the transient will have
ccascd long before the canister failure.

The third point should be taken into account as a basc case assumption, the
extent of radiolysis being realistic and watched as the governing parameter.

The redox front is related to the following FEPs (6.3, 2.1.8, 1.2.1 and 4.1.1».

13112 Perturbed buffer material chemistry

&

Lumping
Screening OUT (ADM)

This FEP is covered by 3.1.1 “Degradaiion of the bentonite by chemical reac-
tions”. Thus 3.1.12 may be screened out on the administrative criterion.

95




23 1.13  Radiation effects on bentonite
iik;;:; R T B o 2 i e
Lumping
Screening PROCESS SYSTEM

PROCESS

The bentonite could be influenced by the radiation from dissolved fuel passing
or depositing in the bentonite clay.

SCREENING
Should be included in the PROCESS SYSTEM.

Lumping
Screening PROCESS SYSTEM

PROCESS

The swelling of the buffer and back(ill matcrial is a basic property, represented
in the nearfield model. Most of possible. and probable, sweiling into cracks and
surrounding tunnels will reduce the groundwatcr flow 10 the storage area, and
thus, in this aspect, represent a conservatism in the model, as long as it is nct
taken credit for. However, the contact between the rock and the bentonite is
usually assumed to be perfect which dramatically restricts the transport from the
bentonite into the flowing groundwater. This restriction will be decreased . the
bentonite does not fill all crazks intersecting the depositicn holc.

EFFECTS

The negative aspect would include swelling into surrounding cavitics to such an
extent that the planned high density is not maintained, and thus not the planned.,
low hydraulic conductivity.

_SCREENING

The swelling should be included in the PROCESS SYSTEM, using conservative
assumptions concerning its impact on adjacent crack systems. The extreme
swelling into cavities resulting in lack of bentonite pressure is handled under the
heading poor quality control of backlill.




{3212 Uneven swelling of bentonite

Lumping 32.11
Screening KEPT

PROCESS

Ur:ven swelling probably represents a transient state, thz time scalc which
should be experimentaily verified and included in the PROCESS SYSTEM.
Deficiencies in matcrial structure, cementing etc. could cause steady state im-

perfections.

EFFECTS

This could cause preferential pathways or even fiow instead of diffusion. The
probability is judged low, provided quality control is good.

SCREENING
This should be KEPT on the list of scenario events. The FEP is a subsct of 3.2.11
Back(ill maicrial deficicncics.

322 Mo\'erment of canister in bul*er/backfili

Lumping 32.11
Screening KEPT

PROCESS

This phenomenon is well knoewn and calculations can be madc on the extent of
this type of movement. It is of no importance for basc case caiculation.

An accelcrated movement could reduce the effect of the bentonite barrier.
This would again probably be a consequcnce of matenal deficicncies or poor
quality control.

EFFECTS

Canister movement in the buffer/backfill could bring the canister faster in con-
tact or closer to the bedrock, thus reducing the eff=ct of the buffer/backfili

material.

SCREENING
Should be KEPT on the list as a subset of "Backfill material deficiencics' 3.2.11.
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' 3%3 Mec‘lamcal fallure of buﬂ’er/backﬁll

Lumping 4.2.1
Screening KEPT

PROCESS

Mechanical failure of the buffer material here refers to disturbances of the buf-
fer due to rock movements-in fractures intersecting the canister deposition holes
or intersecting the repository tunnels.

SCREENING

The causcs for rock movemerts along fracures are covered in 4.2.1, Mcchanical
failure of the repository. Thus 3.2.3 may be lumped to0 4.2.1.

3.24 | Erosio.n of bufTer/backfill

Lumping
Screening PROCESS SYSTEM

PROCLSS
Sclid material in buffer or backfill is carricd away by flowing groundwater. This

process should be distinguished from chemical dissolution. which of course can
occur simultaneously.

CAUSLS

Releasc of particulates in the “normal” situation is very unlikely indeed. For nor-
mal groundwater compositions this may only occur for very high flowrates.

Flowratc criteria might be availablc. High flowrates may be caused by cvents
such as carthquakes, glaciations etc. most of which arc of a transicnt nature. The
effect of temperature may be important.

Another cause for rclcasc of solid clay particles secms 10 be connected to
change in water chemistry that gives abnormaily low salt content (ionic
strength); distilled water gives suspensions of bentonite. Critzria for ground-
water can be developed.

Preceding or simultaneous chemical alteration of the clay might of course in-
fluence the situation.

EFFECTS

The barn.2r in question might be |mpa|red Redistribution of matcrial ia frac-
tures. The eroding clay acts as 2n “engincercd™ source of colloids.

REFERENCES
Le Bel. KBS TR 97.
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Lumping
Screening PROCESS SYSTEM

PROCESS

The main thermai effects on bentonite may be associated with heat-induced con-
version of montmorillonite to either beidellite or illite. The type of clay mineral
formed depends on the K* concentration. A low K* concentration leads to the
formation of beidellite. while a high K* concentration yiclds non-expanding il-
lite.

Beidellite exhibits similar expansion properties as montmorillonite ard docs
not collapse permanently with other cations than K* in the interlamcilar spaces.

The thermodynamics of montmorillonite in polyelectrolyte solutions indicates
that differcnt cations arc taken up in inter-lamcllar positions at diffcrent
degrecs of water saturation. K* is preferred to Na* in very dense smectite clay
whilc the oppositc is valid for “soft” conditions.

Hydrothermal cffccts may also to some extent be associated with changes in
the microstructural arrangement of clay particle and ccmentation caused by
precipitation of silica and other componcnts. Release of substantial amounts of
silica has been documented for temperatures exceeding 150 C. Precipitation of
amorphous silica has been observed on cooling after hydrothermal testing of Na
montmoritlonite. _
EFFECTS  AF
Thermal effects influence the hydraulic conductivity. rheology. and swelling
capacity of the buffcr matcrial.

REFERENCES
R Pusch & O Karnlund: Hydrothermal efiects on montmorillonite. A prelimi-
nary study. SKB TR 88-15 (1988).

32.6  Diffusion — surface ciffusion

Lumping
Screening PROCESS SYSTEM

PROCESS

Diffusion as a fundamental transport process will certainly not require any com-
ments. On the other hand, the underlying mechanisms must be understood in
order that the beneficial and/or detrimental effects of diffusion processes can be
judged. One of these proposcd mechanisms is “surface diflusion™ in clay
matcrials, which seems to incrcasc rate of transport for some radionuclides (Cs.
Sr) through compacted clay layers. It is also anticipated to occur in connection
with matrix diffusion.




CAUSES

The mechanism for the hitherto obseived cases of “surface diffusion” is not yet
fully understood. However, it seems unlikely that the observed phenomenon ac-
tually involves movement of ions or molecules that are really sorbed upon
mineral surfaces. A more plausible explanation seems to be that cations which
can take part in an ion exchange process are not “surbed” at any speci.ic sites at
the mineral surface - they occupy the charged layer in the vicinity of the surfacc
and are thus still highly mobile. The ion mobility in this layer is in fact lower than
in ordinary water due to its higher viscosity. Also, the state of surface (or inter-
layer) water depends on the clay density, e.g. as described by the water sorption
isotherm (which directly gives the swelling pressure). In order to more fully un-
derstand this mechanism the interpretation of diffusion data must also take into
account the dependence of observed (“apparent™) distribution coeflicienton e.g
ionic strength, the state of surface watcr and free water porosity. A multiphase
model might be developed and tested.

EFFECTS

Surface diffusion gives rise to higher rates of diifusional mass transport than ex-
pected for cations that take part ir. ion exchange at mineral surluces. The effect
of this might possibly be accounted for by a judicious choice of transport
parancters (diffusivities). However, in order to perform 2 logical analysis of the
behaviour of certain barricrs development e.g. during chemical and physical
degradation i! is necessary to use a modcl that more in dctail describes all aspects
of diffusion - including “surface diffusion™. For bounding calculations the avail-
able information might well be sufficicnt.

| a7 Swelling of corrdsion products

Lumping
Screening PROCESS SYSTEM

PROCESS

Corrosion products have a higher molar volume. even in the most densce state.
than the corroded metal. All nccessary data are casily availabic in literature.

CAUSES
This behaviour is an unescapable consequence of the fact that metals corrode.

EFFECTS

The detrimental effect 7. inis swelling is that any surrounding material is com-
pressed (clay buffers). )i can also be the cause of cracking (cf corrosion of rein-
forcement bars in concrete) of such materials. In the present case it may also
lead to mechanical stresses in the corroding metal canister that in turn might
cause an even faster degradation. This effect is aiready accounted for in the per-
formance assessment since the role of a canister as a barrier ends as soon as it
has been breached by pitting corrosion.

The compression of surrounding buffer can easily be calcuiated. Most probab-
ly. in the case of a copper canister this effect is very minor. However, the chemi-
cal effecis of corrosion products should also be discussed.
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The swelling could aiso have pasitive effects as the void space and the
transport of radionuclides may be decreased.

1328 Prefe

Lumping 2.5.1 323 325 32.11
Screening KEPT

Transport through the near-field region may take place in possible continuous
passages through the buller (see 3.2.9). in possible spaces between buffer and
rock, or in spaces between buffer and canister.

The seconi case is covered by the discussion in e.g. subsection 3.2.1.1. The
third case is considered to be negligible in a bentonite buffer with high swelling

capacity.

3.29 Flow through bulfer/backfill

Lumping 32.8
Screening KEPT

Flow through buffer/backfill is highly dependent on the ability of the buf-
fer/backfill 10 resist piping and subscquent erosion of ground water. Piping is
morc likely to occur in a sand.bentonite mixture than in a pure bentonite. In the
former matcrial piping may take placc duc to unproper grading of the sand or in-
homogcneous mixing.

:32.10  Soret effect

Lumping 32.6
Screening PROCESS SYSTEM

PROCESS

The Soret effect is a diffusion process caused by a thermal gradient. In liquids
having both light and heavy molecules (or ions). the heavier molecules tend to
concentrate in the cold region.

EVIDENCE
There is little or no experimentally obtained information about Soret effects in
bentonite/water systems.
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EFFECT

Soret effects may to some di:gree influence tiie ion concertrations in the water
phase. Its importance is probably negligible but should be analyzed like other
off-diagonal Onsager effects (e.g. 2.1.2).

REFERENCES
John H. Perry: Chemical Engineers Handbook. (1963)

Backfill m

23 B O ot

PROCESS

This FEP concerns materiai propertics that deviates from the design values. It is
a heading [or possible uncven swelling unexpected movement of canisters in the
bufferback{ill or the establishment of prefcrential pathways in the buflerback-
fill material.

EFFECTS
[t could causc substantial reduction of the bufier function and ultimately chanee

the modec of water transgicrt through the buffer from diffusion to a flow regime.
SCREENING
Shculd be KEPT on the list for composition of scenarios.

Lumping 32.8
Screening

CAUSES

Potcential sources for gas generation are Giscussed in 1.2.4.

EFFECTS

Thc gas transport may influence the stability of the buffer and the transport of
radionuclides.
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Lumping
Screening PROCESS SYSTEM

-PROCESS

This is evidently a special case of redox conditions in general. It might be limited
in space and time (eg when considering redox fronts), or it might apply to all of
the migration path through the geosphere. The latter of these two possibilities
should be covered in a separate scenario (design basis). Since the redox froni
concept is treated in a special FEP it is not necessary to lump this FEP.

CAUSES
The following FEPs may cause oxidizing conditions: (4.2.1,4.2.3,4.2.5, 5.2, 5.33,
5.34, 5.36, 5.37, 5.39, 5.41.

Cxidizing conditions all along the pathway from a breached canister 1o the
biospherc is a highly unlikely feature {or a properly scaled repository in Swedish
bedrock. Siill this possibility can not be excluded. Layers of ferric iron minerals
have becn found at great depths (ca 400 m) but it is not certain

that this is due to oxidizing conditions. Such perturbations of the othcrwisc
very reducing geological environment might occur in conncction with rock
movements, fracturing and extreme channcling. leading to transicnts in high
groundwater flow velocities. Drilling activities and other kinds of human in-
trusion in the accessible environment might be other causcs.

Another possibility would be if extreme channclling occurs past an carly
breached canister and then past several others downstream. It ~ould casily be
checked whether the oxidant production frora one canister is suflicient to cause
penctration of others. Taken together the effect of such a “chain reaction™ might
also be reason for “oxidizing conditions™ - or at least a strong clongation of the
“redox front”. (This situation should be treated under the FEP redox tront.)

EFFECTS

Oxidizing conditions affect the following FEPs: (2.1.8, 4.1.4, 5.44, 6.3 and 6.6).

Most probably occurrences of oxidizing conditions wili only be of short dura-
tion. Duc to the presence of ferri  iron many radionuclides in fuct migh be more
retarded in an oxidized rock than in a reduced onc. Howcver, the source term
for migration is greater by orders of magnitude {or those radionuclides which in
the normal case are precipitated at the redox front (notable examples ar= Tt and
Np). This fast, coupled with the possible simultaneous occurrence of high flow
rates, s reason enough to study this case more carefully. The probable short
durati_ns of these transients lead to the assumption that they might bave only
negligible effect on the integrated collective dose.

Another effect of oxidizing conditions is thc increased ratc of copper cor-
rosion, although most oxygen should be ccnsumed by ferrous iron and sulphur in
reducing valency states and tlie copper in the canister itself. Even if the water
surrounding the canister had an oxygen cont=nt equal to surface water (10 mg/1)
there would not be more than 10 mg/canister of oxygen with a groundwater flow
of 1 l/canister/year.
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‘ 4.1.2“ pH-devia
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Lumping
Screening PROCESS SYSTEM

PROCESS

First one must decide the meaning of this FEP. It is perfectly clear that the pH
value might vary considerably due to “natural” reasons within a repository and
the gcosphere. In Swedish bedrock the outer limits of this variation is set by the
buffering action of minerals and dissolved carbonztes, e.g. about pH 6.5 - 10.5.
The “natural” variation within these limits must of course be accounted for in
any performance assessment. Thus, in this sense pH-deviations belong to the
base case. Perturbances of the surface water chemistry might shift the general
acidity level towards these limits, however. Even so, the limits will most probab-
ly not be exceeded. The eftect of such perturbances can be treated in design
basis scenario.

CAUSES

The following FEPs are rclated to causes for pH-deviations (5.27. 5.32. 6.8. 7.7,
7.11).

The only really crediblz impact of this kind would be intrusion of highly acidic
surface waters (pH 4 ~ 4.5) into the bedrock. Possible causes arc not exactly the
same as for cxidizing conditions, i.e. in the latter case we alrcady know that the
rock has sufficient poising ability to reduce the atmospheric oxygen.

It is not certain that the bedrock has a similar buflcring capacity for acid
waters but the groundwater always expericnce a continuous supply of acids from
the surface water (carbon dioxide originating from dcgradation of organic
materials as well as humic and fulvic acids). Thus it appcars that the bulfering
capacity of the rock is very large (the rock contains several percent of calcite and
in addition also the feldspar rcacts with acids).

FFFECTS

The following FEPs are related to effects of pH-deviations (1.2.4, 1.2.6, 1.2.8,
1.2.9,1.5.3.1.12, 5.44, 5.45, 5.46, 5.3).

An acidic recharge may increasc the weathering in the upper lavers of the
geosphere. In turn this influences ground water chemistry in gencral - not only
the acidity. Increase in colloid formation might also be a resuit. Sooner or later
the perturbation might spread to the repository level and follow the migration
pathways towards the decharge zone. Subsequently most chemical processes of
any importance might be affected, although the consequences would be highly
variable. Examples are: buffer/backfill chemistry, redox reactions, solubilities
and sorption equilibria.
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4.1 .3 . Colloid_sv,' complexing agenb

Lumping
Screening OUT(ADM)

This FEP is split into two new oncs 5.45 (Colloids and transport) and 4.1.9
(Complexing agents). 4.1.3 is screencd out in the administrative criterion.

Sorption ..
Lumping
Screening PROCESS SYSTEM

PROCLESS

Sorption is the collective term for adsorption of particles (molccules, ions. col-
loids) on outer or inner surfaces of solids. The forces responsible for sorption
range from “physical” interactions (v d Waals’ forces) to the formation of
“chemical” bonds. Sorption retards the transient diffusion of radionuclides
through buffer and backfill and the advective transport in the ncarby rock and
the far ficld. The effect is well established and included in the migration models.
Sorption is element specific and depends botk on radionuclide speciation
(valency state, hydrolysis. complexation) and the solid phasc composition and
surfacc characteristics. At truc thermodynamical equilibrium these two scts of
conditions are linked together.

MODELLING

In most transport calculations sorption is accounted for by the simplistic method
of letting the retardation be determined by constant distribution coefiicicnts
(Kd). This approach is sufficient only when truly conservative Kds are chosen.
More’ elaborate and thermodynamically convincing models for sorption arc
available (surface complexation etc), but the amount of useful data is as vet very
scarce. It should also be recognized that along a transport trajectory the chemi-
cal conditions might change significantly on a scale less than onc mm. Other is-
sues of importance for a proper modelling of sorption are the possibility of in-
clusion of radionuclides in fracture minerals, and the release of trapped (or
sorbed) nuclides in connection with mineral dissolution. Phenomenologi:ally it
is difficult to distinguish between matrix diftusion on the microscale. surfacc
sorption kinetics and weathering effects on mineral surfaces.




Matrix diffusion

L5

Lumping
Screening PROCESS SYSTEM

PROCESS

Matrix diffusion is the process by which nuclides in the water flowing in the rock
fissures migrates into the porous rock by diffusion. It is governed by the charac-
teristics of fracture fillings and the rock mass (porosity and mincralogy).

EVIDENCE

There is considerable experimental evidence on matrix diffusion both from the
laboratory and the field. For example KBS-3 or Abclin et. al. (1987) provide
both models and references to experiments. However, the degrec of matrix dil-
fusion, i.e. the available transport length in the rock matrix, for any ficld situa-
tion is not yet known.

EFFECTS

Matrix diffusion is a very efficient retarding mechanism. especially for strongly
sorbed radionuclides. It requires a special model, but itis not very diflicult to ac-
count for. Conceptually, limited matrix diffusion is a more rcalistic altcrnative to
sorption on fracture surfaces. In principle. matrix diffusion should be trcated
likewise both in the far field and the in rock closc to the wastc canisters.
However, in the near field individual fractures may be considered. whereas for
the far ficld a continuum model is probably sufficient.

REFERENCES

KBS-3, 1983.
Abclin et.al, Stripa TR 87-21, p 68. SKB, Stockholm 1987.

4.1.6 Reconcehtraﬁén

Lumping
Screening PROCESS SYSTEM

PROCESS

The cnly interpretation of this process is the accumulation by precipitation or
sorption of radionuclides withir. a rather confined volume along the path to the
biosphere. Subsequent release by changed chemistry might then give a kind of
pulse discharge to the environment. Such accumulation is a standard case in bio-
sphere modeiling (for sediments and biological accumulation). In the gcosphere
a similar situation is not very probable, however. Reconcentration might occur
at the redox front, but this is treated under other headings. It is not very
probable that any nuclide along its migration path (from the redox front)
through the geosphere will encounter such conditions that precipitation can




take pléce. On the other hand, drastic changes in flow directions and/or ground-
water chemistry might give an significant release of originally strongly sorbed
tadionuclides.

Lumping
Screening PROCESS SYSTEM

PROCESS

This FEP should be interpreted as the influence on all chemical equilibria (and
reaction kinetics, for that matter) by changes in temperature.

CAUSES

Thermochemical changes may take place duc te a temperature increase
gencraicd by the decay heat of spent fuel in the early times (up to about 10 000
y). A lowering of tempcrature will occur in conncction with permafrost and
glaciations.

EFFECTS

Temperature influences all chemical reactions of importance: weathering. ben-
tonite degradation, solubilitics, sorption ctc. The carly temperature gradient
might cause increascd weathering of silicatec minerals and a subscquent
precipitation of silica (colloid formation?) downstrecam the repository. On the
other hand. precipitation of calcite within the ncar {icld will take place under
these conditions. : '

Lumping
Screening PROCESS SYSTEM

DESCRIPTION

The presence of construction, backfill and other man-made materials will cause
changes of the geochemistry in the nearfield. Another source of such changes is
the formation of radiolysis products. In fact, thc extension of these changes
defines the nearfield in the chemical sense.

CAUSES

Thesc changes are an uncscapablc consequence of the presence of “unnatural”
matcrials in the repository.




EFFECTS

Clay materials such as sodium montmorillonite should have a very minor in-
fluence on the groundwater chemistry: the only effect is that they might act as
sinks for cations other than sodium. Concrete will lead 10 weathering and sub-
sequent formation of clay minerals (ref.), which in fact should be an beneficial
effect. Corrosion products might only influence the conditions in the ncar
vicinity of canisters.

MODELLING

The effects mentioned above can easily be calculated by available geochemical
computer codes. Scooping calculations will probably show that the influence on
the macro system is negligible.

REFERENCES

'Emrén, A, Lundén, 1, and Andersson, K., Geochemical Modelling. SKI TR
89:1, Swedish Nuclear Power Inspectorate, Stockholm 1989.

Lumping
Screening PROCESS SYSTEM

PROCESS

The presence of naturally occurring complexing agents is well cstablished even
for decp groundwaters, e.g. those deriving from humic and fulvic acids. Thus,
their cffect on barrier performance should be included in the process system.
However, it should be noted that surface waters has a very much larger content
of humic and fulvic acids than the deep waters, which indicatcs that the transter
from the surface waters to the deep waters is restricted. Synthctic complexanis
due to human negligence and increased levels of humics resulting from geologi-
cal disturbance of recharge pathways should be covered by the sccnario analysis.

CAUSES

The primary causes for complexing agents in a repository are alrcady mentioned
above. The more immediate causes are almost tne same as for "Oxidizing condi-
tions” (4.1.1) with the addition of “Stray materials left” (5.3).

EFFECTS

The effect of humics etc on the macrochemistry is negligible (although the
reverse is certainly not true). The only effects that need to be considcred are
radionuclide solubility and sorption, most probably only for the trivalent state.
(The effect on tetravalent technetium is not well known, however.)

REFERENCES

Andersson, K., Complexation of actinides with phosphate and crganic complex
formers in deep groundwaters. SKI TR 88:10, Swedish Nuclcar Power Inspcc-

torate, Stockho!m 1988.
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:42.1 echanical failure of reposAil.ory :

Lumping 4.2.6
Screeniag KEPT

CAUSLS
One cause is the repository itself.

PROCESS

Mechanical rupture may occur due to sudden changes in stress e.g. earthquakes
etc and due to slow motions (creep) in the rockmass e.g. loading-unloadins; and
plate motions. The result is a fracture or a fault. Lack of QA during excavation
of the vault can also result in an instant rupture of the surrounding rock.mass
(improper rock inforcement).

EFFECYS

A mcchanical rupturc of the repository may alter the rock permeability in the
surrounding rockmass and alter the flow paths and flow distribution close 1o the
repository and create ncw pathways through the repository. Displacements
along flat lying fracturcs through depasition holes could if they exceed 1 em in
length result in a canister failure ( KBS-3).2.3.7 Faults may cause mectanical
damage on the buffer material (3.2.3).

4.2.2.1 | Exca\'alioﬁ/backﬁlling effects on nearby rock

Lumping :
Screening PROCESS SYSTEM

A potentially seriously complicating factor for flow in crystalline rock is that the
rock is deformable. Even small changes in the fracture openings causc large
changes in permeability as the permeability is proportional to the aperture
cubed. The rock deforms according to the rock stress ficld. Changes in the
groundwater flow and changes in the temperaturc field will change the active
stress acting on the rock which in turn will change the groundwater flow. Thus,
the rock deformation, flow and heat transport are coupled processes. Thesc
couplings may be of great importance for the performance of a wastc repository.

The coupled thermo-liydro-mechanical effects may be important in many
scales. For example, the stress changes introduced by excavating the repository
and the canister deposition holes combined with the heat from the waste will af-
fect the permeability close to the repository. Furthermore, itis yet an unresolved
matter if these changes may disturb the stability of the renository or cause morc
regional faulting.

The strong coupling between flow and rock stress/deformation have been ob-
served in many field experiments. Still existing hydromcchanical modcls are basi-
cally research tools expressing quantitative behaviors. A practical problem with
coupled hydro-mechanical modcls is that they are so complex that only very sim-




plified examples can be studied. Furthermore, the underlying constitutive rela-
tions for joint dcformation has not yct been validated.

EVIDENCE

The skinzone development is observed on the tunnel sczle at e.g. Stripa (Gaie,
1982) or SFR 86-07 (also URL). The stress impact on fracture permeability has
been verified in numerous laboratory experiments {¢.¢. Witherspoon and others
at LBL).

EFFECT - MODEL

The skinzone due to excavation needs to be taken into account when ~valuating
flow and transport measurements in and close to the excavated repository. The
stress redistribution occurring after backfilling/resaturation (sce 3.2.1) may af-
fect the flow distribution in the rock and thus have implications on the bencfit of
applying a deposition procedure where potential canister holes with large flow
are avoided. The result of the skinzone (permeability change) may be modelled
with the “standard” flow/and migration models by appropriate changes of the
permcability. However, evaluation of the development of the skinzone. il at all
possible, require specially coupled hydro-mechanical modcels (¢.g. ROCMAS
Noorishad and Tsang. 1987).

Modcling the skinzone development will be very difficult as the (gencrallv un-
known) undisturbed rock stress distribution is needed as input. Alternatively.
rough cstimates based on “ficld cxperience™ may be uscd. Skinzene develop-
ment and hydraulic conductivity redistributions arc basically near-zone
phenomena and need no special attention in the far ficld modelling except for
eventual changes in the source term.

Sec also 4.2.7 Thermo-hydro-mechanical cffects.

REFERENCES

Witherspoon et. al.

Gale 1982

SFR 86-07

Noorishad and Tsang (ROCMAS). LBL.. 1987.

4.2.2.2 Hydrauhc conductmtg change -
Excavauon/backfillmg eﬂ'ecl )
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Lumping
Screening OUT (ADM)

This FEP i« treated in Excavation/ackfilling effects on nearby rock 4.2.2.1.




Lumping
Screening CUT (ADM)

This FEP is treated in Excavation backfilling cffects on ncarby rock 4.2.2.1.

423 Extreme channel ﬂﬁw oi‘ oxnd

Lumping
Screening PROCESS SYSTEM

PROCESS

The water does not flow over the whole fracture plance. This fuct is often noted
by “channcling”. However, within this term vastly dillerent concepts on how
fiow occurs are possible.

Onc concept of channcling is that each fracturc planc consist of open and
closed parts - for this there also is experimertal evidence i.c. Abclin etal
(1987). This concept might only bc viewed as an extension of the discrete frac-
turc approach. at least if the closed part portion is not too large. There is little
knowlcdge on how the fracturc transmissivity is distributed on the fracture
planc. It is clecar that the flow distribution among the different {raciures will
depend very much on the shape of the open parts. To complicate matters further
this shapc depends upon the rock stress field. In fact, much basic rescarch is

necded to determine a proper way to attack this problem. Detailed mapping of

tunncl or shaft walis, the usc of statisticai approach to hydraulic and fracture
data in borcholes and tracer tests are some of the tools available to get improved
knowlcedge of the channcling effect. ‘

Another concept of “chanr.cls™ is “extreme channcling™ where there only are
a few paths where most of the water flows in the rock mass. These paths are
cither caused by real physical conduits “wormholes™ in the rock mass or the com-
bined effect of a poorly percolating fracturc network and the hydraulic bound-
ary conditinns.

The difference between “wormholes™ and a poorly percolating network is that

in the latter case the position and amounts of the important paths may change

totally if the hydraulic boundary conditions are changed, whereas in the former
case the flow is always conlined to the “wormholes™. The situation with a poorly
percolating network would make it extremely difficult to charactcrize the flow
and transport properties of the rock. Experiments performed on onc scalc then
cannot be cxtrapolated to a larger scale. A poorly percolating fracture nctwork
couid for example result it the transmissivity variance is large combined with
large fracture size variance and a relatively low fracture density.

EFFECT - MODEL

Channcling will increasc groundwater velocities but this is not the most impor-
tant effect. More important js that the fracture surface “per volume flowing




water” available for sorption and matrix diffusion decreases. (This effect may
tIso enhance the flow of oxidants to the deposition bole). The specific fracture
surface available for sorption/matrix diffusion is inciuded in the “standard”™
migration models but a well understood treatmient of channeling is still lacking.

In the ncar zone channeling will make the flow over some canister deposition
holes much larger than the average flow (and v.v. much smaller at some holes).
Channeling needs to be considered when evaluating the time distribution tor
canister failure and the when evaluating the source term (i.¢. only a pereentage
of the canister holes will sce the large flows).

REFERENCES
Abelin et.al., Stripa TR 87-21.

Thermal buoyancy *

Lumping
Screening PROCESS SYSTEM

Both the water density and the viscosity depend upon the groundwater tempera-
ture. A temperature ficls will thus influence the flow as it changes the mobility
of the water and as the density changes will create buoyancy forces. In reverse
the groundwater flow affects the temperature [icld as the flowing water will
transport the heat through advection. However. heat is also transported through
conduction in both the water and the solid phasc. In very low permecable media
heat conJuction is the dominant heat transport mechanism. In general, the tem-
perature effects on groundwater flow are relatively well understood. However,
special attention to the problem may be required ir relation to coupicd thermo-
bydro-mechanicai effects (see 4.2.7).

‘The spent nuclear fuel develops a certain amount of residual heat (sce Taran-
i SKB TR 83-22). This heat will initially risc the tempcraturc at the repository
but will later decline as the activity of the spent fuel declines and the heat is
transported away (basically through conduction in the rock matrix). The tem-
perature increase wil] produce an upward driving force for the llow. In calcula-
tions made for KBS-3 (Thunvik and Braestcr SKB TR 80-19) it was concludued
that this {Tow was important up to the first 10000 years. A miore thorough inves-
tigation of the temperature effects may still be motivated.

REFERENCES
KBS-3.

Thunvik R and C Braester, Hydrothermal conditions zround a radioactive wastc
repository, SKB TR 80-19, 1980,

Tarandi T, Calculated temperature field in and around a repository for spent
nuclear fuel, SKB TR 83-22.
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PROCESS

Many of the FEPs listed in the scenario database affect (or may change) the
groundwater flow. The flow may be aitered

— locally around the repository due to changes in the barriers or the nearby rock,
--in the far field due to changes in the rock,
— globally changes due to changes in the groundwater recharge.

LOCAL CHANGES

The following FEPs are examples of processes that may cause groundwatcr flow
changes in the ncarby rock:

311 Degradation of the bentonite

3.15 Coagulation of bentonite

3.2.1.1 Swelling of bentonite into tunncls and cracks
3222 Uneven swelling of bentonite

3.23 Mechanical [ailure of buffer/backfill

3.24 £rosion of tuffer/backfill

327 Swelling of corrosion products

3.29 Flov through the buffer backfill

422 Thermo-hydro-mechanical effects

CHANGES OF PROPERTIES IN THE FAR-FIELD ROCK

The following FEPs arc examplcs of FEPs that may changc the {low properties
of the far-icld rock:

4.2.6 Faulting

4.21 Mechanical rupture of repository

423 Extreme channel flow

424 Thermal buoyancy

4238 Enhanced rock fracturing (Human induced actions)
52 Non-sealed repository

58 Poorly constructed repository

59 Unsealed bore-holes and/or shafts

5.27 Human induced actions on groundwater recharge
530 Underground test of nuclear devices
5.34 Geothermal energy production

5.36 Reuse of boreholes

5.38  Sabotage

5.41 Water producing well

5.14 Resaturation

5.1 Degradation of holc and shaft seals
5.21 Future boreholes and undetected past
5.15 Earthquake

S.16 Uplift

5.17 Permafrost
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5.42 Glaciation

5.26 Surface sedi nent erosion

5.25 Stress changes on conductivity
6.13 Geothermally induced llow

GLOBAL CHANGES IN THE GROUNDWATER RECHARGE

The following FEPs are examples of what could causc global changes in tiic
groundwater recharge: -

5.42 Glaciation
5.31 Change in sea-level
532 Desert and unsaturation

In addition, earth tide can bc observed in some aquiiers, as a periodic small
variation of the head with time. The deformation of the earth's crust with tke
tide is very smail, but measurable. L fractured rocks earth tides can lead fo small
modifications of the fracture aperture, or perhaps to smail periodic changes of
the pressure in the medium. It is not clear wether or not these displacements are
reversible; therefore, even if each cycle leads to a negligible displacemert. it
must be shown that the very large number of cycles ( twicc a day ) does not
change the picture significantly, and that carth tides can be neglected.

In principle, the boundaries of the flow domain considered for a groundwater
Mow calculation should be placed where the flow over these boundaries is
known. [n practice, this cannot be accomplished. Prescribing the grounawater
tablc at the top surface is an indirect means of calculating the groundwatcer re-
charge which depends on e.g. the precipitation, soil moisture, vegetation cover,
topography of the top surface and the permeability of the upper layers (Bear,
1979). The relation between the recharge and these quantities is complicated.
but most of the local differences in recharge probably only results in flow at rela-
tively shallow depth. In order to estimate the groundwater supply to decper for-
mations the method of prescribing a water table probably is defendable as the
controlling factor there will be the effective hydraulic conductivity of the rock.
However, it should be remembered that the method of prescribing a water table
is questionable and the sensitivity of the flow at greater depths to the form of tie
prescribed head surface should be evaluated.

The external boundaries of a flow domain should be placed ai a “safe™ dis-
tance from the repository but contributions from regional tlow may make this
“safe” distance much longer than was assumed in KBS-3. In groundwater flow
the influence distances are relaicd to conductivity. If the region of interest inter-
sects with (a) major horizontal feature(s) of high permeability these feat.

EFFECT

Groundwater flow models exist but there remain unsolved conceptual modcl
problems. The groundwater flow affects the stability of the engineered barricrs
and the transport of eventually released nuciides. Present modeling can account
for impact of groundwater flow. However, the cause for the change of the
groundwater flow may affect other mechanisms of importance for transport and

stability of the barriers.




426  Faulting

Luinping
Screening KEPT

PROCESS

Faulting may occur due to sudden changes in the stress situation c.g. carth-
quakes ctc and duc to slow motions (crecp) in the rockmass ¢.g. orogenic events,
loading- unloading of an ice load. and plate motions. The result is a fracturc or if
movement occurs along the fracturce a fault.

EFFECT

Faulting may alter the rock permeability in the rockmass and alter or short-cir-
cuit the flow paths and flow distribution close to the repository and crecate new
pathways through the repository. New or regenerated faults may enhance the
groundwater flow and the stability of the barriers and the transport of eventual-
ly released radionuclides. (sce also 4.2.5, 4.2.1.) New faults may, if they pass the
deposition holes, cause mecnanical damage on backfill (3 2.3) or canister (2.3.7,
4.21).

It has also been shown that fractures duc 1o the iceloads may be affected not
always by displacements along the fracture but through a variation of the open-
ing of the fracture (Noorishad). The result in that case would be @ moditication
of the permeability distribution in the affected rock mass.

-4.2.7 Thermo-hydro-mechanical effects

Lumping
Screening PROCESS SYSTEM

A potentialiy seriously complicating {acter for flow in crystalline rock is thiit the
rock is deformable. Even small changes in the fracture openings causce large
changes in permeability as the permeability is proportional to the aperturc
cubed. The rock deforms according to the rock stress field. Changes in the
groundwater flow and changes in the temperature field will change the active
stress acting on the rock which in turn will change the groundwater flow. Thus,
the rock deformation, flow and heat transport are coupled processes. These
couplings may be of great importance for the performance of a waste repository.

The coupled thermo-hydro-mechanical effects may be important in many
scales. For example, the stress changes introduced by excavating the repository
and the canister deposition holes combined with the heat from the waste will af-
fect the permeability close to the repository. Furthermorc, it is yet an unrcsolved
matter if these changes may disturb the stability of the repository or cause more
regional faulting. ’

The strong coupling between flow and rock stress/deformation have been ob-
served in many field experiments. Still existing hydromechanical models arc basi-
cally research tools expressing quantitative behaviors. A practical problem with




&)

R
TIPS N S G

BT

Ly

S
gt A

-

450 T,
- Jor iy

s, Gy
£ ALt

ol
Akt

coupled hydromechanical models is that they are so complex that only very sim-
plificd examplcs can be studied. Furtherm. ore, the underlying constitutive rela-
tions for joint dcformat’on has not yet been validated.

The validation exercises currently underway are related to block experiments
with block sizes in the order of a few meters. Larger scale experiments arc
planned but the validation of the large scale effects are still in its infancy.

Sec also excavation backfilling effects on nearby rock (4.2.2.1) and ther-

mochemical effects (4.1.7).

REFERENCES
Noorishad and Tsang (ROCMAS) Users guide.

R AT e

Enhanced rock fracturing

428
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Enhanced rock fracturing may be caused by excavation of rcpository through
blasting and stress redistribution. (sce also skinzonc effects and loading effects

of ice).

EFFECT
In the near zone the groundwater flow may increase(4.2.5.5.18). This is also valid
for the surface arca open 1o soiption/matrix diffusion (4.).4.4.1.5).

429 Creepihg of rock meass

Lumping
Screening PROCESS SYSTEM

Creeping of rock mass may occur in connection: with excavation duc 1o stress
changes. These changes create on unstable situation in the rock mass close to the
repository. However, this effect is probably of minor importance.

The ongoing plate motion induces creep in the rock to a certain extent. This
creates rock stresses that are released through continuous or discontinuous
movements (by sudden stress releases e.g earthquakes). The latter may be the
enu cffect of creep. Creeping of fock mass is a continuously ongoing process.
Creer should only ve related 10 already formed discontinuitics.

EFFECT
Change of groundwaier flow through fractures. If channclling exists slow ongo-

ing movements can change position of channeling flow. It may also alfect the
buffer material mechanically (3.2.3, 3.2.4. 3.2.8, 3.2.9) Crecp may lead t0 4.2.1.
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~ Chemicai effects of rock reinforceme 1t :

Lumping 53
Screening KEPT

During excavation the rock around the vault is reinforced. Thurc is onc main
reason for reinforcement, that is to establish a secure environment during
operation phase, which is in the short time perspective (50-200 ycars). In the
lengtime perspective one does not rely on rock inforcement. ‘The question is in-
siead to minimize foreign matcrial which could endanger the function of the bar-
riers (rcckmass, bentonitc etc.). By going through a QA procedure the choice of
material of inforcement is selected.

EFFECT

Lack of QA of material of inforcement could in the long time span lead to an un-
suitable chemical environment which might affect the technical or natural bar-
ricrs. The chemical conscquence of the inforcement material is similar to the
conscquence of left stray materials (5.3). Thus 4.2.10 s lumped to 5.3.

S.1 Saline (or fresh) groundwater iﬁlrusion

Lumping
Screering PROCESS SYSTEM

PROCLSS

Salinc water is oftea present at the repository depths. Change in groundwates
salinity will influence chemical equilibria. and salinitv gradicnts might be of im-
portancc for groundvwater flow.

CAUSES

Saline water can be both of recent marine origin or it might oceur as a result of
releasc of salt from the rock itsell. Intrusion of saline water in significant
amounts is only expected in connection with prolonged glaciations and the sub-
sequent subsidence.

EFFECTS

The importance for geochemistry in crystalline rock and canister corrosion is
usually considered to be negligible. Up to now the presence of salinity gradicnts
at or close to the repository has usually been neglected in flow calculations. This
part of the problem is not a potential scenario but part of a modelling uncertain-
ty/approximation. However, one might consider events when salt (or fresh)
water intrude in the repository area (espccially during the resaturation phasc).

It should also be considered the casc of salinc groundwatcr with a sharp
voundary to fresh groundwater. According to present knowledge (SKB) there is
a only a small groundwater flow over the boundary layer. The intermixing of
fiuids is according to preliminary data not very large.




REFERENCES
Svensson, U., and Hemstrom, B., Modclling of salinc water intrusion.

Lumping
Screening ISOLATED SCENARIO

This belongs to man-made causes but lies in the near (and thus fairly predictablc
future). The probability of a society that cannot afford (or lacks technology) to
close the repository in 2050 is by some not judged to be so small.

A non-closed repository could be screened out on the “non planncd options”
criterion. If to be included, which we recommend, it requires a specially designed
scenario. It will shortcut most of the far ficid barriers and possibly also include
thermally driven groundwaler circulation in borcholes and shafts. ‘t'he conse-
quenccs of cuch a scenario may be much reluctant to the detailed design of the
repository.

Open or partially open boreholes and shafts will enhance disruption of the
mechanical barriers, increase the groundwater flow and produce paths from the
repository with practically o so:ption or matrix diffusion.

The evaluation of the scenario should be done not only by comparison to the
closed repository scenarios, but also with the scenario that the tucl is Iclt in in-
termcdiatc storages, which probabilistically is close to this onc. at Ieast for part
of the spent fuel in question.

REFERENCES
KBS-3 p2138.

Lumping
Screening KEPT

PROCESS

During construction and operation there might be possibilitics for leaving un-
wanted material in the vicinity of the radicactive waste. The matcrials can be of
many dilferent kinds and can to some extent affcct many of the important
longterm processes in the repository from canister corrosion to transport
mechanisms of radionuclides.
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$854 Decontamination materials left :
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Lumping 53
Screening KEPT

PROCESS

The same process occurs as in 5.3. Since the decontamination materials are spe-
cially made to release radionuclides and make them transportabic this event is
worse than to leave any other kind of material in the repository.

LA SN

Chemical saBélégé

Lumping $3
Screening KEPT

PROCLSS
Intentional sabotage actions to impair the barrier functions of the repository
may be planned (and planted) during the operation stage. Internal sceurity ac-
tions must be taken to prevent this type of sabotage.

56 Co-storage of other waste

Lumping
Screening OUT (NON PLANNED)

This sccnario should be screencd out based on the “non planncd options™

criterion.
Anyone suggesting co-storage should have to prove the non-ncgative impact

on the source term.

PRIV PN

{5.7 Poorly designed repository |
Luraping
Screening OUT (ADM)

This belongs to the group man-made causes in the near (and fairly predictablc)
future. However, the design should be known in the safcty analysis. the possible
impact of poor design or construction on barrier function represcnted by more




detailed FEPS on the list. Thus this FEP should not necd to be considered and
1s screened out on the ADM cri‘erion.

Lumping
Screeniog OUT (ADM)

PROCESS

A poor execution of (a good design of) a repository may cause enhanced
degradation of the engineered barriers and unwanted alteraticns in the nearby
rock.

SCREENING

This FEP is too gencral to be of any value in scenario development. Ina wav it
includes all aspects of unwanted characteristics of the enginecred system that
are aircady covered by other and more specilic FEPs.

59 Uhsealed boreholes and/or shafts

Lumping
Screening KEPT

PROCESS
This is a variant of 5.2 non-closed repository. even if a non closed repository may
includc more than unsealed boreholes and shafts. Unsealed boreholes and shafts
affect the stability of the technical barricrs, the transport in the ncarby rock and
the transport in the geosphere. '

Just unsealed boreholes should be treatcd separatcly, also as they are con-
nected with the water producing well 5.41 and geothermal encrgy production
5.34.

SCREENING

One of the reasons for not fumping this FEP to 5.2 is that 5.9 necds to be in-
cluded in the DESIGN BASIS, whercas 5.2 may be accepted to lead to higher
source terms. This FEP may be used as a primary FEP for all diffcrent well
problems.
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~Accidents during operation :

Lumping
Screening QOUT(ADM)

This FEP falls out of the scope of this analysis since it only deals with the opera-
tional part of the time scale.

As a comment this problem is discussed in KBS-3 wherc it is stated that “such
mistakes are avoided by the use of a carefully planned and executed quality as-
surance programme. It should be rather simple to execute, since the activities
connected with the actual final disposal procedure are uncomplicated and easy
to oversee.” ‘

The most severe consequence of an accident during the operational phase
would be if the accident leads to an inability 1o close the repository. The
probability for such an event is judged 1o be extremely low.

| 5.11 | Degradalion of hble- and shaft seals

Lumping 5.9 ‘ p
Screening KEPT <

PROCESS

In this context degradation is a physical or chcmical p'roccss leading to reduced
or comp'ctely lost sealing capacity of the buffer material.

CAUSES

Degradation of hole and shaft seals is probably mainly associated with the fol-
lowing FEPs: Coagulation of bentonite (3.1.5). Sedimentation of benionite
(3.1.6). Erosion (3.2.4). and Heat-induced conversion of inontmorillonitc
(3.2.5).

The causes and effects associated with each FEP are discusscd in the above
mentioncd subsections.

EFFECT _
see unsealed boreholes and shafts 5.9.
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£512 o!her ﬁasle

Lumping
Screening OUT (PROB)

PROCESS

If other types of waste s placed in the vicinity of a final repository for HLW this
might affect the chemical composition of the groundwater as well as the
transport mechanisms for radionuclides.

The probability for unintentional siting of repositories for other types of
waste in the absolute vicinity of the HLW repository must for geometrical
reasons de negligible. Intentional siting of such a repository must also have an
extremely low possibility since the adverse effects then would be known. The

“overall judgement is that this FEP could be neglected.

513 Volcanism

Lumping
Screening OUT (PROB)

Is primary cause for 6.11 Intruding dykcs. which could be lumped into Volcanism
5.13. However, probability of volcanism is very low. 6.11 (and 5.13) may he
screcned out on low probability (C1) in the time frame of interest to consider.

SCREENING

Screen out.

.5.14
Lumping
Screening PROCESS SYSTEM

During the resaturation (and sealing) of the repository (low directions are dif-
ferent and the hydraulic conductivity is different (sec 4.2.2.1 and also duc to par-
tially saturated fractures). Furthermore, {or especiaily) the groundwater
chemistry is very different (oxidizing conditions etc.). The special problems (but
also simplifications) associated with the resaturation phasc should bc noted.
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's15 Earthquakes

L 'mping 4.2.6
Screening KEPT

PROCESS

Earthquakes occur in Swedcn. They are usuelly small. magnitude 0-4, but there
are historic examples with earthquakes up to magnitude 6 ( 1904 Oslo graben).
There are also indications of even larger earthquakes occurring in connection
with the last iccage due to an uneven distribution of the overburden ( ice load).
Magnitudes up to 8 and even 9 has been mentioned, but this is under dispute.

Earthquakes in Sweden are gencrally generated by the build np of stresses in
the rockmass, which are suddenly released. The mechanism behind this
phenomena might be the ongcing plate movements (5.19) with a ridge pusiv.or
due to the ongoing land uplift (creep ) after the last glaciation (5.16) or a com-
bination of both. The stress is released by a movement along a prezxisting fault
or by a new fracturc.

EFFECT

In the general casc carthquakes do not create any substantial damage especially
if it is an underground opening. There are examples of large carthquikes which
had catastrophic impact on buildings on the surface but which weren't lelt espe-
ciaily much in mincs at depth (Japan.South America). This can be explained by
the fact that the ground motions and intcrference waves at the surfice are trans-
mittcd through buildings and amplificd. At repository dcpih the waves
propagatc through the arca without being amplified ard without any damage.
In the case with an earthyuake activated fracture zone passing through the re-
posito.y there ¢nuld be movements along the fracture zonc. This movement
might damage a canister if the QA of canister emplacement is bad or if the
process of earthquake gencration creates an cntirely new zonc hitting one or a
few canisters. The geomectrical distribution of canister positions versus known
fracture zones are important to consider in this casc. (Considered in KBS-3)

{516 Uplift and subsidence -

L R TN 1

Lumping
Screening KEPT

PROCESS

There is a continuous ongoing land uplift in Sweden. The maximum rate of uplift
in northern Sweden is 9 mm per year, in Stockhclm 5 mm and in Scania about 0
mm. Geological studies show that the greatest uplift was shortly after the retrcat -
of the ice and has declir.2d since then. The maximum total cumulative land uplift
since deglaciation is estimated at about 850 m. The remaining future uplift is es-
timated to lie between 20 m and 200 m. The ongoing land uplift is mainly due to
compression of the rockmass under the ice load during the last glaciation. This is




a similar movement that the bedrock has undergone repeatedly in connection
with previous glaciations. There is also proof of several uplifts in the earlicr his-
tory during the formation and denudation of the bascment morc than 650 mil-
lion years ago. In the last case the mechanism has been associated with orogenics
and ongoing crustal movements rather than by glaciation periods.

EFFECT

It is under discussion wether disturbances in the statc of equilibrium of the crust
due to iceloading would affcct the repository at depth. In KBS 3 it was argucd
that it would not affect the repository at 500 m depth, it is only one more repeti-
tion of crustal mcvements that have already taken place belore . There is an on-
going project, Stephansson et al, trying to model the impact of the load of an
iceshect. The results will soon be published. It is believed that most of the move-
ments will take place in the major fracture zones, in which the repository will not
be built.

The work by Noorishad at LBL and also the above mentioned ongoing work
by Stephansson show that minor cracks will also be affccted by such movements,
not necessarily by displacement, but by a variation of their opening. The result
could be a modification of the permeability distribution in the rock mass. Ac-
cording to de Marsily this process should possibly be included in the central
scenario since we have no way of showing that the present distribution of the
fracturc opening is the most probable onc for the future.

SCRLENING

Upliftisa prcséntl)' ongoing process. However, the future development of uplift
(and subsidencce) is very dependent on the future climatic evolution which is un-
certain. Thus it is not practical to include uplift in the PROCESS SYSTEM).

A

517 Permafrost

Lumping
Screening KEPT

PROCESS

There are lot of evidences that Sweden has gone through several cycles of per-
mafrost during the quarternary period (last 2 m.y.} At present, in the Spitzberg
area, the permafrost depth is 450 m, and in Siberia, depths exceeding 1500 m
have been reported. Although these latter examples are possibly permaflrost of
older ages than the last ice age. With todays present knowledge however it is not
possibie to exclude a deep permafrost situation in Sweden. Itis therclore neccs-
sary to consider the potential of permafrost at repository depth as well as on the
surface.

" As a gross generalization it is assumed that the limit of permalrost shows a
strong relationship to the mean annual air temperature isothcrm of -1 to -2
degrees C. The depth of frost penetration is affected by the topography and the
thickness of the snow cover. The gecthermal gradict is in general in Sweden
today in crystalline rock about 3 degrees C per 100 m with somc local variaticns.
This is also a controlling factor, the lower limit to permafrost approaches an




equilibrium depth, at which the temperature increase due to earth beat just off-
sets the amount by which the freezing point exceeds the mean surface tempera-
ture.

EFFECT

Possible potential effects of permafrost are for instance fracturing or opening of
fractures because of water frezzing: compression of backfill and opcning of
voids at melting: increasing water {low in the temperature gradicnt and potcntial
rapid flow paths; accumulation (concentration) of gas and radionuclidues below
the lower surface of the permafrost frozen rockmass giving rise to a pulse of
radionuclides when melting occurs.

518 En.hance.;lﬂ

Lumging
Screening OUT (ADM)

Enhanced groundwater {low is almost identical to 4.2.5 Changes of groundwater
flow. Thus 5.18 is screencd out on the ADM criterion.

5.19 Effect of plate mm;emenls

Lumping
Screening OUT (ADM)

This is an ongoing process which is onc of the causes for 4.2.6. 4.2.8.4.2.9. 5.15.
5.16. The heading as such (plate movements) is 100 gencral to be of any value in
the analysis. Thus 5.19 is screened out on the ADM criterion.

s

kS

Lumping
Screening OUT (CONS)

PROCESS

Even if there would be a change ir. the magnetic field it is hard to find any
process that would impact the structure and function ~f the rcpository barricrs.
The working group has judged this FEP to have extrcauely low consequences for
the repository.
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nd undetected past boreholes

Lumping 5.9
Screening KEPT

This FEP is similar t0 5.9, 5.11, 5.34, 5.36 and 5.41.

2

522 | Accumulation of gases under p
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Lumping 5.17
Screening KEPT

PROCESS

Gascs {rom deeper geological layers might accumulate in the repository during
permalfrost, especially during the early phase when the nearby rock is still kept
at higher temperaturcs.

CAUSLS
Nitrogen and light hydrocarbons, notably methanc, ave known to penctrate from
decp geological formations to the surfacc.

EFFECTS

Gas accumulation will lead to enforced outflow of groundwater from the re-
pository. This will take place at a very slow rate, and the consequence must be
regarded as negligible. The influence of a gas cushion on the {low ficld might he
of some importance, however.

Clathrates are methane hydrates that occur as solics in certain conditions of

temperature and pressure and are also associated with permafrost. They are
found underground e.g. in the Spitzbergen. in sediment arcas with methane
production and in .he seabed at greater depth. Their potential role can be in-
cluded within the general framework of gas production in the repository, its ¢!-
fect on migration, or on 2xrlosion in connection with radiolytic gascs. As a result
of the heating by the waste, existing clathrates could produce methanc.

Note that their presence is extremely difficult to detect since solid samples arc
sublimated when brought to room temperature and pressure. However, crystal-
line rocks are not known 10 contain large amounts of methane. However. for an
intermediate level repository methane generation can be a problem and the
potential formation of clathrates should be considered. This issuc needs to be
carefully considered and documented, but probably not included in tae initial Tist

of scenarios.




k Caanged hydrostatic pressure on canister
Lumping 23.72
Screening

EFFECT
Sec hydrostatic pressure 2.3.7.2.

: Stress changes of conductivity
Lumping OUT(ADM)
Screening

This FEP is treated in EXCAVATION/BACKFILLING EFFECTS ON NEAR-
BY ROCK 4.2.2.1 and in thermo-hydro-mechanical effects 4.2.7. This FEP is
screcncd out on the ADM critcrion.

5.25 Dissolution of fracture fillings/precipitations

Lumping
Screening OUT(ADM)

This FEP is treated in 6.6 Weathering of flow paths.

ion on surface/se

Lumping 5.46
Screening PROCESS SYSTEM

PROCESS

Erosion of surfacc sediments (and crystalline bedrock) is a continuously ongoing
process duc to weathering. Erosion is balanced by deposition of eroded scdi-
ments at other localities. The material is redistributed by e.g. water flow. Duc to
frequent glaciation periods in Swedcen the sediment cover is relatively thin, as
the surface of the rock is eroded to the greatest extent during glaciation
periods.( formation of eskers etc). Calculations (KBS-3) showed that in the nor-
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mally type of flat terrain that characterizes most of Swedcen, the cumulative
erosion of the crystalline basement caused by the glaciers has normally been
limited to a few tens of meters. In a hilly terrain the crosion might be decper.

EFFECT

Affect groundwater recharge/discharge and thus gw flow (i.e affccts relcuse ) and
geosphcere transport. However, the impact on (the distribution) of the ground-
watcr recharge is minor relative to the general uncertainty of the (distribution
of) the groundwaler recharge. The (sure) occurrcrce of sediment crosion
should be considered when estimating the recharge/discharge uncertainty but
may otherwise be screened out.

Groundwater rccharge/discharge should perhaps be entered as a special
phenomenon into which one may lump 5.26 (this phen.). human induced actions
on g.w. recharge {5.27), change in scalevel (5.31), river meandering 6.9...

- 5.27 Human induced actions on groundwater recharge
Lumping
Screening KEPT

PROCLSS

Examples of human induced actions that directly will cause alterations on the
groundwater recharge are changes in agriculture, changes in vegetation, wells
(5.41). dams. polders or cities (7.11). Human action causing climalc changes will
indircctly affect the groundwater recharge.

EVIDENCE
Some chrngas are likely but it is open issuc whether the importini oncs are like-

ly.

EFFECT

The modelling consequence is easily taken care of oncc the amount ol the
change is determined (change g.w. hcad or force flux al seme boundarics.)
Evaluation of the g.w conscquence of the human action may be a diffcrent man-

ner.
See also comment on erosion in surface sediments (5.26).




y U dergrp_x_lﬁd dwellmgs

Lumping §33
Screening KEPT

PROCESS

There is a possibility that future generations might use relatively casy accessiblc
underground facilities as dwellings. The use of a repository site would of c~urse
only come in question if the knowledge of the reposiiory is lost. If a future
generation has the ability to excavate down to repository depth it is also
probable that they have the ability and knowledge to measure and monitor
radioactivity.

Lumping
Screening OUT (PROB)

In Doc UK report DOE/RW/85/036 “Modcling of time dependent effects™ on
page 13 it is stated:

A review of probable mztcorite impact craters in Europe was made and a
total of 17 were found - including probable and possible cccurrences. The
probability of a large scale impact on the British mainland is aisnroximatciy 0.006
per inillion years (based un the ratio between the land of Britain a:"d tae arca of
Europe as a whole). I{ the area in which a me .eorite impact wou'd have io occur
in order to damage a repository is conservatively defined as that of a circie with
a 150 km radius then the probability of such an impact ic. 0.092 per million years.”

SCREENING

Thus the probability anpear to be less than 0.01 per millicn yeu » (screening
cri‘cria 1) and metcorite impact may be screcned out.

530 Underground test of nu_cleawrwde;'.imces

Lumping
Screening OUT (KESP)

This FEP is much connected to 6.7 nuclear war and the intended intrusion
events (55, 5.33, 5.34, 5.35, 5.37). Ii is obvious that an underground test of a
nuclear device close to the repository may seriously disturb both the engincered
and the geological barrier. However, the situation will only occur if the future
generation either




i) knows how to construct nuclear devices but have lost the records (7.9) on the
repository location o1 does not realize the potential radiological risks invol-
ved in testing the bomb at that location.

ii) does not care that the repository may be damaged.

The [irst situation is not very likely, the second situation may be discarded on
the principle formulated in KBS-3 that “each generation must take the respon-
sibility for its own conscious actions”.

REFERENCES
KBS-3 p 21:6.
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5.31 “ Change in“s-'-ealei'él ;

Lumping
Screening KEPT

PROCLSS

In the future the sea level will change both up and down duc to glaciation and
warmer periods (polar ice melting). How much . when and in what direction is
not well known. The terms transgression and regression are directiv coupled to

this phcnomena but they also include the change in thickness and distribution ol

scdiments and changes of facies. (5.26)

I« has been estimated that during the last ice age the sca level of the occans
dropped about 120 m. The exposed seabottom suffered extensive erosion cspe-
cially closc w the ice rim during the inter glacial periods (warmer pcriods) due
to a warm period. Figures mentioned of the amount of scalevel rise varies. 88 m

has bcen mentioned.
Proccesses that may causc sea level changes are (5.16. 5.42, 6.8. 6.10).

EFFECT

Changes in sca level will affect groundwater flow (4.2.5) and possibilitics lor
saline groundwater intrusion ( 5.1 ) and may enhance groundwater {low (5.18).

MODEL
Far field: Change in hydrological boundary conditions.
Near zone: Eventual change in flow.

Biosphere: Change in recipient. This is especially important il the repos‘tory is
situated close to the sea, where it is foreseen major changes in the re cipient
situation.
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Desert and unsaturation

Lumping
Screening OUT (PROB)

CAUSES

(Hum‘an induced) climatic change 6.8. It seems hard to believe that the climaie
will change so drasticaily even within a million year time scale. Perhaps 6.1 may
be screened out on low probability.

EFFECT - MODEL

The well (5.41) becomes more important. The probability of very deep wells is
large.

Unsaturated flow needs special models (which are available but complicated
to use.

If the.rock becomes unsaturated most of thc modzls and assumptions both
regarding the technical barriers 2nd the situation in the far ficld nced to be al-
tercd.

Waste retne\ al mlmng

Lumping
Screening ISOLATED SCENARIO

This phenomenon may be screened out on the KBS-3 principle “cach gencra-
_tion must take responsibility for its own conscious actions™ and “in order to
rediscover the repository from the ground surface, for example by means of
geophysical methods. such a future civilization must have access to advanced
technology. They should then also have the ability to detect and handle the
radioactive materials that are stored in the repository...”

REFERENCES
KBS-3 p 21:6-7.




Lumping 5.9
Screening KEPT

Geothermal production is an inirusion problem similar to the well (5.41), active
pumping will affect flow paths severely. Geothermal energy sources in the “clas-
sical” sense require voicanism (5.13). However, the general geothermal gradient
may be used. This is practiced in a few sites in Sweden today (Sven Jonasson
Chalmers, pers. comm.) and may involve deep boreholes and recirculating llows
(also causing substantial alteration of groundwater chemistry).

Geothermal energy production is lumped to 5.9 “Unscaled bore-holes and
shafts". The motivation for this lumping is that the geothermal energy produc-
tion is one (eventually serious) example of how ihe geosphere barricr may be
short circuited. Unsealed boreholes 2nd shafts is perhaps the most serious ¢x-

ample of a short circuited geospherc.

- 535 | Oiher ful>l'b"e nses of crystalline reck

Lumping
Screening OUT (PROB)

Granitc may certainly be a useful raw material in the future. Bowever, v hv mince
it at the repcsitory depth and location? The (geometrical) probability for this
must be very smali.

Need not to be further considered.

1536 Reuse of boreholes
Lumping 5.9
Screening KEPT

The boreholes (drilled in the preinvestigation cr construction phaser or fo:
postclosure monitoring (5.39)) are probably cheaper and less complicated to

reopen than to drill new holes.
This phenomenon needs perhaps to be considered so that the borcholes are

not placed at unfavorable locations. Special care may be motivated when design-

ing a post-closure monitoring scheme.
The evaluation of the consequence of using the boreholes is similar to evalua-

tion of weils (5.41). All types of short circuited geosperes are lumped to 5.9 “Un-
sealed boreholes and/or shafts™.
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5.37 Archeologlcal mtrusuon

NN

Lumping 533
Screening KEPT

Cannot be outruled especially after loss of rccords (or lost real vnderstanding of
records). Warning messages would probably onlv encourage an ambitious re-
searcher!
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Exploslons )

Lumping
Screening ISOLATED SCENARIO

This FEP concerns cxplosions coupled to sabotage.
This FEP could be treated as an ISOLATED SCENARIO.

539  Postclosnre monitoring

Lumping
Screening 1ISOLATED SCENARIO

Postclosure monitoring schemes must be designed with care. A monitoring well
represent a short path to the biosphere and may alse be uscd for water supply.
Thus this phenomenon puts demands on monitoring schemes but not necessari-
ly on the repository design. The consequence of monitoring wells may be
analyzed as a special case of 5.41 (water producing welis).

Also cables through the buffer/backfill to probes close to the canister nced to
be evaluated.

i nme e PPN S O,

. 5.40 Unsuccessful attempt of slte improwmem
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Lumping
Screening OUT (RESP)

An effost intended [or improving the site and/or the technical barricrs (also post
closur) may in fact worsen the situation. However, it may be justificd to screen
out this FEP based on the principlc that each gencration must be responsible for
ils OWn conscious actions.
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‘541  Water producmgwell

Lumping 5.9
Screening KEPT

A (many) water well(s) mzy be drilled in a fracture zonc in the vicinity of the re-
pository. Water from this wcll may be uscd as drinking water for a small com-
munity, by cattle or used [or irrigation. Such welils are common in crystalline rock
and it is difficult to assume that the location of the repository always will be
remembercd. Drilling wells does not depend on very advanced technology.

CONSEQUENCE

The well will tc some (or a large) extent remove the function of the geological
barrier. Evaluation of the well may be performed with flow ard transport cal-
culations.

The well s lumped to 5.9 “Unscaled bore holes and/or shafts™ as the well rep-
resent a special case of a short circuited (or partially “damaged”) cecosphere.

542 Glaciation

Lumping
Screening KEPT

PROCESS

During the past carth history there ure many evidences for repeated glaciation
periods. Glacial and interglacial periods have followed each other. Numerous
hypotheses have been put forward in order to account for the appcaraace of ice
ages in the geological past. It is however acknowiedged as stated by Bjelm (1989)
that the ultimate cause of the Pleistocene glacial and interglacial cycles are the
Milankovitch orbital forcing parameters. These involve the three cycles of
carth/sun geometry that controls the distribution of solar radiation on carth, the
ult (obliquity) of the earth's axis, the eccentricity of the carth's orbit around the
sun, and the precession of the equinoxes. These arc continunusly angoing
processes.

There are no reasons which exclude that these processes will not happen also
in the future, though human induced effects like the “greenhouse clfect” might
have an impact on the rate and on the starting point of thc next glaciation
period. As a fact there are scientists arguing that we already have left the “true”
inter - glacial conditions behind us and that we have entered the glacial part of
such a cycle. Full glacial conditions may perhaps according to them lie 40 000 -
80 000 years ahead of us or even longer. Today there is a gencral consensus that
within the next one million ycars Sweden will most probably be affected by one

or more new glaciation periods.

CONSEQUENCE
During full glacial conditions in a region like Scandinavia tne weight of the in-
land icc shect (3000 m ice thickness) depresses the carth's surface by scveral
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hundreds of metres, or perhaps even thousand metres. This affects the regional
stress ficld, fracture zones, induces movemecnts along old and perhaps new (rac-
tures. The movements might be associated with seismic events or not. The above
mentioncd processes will also affect the groundwater flow at depth and at the
surfacc. it may also cause extreme groundwater heads at he ice edge. change the
position of the inflow and outflov. areas and cause sea level changes.

;543 Methane intrusion
Lumping 5§22
Screening

The potential sources might be clathrates in combination with permafrost or
decep carth gases in general. This problem is mainly covered in 5.22 (Accumula-
tion of gases under permafrost).

5.4 Solubility and precipitation

Lumping
Screening PROCESS SYSTEM

PROCLESS

These processes should be limited to radionuclides for description of the FEP. In
that casc they relate to the two source terms: spent fucl and the redox [ront.

CAUSLES

It is possible 10 iist a lot of factors that govern solubility. In our casc it can all be
reduccd to thesc two: aqueous phase composition and tempcerature. (Since. in
fact. we are intercsted in the concentration of a radionuclide, sorption should
also be added to the list. This is belicved to be accounted for by appropriatc
-modelling, however.) In turn the composition of thc aqueous phasc is deter-
mined by groundwater chemistry in general, n.b. thc gw chemistry and tempera-
ture that applies to a certain location (e.g. within the buffer or at the redox
front) and time (i.e. the “chemical history™ at that location).




EETQEeeey

545 Colloid generation and transport
Lumping
Screening PROCESS SYSTEM
DESCRIPTION

Colloids are panicles in the size range between 1 and 100 nm. They might sorb
or otherwise include radionuclides ‘n the groundwater system.

CAUSES

Colloids are always present in deep groundwaters; measured concentrations are
generally less than 1 mg/l. They are of both inorganic and organic origin. Possiblc
sources of specific significance for a deep geological repository in crystalline
rock are the presence of gradients in groundwater composition leading to
precipitation (e.g. as a result of changes in redox potential and pH). and erosion
(dispcrsion) of clay mincrals. Under extreme external conditions (c.g. glacia-
tions, faulting) transients in colloid concentration might occur.

EFFECTS

Dcpending on comyposition 2ad physico-chemical characteristics (c.g. size dis-
tribution, surface potential, etc.) colloids are transporied morc or less with the
same velocity as the groundwatcr. Reversible sorption of radionuclides on par-
ticles in the larger size range is of less importance, and this probably also holds
for colloids in the smaillest size range (the formation of such colloids should be
reversible and sorption of them considerable). “Irreversible™ sorption on and
transport with colloids in the intermediate range might be of some importance
for certain radionuclides. Until this problem has been further studied thesce
statcments are to be regarded as speculations, however.

SN N L

546 Qroqqdwaiér recharge/discharge
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Lumping
Screening OUT (ADM)

This is a heading for a primary FEP and is thus screened out on thc ADM
criterion.




Lumping 6.12
Screening KEPT

Fracture zones are part of our conceptual model. It is not clear that possibly un-
detected features are dealt with in the “standard” sensitivity/uncertainty
analysis. Undetected features can be analyzed by using the frequency of fracture
zones from other sites. It is possible to evaluate the probability that there exist
an undetected fracture zone at a given location using the expected frequency of
fracture zones and the observation range of the performed measurements.

Lumping
Screening PROCESS SYSTEM

There may be different sources of gas production. It could be produced by the
waste or by materials left in the repository. Alternatively. earth gases may later
intrude. Perhaps the gases are solved in the groundwater but they may be dis-
sclved as the pressure decreases in the rising groundwater flow. The gases may
be a fast trasport mechanism.

£6.3 | Farﬁeld-h)drochemlstr) ac:ds, ox1dants mtrate
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Lumping
Screening PROCESS SYSTEM

DESCRIPTION
The geochemistry might be changed by inflow of chemicals from the surface.

CAUSES

Extreme events, such as faulting, might lead to inflow of groundwater in the re-
pository with other properties than the “natural” at these depths. Most probab-
ly such events are of comparatively short duration. More serious cases of chemi-
cal intrusion can occur due to human actions (see 7.8).

EFFECTS
See 4.1.1,4.1.2and 4.1.9.




if
Dispersion

Lumping
Screening PROCESS SYSTEM

PROCESS

More or less regardless of the level of detail used in the aescription of the flow
field there will atways remain velocity variations that cannot be described ex-
plicitly in an advection term. The spreading of radionuclides by means of dif-
fusion and these vnresolved velocity variations could generally be denoted by
the term dispersion. Dispersion is especially important in connection with radio-
nuclide transport (KBS-3). Even a small fraction of early arriving nuclides will
carry a considerable amount of radioactivity as the time for radioactive decay has
been very limited for these nuclides.

Obviously, the actual definition of dispersion is directly related to the used
definition of the advecction. In some instances it is possible to relate the disper-
sion to a given statistical structure of the permeability field (see e.g. Gelhar and
Axness, 1983 or Neuman et.al. 1987). However, the great uncertainly with
regard to the spatial structure of crystalline rocks also implies great uncertainty
on the dispersion.

For extreme channcling dispersion cannot be described as a Fickian process
(see e.g. Rasmuson WRR 8, 1247, 1986) not even for one-dimensioral (low. It
has becn suggested (in KBS-3) that channeling could be described with a con-
stant Peclet number implying that the dispersivity will increasc with travel dis-
tance. However, transport with extreme channeling is not at all dispersive, it is
skewed to the fast flow paths. Using a constant Peclet number is correct only for
the first two moments of a breakthrough curve whereas higher urder moments
will differ. Again the portion of nuclides that will arrive in the very fast channels
will carry most of the radioactivity due to their limited time {or radioactive decay.

Dispersion in a two or three dimensional flow ficld of a strongly
heterogeneous spatial structure is even more complicated. In particular Tsang
(1989) notes that it is impossible to make accurate predictions of tracer arrivals
at a given point in space and time. Muliiple point or areal averages are aceded.
However, the actual formulation of appropriate measures of this kind is still a re-
search problem.

SCREENING
Dispersion is a process that needs to be included in the PROCESS SYSTEM.




Lumping
Screening PROCESS SYSTEM

In this context “dilution™ refers to the dilution of radionuclides in the ground-
waler. In e.g. transport modelling there is sometimes a nced to distiaguish be-
tween “dilution” and “dispersion”. However in this work these concepts are
regarded as synonyms (see also 6.4).

Weathering of flow paths !

e

Lumping
Screening PROCESS SYSTEM

PROCESS

Ongoing chemical reactions between groundwater and rock- and fracture min-
erals lead to more or less continuous changes of the solid phases along the flow-
paths from a repository. Thus, not only weathering of rock mincrals take place
but also healing of existing and newly formed fractures. The lattcr process is
thought to take on the order of 10 000 years. Spccial cases of wecathering arc
when silicate minerals dissolve during the first initial stage of temperature in-
creasc in the repository. In principle, rather subtile changes of groundwater
chemistry can dissolve minerals where already radionuclides have been sorbed.
thercby causing some sort of pulse release. The consequences will be small pro-
vided that dissolution is preceded by matrix diffusion.

CAUSES

Natural and human induced perturbations of groundwater chemistry and tem-
perature.

"EFFECTS

Increased groundwater flow and channelling. Release of sorbed radionuclides.




Lumping 52
Screening OUT

You could argue, as did KBS-3, that the consequence of the war is graver than
the damage on the reposiiory but damage on the repository may persist much
longer time than the other consequences of the nuclear war. However, nuclear
war implies unintended actions (bomb explosions) against the repository. In-
tended actions (e.g. sabotage with nuciear device) are more harmfu! and would
create similar (but worse) type of damage.

Effect similar to unclosed repository 5.2 Nuclear war increase probability for

5.2

Lumping §31 532 7.7 78
Screening FXPT

Lump into human induced changes of surface water hydrology (7.7) and altered
surface water chemistry by humans (7.8).

River meandering

Lumping
Screening OUT (CONS)

There are examples in Sweden where major rivers have changed their position
permanently and naturally , e.g. Klarilven. This process is in the more 2xtreme
cases connected to glaciation pericds, but there are examples in historic time
where the position is changed through pure river meandering. In the local scale
it is an nz:ura! process for an old river to meander and change its position. The
effect on the hydrology is local and mainly near surface and may to a certain
degree be predicted (topography). In the future a possible sourca for change of
river flow might be human induced (7.7).

CONSEQUENCE
Meandering is probably of minor importance.
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Lumping 5.42
Screening KEPT

This is a variation of ice age (not a specific feature, event or process on the
merged list). However, no ice age puts special demands on how to treat the bio-
sphere not to be confused with the base case scenario which assumes a steady
biosphere.

Intruding dykes |

TSR SONER RO

Lumping
Screening OUT (PROB)

Could be lumped into Volcanism (5.13). However. probability of volcanism is
very low. 6.11 (and $5.13) may be screcned out on low probability.

SCREENING

Screencd out on low probability.

Undetected discontinuities

612

Lumping
Screening PROCESS SYSTEM

See discussion on undetected fracture zone 6.1.

613

Lumping
Screening PROCESS SYSTEM

There can be natural geothermai flows due for example to variations in thermal
conductivity. Also thermally induced flows can be induced by heat output from
the repository. Simple estimates should be made from these efflects, and com-
pared with the anticipated natural head gradients for the various scenarios. It
may then be possible to eliminate this phenomena using the consequence
criterion.
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At the Kolmirden reeting this phenomenon was screened oul as “the effect is
probably of negligibie impact on repository and site characteristics.

Accumulation in sediments

Lumping
Screening OUT (OTHER)

This is only related to the BIOSPHERE.

72 ‘ Accumula_t‘.i'bnll:hp‘eét .

Lumping
Screening OUT (OTHER)

This is only related to the BIOSPHERE.

Intrusion ation zone in the biosphere
Lumping
Screening OUT (OTHER)

This is only related to the BIOSPHERE.
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Luwnping
Screening OUT (OTHER)

Chemical toxicity of the wastes may be an issue. However, this question falls out-
side the scope of SKI/SKB scenario project.

Lumping
Screening PROCESS SYS™ EM

DESCRIPTION

In an assessment of the behaviour of radionuclides the presence of stable and or
naturally occurring isotopes of the same elements must be takern into account.
For transport paths through the geosphere and biosphere to man. mixing or dilu-
tion of the radioactive species from the waste with species of the same element
from other sources will lead to a reduction of the radiolegica! conscquences. The
following viewpoints mainly concern the processes in the geosphcre.

MODELLING

The presence of several isotopes of the same element arc included in models
that describe e.g. dissolution and precipitation reactions in the nearficld.
However, these effects are not limited to isotopes of the samc element.
Coprecipitation of similar elements is a wellknown phenomenon that might Icad
to significant reduction of the release to the geosphere. Similar ciements of this
king are the trivalent actinides and lanthanides

Another important aspect is the naturally occurring decay series. For example.
Swedish =ranitic bedrocks are often saturated with respect to uranium and
thesium. This means that in calculation of the outflow of radionuclides to the
biosphere there should be no contribution from tkz spent fuel to the dose con-
sequences for these radionuclides above the natural backgrou.nd.
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Human in

Lumping
Screening KEPT

May alter groundwater recharge (e.g. see 6.6 and other related phenomena).

Dams

Polders

Ciuges (7.11)

Irrigation ,

Overusc of surface aquifers

.....

Most of these changes may be covered within a general uncertainty of grounc-
water recharge/discharge.

78 Altered surface water chemistry by humans
Lumping
Screening KEPT

The industry pollution could give rise to considerable change in surface water
chemistry by acidic rain, increased atmosphere carbon dioxide content. complex-
ing agents in the sucface waters etc. The risk of such a scenario will probably be
neglectable, provided the bedrock groundwatcr flow is undisturbed. ie. the
groundwater transport time is long and the bedrock buffering capacity can be
taken credit for. The scenario should however be kept on the bst. although oniy
combined with scenarios, containing groundv-ater fiow to the repository thrcugh
unscalcd boreholes or shalts. This combination could probably be outscrecned
at a later stage.

79 Loss of records

Lumping
Screcning PROCESS SYSTEM

KBS-3 states (p 21:7) "Knowledge of the final repository could conceivably have
been lost at some point in time in the futurc, cither as a result of some
catastrophic event such as a global war of extermiration™ (6.7) “or as a consc-
qucnce of human life being rendered impossible during a given era duc to a new
glaciation™ (5.42) “If the country is thereafter repopulated. it s conceivable that
certain activities might violate the barriers of the final repository™

144




Lumping
Screening OUT (PROB)

TNC 86: Chemical, physical and biological processes (kat .akes place in sedi-
ments or sedimentary rock after formation but before eventual metamorphism
or weathering.
SCREENING

Screened out as there are no sedimentary rocks at the repository.

City on the site

Lumping 7.8 5.46 527
Screening KEPT

A city on the site may change the groundwater recharge/discharge (sec 7.7). A
city will also have a tunneling system which likely can reach depths of 100 m or
morc.

The most probable direct consequence seems to be a lowering of the water
table, i.e. a decrease in recharge. A city might also b situated within. or enclosc.
the recharge area. Lumping to 5.27 in the first place.
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B:2 LIST OF OUTSCREENED FEPs
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Screening OUT (CONS)

1.2.8 Redox potential

Lumping 12.6
Screening OUT(Adm)

1.4 Sudden energy release

\Lumplng
Screening OUT (CUNS)

2.12 Coupled effects (electrophoresis)
Lumping
Screening QUT

§232  Electro-chemical cracking
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Lumpiog
Screening OUT(ADM)
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22.3.7.2 Hydrostatic pressure on canister

Lumping
Screening QUT(CONS)

:318  Near field buffer chemistry
Lumping
Screenlag OUT (ADM)

¥ EN

319 Radiolysis

Lumping
Screening OUT(ADM)

3.1.12  Perturbed buffer material chemistry
Lumping ,3?
Screening OUT (ADM)
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4141 Colloids, complexing agents

Lumping
Screening OUT(ADAD
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:422.2 Hydraulic conductivity change - Excavation/backfilling efTe.t
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Lumping
Screening OUT (ADM)
[4 T sedel b R S ~

4223  Mechanical efTects - Excavation/backlilling efTects
Lumpiog
Screesing OUT (ADMY
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Co-slorage of olher waste

T oy

Lumping
Screening OUT (NON PLANNED)

e emp———

Poorly designed reposllor)

N XA A G

Lumping
Screening OUT (ADM)

B R

Poorly construcled reposuon'

Lumping
Screening OUT (ADN)

Accidents during operation

Lumping
Screening OUT(ADM)

Near storage of olher wasle

- e -

Lumping
Screening OUT (PROB)

Volcanism

N am———— -

Lumping
Screening OUT (PROB)
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Enhanced groundualer ﬂw

Lumping
Screening OUT (ADM)
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519 - Effect of pla(e movements

N

Lumplog

Screening OUT (ADM)

gszo | Changés of 'lhe magn;ﬁc ﬁeld

Lumping
Screening QUT (CONS)

525 ”"’ssoluhon of fraclure ﬁllmgs/preclpualmns

Lumping
Screening OUT(ADM)

5.29 Meleorlle
Lumping
Screening OUT (PROB)

530 Underground tes( ofnuclear devices
Lumping
Screening OUT (RESP)
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Lumpiag
Screening OUT (PROB)

§S.35 " Other future uses of crystallme rock

Lumping
Screening OUT (PROB)
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Screening QUT (CONS)

1611 Intruding dykes

ﬁ Lumping
Screening OUT (PROB)

6.14 Tectonic activity - large scale

Lumping
Screening OUT (CONS)

Accumulation in sediments

Lumpiag
Screening QUT (OTHER)

72 Accumulation in peat

Luymping
Screening OUT (OTHER)
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Intrusion into accum
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Lumpiog
Screening OUT (OTHER)

”(”:'hemical toxmty

Lumping
Screening OUT (OTHER)

Lumping
Screening OUT (PROB)




Appendix
B:3 FEPs IN THE PROCESS SYSTEM

‘112 Radioactive decay; heat'

Lumping
Screening PROCESS SYSTEM

3 Recoil of alpha-decay

Lumping 12.6
Screening PROCESS SYSTEM

114 Gas generation: He ﬁroduction

Lumping 2.3.8
Screening PROCESS SYSTEM

‘12.1  Radiolysis’

Lumping
Screening PROCESS SYSTEM

;113 »

Lumping 1.5
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM




;gT.Z.S 1, Cs-migrali(_m to fuel surface _f

Lumping
Screening PROCESS SYSTEM

1.26 | Solubility within fuel matrix”;i

b G ioos ]

Lumping
Screening PROCESS SYSTEM

1127

Lumping
Screening PROCESS SYSTEM

. 1.2.9 Dissoluticn chemistry

Lumping 1.5
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM

Esx.s Release of radlonuchdesfromth f lluredcamsler :

Lumping
Screening PROCESS SYSTEM

2.11 | Chemical reactions (copper co

Lumping
Screening PROCESS SYSTEM
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72.1.3 orrosion due to waste '
Lumping
Screening PROCESS SYSTEM

Luraping
Screening PROCESS SYSTEM

A

- Ro]e of chlorldes in copper corrosnon

Lumping-
Screening FROCESS SYSTEM

:2.1.6.1 Reposnlory lnduced Pb/Cu electrochemical reactions

Lumping
Screening PROCESS SYSTEM
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6. Natura- ..!-mc e'ectrochemlcal reacuons

Lumping
Screening PROCESS SYSTEM

217 Pitting|

Lumping
Screening PROCESS SYSTEM

Corrosive agents, Sulphides, oxygen etc

Lumping
Screening PROCESS SYSTEM
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__ Backfill ffects on Cu corrosion:

Lumping
Screening PRCCESS SYSTEM

Microbes

Lumping
Screvaing PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM

I R A RN 1

Lumping
Sc.eening PROCESS SYSTEM

Lumping
Secreening PROCESS SYSTEM

3,12 Saturation of sorption sites “

Lumping
Screening PROCESS SYSTEM

all Degr::dation of the bentonite ny chemical reactions
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Colloid generat

Effects of bentonite on groundwater chemistry

Lumping
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM

nite

Lumping
Screening PROCESS SYSTEM

Sedimentation of bentonite

Lumping
Screening PROCESS SVSTEM

Reactions with cement pore water

Lumping
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM
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Screening PROCESS SYSTEM
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(3211

Radlat:on eﬂ'ecls on benlomle

Lumping
Screening PROCLSS SYSTEM

Swelling of bentomte mto tunnels and cracks

S e

Lumping
Screening PROCESS SYSTEM

- Erosmn of bul'l'er/backﬂll

Lumping
Screening PFROCESS SYSTEM

‘ Th rmal eﬂ'ects on the buller material

Lumping
Screening PROCESS SYLTEM

e

Dlﬂ'usmn - surface dlﬂ'usmn

Lumping
Screeaing PROCESS SYSTEM
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§32 7 Swellmg of corrosion producls
Lumping
Screening PROCESS SYSTEM
?31 10 Soret effcct!
3 L SRR RER A RO s

Lumping 3.2.6
Screening PROCESS SYSTEM
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Oxidizing conditions:

L TR

Lumping
Screening PROCESS SYSTEM

pH-deviations

Lumping
Screening PRCCESS SYSTEM

415

Lumping

Lumping
Screening PROCESS SYSTEM

Reconcentration

Lumping
Screening PROCESS SYSTEM

M M S

Lumping
Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM
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“omplexing agents'

Lumping .
Screening PROCESS SYSTEM

Excavation/backfilling effects on nea

N,

Lumping
Screening PROCESS SYSTEM

Extreme channel flow of oﬁd

an

14.2.4

The

Changes of groundwater flow

Lumping
Screening PROCESS SYSTEM
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rmal buoyancy -

Lumping
Screening PROCESS SYSTEM
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Screening PROCESS SYSTEM

Lumping
Screening PROCESS SYSTEM

Enhanced rock fracturiné

Lumping
Screening PROCESS SYSTEM
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Creeping f rock mass

Lumping
Screeniog PROCESS SYSTEM

Saline (or fresh) groundwater intrusion

Lumping
Screeaing PROCESS SYSTEM

R e T

Resaturation

Lumping
Screening PROCESS SYSTEM

Erosion on surface/sediments

Lumping 5.46
Screeaiog PROCESS SYSTEM

Solubilily and preéipilalion

Lumping
Screening PROCESS SYSTEM

ORI

Colloid generation and transport
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Screening PROCESS SYSTEM

NG,
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Gas transport

R X

Lumping
Screening PROCESS SYSTEM
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6.5

6.6

6.12

16.13

1.8

o eme b e

Far_ field hydrochenistry - acids, oxidants, nitrate

Lumping
Screenlag PROCESS SYSTEM
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Dispersion
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Screeniog PROCESS SYSTEM

" ot

Dilution

Lumping
Screening PROCESS SYSTEM

Weathering of flow paths

Lumping
Screening PROCESS SYSTEM

Undetected discontinuities

Lumping
Scceening PROCESS SYSTEM

© e e n

Geothermally induced flow
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Lumping
Screening PROCESS SYSTEM

Isotopic dilution ’
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Appendix
B:4 LIST OF FEPs LUMPED YO FEPs OUTSIDERS

R 00 T

:2.8.1 Random camsler defecls quahty conlrol
Lumping
Screening KEPT
Lumping from
233 Stress corrosion cracking
234 Loss of ductility
23.5 Radiation effects on canister
236 Cracking along welds
24 Voids in the lead filling
2.5.2 Common cause canister defects - quality control
328 Preferential pathways in the buffer/buckfill

323 Mechanical failure of buffer/backfill
Lumping 42.1
Screening KEPT

Lumping frem
3.28 Prefcrential pathways in the buffer/backfill

328 Prefcrenlial pathways in the bufTer/backfill

Lumping 2.5.1 323 325 32.11
Screeniag KEPT

Lumping from
3.29 Flow through buffer/backfill
3212 Gas transport in bentonite

g e
E3.2.]l Backfill malerla! deficlencles

WD PIIRCRL N F. . o L BT N

Lumping

Screening KEPT

Lumping from

3212 Uneven swelling of bentonite

322 - Movement of canister in buffer/backlill
328 Preferential pathways in the buffer/backfill
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Lumping 42.6
Screening KEPT

Lumping from
23.7.1 External stress
323 Mechanical failure of buffcr/backfill

F aulting§

Lumping
Screening KEPT

Lumping from
42.1 Mechanical failure of repository
Sas Earthquakes

Lumping
Screening ISOLATED SCENARIO

%

Lumping from
6.7 Nuclear war

Lumping from

42.10 Chemical effects of rock reinforcecment
54 Decontamination materials left

55 Chemical sabotage

59

Lumping

Screening KEPT

Lumping from

S.11 Degradation of hole- and shaft seals

5.21 Future boreholes and undetected past borcholes
5.34 Geothermal energy production

5.36 Reuse of boreholes

541 Water producing well
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Permafrost

R R RO

Lumping
Screening KEPT

Lumping from
5.22 ~ Accumulation of gases under permafrost

5.22 | Accumulatipn of_ gases under perm'anl;r‘;'s.t“

Lumplog 5.17
Screening KEPT

Lumping from
543 Methane intrusion

n groundwater recharge

5.27 Human induced actions o
Lumping
Screening KEPT

Lumping from
7.11 City on the site

R

5.31 Ch ge inﬂ_se_a._.lfe.\_"el

Lumping
Screening KEPT

Lumping from
68 Human induced climate change

Waste retrieval, mining .

Lumping
Screening ISOLATED SCENARIO

Lumping from
5.28 Underground dwellings
537 Archeological in‘rusion
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Glaciation

Lumping from
6.10 Noice age

%7.7 Human induced changes in surface h)drolog)

Lumping
Screening KEPT

Lumping from
6.8 Human induced climate change

umans

Lumping
Screening KEPT
Lumping from
6.8 Human induced climate change
7.01 City on the site
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List of SKB reports

Annual Reports

1977-78
TR121

KBS Technical Reports 1 - 120,
Summaries. S:ockholm, May 1979.

1979
TR 79-28

The KBS Annual Report 1979.
KBS Technical Reports 79-01 - 79-27.
Summaries. Stockhoim, March 1980.

1980
TR 80-26

The KBS Annual Report 1980.
KBS Technical Reports 80-01 - 80-25.
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TR 89-01

Near-distance seismological monitoring of
the Lansjarv neotectonic fault region

Part if: 1988

Rutger Wahlstrom, Sven-Olof Linder,

Conny Holmgqvist, Hans-Edy Martensson
Seismological Department, Uppsala University,
Uppsala

January 1989

TR 89-02
Description of background data in SKB
database GEOTAB

Ebbe Eriksson, Stefan Sehistedt
SGAB, Luled
February 1989

TR 89-03
Characterization of the morphology,
basement rock and tectonics in Sweden

Kennert Roshoff
August 1988

TR 89-04

SKB WP-Cave Project

Radionuclide release from the near-field in
a8 WP-Cave repository

Maria Lindgren, Kristina Skagius

Kemakta Consultants Co, Stockhoim

April 1989

TR 89-05

SKB WP-Cave Project

Transport of escaping radionuclides from
the WP-Cave repository to the biosphere

Luis Mcreno, Sue Arve, lvars Neretnieks
Royal Institute of Technology, Stockholm
April 1989 .




TR 89-06

SKB WP-Cave Project.

Individual radiation doses from nuclides
contained in a WP-Cave repository for
spent fuel

Sture Nord!inder, Ulla Bergstrom

Studsvik Nuclear, Studsvik

April 1989

TR 8907
SKB WP-Cave Project
Some Notes on Technical Issues

Part 1: Temperature distribution in WP-Cave: when
shafts are filled with sand/water mixtures
Stefan Bjérkiund, Lennart Josefson
Division of Solid Mechanics, Chalmers Uni-
versity of Technology, Gothenburg, Sweden

Part 2: Gas and water transport from WP-Cave
rapository Luis Moreno, lvars Neretnieks
Department of Chemical Engineering, Royal
Institute of Technology, Stockholm, Sweden

Part 3: Transport of escaping nuclides from the
WP-Cave repository to the biosphere.
Influence of the hydraulic cage
Luis Moreno, Ivars Neretnieks
Department of Chemical Sngineering, Royal
Institute of Technology, Stockholm, Sweden

August 1989 .

TR 89-08

SKB WP-Cave Project

Thermally incuded convective mation in
groundwater in the near field nf the
WP-Cave after filling and closure
Polydynamics Limited, Zdrich

April 1989

TR 89-09

An evaluation of tracer tests performed

at Studsvik _

Luis Moreno!, Ilvars Neretnieks!, Ove Landstrom2

1 The Royal institute of Technology, Department of
Chemical Engineering, Stockholm

2 Studsvik Nuclear, Nykdping

March 1989

TR 89-10

Copper produced from powder by HIP to
encapsulate'nuclear fuel elements

Lars B Ekbom, Sven Bogegard

Swedish National Defence Research Establishment
Materials department, Stockholm

February 1989

TR 89-11

Prediction of hydrau'ic conductivity and
conductive fracture frequency by muiti-
variate analysis of rata from the Klipperas
study site

Jan-Erik Andersson?, cennart Lindgvist?

1 Swedish Geologica: Co, Uppsala

2 EMX-systewn AB, Luled

February 1988

TR 89-12

Hydraulic interference tests and tracer tests
within the Briindan area, Finnsjon study site
The Fracture Zone Project - Phase 3

Jan-Erik Andersson, Lennart Ekman, Erik Gustafsson,
Rune Nordgqvist, Sven Tirén

Swedish Geological Co, Division of Engineering
Geology

June 1588

IR 89-13

Spent fuel

Dissolution and oxidation

An evaluation of literature data

Bernd Grambow
Hanh-Meitner-Institut, Berlin
March 1989

TR 89-14
The SKB spent fuel corrosion program
Status report 1988

Lars O Werme!, Roy S Forsyth?
1 SKB, Stockholm

2 Studsvik AB, Nykdping

May 1989

TR 89-15

Comparison between radar data and
geophysical, geological and hydrological
borehole parameters by multivariate
analysis of data

Serje Caristen, Lennart Lindqvist, Olte Olsson
Swedizh Geologicai Company, Uppsala

Merch 1989

TR 89-16

Swedish Hard Rock Laboratory -
Evaluation of 1988 year pre-investigations
and description of the target area, the
island of Aspd

Gunnar Gustafsson, Roy Stanfors, Peter Wikberg
June 1989




TR 89-17

Field instrumentation for hydrofracturing
stress measurements

Documentation of the 1000 m hydro-
fracturing unit at Luled University of
Technology

Bjarni Bjarnason, Arne Torikka
August 1989

TR89-18

Radar investigations at the Saltsjétunnel -
predicitions and validation

Olle Oisson! and Kai Palmqvist?

' Abem AB, Uppsala, Sweden

2 Bergab, Goteborg

June 1989

TR 89-19
Characterization of fracture zone 2,
Finnsj6n study-site
Editors: K. Ahlbom, J.A.T. Smellie, Swedish
Geological Co, Uppsala
Part 1: Overview of the fracture zone project at
Finnsion, Sweden
_ K. Ahlbom and J.AT. Smellie. Swedish
Geological Company, Uppsala, Sweden.
Part 2: Geological setting and deformation history of
a low argle fracture zone at Finnsj6n,
Sweden
Sven A. Tirén. Swedish Geological Com-
pany, Uppsala, Sweden.
Part 3: Hydraulic testing and modelling of a low-
angle fracture zone at Finnsjon, Sweden
J-E. Andersson', L. Ekman', R. Nordgvist!
and A. \Mnberg?
1 Swedish Geological Company, Uppsala,
Sweden
2 Swedish Geological Company, Goteborg,
Sweden
Part 4: Groundwater flow conditions in a low angle
fracture zone at Finnsjén, Sweden
E. Gustafsson and P. Andersson. Swedish
Geological Company, Uppsala, Sweden
Part 5: Hydrochemical investigations at: ans;on
Sweden
J.AT. Smellie’ and P wlkbergz
! Swedish Geological Company, Uppsala
Sweden
2 Swedish Nuclear Fuet and Waste Manage-
ment Company, Stockholm, Sweden
Part 6: Effects of gas-ift pumping on hydraulic bore-
hole conditions at Finnsjon, Sweden
J-E- Andersson, P. Andersson and E. Gus-
tafsson. Swedish Geological Company. Upp-
sala, Sweden
August 1989

TR 89-20
WP-Cave - Assessment of feasibility,
safety and development pctential

Swedish Nuciear Fuei and Waste Management
Company, Stockholm, Sweden
September 1989

TR 89-21

Rock quality designation of the hydraulic
properties in the near field of a final repo-
sitory for spent nuclear fuel

Hans Carlsson', Leif Carisson', Roland Pusch?

! Swedish Geological Co, SGAB, Gothenburg,
Sweden

2 Clay Technology /\B Lund, Sweden

June 1989

TR 89-22
Diffusion of Am, Pu, U, Np, Cs, | and Tc in
compacted sand-bentonite mixture

Department of Nuclear Chemistry, Chalmers Univer-
sity of Technology, Gothenburg, Sweden
August 1989

TR 89-23

Deep ground water microbiology in
Swedish granitic rock and it's relevance
for radionuclide migration from a
Swedish high level nuclear waste repo-
sitory

Karsten Pedersen

University of Goteborg, Department of Marine
microbiology. Gothenburg, Sweden

March 1989

TR 89-24

Some notes on diffusion of radionuclides
through compacted clays

Trygve E Eriksen

Royal Institute of Technology, Department of
Nuclear Chemnstry. Stockholm Sweden

Va;May 1989

TR 89-25
Radionuclide sorption on crushed and

“intact granitic rock

Voiume and surface effects

Trygve E Eriksen, Birgitta Locklund

Royal Institute of Technology, Department ot
Nuctaar Chemistry, Stockholm, Sweden
May 1989




TR 89-26

Performance and safety analysis of
WP-Cave concept

Kristina Skagius', Christer Svemar?

! Kemakta Konsult AB

2 Swedish Nuclear Fuel and Waste Management Co
August 1989

TR-89-27
Post-excavation analysis of a revised
hydraulic model of the Room 209 fracture,
URL, Manitoba, Canada
A part of the joint AECL/SKB characte-
. rization of the 240 m level at the URL,
Manitoba, Canada
Anders meerg' Tin Chan?, Peter Gritfiths?,
Blair Nakka?
1 Swedish Geological Co, Gothenburg, Sweden
2 Computations & Analysis Section, Applied
Geoscience
Branch, Atornic Energy of Canada Limited,
Pinawa, Manitoba, Canada
October 1989

TR 89-28
Earthquake mechanisms i in Norihern
Sweden Oct 1987 — Apr 1938

Ragnar Slunga
October 1989

TR 89-29
interim report on the settlement
test in Stripa

Lennart Bérgesson, Roland Pusch
Clay Technology AB, Lund
November 1989

TR 89-30
Seismic effects on bedrock and under-
ground constructions. A literature sur-
vey of damage on constructions, " i
changes in groundwater levels and flow,
changes in chemistry in groundwater
ang gases .
Kennert Roshoft o
June 1989

TR 89-31

Interdisciplinary study cf paost-glacial
faulting in the Lansjarv area Northern
Sweden 1986-1988

Goran Backblom, Roy Stanfcrs (eds.)
December 1989

TR-89-32

irfluence of various excavation techni-
ques on the structure and physical pro-
perties of “near-field” rock around large
boreholes

Roland Pusch

Clay Technology AB and Lund University of
Technology and Natural Sciences, Lund
December 1989

TR 89-33

investigation of flow distribution in a
fracture zone at the Stripa mine, using
the radar method, resuits and interpre-
tation

Per Andersson, Peter Andersson.

Erik Gustafsson, Olle Oisson

Swedish Geological Co., Uppsala, Sweden
December 1989

TR 89-34

Transport and microstructural pheno-

mena in bentonite clay with respect to

the behavior and influeace of Na, Cu

and U

Roland Pusch’, Ola Karnland', Arto Muurinen?

' Clay Technology AB (CT)

? Technical Research Center of Finland,
Reactor Laboratory (VTT)

December 1989
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