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ABSTRACT

Concepts for the disposal of nuclear waste generally involve the use of multiple barriers, both
man-made and natural, to isolate the waste from man's environment for very long periods of
time. To assess the safety of these concepts, postclosure safety assessments are conducted to
study the types, ranges and probabilities of potential impacts caused by wastes penetrating these
barriers.

Within the Canadian context, postclosure safety assessments must estimate radiological risk for
comparison with regulatory criteria. The definition of radiological risk introduces a requirement
to identify and then evaluate scenarios that describe quantitatively the possible behaviour of a
disposal system and its surroundings for at least 104 years.

This report examines the connection between the identification and evaluation of scenarios. It
shows how a large collection of factors can be combined to form simple scenarios, and how a
large number of simple scenarios can be grouped into a manageably small number of compound
scenarios. The compound scenarios, notably the "central" scenario, can be evaluated using a
probabilistic systems assessment code such as SYVAC3 (SYstems Variability Analysis Code,
generation 3J to estimate the radiological risk and other environmental impacts. Examples are
taken from a long-term performance assessment study to demonstrate a pragmatic application of
the procedure.
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ÉVALUATION DE SYSTÈMES PROBABILITES
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T.H. Andres et B.W. Goodwin

RÉSUMÉ

Les concepts de stockage permanent de déchets nucléaires font généralement appel à des
barrières multiples, à la fois naturelles et artificielles, afin d'isoler les déchets de l'environnement
humain pendant de très longues périodes de temps. Pour évaluer la sûreté de ces concepts, on
effectue des évaluations de la sûreté après fermeture pour étudier les types, l'étendue et les
probabilités des effets possibles provoqués par les déchets qui pénètrent ces barrières.

Dans le contexte canadien, les évaluations de la sûreté après fermeture doivent porter sur le
risque radiologique pour les comparer aux critères réglementaires. La définition du risque
radiologique implique l'exigence de déterminer et ensuite d'évaluer des scénarios qui décrivent
quantitativement le comportement éventuel d'un système de stockage permanent et de ses
alentours pendant au moins 104 ans.

Dans le présent rapport, les auteurs examinent la relation entre la détermination et l'évaluation
des scénarios. On y montre de quelle façon une longue série de facteurs peut être combinée pour
former des scénarios simples et comment un grand nombre de scénarios simples peut être groupé
en un petit nombre se prêtant au traitement d'un petit nombre de scénarios composés. Les
scénarios composés, notamment le scénario «central», peuvent être évalués à l'aide d'un
programme d'évaluation de systèmes probabilistes comme SYVAC3 (Systems Variability
Analysis Code, generation 3 - Programme de calcul pour l'analyse de la variabilité des systèmes,
3e génération) pour estimer le risque radiologique et d'autres impacts sur l'environnement. On
emprunte des exemples à une étude d'évaluation de comportement à long terme pour démontrer
une application pragmatique de cette méthode.
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I. INTRODUCTION

1.1 BACKGROUND

In 1978, the government of Canada and the province of Ontario assigned Atomic Energy of
Canada Limited (AECL) and Ontario Hydro responsibility for the Canadian Nuclear Fuel Waste
Management Program (Joint Statement 1978, 1981). These organizations were to evaluate the
feasibility and safety of the concept of deep underground disposal of nuclear fuel waste in
intrusive igneous rock of the Canadian Shield. In 1994, AECL submitted an Environmental
Impact Statement (EIS) of the concept (AECL 1994a,b) to a federal Environmental Assessment
and Review Panel (EARP 1992) for public and regulatory review.

The EIS is directly supported by nine documents that summarize major aspects of the disposal
concept (Davis et al. 1993; Davison et al. 1994a,b; Goodwin et al. 1994a; Greber et al. 1994;
Grondin et al. 1994; Johnson et al. 1994a,b; Simmons and Baumgartner 1994). One of these
documents describes the postclosure assessment, a long-term environmental and safety
assessment of one possible realization of the concept (Goodwin et al. 1994a). The postclosure
assessment evaluates potential long-term impacts on human health and the natural environment
over a time frame that extends from closure of the facility to thousands of years into the future.

The main impact of concern in the postclosure assessment is the radiological risk associated with
the presence of a disposal vault. In this section, we outline the regulatory requirement that
pertains to radiological risk, including the underlying need to consider different scenarios. We
explain how scenarios have been used in calculating risk in work carried out in the Canadian
Nuclear Fuel Waste Management Program.

The estimation of risk from a disposal concept depends on having a complete set of scenarios to
represent possible evolutions of the disposal environment. Section 2 describes how a scenario
space that contains a complete set of scenarios can be specified. It goes beyond the six-step
procedure for scenario analysis described by Goodwin et al. (1994b). The key to a probabilistic
risk assessment is to describe scenarios in terms of values of random variables, and Section 2
shows how scenarios can be expressed this way.

To calculate risk, each significant scenario must be assigned a probability. The treatment of
probability in scenario analysis has not been well-described in published work so far. The
Appendix delves into the definition and meaning of probability, especially in this context. It
relies heavily on definitions by the late Professor Rolando Chuaqui (1991). This discussion
shows how three common interpretations of probability (chance, relative frequency, degree of
belief) are related, and how each has its place in scenario analysis and probabilistic systems
assessment. We then describe, in Section 3, how to divide the scenario space into a complete set
of disjoint scenarios. The probability of each scenario can be derived from the probability
distributions for random variables. This section shows how the set of scenarios can be
partitioned in different ways such that the new set of scenarios still covers the entire sample
space, but each individual scenario is now easier to handle.
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Finally Section 4 revisits the formal scenario analysis procedure presented by Goodwin et al.
(1994b) for the EIS case study. It presents a new view of the procedure with an emphasis on risk
analysis rather than scenario analysis as an end in itself.

1.2 THE RADIOLOGICAL RISK EQUATION

The Atomic Energy Control Board (AECB) has issued several regulatory documents dealing with
radiological impacts from the disposal of nuclear waste. In particular, Regulatory Document
R-104 (AECB 1987) contains a quantitative criterion for the postclosure assessment:

.. .The predicted radiological risk to individuals from a waste disposal facility shall not exceed KT6

fatal cancers and serious genetic effects in a year ...

.. .risk is defined as the probability that a fatal cancer or serious genetic effect will occur to an
individual or his or her descendants. Risk, when defined in this way, is the sum over all significant
scenarios of the products of the probability of the scenario, the magnitude of the resultant dose and
the probability of the health effect per unit dose.

Thus an important requirement for the postclosure assessment is to estimate the annual risk to
individuals in a critical group associated with a proposed disposal facility, for comparison with
the risk limit of 10 fatal cancers and serious genetic effects in a year.

The mathematical expression of the radiological risk definition is:

0)

where the summation is taken over all significant scenarios S1. The other symbols are defined as
follows:

• D(S) is the magnitude of the dose rate associated with scenario S received by an individual.
R-104 also states that "dose means the effective dose equivalent committed per year of
exposure". We use the abbreviation "dose rate" in this report, a quantity measured in
sieverts per year (Sv/a) that represents long-term ongoing exposure to ionizing radiation.

• H is a risk conversion factor, giving the probability of fatal cancer or serious genetic effect
per unit dose [1/Sv].

• Pr{5} is the probability of occurrence associated with scenario 5 (dimensionless: [ ]).

• R is the risk or probability of a fatal cancer or serious genetic effect per year [I/a],

• S designates a significant scenario.

Section 1.3 points out that the scenarios must be mutually exclusive and must span the space of possible scenarios,
in addition to being significant.
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A similar definition of risk is given by the Canadian Standards Association (CSA 1991):

Risk—a measure of the probability and severity of an adverse effect to health, property, or the
environment. Risk is often estimated by the mathematical expectation of the consequences of an
adverse event occurring (i.e., the product of probability X consequence ).

The definition of risk and Equation (1) are particularly important if there exists one or more
scenarios that have small probabilities of occurrence and potentially large dose rates. The risk
equation puts into perspective the expected detriment associated with these low-probability high-
consequence scenarios.

For a scenario with a high probability of occurrence, a dose rate limit can be deduced from the
risk limit, if H is specified. For example, Regulatory Document R-104 states "a risk of 10~6 in a
year is the risk associated with a dose of 0.05 mSv in a year" (AECB 1987).

Each of the components of Equation (1) requires careful treatment, since the concepts involved
are rather abstract and philosophical. In the following sections they are considered one by one.

1.3 SCENARIO, 5

The summation in Equation (1) extends over all significant scenarios. Risk analysis requires a
careful scenario analysis to identify possible evolutions of the disposal system that could cause
adverse environmental impacts. The method used for scenario analysis has changed over the last
15 years. These changes are described in Sections 1.3.1 and 1.3.2.

At the same time, the primary method used in Canada to estimate the "conditional risk"
associated with a scenario has remained the same. This method, termed Systems Variability
Analysis by Dormuth and Quick (1979), involves repeatedly simulating a scenario using
randomly sampled values of the parameters in the models used to describe the system. The
average dose rate from the set of random simulations can be multiplied by H to estimate
"conditional risk" (the risk that applies under the condition that the scenario does occur). Several
generations of the computer program called SYVAC (for SYstems Variability Analysis Code)
have been developed for this purpose.

If a scenario analyzed with SYVAC is broken up into smaller subscenarios, the set of random
simulations can be similarly partitioned. Conditional risk from each new subscenario can be
estimated by the same method previously applied to the original scenario. The probability of
each subscenario can be estimated as the fraction of the original random simulations that fall into
the scope of the subscenario. This approach guarantees much more than that all significant
subscenarios are covered. It ensures that all subscenarios in the original scenario are represented
with the same weights as they had in the original scenario. Moreover, it guarantees that the
subscenarios do not overlap at all. These properties are not just desirable; they are required to
turn the right-hand side of Equation (1) into a proper statistical expectation. Much of this report
deals with how one identifies a complete set of significant scenarios that also satisfy these more
stringent conditions of complete coverage and mutual exclusivity.
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1.3.1 Interim Concept Assessment Scenarios

In AECL's interim concept assessment documents, a scenario was taken to be a single set of
conditions that could be simulated with SYVAC (Wuschke et al. 1981, 1985) and a model of the
disposal site. In the second of these documents a scenario was defined to be "a set of possible
physical and chemical conditions for NUCLEAR FUEL WASTE disposal [capitalization in the
original]. In SYVAC, each set is determined by the selection of a single value for each input
parameter" (Wuschke et al. 1985, p. 153).

The advantage of this approach is that there is a one-to-one correspondence between each
simulation and each scenario, and each scenario has a unique associated dose rate (at a specific
time), which could be estimated by SYVAC. It has the disadvantage that the scenarios examined
are too narrowly defined, making it difficult to talk about, say, the scenario where a borehole is
not properly sealed. There could be many scenarios or simulations with that property, or none at
all, in a given set of simulations.

1.3.2 EIS Scenarios

The definition of scenario in the Canadian Nuclear Fuel Waste Management Program was later
changed to conform better with international usage. For instance, the IAEA (1988) states that "A
release scenario defines the phenomena relevant to release of radionuclides from a radioactive
(e.g. waste) source." This definition suggests that a scenario is more general than a set of
parameter values; one scenario could correspond to many different parameter value sets, all
relating to the same set of phenomena. (It also focused attention on the purpose of the study,
ensuring that variations between simulations that did not influence radionuclide release could be
ignored.) For example, in a groundwater transport scenario, exposure to radionuclides may be
dominated by groundwater transport phenomena, whereas in an inadvertent human intrusion
scenario exposure may involve direct removal by humans of waste from the disposal vault.
These two different scenarios could be characterized by different lists of parameters and each
could form the basis for a large number of detailed simulations.

For the purposes of the postclosure assessment, Goodwin et al. (1994a, p.673) defined a scenario
to be "set of factors (features, events and processes) that could affect the performance of the
disposal facility to immobilize and isolate nuclear fuel waste." Factors are features, events, or
processes that characterize the disposal system or its evolution in time.

A feature is a prominent part or characteristic of a site, of waste, or of any other component of
the disposal system. Examples of features are the fabrication materials of the disposal
containers, a fracture passing close to the vault and a garden affected by the discharge of
groundwater that has passed near the disposal vault.

An event is a happening, generally of relatively short duration and occurring at a particular
time. Examples of events are a nearby earthquake that alters the properties of the
geosphere, a failure of the containers due to fabrication defects and a meteorite impact at
the disposal site. "Event" is used to refer to a type of factor only in this section. In other
parts of this report, "event" refers to a probabilistic event, i.e., a subset of a sample space.
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A process is a natural phenomenon often marked by gradual or continuous changes. Examples
of processes are dissolution of a waste matrix, convection of groundwater in a fracture and
the formation of aerosols during spray irrigation of a garden.

Some factors cannot be unambiguously classified as a feature, event or process. For example,
manufacturing defects in waste disposal containers are features that need to be dealt with in
assessing a disposal system. The same factor can be addressed in terms of initial failure events,
or in terms of failures of the manufacturing process. It is not essential to choose one of these
three classifications and discard the other two. Rather, it is important to be comprehensive in
identifying factors that might affect a disposal system. Examining the disposal system in terms
of this classification scheme (features-events-processes) and various other classification schemes
(e.g. early-late times, or chemical-physical-biological processes) is useful in ensuring that the
final list is adequately comprehensive.

A method was developed at Sandia to systematically identify factors and scenarios (Cranwell
et al. 1982). This method was later refined by a subcommittee formed by the OECD Nuclear
Energy Agency in a survey of several scenario analysis techniques (NEA 1992). One product of
an application of this method is a list L of all identified factors that could conceivably have a
significant effect on the environmental impact of a waste disposal site. In the studies by AECL
leading up to the EIS, approximately 300 factors were identified. It was suspected that these
factors could affect the performance of a particular "reference" disposal system defined for a case
study of the disposal concept (Goodwin et al. 1994b). AECL's scenario identification procedure
is described more completely in Section 2.

1.3.3 Problems with the EIS Scenario Definition

The advantage of the EIS definition of scenario is the systematic nature of the scenario analysis it
requires. If (as recommended) the analysis is carried out at a general level and by a large group
of people with diverse experiences, it is possible to consider each factor independently and in
combination with other factors, before knowing how to model each factor explicitly. The
analysis should be comprehensive, and not likely to be overly influenced by the biases and
oversights of any one researcher.

This definition of scenario also has a weakness, however. A list of factors is too general and
inadequately integrated to uniquely identify a dose rate, or even to identify a single chain of
events leading to a radiological exposure.

For example, the knowledge that radionuclide transport in groundwater is affected by convection
and diffusion and sorption is not sufficient to estimate a dose rate; we need information on how
radionuclides might escape from containment, the type and properties of the barriers through
which they move and how people might be exposed. The same list of factors could be used with
a variety of different potential disposal sites where the dose rates to be expected are quite
different. Thus specific site- and system-dependent information and assumptions are required in
addition to the factor list to make meaningful dose estimation possible.
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The list of factors could be made more specific by building in more site-specific information.
Rock porosity, for instance, is an important characteristic in determining how fast groundwater
can flow through rock, and hence in determining how fast radionuclides can spread from a
disposal vault. If small rock porosities produced significantly different dose rates from large
porosities (because large porosities might be associated with a greater number or greater size of
fractures that could allow faster groundwater movement and radionuclide transport), then a
scenario analysis could identify large rock porosity as a specific factor different from low rock
porosity. The same separation of large and small values could be carried out with many other
characteristics of the system that affect dose rate. This approach would make a list of factors so
specific that each such list could in principle define a narrow range of dose rates.

Unfortunately, this approach can be intractable. If only 30 characteristics of the disposal system
were separated into just two classes each, one would define over one billion (i.e., 230 ) mutually
exclusive scenarios. There is no way that any analysis team could analyze and document that
many scenarios. And in fact the number of characteristics of the system that would need to be
partitioned could be much larger than 30.

The problem that arises here is not that the set of possibilities to be considered is too large, but
rather that the overhead cost becomes too large to manage if we insist on breaking up the space
of scenarios into tiny pieces. By analogy, imagine drinking a glassful of water, a common task of
little difficulty for most of us. Suppose, however, that someone painstakingly divides the
glassful of water among a billion tiny containers. Then the water would be difficult to drink, not
because the amount of water is too large, but because too many activities are required just to
convey all the tiny containers to your mouth and empty them. Similarly, a set of scenarios could
be analyzed in many different ways, and a way that requires independent consideration of a
billion smaller scenarios would not be practical.

In this report an attempt is made to marry the two approaches described above. ElS-style
scenarios are considered to be generic scenarios, useful for focusing discourse in scenario
analysis. They provide a global description of the disposal system, but are generally devoid of
site-specific details (such as the type of rock surrounding the disposal vault). Detailed scenarios
with more specific content are defined for use with Equation (1). A detailed scenario would
provide the site-specific and project-specific information that is required to perform a
quantitative assessment. Sections 1.5 and 3 provide further clarification on generic and detailed
scenarios, and Section 4 describes the partitioning of the set of all feasible futures into disjoint
detailed scenarios.

1.4 H, THE RISK CONVERSION FACTOR

A full analysis of the risk conversion factor for a specific exposure resulting in a radiation dose
would require the specification of a probability model describing how the recipient of the dose
received it. This probability depends in a complicated way on issues such as the magnitude of
the dose received, the type of ionizing radiation, the period of time over which the exposure
occurs, the sensitivity of the exposed tissue(s) and the age of the recipient. Extensive studies of
Hiroshima survivors, industrial workers and medical recipients have been carried out by
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international bodies to estimate H for long exposures to low dose rates (ICRP 1991, 1993;
NEA 1984).

For long-term assessment purposes, the AECB has simplified the estimation of H by specifying
the use of a value equal to 0.02 (probability of fatal cancer or serious genetic effect per sievert)
(AECB 1987). This value may be revised by the AECB in light of recent recommendations from
the International Commission for Radiological Protection (ICRP). Publication 60 of the
ICRP (1991) recommends use of a value of 0.073 to calculate the risk of fatal and nonfatal
cancers or severe hereditary effects. Thus the revised recommendations imply almost a fourfold
larger risk associated with a given exposure to radiation compared to the AECB's R-104 value,
although it should be noted that the risk end points are not identical (fatal cancer or serious
genetic effect versus fatal and nonfatal cancers or severe hereditary effects).

A further modification to H and to Equation (1) is recommended for doses that are large enough
to cause non-stochastic (deterministic) effects. For example, the International Commission for
Radiological Protection (ICRP 1993) and the Nuclear Energy Agency (NEA 1984) recommend
that it is advisable to assume that a serious health effect may occur if dose rates are greater than
1 Sv/a. This qualification arises because prolonged exposure to large doses will cause other
serious health effects besides cancer and genetic defects.

A simple way of treating large doses is to assume that, for estimated dose rates greater than
1 Sv/a, the product of H and D(S) is equal to unity, the maximum possible value. In other words,
it is assumed that a serious health effect is certain to occur if D(S) is greater than 1 Sv/a. The risk
for that scenario would be numerically equal to the probability of the scenario arising, Pr{5}.
This simple adjustment of the risk equation was used in the postclosure assessment (Goodwin
etal. 1994a).

One difficulty with this simple modification is it leads to a discontinuity in the calculated risk as
a function of dose rate for dose rates near 1 Sv/a. Wuschke et al. (1995, Appendix A) describe
more comprehensive modifications to H and Equation (1) that take into account the dependence
of H on dose rate for both stochastic and deterministic dose rates.

There may be an additional discontinuity in the calculated risk for very low dose rates. The
AECB specification implies a linear dose rate with no lower threshold, so that cutting the dose
rate in half always halves the risk. It is very difficult in practice to determine health effects at and
below natural background dose rates, since enormous populations must be studied to observe a
significant number of health effects. For example, a study by the High Background Radiation
Research Group (HBRRG 1980) in China compared health effects between a region with high
background radiation and a neighbouring control region. Each region had between 70 000 and
80 000 inhabitants. The group concluded:

Results of the health survey carried out between 1972 and 1975, which did not demonstrate any
significant difference between inhabitants living in the high-background and control areas, suggest
that the size of the population investigated may be not large enough to reveal minor increments of
detrimental effects at such a low dose range of ionizing radiation.



- 8 -

Without loss of generality, we assume in the remainder of this report that H is described by a
constant value or a suitable functional relationship, H(D), that reflects the desired risk endpoint.

1.5 MAGNITUDE OF THE DOSE RATE, D(S)

D(S) is defined to be the magnitude of the dose resulting from scenario S. Regulatory document
R-104 (AECB 1987) prescribes how D(S) is to be computed:

Calculations of individual risks should be made by using the risk conversion factor of 2 x 10~2 per
sievert and the probability of the exposure scenario with either:

(a) the annual individual dose calculated as the output from deterministic pathways analysis; or

(b) the arithmetic mean value of annual individual dose from the distribution of individual doses in
a year calculated as the output from probabilistic analysis.

As noted in Section 1.3, estimation of dose rate for a given generic scenario requires information
that cannot be determined from the description of the scenario alone. Estimation of dose rates
requires specification of the disposal concept, the characteristics of the site, and the design of the
facility. It is not necessary that every design option and construction detail be specified before
assessment can begin, but some site and design information must be available.

Because of this dependence on site and design specifications, it is misleading to speak of the dose
rate resulting from a generic scenario without mentioning the disposal system design to which it
applies. For example, in the postclosure assessment, we have analyzed vault designs that
straddle a known fracture, and vault designs lying to one side of the fracture (Goodwin et al.
1994a). Each design has the same set of generic scenarios but not the same estimated dose rate
because the detailed scenarios differ.

To emphasize the fact that both the dose rate stemming from a scenario and the probability of the
scenario depend on site and design specific details, Equation (1) is reproduced here with explicit
dependencies shown:

R(P,L)= ^PT{S\P,L}HD(S\P,L) (2)

where P stands for proposal, meaning the concept and a particular site and design proposal for a
disposal system, and L stands for a list of relevant factors. The dependency of risk R(P,L) on P
and L shows that the estimated risk depends both on the proposal and on our ability to foresee its
impacts, as represented by the list of relevant factors. The dependency of scenarios S(P,L) on P
and L shows that the (detailed) scenarios we analyze depend on both the proposal-specific details
and the list of factors we generate. In the rest of this report, references are made to Equation (1),
with the understanding that it is to be interpreted as shown in Equation (2).
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1.6 PROBABILITY OF A SCENARIO. Prf 5)

AECL's interim concept assessment documents (Wuschke et al. 1981, 1985) defined a scenario
to be a single set of randomly selected conditions. The sampling procedure in SYVAC ensured
that each simulation/scenario was equally likely to be chosen. Hence each simulation/scenario
had the same probability in the risk equation (1), and risk could be estimated at a time t by using
the following approximation to Equation (1):

(3)

where D/r) is the SYVAC-estimated dose in they" th simulation at time t.

Goodwin et al. (1994a,b) used a different approach to estimate the probability of scenarios. After
a lengthy consideration of hundreds of factors, and of the countless ways in which they could
combine, the EIS postclosure assessment evaluated three scenarios which were distinguished by
the nature of their primary features: groundwater transport, the presence of an open borehole
from the construction phase, and subsequent inadvertent human intrusion.

The groundwater transport scenario was a composite scenario involving interactions of more than
a hundred factors. It was analyzed using simulations with SYVAC3 (the current version of
SYVAC) and the model CC305, and risk equation (3) was used. This computation was no
longer considered an overall risk analysis, however, because individual simulations were no
longer considered to be scenarios (and because the open-borehole and inadvertent human
intrusion scenarios were evaluated separately). Instead, Equation (3) (without the factor H) was
used to estimate the average dose for the single groundwater transport scenario. The
groundwater transport scenario was considered so likely to occur that its probability of
occurrence was set equal to 1.

Assigning a probability of 1 to a scenario is always an option. That is, it is always possible to
exaggerate the impact of a scenario by overestimating its probability of occurrence. If the
estimated risk for a project is still acceptable in spite of the overemphasis, then the project
remains viable. Often it is easier to estimate the potential impact of a scenario than its
probability of occurrence, and so this approach may be a practical alternative.

Mathematically, if we assume that the probability of every scenario is conservatively
overestimated to be 1, Equation (1) becomes:

HD{S) (4)
s

In contrast, the open-borehole scenario in the postclosure assessment had an unknown
probability. This scenario describes a situation in which one or more deep boreholes, extending
from the surface to vault depth, might remain open at the time of vault closure. The presence of
the open borehole would decrease the effectiveness of the geosphere as a barrier to contaminant
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transport. Goodwin et al. (1994a, p. 236-241) argued that this scenario would be unlikely
because only about 20 deep boreholes would be drilled from the surface in the area of a disposal
vault. Implementation of the disposal facility would include three independent quality assurance
procedures aimed at minimizing the possibility that one of these boreholes would be unsealed at
the time of closure. They concluded that, although unknown, "the probability is so small that the
open-borehole scenarios would not contribute significantly to the radiological risk associated
with the reference disposal system." Goodwin et al. (1994a) also inferred that "the additional
annual dose associated with an open borehole that is 30 m from a vault room containing waste
would be less than approximately 10~9 Sv/a for times up to 104 a."

Many other potential scenarios, such as the disruption of the disposal system by collision with a
meteorite, were also rejected from detailed assessment because the probabilities of such scenarios
were so small that their individual contributions to radiological risk were estimated to lie far
below the regulatory risk limit (Goodwin et al. 1994b). This rejection is appropriate even in a
case where the consequence of the scenario could be very large. In those cases, the radiological
risk, /?s\ from scenario 5" may be assumed to be numerically equal to Pr{5"} because the product
of D(S') and H can be conservatively assigned a maximum possible value of 1 (Section 1.4).
Thus Pr{5'} may be directly compared with the numerical value of the risk limit, and if
Pr{>S"}«10~6, the scenario S' could be discarded as insignificant. This approach is included
implicitly in the postclosure assessment to deal with unlikely scenarios such as collision by a
meteorite where it is technically difficult to estimate dose consequences.

The argument that a scenario can be rejected because it is improbable is subject to the "Paradox
of the Lottery" discussed by Chuaqui (1991, p. 90) and attributed to Kyburg (1965). In a lottery,
there may be 10 million tickets outstanding, each of which has a probability of 10"7 of winning.
Each individually can be rejected as having an insignificant chance of success, but one must
accept the possibility that one of them will win, for one of them must.

Similarly in scenario analysis it is reasonable to reject individual scenarios with a low probability
of occurrence, but not if they belong to a larger group of scenarios where there is a significant
probability that at least one member of the group will occur.

Finally, the inadvertent human intrusion scenario was evaluated in the postclosure assessment
following the analysis developed by Wuschke (1996a,b). This scenario describes a disruptive
event in which all protective barriers of the disposal system are bypassed through an activity such
as exploratory drilling, which causes the direct removal of nuclear fuel waste from the vault to
the surface environment. (The scenario actually involves four closely related variants that are not
distinguished here.) Wuschke (1996a,b) determined that the probability of inadvertent human
intrusion in a given year is small, increasing from essentially zero at the time of vault closure to a
maximum of about 5 x 10"6 after 104 a, because a number of independent events (such as loss of
active and passive institutional controls, economic incentive to drill to the depth of the vault,
etc.) had to occur before intrusion would be possible. Wuschke also showed that the potential
dose rate from inadvertent human intrusion is largest at early times, when the nuclear fuel waste
is most radioactive. Goodwin et al. (1994a) also conclude that the inadvertent human intrusion
scenario had the largest contribution to the total radiological risk in the postclosure assessment
(but 3 orders of magnitude smaller than the risk criterion).
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In the postclosure assessment, (Goodwin et al. 1994a), the human intrusion scenario was not
properly combined with the groundwater transport scenario in which waste escapes from the
vault dissolved in groundwater. The two scenarios were incorrectly treated as if they were
mutually exclusive, whereas both scenarios can occur at the same time. Nevertheless, it will be
shown in Section 3.3.2 that the estimated risk was equal numerically to the risk that would be
estimated using a correct treatment. The conservative assumption that the groundwater transport
scenario had probability 1 compensated for the error caused by the incorrect treatment.

These examples show that the treatment of probabilities for different types of scenarios can be
complicated. The treatment in the EIS postclosure assessment did not investigate what was
actually meant by probability of a scenario, nor what types of treatments are possible in general
because only two extreme situations were encountered: a scenario that could be given a
probability of 1, and scenarios that had small or very small probabilities.

Section 2 prepares for better probability estimates by investigating how the scenario space is
generated. Later sections show how the scenario space can be partitioned in such a way that the
probabilities of the parts are well-defined.

2. CREATING A SCENARIO SAMPLE SPACE

If there are multiple scenarios for the possible evolution of waste disposal site, these scenarios
must reside in some form of scenario space containing all possible scenarios. This scenario
space must have a probability measure, so that probabilities of individual scenarios can be
estimated in such a way that the total probability of all disjoint scenarios in Equation (1) is one2.
That makes the scenario space into a sample space (see Appendix).

This section shows how such a scenario space can be constructed. Section 2.1 describes a six-
step procedure for scenario analysis that was developed for the EIS postclosure analysis. The rest
of the section elaborates on aspects of this procedure that have not previously been documented
thoroughly. Section 2.2 elaborates on the scheme for eliminating factors from a factor list.
Section 2.3 shows how the modelling of a chance setup generates a scenario sample space.

2.1 AECL's SCENARIO IDENTIFICATION PROCEDURE

Goodwin et al. (1994b) described a formal six-step process for scenario analysis, summarized in
Table 1. This procedure was used in the postclosure assessment of AECL's EIS. It was based on
earlier work by Cranwell et al. at Sandia Labs (Cranwell et al. 1982), who analyzed disruptive

The AECB did not strictly say in R-104 (AECB 1987) that scenarios should be disjoint, nor that they should span
"scenario space". Yet the similarity of the risk equation to the equation for calculating an expected value suggests
that all the precautions normally taken when calculating an expected value also apply here. In particular,
overlapping scenarios should be avoided because they double count some future evolutions of the system.
Conversely, all possible future evolutions of the system should be taken into account, or else it is possible that the
risk estimate will be too small.
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phenomena this way. The Nuclear Energy Agency (NEA 1992) reviewed systematic approaches
to scenario analysis, and described alternatives such as the judgmental method, the event or fault
tree approach and the system simulation approach.

TABLE 1

STEPS IN FORMAL SCENARIO ANALYSIS
(Goodwin et al. 1994b, pp. 7-9)

Step Description

1. List factors. "The objective in this step is to prepare a comprehensive list of factors, with
no consideration as to whether they might be improbable or unimportant. For this
application, a factor is defined as any feature, event or process that could influence the
performance of any component of the disposal system. We include factors that are expected
to occur as well as low-probability features, events and processes that could disrupt the
system."

2. Classify factors. "The objective is to identify factors missed in the first step [by organizing
and ordering the information in many different ways]...and thus it is desirable to explore
many different classification schemes."

3. Screen factors. "All the factors are subjected to a critical detailed review. Decisions are
taken on how each factor should be treated in the remaining steps of the scenario analysis.
The objective is to identify factors that are sufficiently important to require quantitative
evaluation and that should be passed on to the next step.... formal documentation of the
arguments for exclusion [of other factors] is required."

4. Construct scenarios. "All factors requiring quantitative evaluation are combined to yield a
comprehensive set of potential scenarios. A secondary objective is to minimize the number
of scenarios that require separate quantitative evaluation using distinct system models.
Ideally, only one scenario is required: it would contain all factors from step 3, describe all
possibilities in the future behaviour of the disposal system, and be represented by a single,
comprehensive system model."

5. Screen scenarios. "Each scenario from step 4 is reviewed and the ones that must be
considered quantitatively in the assessment are identified and passed to step 6. ...For each
instance where a scenario is eliminated, formal documentation of the reasoning for
elimination must be provided."

6. Detail scenarios. "Each scenario passing from step 5 must be described in detail, listing its
component factors and stating the concerns that led to the selection of its factors. Finally, a
value is assigned to the probability of occurrence of the scenarios."
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A common element in these procedures is the identification of factors as components of a
scenario that can be mixed and matched to generate new scenarios. In the first step in Table 1, a
list of factors is developed in one or more brainstorming sessions by multi-disciplinary teams.
The goal of the brainstorming is to elicit an extensive set of ideas for future refinement.

Step 2 is designed to ensure that the brainstorming was effective. By structuring a set of factors
in different ways, analysts can identify missing factors needed to fill out the structure. After the
first two steps, the list L' of factors can contain hundreds of entries.

In contrast, step 3 reduces the number of factors in the list by elimination and consolidation.
After this step, the scenario analyst is left with a refined list L of factors from which to build
scenarios.

Steps 4 and 5 follow a similar procedure with scenarios that steps 1 to 3 took with factors. Step 4
builds up plausible scenarios based on the factors in L, and step 5 consolidates and eliminates
scenarios to reduce the number. Just as step 3 ended up with a list L of factors, step 5 ends up
with a list of scenarios. These are then described in more detail in step 6.

An important aspect of this procedure is that it be applied iteratively. If someone identifies a new
factor after scenario analysis has begun, it is possible to return to the earlier steps and rework the
process.

2.2 RULES FOR ELIMINATING FACTORS

If a key factor is left out of the list L, the scenarios generated will be inadequate to cover the
possible range of behaviour of a disposal system. In this context, errors of omission are more
important than errors where extra factors are allowed. An omission can lead to false conclusions,
whereas extra factors typically just complicate the analysis. Let us assume then that a significant
effort is made to ensure that all relevant factors are initially identified.

What then constitutes an appropriate justification for screening out factors during step 3 of the
scenario analysis procedure of Table 1 ?

There are factors that might be excluded from the list at a preliminary screening because, while
they are logically possible, they are considered to be not worthy of consideration in a
contemporary assessment. For example, it can be conjectured that space-travelling aliens could
excavate the vault to recover heavy metals and in so doing they might cause health effects to
people. If we do not have "alien intrusion" as a factor in L, we will not consider such
possibilities in assigning probabilities to scenarios. We exclude "alien intrusion" and a number
of other implausible factors, not necessarily because they are impossible or inconsequential, but
because society's biases deem them unworthy of consideration.

The following list gives some other valid reasons to discard a plausible factor. The justifications
are then expanded in the following sections. Most of the examples come from Goodwin et al.
(1994b).
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1. Limits to Scope. Some future possibilities are specifically excluded by the design
criteria for a disposal system, and do not need to be considered.

2. Limits to Responsibility. Certain factors lie beyond the realm of responsibility of
decision makers today, because they involve either future decisions superseding
today's decisions, or changes to the environment unrelated to the disposal vault that
break the continuity of responsibility.

3. Negligible impact. A factor can be rejected if preliminary modelling efforts show
that including it in the analysis will have little effect on the outcomes in the sample
space.

4. Conservative assumptions. A factor does not need to be analyzed in detail if we
make an assumption about its effects that is worse than the effects that could
possibly arise. Such an assumption is only useful if the environmental impacts are
still acceptable.

5. Rarity. If we cannot define a "chance setup" (see Section A.2) where an
occurrence has a reasonable probability of making a difference, we can exclude it.

The scenario analyst applies these justifications after putting together a tentative factor list L'
and evaluating risk using simplified conservative methods. If the analyst encounters problems in
evaluating the risk, or finds that some factors play no significant role, they are eliminated. The
aim is to refine L' into a workable list L of factors.

2.2.1 Limits to Scope

Some future possibilities are specifically excluded by the design criteria for a disposal system,
and do not need to be considered.

For example, financial problems at the time that the disposal vault is to be closed may prevent
the final filling and sealing of tunnels and shafts that is currently planned. This possibility does
not fall within the scope of a postclosure assessment of the proposed concept, since the proposed
concept requires full sealing of the vault. Any failure to close the vault would constitute a
deviation from the concept. However, regulating authorities will need to consider this possibility
both before approving construction of a disposal vault, and on a regular basis when relicensing
the facility for ongoing operation.

Similarly, it may happen that other wastes besides used fuel may eventually end up in the
disposal vault. Environmental impacts of those wastes are not currently assessed since they are
not part of the proposed concept.

It is a very important principle that only possibilities within the scope of the assessment need to
be considered. Factors that cannot or should not arise in the facility as proposed can be excluded.
If this principle is not accepted, then it is not possible to construct a definitive finite list L of
factors to be examined, since it is always possible to propose additions to the list that lie outside
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the scope of the project. Scenario analysis in this context would be very difficult, if not
impossible.

There is clearly a need for the proponent to justify its ability to implement the proposed concept.
This justification should be kept separate from the analysis of environmental impacts of the
concept as stated. Instead of requiring that an assessment cover all possible deviations from the
concept, a regulator can seek assurances that a proponent can and will adhere to the concept. For
example, the proponent could be required to post a bond to cover the cost of closure work.

Later on in the course of a disposal facility project, it may be desirable to change the scope of the
project. The scope change itself should undergo an environmental assessment similar to that
required to justify the original project. But an assessment of such a scope change should not be a
requirement now, because there is no way that the proponent can now know the future
circumstances that will lead to a change.

2.2.2 Limits to Responsibility

Certain factors that could lie within the scope of an assessment may still lie beyond the realm of
responsibility of decision makers today, either because future decisions supersede today's
decisions, or because changes to the environment unrelated to the disposal vault break the
continuity of responsibility.

Consider the case of intentional human intrusion: i.e., somebody plunders the vault for the
valuable metals inside, and in so doing causes health effects to other people. In such a future
evolution of the disposal system, where does the responsibility lie? This question raises a
complicated legal issue. It is similar to issues that arise in present-day litigation, such as: if a
burglar trespassing on your property to rob your house falls in your swimming pool and drowns,
whose fault is it? There are no easy answers.

Clearly, those who intentionally interfere with a waste disposal site in the future are at least partly
responsible for environmental impacts that might result. However the proponent also has some
responsibility to ensure that intrusion requires such a large effort that it could never be done
casually or unknowingly. Having exercised such "due diligence", the proponent can reject the
factor called "Intrusion (deliberate)" (Goodwin et al. 1994b) from the factor list L, since it is the
intruder, not the proponent, who directly causes environmental damage. The regulator plays an
important role here in ascertaining whether the proponent's proposed precautions are adequate
for society's protection.

Responsibility cannot be expected to survive destruction of the environment. For example,
suppose continental glaciation or some other climate change (e.g., desertification) or warfare
renders the vicinity of the disposal site uninhabitable for so long that later colonists are not
related to the previous inhabitants of the site in any way. In this case drastic changes in
conditions at the site have induced a break in the chain of responsibility between those living
today who emplace the wastes and those who might suffer from their presence.
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Basically, responsibility ends when people and other types of life abandon the region for
whatever reason. Colonists (whether people or other biota) should be expected to accept the
environment as they find it.

This argument can only be applied at a local or regional level, however. Those living today have
an obligation to everyone else living today, and to their descendants, to do what they can to
protect the global environment shared by all. If some unrelated event destroys a local
environment, responsibility in that local environment ends, but global responsibility remains. A
disposal site should be constructed in such a way as to minimize the global impacts of a local,
unrelated catastrophe.

2.2.3 Negligible Impact

A factor can be rejected if adequate preliminary modelling efforts show that including it in the
analysis will have little effect on the outcomes in the sample space. Many factors never make it
onto the initial list at all if there is no obvious connection between them and a waste disposal
vault. For example, the waste in the vault, like anything else on earth, is subject to a weak
gravitational attraction to the planet Jupiter. There is no obvious effect of this attraction so far as
waste management is concerned, and so Jupiter's attraction has never appeared on the factor list
for the EIS assessment.

Other parameters did appear in the initial list, but were later excluded because they would have
only a minor effect at most. For example, "backfill evolution", the change of the physical and
chemical properties of the backfill with time, was excluded from the list for the EIS postclosure
analysis. Changes in properties were expected to be small, and not particularly significant as far
as environmental impacts are concerned. However, backfill properties (as opposed to changes in
those properties) were included in L for the EIS postclosure assessment.

2.2.4 Conservative Assumptions

A factor does not need to be analyzed in detail if we make an assumption about its effects that is
worse than could possibly arise. Such an assumption is only useful if the environmental impacts
based on the conservative assumptions are still acceptable.

A conservative assumption is one that can only serve to increase estimates of environmental
impacts. For example, in the EIS concept containers of waste are placed in a disposal vault that
is basically dry. Water must seep into the disposal rooms before wastes can disperse in
groundwater, and that reflooding process could take hundreds of years. Reflooding is
complicated and difficult to analyze. It is much easier to assume that the disposal vault starts out
flooded, and that reflooding as a factor need not be considered. This assumption should be
conservative because container corrosion, dissolution of used fuel, and transport of dissolved
contaminants all start earlier than would actually happen. Short-lived nuclides that would in fact
decay before causing any consequences may have significant environmental impacts with this
assumption.
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If the conservative modelling approach were carried to extremes, one could eliminate all but a
handful of factors, and make a back-of-an-envelope estimation of environmental impacts. If this
calculation were to show a waste disposal system to be safe, then the environmental assessment
task would become a simple activity of documenting this analysis. Unfortunately, the estimated
risk derived in this way is typically quite unacceptable. For example, Goodwin and Mehta
(1994) used simplified bounding calculations to examine a long list of radionuclides to determine
which ones needed to be analyzed in detail for the EIS. Some of the calculated dose rates using
highly-simplified conservative models were physically impossible, being many orders of
magnitude larger than dose rates estimated with more realistic models in the postclosure
assessment. Nevertheless these bounding calculations were useful because even with these
assumptions, they showed that many nuclides had insignificant impacts and thus could be
discarded from subsequent detailed assessment.

It takes a skillful selection of conservative assumptions to meet two requirements: (a) produce a
simple but defensible analysis, and (b) show that the results satisfy regulatory guidelines.

Conservative assumptions by design lead to biased and unrealistic models. This bias can have
undesirable side-effects. One such side-effect is that models based on many conservative
assumptions become unsuitable for sensitivity and optimization studies. For instance, in the EIS
postclosure assessment, no credit was taken for the container walls as a barrier to radionuclide
release after initial defects or corrosion had perforated the container. The assumption that the
entire container effectively vanishes after perforation is conservative in the sense that
radionuclide releases from the container would proceed faster with that assumption than in
reality. But as a result it is impossible to use that model to compare the effects of different
container designs or materials that would be expected to yield different numbers of perforations
of different dimensions.

2.2.5 Rarity

If we cannot define a chance setup (see Section A.2 in the Appendix for a definition of chance
setup) where an occurrence has a reasonable probability of making a difference, we can exclude
it. Some happenings are rare on a time scale. For example, large meteors rarely strike the earth.
Other occurrences are rare in space. For example, rich ore deposits of valuable minerals (which
could cause prospectors to drill near a vault) are difficult to find because of their scarcity. How
rare do they have to be before we can ignore them?

Suppose a large meteorite strike could cause such a large release of radionuclides from a disposal
vault that health effects would occur both at the time of the strike, and for thousands of years
thereafter. Then to ensure that the risk of health effects from radionuclides 10 000 years from
now (a time stipulated by the AECB for quantitative assessment) is less than 10"6, one must
demonstrate that the expected number of such large strikes over 10 000 years is less than 10"6.
(If the regulations are interpreted to prohibit the effects of a meteorite strike on the vault over a
longer time period, the expected number of such large strikes would have to be even smaller.)
Assume there is a Poisson distribution for large strikes or near-misses (i.e., within, say, 10 km of
the disposal site) with an average rate of q events per year. The expected number of occurrences
in 10 000 years is 104 q. In order that this mean value not exceed 10"6, q must not exceed 10"10
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occurrences per year over a circle with radius 10 km, having an area of 100 71 = 314 km2. Since
the estimated age of the earth is less than 1010 years, no more than one such strike would likely
have occurred since the world was formed. It is difficult to justify assuming such a low rate of
occurrence at a specific site.

However, consider the entire land surface of the earth, and suppose we know from the geologic
evidence if such a large meteorite struck anywhere on land in the last hundred thousand years
(meteorite strikes on deep water bodies being more difficult to identify). If all sites were equally
likely to be hit, then we would have a chance setup where again a Poisson process would be an
appropriate model. Let the rate of large hits be q per year per square kilometre. Then the
expected number of hits per year on land is 149 x 106 q (area estimate from Tennant [1971 ]).

If the expected number of hits per year on 314 km2 were 10~10, as calculated above, then the
expected number of hits per year on the earth's land surface would be about 0.00005. If this
were the case, a large meteorite would be hitting the earth on average every 20 000 years. If
there were no evidence of such a large meteorite strike in the last 10s years, say, we would be
justified in claiming that we could ignore the effects of such large meteorite strikes, because the
rate of large strikes is apparently smaller than 10~10.

There is a philosophical problem with using a probabilistic argument to reject a factor before the
sample space has been established (i.e., before probabilities can exist). We can resolve the
paradox by performing iterative analyses. Suppose we include factor Kin a trial sample space,
and find that in that sample space the probability of the scenario in which Y contributes
significantly to dose is too small to be worth considering. Then we can exclude Y from further
scenario making, as long as the assumptions of the trial sample space are still relevant. By
following an iterative approach, we can restrict the final list L to contain only factors with a
potential for causing significant environmental effects.

2.3 DEFINING A SAMPLE SPACE BY MODELLING A CHANCE SETUP

Goodwin et al. (1994b) do not give a detailed prescription for step 4 of Table 1, constructing
scenarios from a factor list. The process can be quite lengthy and difficult. The NEA report on
scenario analysis (NEA 1992) described two basic approaches to scenario formation: bottom-up
and top-down. The AECL approach, like the Sandia approach (Cranwell et al. 1982), is
described as a bottom-up approach, because multiple scenarios are constructed from a list of
factors. However, there is also a justification for describing the AECL approach as a top-down
approach. To apply the risk equation (1), it is necessary to generate a set of disjoint scenarios
that span an entire sample space. A probability measure must be applied to the sample space so
that the probability of each scenario can be determined. To apply the risk equation, then, a top-
down approach must be adopted, in which an entire sample space is first constructed, and then
partitioned into disjoint scenarios.

The construction of a sample space from a list of factors can be broken down into three steps.

1. Describe the chance setup to which the factors apply.
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2. Construct an abstract model of the chance setup.

3. Convert the abstract model to a probabilistic model.

2.3.1 Describing a Chance Setup

To construct a sample space for scenario analysis, it is first necessary to examine how the factors
could operate together as a system. In the jargon of Appendix A, it is necessary to describe the
chance setup to which the sample space applies, where "a chance setup consists of a set of
objects plus a set of conditions under which these objects have certain real possibilities"
(Chuaqui 1991). Each trial of a chance setup gives rise to a unique result, chosen from a fixed
set U of possible outcomes.

The factor list L determines which aspects of the environmental system are to be explicitly
modelled. The factors in L influence our perception and description of the chance setup that
underlies U, but not the nature of the chance setup itself. For example, if we omit the factor
"Container failure due to initial defects" from the list L, that omission does not prevent these
container failures from occurring in the real world.

The chance setup for an environmental system is typically quite complex. It is based on objects,
conditions, possibilities and outcomes.

Objects. The components of a waste disposal system, including waste, containers, buffer and
backfill materials, seals, rock, etc. These items are all identified as factors in the list L. The
details (e.g., how much waste, in what chemical form, with what isotopic ratios) are
conditions (defined next).

Conditions. The circumstances under which a disposal system is to be implemented and
operated. Conditions qualify objects in the chance setup description. For example,
consider the factor "container defects". Containers, and perhaps the defects also, would be
identified as objects. Conditions relating to container defects would include the rate of
defects, their magnitude and nature. These are application-specific details that would need
to be addressed in the modelling of container performance. By and large, conditions do not
come from the factor list, but from either the proposal being assessed, or from probability
distributions specified by an expert.

Possibilities. It is assumed that the disposal system evolves from an initial state specified by
the conditions. How the disposal system will evolve is not known, but for a specific
proposal (i.e., site and facility design), it is easier to agree on the set of possible results than
it is to agree on how likely each result is. For example, it is considered possible that ten
thousand years from now the disposal site will be inhabited by members of a primitive
agrarian society, but not that it will be inhabited by intelligent periwinkles. Possibilities are
typically determined by elaborating what might happen under the influence of factors from
the factor list.
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Outcomes. The outcomes of interest are the environmental impacts likely to occur. Outcomes
are generally quantitative measures applied to the different possibilities that can arise.

2.3.2 Constructing an Abstract Model of a Chance Setup

Chuaqui carefully describes how one progresses from a description of the physical situation to a
sample space. A crucial step is making an abstraction of the physical situation (Chuaqui 1991,
p. 77-78):

The first step in order to set up a mathematical model of a physical situation, is to replace the
physical objects, relations between the objects, properties of the objects, etc. by abstract objects that,
so to say, mirror them. ...

Suppose that the situation involved is the roll of a die. The universe A of our relational system
contains the objects we want to talk about. In this case, A may consist just of the faces of the die,
disregarding all other features of the die. The only property of the faces we need is the property of
coming up in the roll, call it C, which is a one element subset of A. Thus, our relational systems for
the roll of a die may be taken to be (A,Q.

Suppose now that the die is biased. Then, in order to have a clear picture of the situation, it may be
necessary to consider the distribution of weights in the die, and our systems would be much more
complicated. They may have to include the real numbers and functions (weight, for instance) into
the reals. Thus, there may be different relational systems appropriate for the same situation,
depending on what we acknowledge as relevant for the explanation we are seeking.

The abstract model of the physical situation defines a set of outcomes U containing all possible
(mutually exclusive) simple outcomes under consideration. For example, when rolling a
standard die, the universe A is the set {1, 2, 3, 4, 5, 6} designating the six faces of the die, and the
set (/is the set {{1}, {2}, {3}, {4}, {5}, {6}} of all possible outcomes from one roll of the die.
These outcomes are mutually exclusive; if you roll a 5, you cannot also roll a 3 in the same trial.
If a coin is tossed once in the usual way, the universe A is the set {heads, tails}, and the set of
outcomes U is the set {{heads}, {tails}}. If the coin is tossed twice, the universe A remains the
same, but the set of outcomes (/changes to {{heads, heads}, {heads, tails}, {tails, heads}, {tails,
tails}}. If two dice are rolled together, one with the usual six sides, and one a tetrahedron
(pyramid) with four sides, the universe A = {{1, 2, 3, 4, 5, 6}, {1, 2, 3,4}}, and the set of
outcomes U= {{1,1}, {1,2}, {1,3}, {1,4}, {2,1}, {2,2},... {5,3}, {5,4} , {6,1}, {6,2}, {6,3},
{6,4}}.

More realistically, however, the universe A in an environmental assessment of nuclear fuel waste
disposal is a much larger set, containing possible values for thousands of different disposal
system characteristics. The set of outcomes U would also be much larger, and possibly
complicated because some combinations of the characteristics would have to be excluded
(because, for example, they would describe an implausible situation such as a rock with low
porosity and high permeability.)

As a simple example, A might consist of two characteristics X and Y, taking values from the
intervals [0,10] and [0,0.1] respectively. The set of outcomes U would be the set of all possible
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combinations of system characteristics: {(x,y) I x e [0,10] and ye [0,0.1]}. This set might have
to be modified if there were some combinations of values x and y that were excluded on physical
grounds, perhaps yielding U = {(x,y) \xe [0,10] and y e [0,0.1 ] and xy < 0.8}.

As a more complex example, consider what happens if a single new factor, "radionuclide decay",
is inserted into a factor list L previously developed for disposal of toxic waste containing heavy
metals. The distinction is that the waste under consideration can now decay and cause
radiological effects, in addition to whatever chemical impacts were originally considered. Here
are some of the changes in the chance setup that occur because of the new factor.

• Radionuclides must be identified. Without representing radionuclide decay, a model
might deal only with elements and chemical compounds. All isotopes of a particular
element would be treated identically. Once radionuclide decay is incorporated into a
model, different isotopes of an element must be identified in the model and handled
differently. Many properties in the model will have subscripts to represent nuclide
dependence. This finer discrimination increases the number of objects, and hence the
number of random variables in the model substantially. New indicator variables may need
to be defined, for example to indicate which nuclide is the largest contributor to the total
dose rate at a specific time.

• Decay must be modelled. A simple representation of radionuclide decay holds that:

- each radionuclide has one decay mode that converts the atom to a unique daughter
isotope;

- decay occurs unpredictably according to a random process with a decay constant XN
for nuclide N;

- any sample of interest has so many atoms of any given isotope that the decay process is
completely predictable—that is, while we cannot predict when any specific atom will
decay, we can predict exactly how many atoms will have decayed in a given sample
after an elapsed time; and

- no other physical process changes the decay process.

These conditions give rise to Bateman's equations for radionuclide decay (Bateman 1910).
(The above specific assumptions are simplistic. Some radionuclides have multiple modes
of decay leading to different daughter isotopes. There are physical conditions, such as the
presence of strong magnetic fields, that do influence the decay rate. Some of the samples
we deal with have only small concentrations of radionuclides, and so decay is not entirely
predictable. Nevertheless, the simple model is good enough for most assessment purposes.)

• Other attributes of radionuclides must be represented. One obvious attribute of a
radionuclide in a wasteform is its initial inventory. Another set of attributes of a radionuclide
in the environment is the set of dose conversion factors used to estimate dose rates from
radionuclide concentrations in the environment. For example, we might use an ingestion
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dose conversion factor to estimate the dose rate to a member of the critical group who ingests
contaminated water, and other dose conversion factors to account for exposure to
contaminated air and soil.

2.3.3 Converting an Abstract Model to a Probabilistic Model

An abstract model is a mathematical representation of a physical situation that maps the physical
situation onto a space of possible outcomes. A probabilistic model is a mapping from a physical
situation to a sample space. An abstract model becomes a probabilistic model when probabilities
are assigned to each possible outcome in the set of outcomes U. The assignment of probabilities
also converts the set of outcomes U into the sample space U. The probabilities must follow the
rules for a probability space (see Table A-1 in the Appendix, possibly extended to cover infinite
sets and probability densities).

The conversion of an abstract model into a probabilistic model is also usually accompanied by
the introduction of random variables into the model. These are variables with values that may
change depending on precisely which element of the sample space is being considered. A
probability model needs random variables for two reasons: (a) for convenience in introducing
probabilities into the system by providing probability distributions for parameters, and (b) to
make it possible to frame all propositions of interest concerning a disposal system.

A random variable X associates a value with every result in the sample space U. For example, if
C is the result of rolling one die, then the random variable X applied to C might give: (a) the
number of spots on the face corresponding to C; (b) 1 if the number of spots is odd and 0 if it is
even; (c) 1 if the number of spots is six, and 0 otherwise; or any of various other possibilities.
The random variables in (b) and (c) are called indicator variables because the two-level output
(0 or 1) indicates whether or not a logical condition holds. A common random variable applied
to the outcomes of rolling two dice is the total showing on the dice; e.g., X({l,2}) = X({2,l})
= 3. In a radiological assessment, a random variable D, might give the dose rate at time t
received by a member of the critical group.

To simplify the description of a sample space, modellers use random variables to characterize
both the inputs and outputs of a model. The process of defining random variables to quantify the
state of a model is called parametrization, and a model that is fully parametrized has a random
variable to describe every significant aspect of the sample space. Any event in the sample space
can then be framed in terms of values for some subset of the random variables in the sample
space.

Each random variable in the sample space U has a probability distribution over the set of possible
values it can assume. A random variable takes a numeric value that could be either discrete (e.g.,
an indicator variable could take values 0 and 1 only) or continuous (e.g., the concentration of
carbon-14 in water taken from a stream).

Equations in the model establish dependencies among random variables. For example, if
Z = X + Y, the value of Z is completely determined by the values of X and Y. As a result, a
knowledge of the joint probability distribution of X and Y fully determines the distribution of Z.
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To fully describe a sample space, it is in principle necessary to provide only those parameter
distributions that cannot be derived from equations in the model.

A typical random variable might be denoted U or F,or X(m,x,t,i). The subscripts m, x, t, i show
that X(m,x,t,i) is actually one of a family of random variables. Here m might specify one of many
specific nuclides, and / might refer to one of a list of streams where samples are to be taken.
These subscripts are discrete, meaning that they define a finite number of random variables of
this form. The subscripts x and t could refer to a position x and a time t. These subscripts are
continuous, and they make X(n,x,t,i) into a random function. In general, a random variable may
have no subscripts (e.g., the depth of the proposed vault in a disposal system) or many subscripts
(e.g., the concentration of a specific nuclide n on the surface of a specific mineral m at a specific
location (x,y,z) and time t.)

The modelling process typically identifies a finite number of input random variables (designated
parameters) for which probability distribution inputs are required.

It is also possible to provide input random functions, which associate random values with every
point over a continuum, but these are very difficult to determine and to describe. In this report it
is assumed that no random functions are used as inputs. It may be necessary to discretize
continuous dimensions like space and time to avoid having to specify random functions. For
example, specifying a distribution for the porosity of a large mass of rock at every location (x,y,z)
is an intractable problem. To simplify the process, analysts can partition the space occupied by
the rock mass into a finite number of elements, in each of which a random variable represents the
average porosity of the element.

A probabilistic model provides a mathematical expression or an algorithm to compute the value
of each output variable3. If output variables are defined for continuous values of space or time,
the algorithm is required to provide a value at any point in the continuous domain, given values
for the input parameters. It is easier to deal with output random functions than with input
random functions, because the analyst may request the evaluation of the output functions only at
selected points. To simplify the exposition, it is assumed here that wherever an output variable is
actually a random function depending on a spatial dimension x or a time dimension t, or some
other continuous variable u, it will be discretized so that it depends on only a finite number of
distinct values for x, t or u.

A random vector V contains all input and output random variables in a possible outcome of a
probabilistic model. This vector is similar to the finite n-vector described by Dormuth and Quick
(1979) in the original description of systems variability analysis, except that V contains both
inputs and outputs.

We assume that sufficient details are provided as inputs to uniquely determine the values of the output variables.
For example, in a queueing model of customer arrivals and servicing at a bank, the inputs would provide not just
the initial queue size, interarrival time distribution and service time distribution, but also the exact arrival times
and service times for each customer. As a result, the probabilistic model is actually a deterministic model with
stochastic inputs.
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The sample space U consists of the set of all possible random vectors that could be assigned to V.
In general the sample space contains an infinite number of possible values v for V, since many
variables have continuous distributions.

2.4 SUMMARY

Recapping, Goodwin et al. (1994b) defined a six-step process for scenario analysis. This process
is best applied iteratively, and it may take several attempts to achieve a satisfactory scenario
sample space.

The first three steps in the process concentrate on generating an adequately comprehensive list L
of factors that should be considered in formulating scenarios. Initial versions of this list should
be very long to make it unlikely that any relevant factors have been omitted. For practical
reasons it is necessary to simplify the list. Assessment analysts must take care to use only valid
reasons to exclude plausible factors from the list.

Once the list L is available, it becomes possible to put factors together to generate scenarios in
more than one way. If scenarios are constructed in a bottom-up manner (i.e., by combining
factors in different ways to construct scenarios warranting analysis), it is difficult to assign
probabilities to them. It is preferable for analysts to use a top-down approach in which they
construct a global scenario sample space containing the effects of all factors in L. An abstract
model is used to map characteristics of the physical system being studied onto the sample space.
Probabilities must be assigned to every outcome in the space to make it a sample space. Both the
modelling and the probability assignment are made easier by using random variables to
characterize the space.

3. PARTITIONING THE SAMPLE SPACE

A scenario, as defined by Goodwin et al. (1994b), consists of a list of factors "that could affect
the performance of the disposal facility to immobilize and isolate nuclear fuel waste". But each
scenario must be assigned a probability for use in the risk equation, and probability is not
associated with factors. It is associated with real world events, with propositions about real
world events, and with random variables. So a generic scenario consisting of a list of factors
must be transformed before it can be used to estimate risk.

Section 2 showed that a list of factors can be used to generate a model of a chance setup, and a
sample space. For convenience, random variables can be used to characterize the sample space.
Given a fully parametrized sample space U it becomes possible to define a detailed scenario:

A detailed scenario S from a fully parametrized sample space U is a subset of U in which
values of some of the random variables in the random vector V are restricted to subsets of
their domains. The random variables so restricted could be inputs to a probabilistic model
(such as those parameters that characterize potential exposure from inadvertent human
intrusion caused by exploratory drilling), or outputs from that model (such as those output
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variables that quantify the ingestion dose rate of I29I resulting from contaminated
groundwater transport).

Detailed scenarios, unlike generic scenarios, are specific enough to have probabilities assigned to
them. They can be used in Equation (1) for estimating risk. This section shows how the sample
space can be partitioned into disjoint detailed scenarios. Section 3.1 defines the probability and
risk associated with a detailed scenario. Section 3.2 explains why it is necessary to partition the
sample space. Section 3.3 explains how the partitioning can be done.

3.1 PROBABILITY AND RISK GIVEN A DETAILED SCENARIO

A detailed scenario is defined in terms of random variables. The entire sample space U allows
every random variable to take every value in its distribution; none of the domains are restricted.
By definition, Pr{ U], the probability of the sample space U, is 1. More explicitly, we use U to
represent the entire domain of discourse, and it has probability 1 because it includes all the
options we are willing to consider. That does not mean that U contains every conceivable
occurrence, although we strive to achieve that end.

U is a detailed scenario. Any other detailed scenario is a subset of U, and has a probability that
reflects how much of the sample space it contains. Before showing how the probability of a
detailed scenario can be determined, it is necessary to define the cumulative distribution function
(cdf) of a random variable. Table 2 and equations (5) to (9) therein define the cdf and show
some of its properties.

In general, the probability of a detailed scenario S is given by

(10)

where v is a value for the random vector V in which the components are the n random variables
that appear in U, and Fy{v) is the joint cdf for all these random variables. The n'th order
differential <fF\ for continuous functions is defined to be

d"Fv =fvlv1v,...{vi'v2>v3'---)dv\dv2dvv 0 0

where the variables V, are the components of V, and fViv2v^... ' s the joint pdf (probability

density function) of the components. If the values of one or more of the components of V are
discrete, F\ is a discontinuous function, and the joint pdf is not properly a function. Then the
integral in Equation (10) becomes a sum for each discrete variable. Equation (10) is expressed
in terms of the cdf rather than the pdf because that formulation works for both continuous and
discrete distributions.
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TABLE 2

CUMULATIVE DISTRIBUTION FUNCTIONS OF RANDOM VARIABLES

The cumulative distribution function (cdf) Fx(x) of a random variable X is defined to be

Fx(x) = Pv{X < x} (5)

Since a cdf is a probability, the result must lie between 0 and 1:

V* 0 < Fx(x) < 1 (6)

Furthermore, Fx(x) is monotonically nondecreasing:

\tx,y x < y -» Fx(x) < Fxiy) (7)

The joint cdf of a set {X, Y, Z,...} of random variables, denoted FXYz---(x,y,z, •••), is defined to be

FXYz...(x,y,z,...) = PT{(X < x) and (Y < y) and (Z < z) and ...} (8)

If the variables X, Y, Z,... are all statistically independent, then

= Fx(x) F K J ) FZ(Z) ... (9)

The integral in Equation (10) cannot usually be evaluated explicitly because the dimensionality
of the model is too large. There is no necessary connection between the length of the factor list
L and the dimension n of the vector V, but it is usually true that there are many more variables
than factors. The size difference arises because it is not uncommon for one factor to require
many model variables to describe its effect in the system, whereas it is more rare that one
variable can cover the influence of several factors.

Extra variables in the vector of parameters V contain site and design specific information that is
missing from L. Some of this information can also be embedded directly into the model.
Through aggressive parameterization of the model, it is possible to transfer most of the site and
design specific information to the vector V.

Table 3 gives some examples of detailed scenarios and the associated probabilities.
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TABLE 3

SOME EXAMPLES OF DETAILED ASSESSMENT SCENARIOS

Detailed Scenario Probability

EIS groundwater transport scenario: variables
controlling the occurrence of several rare, high-
consequence events were constrained so that these
events did not happen (e.g., human intrusion and
significant meteorite impacts were prevented).

Meteorite impact scenario: a meteorite impact
could be modelled with only two parameters, the
time at which it occurs, and the magnitude of the
impact. Impacts can be modelled with a queuing
model having Poisson arrival densities over any
given time interval, or conversely, exponentially
distributed interarrival times. The scenario is
defined by the constraint that an impact greater
than a given minimum value occurs within the next
10 000 years.

Inadvertent human intrusion scenario: Wuschke
(1996a,b) published a model of inadvertent human
intrusion that requires a number of events (e.g.,
failure of institutional controls on the site) to
happen leading to the event that a borehole drilled
from the surface intersects a waste container in the
vault, and health effects result. Each necessary
precursor event can be represented by an indicator
variable /, taking the value of 0 (does not occur) or
1 (does occur). The scenario is defined by all these
indicator variables taking the value 1. These
variables are time-dependent, and so intrusion first
occurs at the first time these variables all take the
value 1.

Open borehole scenario: this scenario requires the
existence of a borehole from the surface to vault
depth that is near a vault room containing
emplaced waste, and that remains open after vault
closure. An indicator variable could select whether
a borehole is left unsealed. The unsealed
borehole's location could be identified by the
values of variables that define its distance from and
orientation to the vault.

Near 1, since the excluded events had little
probability of occurring. For probabilities over
0.5, one might assume a conservative probability of
1, since the assumption has little impact on risk,
while removing the need to justify the probability
chosen.

Wuschke et al. (1995) have estimated that
meteorites large enough to disrupt significantly the
rock around a disposal vault at 500 m depth would
hit the vicinity of the proposed vault with an arrival
rate of 6.5 x 10~n per year, or 6.5 x 10"7 per
10 000 years. The probability of an impact over
this period is then also 6.5 x 10~7.

Since there are several variables involved, the
probability is determined by the joint cdf of all
these probabilities. Wuschke assumed statistical
independence among them. If P,(t) represents the
probability that /, takes the value 1 at time t, then
the probability of intrusion at time t becomes
Pt(t)P2(t) ...P k(t), where k is the number of
variables. Wuschke estimated the probability to be
essentially 0 at the time of vault closure, rising to a
value of 5 x 10~* after 104 years.

If we assume that controls will be adequate to
eliminate all but possibly one unsealed borehole,
then the probability of one such borehole becomes
the probability of the scenario. If we further
restrict the location of the unsealed borehole to be
close to a room in the vault, the probability of the
scenario is determined by variables for existence
and proximity.
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Probabilities are introduced by assigning a joint probability distribution Fy{v) to possible
values v of the random vector V. In practice it is difficult to specify a joint probability
distribution for more than a few parameters. To simplify the process, modellers try to choose
independent parameters such that

M

y=i

where each function Fv (vy) is a cdf for V,, and the range from 1 to M represents the random

variables that are actually input parameters of the sample space, with externally provided
distributions. Without loss of generality, one can assume that the components of V have been
sorted to put the input parameters at the front. It is further understood that values of all the other
components from M + 1 to n are determined once the values of the first M components are
known. (In a specific application, Equation (12) could be modified to allow for joint
distributions for small groups of parameters that are independent of other individual parameters
and small groups.) In this way the distribution of each parameter (or small group of parameters)
can be estimated independently by specialists in different fields, and they can be combined to
give probability estimates for the entire sample space.

For example, in the case of throwing a pair of dice, there are two independent cdfs Fv (v,) and

FV2 (v2), one for each die. Assume Fv [y^ is a probability function such that Fv (1) = 1 / 6,

Fv (2) = 2 / 6, and in general, Fv (k) = k 16 for k from 1 to 6 (by symmetry). For any numbers k

and / in the set {1, 2, 3, 4, 5, 6}, Fv([k,l]) = FVi {k)FVi (1) = kl 136.

If the entire sample space is analyzed for risk, without partitioning into smaller detailed
scenarios, risk equation (1) degenerates to

R = HD(U) (13)

There is no summation here since there is only one significant scenario, namely the entire sample
space U, corresponding to the generic scenario L. D(U) is the magnitude of the dose rate
associated with U. Since U is such a "large" scenario (i.e., it covers an enormous range of
possible variable vectors V), D(U) should be treated as an average dose rate:

D{v)dnFv (14)
veil

where D(v) is the dose rate in Sv/a associated with the variable vector v.
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The risk Rs from any detailed scenario S can be computed in a similar way:

D(v)d"Fv (15)
veS

3.2 REASONS FOR PARTITIONING THE SAMPLE SPACE

As previously noted, the AECB requirement for environmental assessment requires risk to be
averaged over all significant scenarios (AECB 1987). In principle this summation should be over
a complete set of scenarios that cover the entire sample space U. Otherwise there is a chance of
missing some part of U with a significant environmental impact. Conversely, the summation
should not include any particular vector of variable values more than once, for that would
artificially enhance the impact of that vector. That is, the scenarios should be mutually exclusive.

Why would an analyst want to partition the sample space U instead of applying Equations (13)
and (14) directly? There are at least four important reasons:

1. Optimal modelling. Different evolutions of the disposal system may be modelled in quite
distinct ways, and it may not be appropriate (e.g., not efficient, not easy, not practical) to
model them together. For example, a groundwater transport scenario in which
radionuclides migrate from a disposal vault dissolved in groundwater has little similarity
with an inadvertent human intrusion scenario, in which exploratory drilling for minerals
extends to vault depth and penetrates a waste container. The objects, the conditions, the
possibilities and the outcomes of the chance setup can all be different. If these two
scenarios are separated it can be much easier and more efficient to describe them and to
determine their risks independently.

2. Discarding insignificant scenarios. As an extension of the first reason, it may happen that
some scenarios can be discarded altogether because their contributions to radiological risk
are negligible. This can happen because the probability of the scenario is extremely small
(e.g., scenarios in which large meteorite impacts expose the waste), because the impacts are
harmless (e.g., scenarios in which food supplements are found that counter the harmful
effects of low level radiation), or because of some combination of low impacts and small
probabilities (e.g., smaller meteorite impacts that only slightly affect surface topography
and groundwater flows). The AECB clearly anticipated this activity in their regulation
R-104 when they stipulated that the sum in Equation (1) was "over all significant
scenarios" (AECB 1987, emphasis added).

3. Emphasizing significant scenarios. As a different extension of the first reason, it may
happen that a small part of the sample space is known to contain most of the large
consequences. By preferentially studying that part of the sample space as a separate
scenario, it may be possible to estimate risk more closely with less effort.

4. Postponing analysis. Some modelling requires a long period of development, with a
prerequisite for a sound basis in underlying research. For example, bacterial action in a
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disposal vault and gas generation in waste containers are two processes that are not yet well
understood. Other types of analysis are more computationally intensive than others. For
instance the first interim assessment of the Canadian Nuclear Fuel Waste Management
Program (Wuschke et al. 1981) did not model diffusion in simulating transport through
rock, in part because the computers of the time would have difficulty in performing those
simulations in a reasonable time. Even the EIS modelling did not use fully three-
dimensional models because of the computational effort required. Scenarios that we cannot
yet analyze in detail should be separated out from those that can be handled with available
models and technology. This approach allows us to explore the consequences of what we
do know, without being held up by unresolved problems4. It is an approach appropriate to a
project which will take a century to complete, and in which no irrevocable decisions will be
taken for a decade or more.

Some reviewers of probabilistic assessments ask a different question: "Why not partition the
sample space into more scenarios?" From the reviewer's point of view, each individual term in
the summation in Equation (1) gives additional information about what could happen to a
disposal site. If, for example, it became technically possible to model the entire sample space
without partitioning, reviewers might be quite unhappy to end up with one global risk estimate
but no idea how risk varies with different assumptions. Some reviewers see Equation (1) as
more than just a mathematical formulation of the risk calculation. Instead they see it as a
prescription to proponents to break up the sample space into a variety of different scenarios.
Thus some reviewers of the EIS postclosure assessment criticized the use of only three distinct
scenarios.

There are practical reasons for keeping the number of scenarios treated in Equation (1) small.
Section 3.3 shows that each step to partition the scenario space tends to double the number of
scenarios. It does not take many partitioning steps to make the total number completely
unmanageable.

There is a realistic solution to the contrast between what reviewers want and what can reasonably
be provided. The answer is to develop scenarios both top-down (starting with a sample space)
and bottom-up (constructing scenarios warranting analysis by combining factors).

The top-down analysis should be used to create a set of scenarios to use with Equation (1).
Sample space partitioning guarantees disjoint scenarios that span the sample space to ensure that
the total risk estimate has a sound basis.

The bottom-up analysis can be used to investigate scenarios of particular interest. These
scenarios will typically have the form of "what i f questions; e.g., what if the critical group
follows a vegetarian diet, or what if the porosity of the rock around a disposal vault is near the
bottom of the range of feasible values? Scenarios developed in a bottom-up manner will tend to

If short-term results are needed for such scenarios, they can be estimated using conservative asumptions, or
perhaps the entire project design can be altered to eliminate such scenarios. An example of the latter is described
by Goodwin et al. (1994a, p.23): the complication caused by generation of hydrogen gas were avoided through a
design modification that precluded the use of iron or steel inside a container. It was largely the presence of those
metals that could lead to the formation of hydrogen gas.



-31 -

overlap and to have gaps so that they do not span the sample space, and so they should not be
used with Equation (1). They can be instructive, however, and can substantially add to an
analyst's understanding of system behaviour.

3.3 PARTITIONING THE SAMPLE SPACE U

Given that it is sometimes desirable to split the sample space up into multiple scenarios, how is
this division to be done? There are three basic ways:

• split the domain of allowed values for one or more random variables;

• separate unrelated parts of the sample space; and

• partition scenario consequences.

3.3.1 Split the Domain of Allowed Values for One or More Random Variables

When the domain of an independent parameter V, in V is split into two parts at the dividing line
v/o , the risk equation becomes

Rs =

HJ < D(v)d"Fv+HJv D{v)dnFv (16)

Rs + Rs^

where Rs is the risk from Si, a scenario identical to S except that the value of V) is limited above

by v/o, and Rs is the complementary risk for S2, the scenario like 5 where V, is limited below by

VJO. This separation of scenarios is easy to define and easy to implement. The probability of
scenario S\ is

Pr{5,}=f dnFv. (17)

Similarly, the probability of scenario S2 is

Pr{52} = f dnFv

f dnFy - f d"Fy (18)

Pr{5} - Pr{5,}.

As an example, separate all groundwater transport scenarios where the critical group members
use a well deeper than 100 m from all groundwater transport scenarios where they use only
shallower wells. This separation could be desirable if deep wells strongly influence groundwater
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flows, changing the models required. Part of the chance setup is the chance of a deep well being
used, which can be estimated using Equation (17) or Equation (18). Assuming appropriate
models are available for each, it should also be possible to determine the radiological impact of
each scenario.

It is easy to demonstrate that the two scenarios cover the entire space of groundwater transport
scenarios. For any scenario in the space, just examine the depth of the deepest well, if any, and
allocate it to one scenario or the other based on that variable. It is also easy to see that the two
scenarios are mutually exclusive, for one cannot both have and not have a deep well.

There are special cases and generalizations of this type of partitioning.

• Split on an independent parameter V) not used in defining S. Equation (17) can be
simplified substantially if the variable Vj used to split the scenario S is an independent input
parameter that was not constrained in defining S. In that case,

1 d" Fy

Pr{5} f d"Fv
1 J JveS v

d Fy, dFv

Ls dn~lp- L - dFv,

where v' is a value for V, which is the same as V, except that the j 'th component has been
removed. This simplification is not possible if V, was constrained in defining the detailed
scenario S , because the integral over V) cannot necessarily be separated out of the
n-dimensional integral in that case. Similarly, this simplification is not possible if Vj is a
parameter that is correlated with other parameters, or an output variable that depends on
other variables.

Split independently on the values of two or more input random variables, such as V,
and Vj. A split on one variable can create two or more scenarios to analyze. Splitting
independently on ten variables results in at least 210 = 1024 scenarios to analyze. The
number of scenarios increases linearly with the number of divisions for a single variable's
domain, and geometrically with the number of independent variables constrained. This type
of splitting is impractical for more than a small number of variables.

Split on some combination of input variable values. For example, one could separate
from the main scenario the special case where the vicinity of the disposal site is
uninhabitable for any of a variety of reasons, such as effective societal controls, climate
change (including glaciation), or contamination by other materials. This scenario would be
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defined by an expression such as (V,- < vi0) or (V, < v,-0) or (v*o< Vk < vk\). Values of the
variable vector V where none of these conditions applied would form a complementary
scenario. Once again partitioning the scenario at least doubles the number of scenarios to
be analyzed.

3.3.2 Separate Unrelated Parts of the Sample Space

Two sample spaces can be said to be independent if they are causally unrelated. For example,
when someone throws two dice in the usual way, the results on the individual dice are unrelated
and can be examined separately. Each die individually has its own chance setup. The sample
space for the two dice is the Cartesian product of the two sample spaces for the individual dice.
Similarly, one could argue that inadvertent human intrusion into a waste disposal vault by
drilling is independent of dispersal of radionuclides from the vault in a plume caused by
groundwater transport (unless the drilling somehow upsets the groundwater flow regime or vice
versa). The total environmental risk from the waste disposal vault consists of the sum of the two
risks, just as the total throw of two dice consists of the sum of the numbers for the two dice. A
modification of risk equation (1) handles this case:

^ [ ^ D2(v2)d»>FVi (20)

Ru, + Ru2

where Ui and U2 are independent sample spaces, and the variable vector Vcan be partitioned into
two parts, V\ of length n\ and V2 of length n2, that belong to U\ and U2 respectively. £>i(vi) and
D2(v2) are dose rates stemming from vi and v2.

Equation (20) implies that in the case of independent sample spaces, two (or more) scenarios can
be separated if they are independent, even though they are not mutually exclusive. This property
holds because risk is a linear function of dose rates. Notice that there is no probabilistic
weighting of the risks from U\ and Ui, as there is in Equation (1). They are simply added
together because both occur in parallel.

It is sometimes possible to discard one of the scenarios in Equation (20) as being insignificant,
but for only one reason: low expected consequence. It is not possible to discard either scenario
separately for low probability, since they both have the same probability.

In the EIS postclosure assessment (Goodwin et al. 1994a), we implicitly used this approach to
treat the combination of a groundwater transport scenario and a scenario of inadvertent human
intrusion (by drilling). However that analysis did not correctly combine risks from the two
scenarios. It is instructive to examine how risks from these scenarios were handled, and how
they should have been handled.
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The postclosure assessment analysis started with a sample space U, and partitioned it twice,
creating four scenarios. The partitioning was done according to two indicator variables, one to
indicate whether inadvertent human intrusion occurred, and one to indicate if there was an open
deep borehole near the vault. The four scenarios were:

1. No inadvertent human intrusion, no open borehole. This is the most likely scenario,
with a probability of near 1. The probability of this scenario was conservatively increased
to 1. Releases of radioactive materials into the surface environment occur through
groundwater transport, and so this scenario can be called the groundwater transport
scenario. (It is also referred to as a collection of scenarios, called "the SYVAC scenarios"
(Goodwin et al. 1994a) because the computer code SYVAC3-CC3 was used in the
analysis.)

2. Inadvertent human intrusion, no open borehole. Wuschke (1996a,b) studied the part of
this scenario in which drilling intersects a waste container, bringing used fuel waste to the
surface, where it is not recognized by the drilling crew. Four related exposure scenarios for
workers and residents were considered. (It was also recognized that one consequence of
inadvertent human intrusion might be to leave a newly-created open borehole, but the
environmental impact was not modelled because it was judged to be much less than the
impacts that were considered in detail.) Though the environmental effects of intrusion
defined this way were significant, the probability of intrusion was determined to be very
small for at least 10 000 years. The net effect was an estimated risk three orders of
magnitude below the AECB risk criterion. Goodwin et al. (1994a) took the results of this
analysis and treated them as the risk stemming from the entire scenario. In doing so,
groundwater transport of radionuclides was ignored. As discussed above, human intrusion
and groundwater transport mechanisms are independent, but not mutually exclusive because
they can occur in parallel. Nothing about the definition of the human intrusion scenario
precludes groundwater transport of waste. Hence the probability of this scenario (estimated
by Wuschke (1996a) to reach 5 x 10"6 after 10 000 years) should be multiplied by the sum
of expected health effects from intrusion and expected health effects from groundwater
transport, as in Equation (20). Although this summing was not done explicitly, the same
numerical results were obtained because the probability of the first scenario above, which
did include environmental impacts of groundwater transport, was conservatively assumed to
be 1. Effectively, the consequences of the groundwater transport in this scenario were
combined with the similar consequences from the first scenario, and so they were not lost.
Hence the numerical results quoted by Goodwin et al. (1994a) are acceptable on this
account.

3. No inadvertent human intrusion, but an open borehole. The potential environmental
effects of this scenario would come from the borehole providing a pathway for early release
of radionuclides. The probability of this scenario was estimated to be too small to be of
concern.

4. Inadvertent human intrusion, and an open borehole. Since this scenario would require
two independent improbable occurrences, it was rejected from consideration because its
probability was too low.
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Splitting scenarios by separating unrelated parts of the sample space must be done very carefully.
In the example taken from the postclosure assessment, it has been shown that the first two
scenarios (no inadvertent human intrusion with no open borehole, and inadvertent human
intrusion, with no open borehole) are not unrelated, and thus there a flaw in their separate
treatment. Moreover, if these two scenarios were analyzed as one, it is quite likely that other
features would appear in the analysis. One such feature is the intersection and exhumation of
contaminated buffer during drilling, which would have a higher probability of occurrence than
the intersection and exhumation of a container. Another such feature would be the possible
presence of a borehole that passes near or penetrates the vault and that is not sealed when the
drilling activities cease. These features were not explored in the postclosure assessment.

3.3.3 Partition Scenario Consequences

The dose rate D(v) in the risk equation (15) can be partitioned in a variety of ways, including by
nuclide and by pathway. Suppose, for example, that the total dose rate D(v) is partitioned into
N contributions D,(v), one for each nuclide i. Then the risk equation becomes

N

_rj LHv)dFv

N

N

where the risk Ry,, is the risk in scenario U from nuclide i. A similar equation results if index i
refers to different exposure pathways (ingestion, inhalation and external exposure), to different
sources of drinking water (well and lake), and so forth.

Equation (21) contains a linear combination of risks, like Equations (16) and (20). Unlike
Equations (16) and (20), the terms in the summation in this equation are not in any sense
independent. Each risk integral is over the same set of variable vectors v, and the dose rates from
different nuclides are likely to be correlated. Similarly, if a summation is taken over different
pathways (e.g., ingestion in water, ingestion in food, inhalation, etc.) one will obtain a
summation of correlated terms. Nevertheless, there can be an advantage to considering the inner
summations separately. For example, short-lived nuclides can be treated quite differently from
long-lived nuclides. To avoid environmental impacts from a nuclide like strontium-90 with a
half-life that is less than 30 years, it is only necessary to isolate that nuclide from the
environment for about a thousand years, after which time it will have essentially vanished due to
radionuclide decay. In contrast, iodine-129 is a nuclide with a half-life of almost 16 million
years, and so much more detailed and longer term calculations are needed to determine its
environmental effects.
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4. RISK ANALYSIS PROCEDURE

4.1 THE PROCEDURE

Figure 1 depicts a risk analysis procedure that is consistent with the steps carried out to evaluate
environmental impacts of the Canadian Nuclear Fuel Waste Management Program. Five
processes are identified in the figure:

Screen Factors. This is the factor screening process described in detail by Goodwin et al.
(Goodwin et al. 1994b). It yields a list L of factors relevant to assessing environmental
impacts for a particular proposal. The screening process must be a preliminary version of
the entire procedure shown in the figure, since factors can only be eliminated if they do not
significantly enhance risk. For each Potential Factor considered, it addresses the question:
"Is there some circumstance under which this Potential Factor, either alone or in concert
with other Potential Factors, could play a significant role in determining the environmental
impacts of the current proposal?"

Model System. Within the framework defined by the factors in the factor list L and the details
of the Proposal (i.e., the precise project being assessed), analysts devise an abstract model
as defined in the Section 2. The construction of a complex model requires Model
Components. These can be physical, chemical or biological principles or theories
describing how some component(s) of the system behave(s), such as sets of differential
equations and boundary conditions. The role of Model Components is important because
system modelling is typically a multi-disciplinary activity, requiring the co-operation of
many researchers, each of whom know how some components of the system behave.

Although not all modelling methods are probabilistic, it is necessary to assign probabilities
to the outcome space to use Equation (1) to estimate risk. Therefore this process produces a
Probabilistic Model that defines the set of outcomes U and associates probabilities with
each.

Elicit Distributions. In a Probabilistic Model, a probability is assigned to every event deemed
possible. The model can be constructed before the numeric values of these probabilities are
known. Assessment analysts must then talk to researchers to determine the distribution of
possible values for every parameter (i.e., every input random variable) in the model. Even
those parameters that are treated as constants can be considered to have very narrow
probability distributions. The sample space U is not completely defined until all these
distributions are specified. As noted in Section (3.1), the probability of each outcome in the
sample space U is effectively established once distributions are defined for all input
parameters in V (including joint distributions), because of the relationships between input
parameters and output variables defined by the Probability Model.
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FIGURE 1: Risk Analysis Procedure

This diagram is a dataflow diagram. It shows how data is transformed from input to output but not chronological
sequence. That is, an analyst may spend some time working on process 1, then some time on process 3, then back
to process 1. Or the first three steps may be carried out once, and then redone more completely, before process 4
is begun.
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Estimate Scenario Risk. The sample space can be partitioned into Detailed Scenarios. The
partitioning process is not shown in the diagram, because Figure 1 shows only data flow,
and not control processes. Each Detailed Scenario that is extracted from the Sample Space
U must be considered separately with an analysis that yields a Scenario Risk Estimate.
Each Scenario Risk Estimate is one of the individual terms in the summation in
Equation (1).

Accumulate Risk. The final process in Figure 1 performs the summation of Equation (1). It
adds up the Scenario Risk Estimates to yield a Total Risk Estimate.

4.2 THE ROLE OF PROBABILISTIC SYSTEMS ASSESSMENT CODES

The discussion to this point has been quite theoretical. Factors in the list L can be quite general.
Probabilistic models can be expressed in terms of complex systems of interconnected partial
differential equations, which may or may not be tractable to solve. Probability distributions can
be of any mathematically valid form. In short, nothing stated so far in this report has explicitly
required that an assessment analyst be able to apply each equation to yield reliable numerical
estimates of risk. Yet that is the goal of risk analysis.

It is perhaps not surprising that the tools that have been developed to assist assessment analysts
in this task bear a structural resemblance to the task to be performed. For example, consider the
computer code SYVAC3-CC3 that was used in the EIS postclosure assessment to analyze the
groundwater transport scenario.

SYVAC3-CC3 helped assessment analysts with steps 2 through 4 of the risk analysis procedure.
SYVAC3 provides a simulation environment with many off-the-shelf model components
available to piece together into an environmental model (Andres in preparation). Other
components can be developed for specific applications. CC3 is one model constructed this way.
It represents radionuclides, wasteforms, containers, buffer and backfill materials, groundwater,
rock, fractures, sediment, soil, lake water, well water, air, and so on. The details of the CC3
model are described in three documents that directly support the EIS (Johnson et al. 1994b,
Davison et al. 1994b, Davis et al. 1993).

SYVAC3 also provides support for 10 different types of probability distributions. This gives
data providers some flexibility in representing the probabilistic aspect of a physical system
(Andres and Skeet 1995, Stephens et al. 1993).

Following the original recommendation by Dormuth and Quick (1979), SYVAC3 employs
Monte Carlo analysis to determine the distribution and mean values of output random variables,
given distributions for all input parameters. In this method, a disposal system is simulated many
times using randomly sampled values for parameters. Each simulation is representative of one
small part of the sample space. Together, a set of simulations that is large enough can represent
the behaviour of the entire sample space. Sophisticated sampling schemes (Andres 1987,
forthcoming), can reduce the number of simulations required to get good statistics, but the
essence of the method remains the same.
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Monte Carlo analysis is not the only possible method for evaluating distributions of output
variables. In principle, output distributions can be calculated directly. For example, if Z = X + Y
and the cdfs Fxix) and Fy(y) of the two positive variates X and Y are known, then the cdf of Z,
Fz(z), can be evaluated as follows.

(22)

This method was used in an international code intercomparison to determine whether Monte
Carlo codes were in fact determining the correct distributions and mean values for output
variables (PSAC User Group 1989). However, the Level E model used in that exercise was
specially designed to make this calculation possible. It is difficult to extend this approach to
more complex models.

One main advantage of the Monte Carlo approach is that anyone who can model a chance setup
deterministically, and who has sufficient computer resources, can perform a probabilistic
analysis.

Another advantage is that a large database of simulations performed on one sample space U can
be utilized in a bottom-up scenario analysis for the purpose of documenting an assessment.
Section 3.2 explained that a top-down analysis is better for actually performing a risk analysis,
but a bottom-up analysis is also good for investigating and documenting scenarios of interest to
reviewers. Analysis of a specific subscenario is performed by selecting a subset of the
simulations in the database and performing a statistical analysis on that subset. Selection of a
subset of simulations according to the values of random variables is directly analogous to the
definition of a detailed scenario by restricting the domain of random variables.

For instance, to represent an aboriginal settlement at a disposal site, an assessment analyst could
choose all simulations where the diet of the critical group resembled a traditional aboriginal diet.
Out of a database of 100 000 simulations, perhaps several hundreds or thousands could have
these characteristics. The distribution of dose rate, and the mean dose rate could be computed for
this subset to give an estimate of the risk for this particular scenario.

What happens if only 3 simulations out of 100 000 have a combination of variable values that
puts them into a scenario defined in this manner? Clearly statistics calculated using 3
simulations will not be very reliable. It is important to note that a scenario with such a low
frequency of simulation is quite improbable; its probability of occurrence is estimated to be
3/100 000 = 0.00003. Hence it is not unexpected that this tiny part of the sample space would
not have been sampled very much. If assessment analysts have some reason to believe that the
dose rate in this small region could be high enough to significantly affect overall risk, it would be
possible to split the scenario according to parameter values so that this region of the sample
space would be explored in more detail independently, as described in Section 3.3.



- 4 0 -

4.3 SUMMARY OF RISK CALCULATION

The following guidelines consolidate the information in this report, using the organization shown
in Figure 1. The procedure is iterative: analysts will find themselves working on parts of the
procedure out of order, and sometimes returning to earlier steps that had been designated
complete, rather than performing the entire procedure in sequence.

1. Screen Factors

• Use creative methods to generate an adequately comprehensive list L of factors that
could affect the environmental impacts of a disposal system. These factors define
the generic scenarios to be investigated.

• Eliminate factors that are not credible, that are beyond the scope of the project or
the limits of responsibility of people today, that are too rare or inconsequential to
merit analysis, or that can be avoided by making simplifying conservative
assumptions.

2. Model System

• Construct a description of a chance setup that takes into account all the factors in L,
and also the details of the proposal under review.

• Construct a fully-parameterized abstract model of the chance setup using off-the-
shelf model components as much as possible.

• Create a probabilistic model by identifying input parameters of the abstract model
for which probability distributions will be assigned.

3. Elicit Distributions

• Consult researchers to determine the attributes of input probability distributions.

• The sample space is now complete; it is the set of all possible variable vectors, with
probabilities determined by the probability distributions of the parameters.

4. Estimate Scenario Risk

• Partition the sample space into a disjoint set of detailed scenarios that span the
sample space by iteratively (a) splitting on the basis of variable values, (b)
separating independent parts of the sample space and considering them separately,
or (c) partitioning consequences and calculating them separately.

• In addition to the detailed scenarios formed by partitioning the sample space, create
other detailed scenarios of interest, where reviewers can be expected to want to
know the consequences.
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Estimate the probability and the expected consequences for each detailed scenario.
(Some may be discarded if their probabilities or consequences are clearly too small
to worry about.)

Estimate the risk of each detailed scenario by multiplying together the probability of
the scenario with the expected consequences and the risk conversion factor H .

5. Accumulate Risk

Add together the risks of each of the detailed scenarios created by partitioning the
sample space. Scenarios discarded because of low probability or low consequences
are assumed to have a risk value of 0.

Detailed scenarios of interest created outside of the sample space partitioning are
not summed to calculate risk, because they need not be independent of the detailed
scenarios created by partitioning. Nevertheless, they are important in explaining the
risk analysis to reviewers who want to know what would happen to a disposal
system in a variety of hypothetical situations.
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APPENDIX A

PROBABILITY

Most people have an intuitive grasp of what we mean by "likely", "probable", "impossible", "a
long shot", and other similar expressions. Sometimes this intuition is misleading, because it can
lead to conclusions that cannot be justified rationally. For example, Tversky and Kahneman
(1981) have shown with controlled experiments that a person can state diametrically-opposed
answers when questioned about the relative desirability of two uncertain outcomes, depending on
how the question is framed. This paradox reveals inconsistencies in our intuitive concept of
probability. To avoid problems with intuition, this appendix ties the concept of probability to
events in the real world as much as possible.

Certain facts about probability are widely accepted. A probability is a number between 0 and 1
that can be applied to the outcome of an uncertain situation. An outcome that is certain to occur
has a probability of 1; an outcome that is impossible has a probability of 0. Other outcomes have
an intermediate value. For example, a weather forecast might call for a 10% (i.e., 0.1) chance of
rain tomorrow. Since 0.1 is closer to 0 than to 1, rain is considered to be unlikely to occur.
Higher probabilities correspond to outcomes that are more likely to happen. For a complete set
of mutually exclusive outcomes, the sum of probabilities for all the outcomes must equal one.

A.I SAMPLE SPACE

The axioms governing probabilities can be expressed in many ways. Table A-1 gives one
definition of probability in a sample space (Chuaqui 1991). Some writers have taken the position
that any quantities that satisfy these axioms can be called probabilities (e.g., Kolmogorov 1956,
translation of 1933 edition).

In contrast, Chuaqui identifies several different quantities that satisfy the probability axioms of
Table A-1, including chance, relative frequency and degree of belief, as listed in Table A-2.
These quantities all need to be rationalized to give a coherent theory of probability in the context
of a physical system. Any of these quantities can be called probabilities, and in a given
application the term probability is often used interchangeably among these quantities. This
common practice causes confusion. This appendix shows the links among them and indicates
why they must all be used in scenario analysis.

A.2 CHANCE. RELATIVE FREQUENCY AND DEGREE OF BELIEF

Chance, relative frequency and degree of belief are types of probabilities that refer to three
different aspects of uncertain phenomena. Each may be used to assess the probabilities of
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TABLEA-1

DEFINITION OF A FINITE SAMPLE SPACE
(Chuaqui 1991, p. 130)

"(1) A (finite) probability space or (finite) sample space is a finite set Q and a function pr, called
a distribution of probabilities, or, simply, a distribution, on Q, i.e., a pair (Q, pr), such that
(a) pr is strictly positive, that is pr (co) > 0 for every 0) e D.
(b)

2 pr(fi» = l.

We call (O, pr) a weak probability space, if conditions (b) and [the following
condition]

(c) pr is positive, that is, pr (co) > 0, for every co e Q, are satisfied.

"(2) An event A is any subset of Q, and the probability of A is

". . . From the definition of probability on events, we immediately obtain for any pair of
events E and F
(1) 0 < P r£ < 1 .
(2) Pr Q = 1 .
(3) If E and F are mutually exclusive, then

Pr £ u F = Pr£ + P r F .
(4) Pr E > 0, for every E * 0 [where 0 is the null or empty event]."

environmental impacts in scenario analysis. We must establish a common ground among them
before combining or comparing scenarios in which these different aspects of probability are used.

A.2.1 CHANCE

The term chance in Table A-2 refers to a quantity that "appears as a property of nature, and not as
a qualifier of propositions" (Chuaqui 1991, p. 18). (For comparison, see the definition of
subjective probability in Section A.2.3, which is defined in terms of propositions.) When
someone rolls a die, chance is what determines the face that shows on the die when it comes to
rest. Chance arises because the behaviour of a system is only partially determined. To say
someone rolls a die means that they throw a single die in such a manner as to make it bounce and
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TABLE A-2

DIFFERENT QUANTITIES IN AN UNCERTAIN SITUATION THAT SATISFY

THE DEFINITION OF A PROBABILITY SPACE

Quantity

chance

relative frequency

degree of (rational) belief

Applies To

chance setup

replicated experiments

propositions

Estimated By

symmetry or relative
frequency or degree of belief

statistics

Delphi method, probability
encoding, Bayesian analysis

roll and come to rest with a single side unambiguously facing upward where we can see it.
Controlled (invariant) conditions of this process are that a single die be used, that it undergo
some violent motion involving contacts with one or more surfaces, that it come to rest showing a
face, and that the face be observed. Uncontrolled conditions of the process are the initial
orientation, speed, direction, and position of the die when the roller lets it go, and the
characterization of the surface(s) on which it bounces.

In principle it might be possible to build a machine to throw a standard die onto an artificially
smoothed surface with such precision that it produced the same result time after time. In practice
the wild gyrations of the spinning die make it impossible for the roller or anyone else to
determine in advance what face will be rolled.

Chuaqui requires that chance be associated with "chance setups". He says (Chuaqui 1991, p. 49):

Trials of a chance setups [sic] may be experiments, observations, or, simply, natural phenomena.
The only essential characteristic for a setup to be subject to chance, is that each of its trials must
have a unique result, which is a member of a fixed set of really possible results. In essence, a
chance setup consists of a set of objects plus a set of conditions under which these objects have
certain real possibilities.

A.2.2 RELATIVE FREQUENCY

Relative frequencies arise when a chance setup is exercised two or more times, and the number
of outcomes of each type is counted. The ratio of the number of times a particular outcome
arises to the total number of experiments is its relative frequency. For example, if a fair coin is
flipped 10 times, yielding 6 heads, the relative frequency of heads in the sequence of flips is 6/10.
If an indefinite number of experiments is to be held, there will be partial results from the first N
experiments, for each value Af = 1, 2, 3,... . The relative frequency of a particular type of
outcome then changes with N. It is understood that the relative frequency must approach an
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asymptotic value as N gets very large in order for the relative frequency to be considered a
probability. Furthermore, the same asymptotic value must be attained in any infinite
subsequence of the original sequence.

In some chance setups, the chances of different outcomes can be estimated both by symmetry and
by relative frequencies. For example, by symmetry one could argue that a standard coin, fairly
thrown, should result in heads as often as tails, giving a 50% chance for each result. By carrying
out a long sequence of coin flips one can test this estimate. Many theorists, seeing that relative
frequencies from a sufficiently long set of trials are given more weight than symmetry-based
probability estimates, have preferred a definition of probability based from the start on relative
frequency. Venn (1962, first edition 1866) was probably the first to develop an explicit
frequentist approach to probability. Von Mises (1957, originally published 1928) offered a
formal definition of frequentist probability based on the notion of an infinite "collective".

A.2.3 SUBJECTIVE PROBABILITY OR DEGREE OF BELIEF

Chance and relative frequencies apply primarily to events in a sample space, but people use
probabilities more generally than that. People attribute probabilities to statements about the
world, which we will call propositions. For example, people ask: "What is the probability that it
will rain tonight?", or "What is the probability that somebody from Earth will set foot on Mars
by 2020?" When they make such statements people usually have no more than a fuzzy idea of
the sample space to which they refer.

Propositions also arise in talking about situations where the sample space is clear. For example,
if two dice are rolled, one can ask the probability of rolling an odd number. The proposition is:
"The sum of the numbers showing on the two dice in the next roll is odd." This proposition is
not an event in itself (i.e., it is a statement, not a subset of the sample space), but it refers to an
event, consisting of the set {{1,2}, {1,4}, {1,6}, {2,1}, {2,3}, {2,5}, {3,2}, {3,4}, {3,6}, {4,1},
{4,3}, {4,5}, {5,2}, {5,4}, {5,6}, {6,1}, {6,3}, {6,5}}. If a proposition corresponds exactly to a
subset of the sample space, it makes sense to equate the probability of the proposition with that
of the subset.

Subjectivist theories of probability are based on propositions and on a rational observer's degree
of belief in a proposition. An observer who has a degree of belief of zero in a proposition p
thinks that p is false. An observer who has a degree of belief of one in a proposition p has no
doubt of the truth of p. These are the extremes. Intermediate degrees of belief correspond to
intermediate levels of confidence in the truth of a proposition. It is necessary to assert that the
observer is rational, because an irrational observer can have beliefs that do not obey any of the
axioms of probability theory. For example, there are still people who claim to believe in a flat
earth 30 years after astronauts and cosmonauts first photographed the curve of the planet's limb.

Table A-3 summarizes the requirements for an observer to be considered rational. Chuaqui
(1991) says that: "The theorem of de Finetti (1964), and Ramsey (1950), shows that a subject
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TABLE A-3

AXIOMS FOR A RATIONAL PERSON
(Chuaqui 1991 p. 30, based on Barnett 1982)

" . . . a person is considered rational, if she

(1) appreciates that all alternatives can be ordered in terms of their relative positions on the
inevitability-impossibility scale,

(2) is consistent in her judgments; for example, if A is felt to be more likely than B, and B than
C, then C cannot be felt more likely than A,

(3) is coherent in not being prepared to accept a series of bets under which she must lose.
(Some would say 'may lose'.)"

who is rational, in the sense indicated above, assigns her degrees of belief according to the
axioms of probability." The afore-mentioned study by Tversky and Kahneman (1981) showed
that many people are not rational in their beliefs.

A.3 PROBABILITIES IN REAL WORLD PROJECTS

Projects to be undertaken in the real world are chance setups. When someone submits a proposal
for a project, many details of the project itself and the world in which it will be undertaken are
necessarily uncertain. At the moment of approval of the project, many outcomes are possible.
These outcomes can be categorized in a variety of ways of interest to the customer of the project:
successful/unsuccessful, early/late completion, over/under budget. These are all simplifications.
If you consider specifically who will perform each task in the project, when they will perform it,
and how, the number of possible ways in which the project can evolve becomes very large. It is a
mark of the success of engineering, project management, and related disciplines today that a
large number of projects are undertaken with every expectation of success, in spite of this
uncertainty. Nevertheless, the eventual outcome of any project is to some degree uncertain, and
subject to chance.

Siting, design, construction, operation, and close-out of a nuclear fuel waste disposal vault make
up a project that is decades long. As stated above, it constitutes a chance setup. Various types of
occurrences can affect the chance of people being exposed to radionuclides from the vault,
including meteorite strikes, beavers building a dam, connected fractures near one corner of the
vault, flaws in some of the containers in the vault, bankruptcy of the agency building the vault,
and so on. Chance affects the disposal system because however careful we are to "leave nothing
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to chance", there will be some aspects of the eventual disposal system that cannot now be
controlled.

At the time of this writing, before even the concept of nuclear fuel waste disposal has been
approved, there is a chance that a Canadian disposal vault will be constructed at some
unspecified site at some unspecified time in the early 21st century. The current chance setup has
a much wider set of possibilities than would exist in the future after a license has been granted to
built a repository at a specific location. These possibilities include details such as whether or not
the disposal system will be constructed, where it might be placed, how much of what type of
waste it will contain, when it will be decommissioned, etc. Resolving these issues is not a
repeatable experiment, but nevertheless it can be described as a chance setup. Since it is a one-
of-a-kind event, there can be some difficulty in estimating even the chance that a waste disposal
facility would be constructed.

A.3.1 THE SYMMETRY PRINCIPLE AND THE PRINCIPLE OF INDIFFERENCE

In some simple chance setups, we can estimate chance by examining the symmetry of the
situation. For example, symmetry applies to a fair die, which is of uniform density and nearly
cubical. Since every one of the 6 faces of a die is equally likely to be rolled, by symmetry, it is
clear that the chance of each face is 1/6.

The statement that each of a number of physically indistinguishable alternatives has the same
chance of occurring is called the Symmetry Principle by Chuaqui (1991). It dates back to
Laplace in 1812 (Durand, 1971 cites Laplace, 1951). There is a related principle called the
Principle of Indifference that says that we should assign the same probability to each of several
alternatives, even if they can be distinguished, if we do not have any information about their
differences. The Symmetry Principle is a statement about chance; the Principle of Indifference is
not. This latter principle does not state that events have an equal chance of occurring in the real
world, but simply that we should assign them the same subjective probability, since there is no
reason to prefer one over another.

Durand (1971) also cites the Principle of Cogent Reason, which "asserts that no set of events is
to be judged equally probable without a careful and exhaustive analysis that leaves no ground for
preferring one event to another". This is a better way of stating the Symmetry Principle. For
example, if two people have lottery tickets in the same lottery, and one of the people is short and
thin, while the other is tall and husky, the Symmetry Principle can still apply, even though the
potential winners are physically different. The key concept is that the alternatives are assigned
equal probabilities if they have no significant differences that could causally affect the outcome
of the chance setup.

A complex construction like a disposal vault is not as symmetrical as a die, and so symmetry is
not as useful in determining the chance of various occurrences. On the other hand, there is some
symmetry in the situation. As we think of plausible layouts for the vault, we can imagine that
one room will be very much like another of the same length. Similarly, one waste container can
be thought of as very much like any other container.
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We can use this symmetry in estimating environmental impacts resulting from a waste disposal
site. For instance, suppose a defective container will be placed into the vault at an unknown
location. If we assume that having a defect is unrelated to the placement process, then, by
symmetry, any container location in the vault is equally likely to contain the defective container.
Therefore we can average the estimated impacts of having the defective container in each of the
possible locations to get some idea of the average of the distribution of possible dose
consequences.

We must emphasize that we are not postulating that tens of thousands of waste containers built
by numerous contractors over a period of decades will in fact all be identical. Of course there
will be differences in materials, design, emplacement methods, and so on, based on experience
and costs at the time. What we are saying is that as we contemplate those containers now, before
any have been built, we have no way of saying whether containers placed in one corner of the
vault will be bigger, taller, thicker, or in any other way different from those placed at the opposite
corner. Consequently, for our current estimates of the chance of various events occurring in a
disposal vault, there is symmetry among containers.

Another application of symmetry lies in the realm of natural events, of which meteorite impact is
a good example. By symmetry we can argue that the impact of a meteorite is as likely to occur
this year as next; i.e., that there is no preferred time for meteorite impact (although there may
have been in the early history of the solar system). Similarly, it may be argued that any location
on the earth's surface is as likely as any other to be struck. (If one assumes that most meteorites
are fallen asteroid bits or comet fragments orbiting the sun approximately in the plane of the
ecliptic, there may be an argument for a slight preponderance of strikes near the equator, but this
is a minor effect.) As a result of these applications of symmetry, we can estimate the probability
of a meteorite strike on a disposal site, even though such strikes are extremely rare events. We
can use results from all around the world (e.g., Stone 1996 ) and from impact craters on earth and
other planetary bodies covering geological time to make inferences about the chance of meteorite
strikes.

A.3.2 RELATIVE FREQUENCY

The use of research data such as meteorite impact records marks a transition from discussion of
chance to an examination of relative frequencies. Relative frequencies can be used only in a
situation where the Symmetry Principle or the Principle of Indifference applies. Relative
frequencies can help to achieve two objectives: to test the appropriateness of the assumption of
symmetry, and to estimate the chance of an event.

Relative frequencies were used to define probability in AECL's EIS (AECL 1994a, p. 459); note
the reference to the Symmetry Principle in the phrase "ostensibly identical situations" and the
reference to chance at the end of this definition:

The probability of an event expresses, on a scale from zero to one, how frequently that event is
expected to occur in a large number of trials representing ostensibly identical situations, or,
equivalently, how likely it is that the event will occur in a single trial. A probability of zero means
that the event will not occur, and a probability of one means that an event is certain to occur. If the
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probability of an event is one-half, then in a very large number of trials, we would expect to see the
event occur in half of them. Another way of expressing the same idea is that there is an equal
chance that the event will or will not occur.

Relative frequencies arise in the EIS postclosure analysis from analyzing the results of large
numbers of simulations of disposal scenarios. For example, if the annual dose rate at 3000 years
exceeds a certain level only 10 times in 1000 simulations, we conclude that the probability of
exceeding that level is about 10/1000 = 1 % (Andres (1986) provides better statistical confidence
bounds on this estimate). This probability applies to the model and the simulation process only,
and then only if we assume symmetry among the simulations. To draw conclusions about the
real world, one must argue the relevance of the model and the data to a real world system.

A.3.3 DEGREE OF BELIEF

While relative frequencies are undeniably useful for estimating probabilities, they cannot provide
a complete basis for defining probability in assessment applications. A nuclear fuel waste
disposal facility is one of a kind, and so it is not possible to produce relative frequencies for all
the incidents that might occur6. In particular, characteristics of the design itself (e.g., size of the
vault, inventories of radionuclides, size and location of containers) cannot be characterized using
relative frequencies, even though different values for those characteristics are, at the time of this
writing, "really possible" chance outcomes.

In such cases subjective probabilities are appropriate for estimating distributions of quantities
going into an analysis. For example, Stephens et al. (1993) adopted this definition of probability
for data providers for the EIS:

The degree of belief, held by the person(s) providing the information, that a quantitative system
characteristic will have a value in a particular interval under specified conditions of measurement.

Subjective probabilities have an extra feature that does not arise in other kinds of probabilities:
they can change with time as the information provider deepens her understanding. Consider a
hypothetical case of a researcher who provides for an assessment a probability distribution for
rock porosity, based on available evidence. Then the researcher carries out an experiment to
measure porosities in a sample of rock coupons from a new borehole. Based on the new
evidence, the subjective probability distribution of the researcher may change.

Probabilities based on relative frequency do not change with time, because they tend to be
expressed as a limit in an infinite process, or as the actual fraction of a finite set with a certain
property. What changes with time as a long series of experiments is carried out is the subjective
probability of the experimenter who tries to infer the underlying probability from the available
data. Similarly, if the chance setup does not change, the chance of an event occurring "next
time" does not change with time. A researcher may find out more information about the chance
setup with time, however. For example, physical measurements may show that a die is not quite

It may be possible to use relative frequencies in other shorter-term types of environmental assessment. Relative
requencies might be quite suitable in assessing environmental impacts of a leaking gasoline tank, for example,
since there have been many gasoline stations with leaking gasoline tanks.
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symmetrical in shape. In this case the subjective probabilities of the researcher can change
because of the change in the researcher's understanding of the chance setup.

This tendency to change is quite clear in the probabilities of environmental impacts expressed in
a series of environmental assessments for the Canadian concept for nuclear fuel waste disposal.
AECL produced two interim assessments of the concept (Wuschke et al. 1981, 1985) before the
postclosure assessment document supporting the EIS (Goodwin et al. 1994a). The interim
assessments were generic, while the EIS publication was a much more detailed case study based
on a reference design for a disposal vault using geological characteristics derived from those at a
real location. In the time frame of these studies, the concept being assessed did not change
substantially (although it was clarified with time). The fact that the estimated probabilities of
different levels of consequences changed from one report to the next shows that these published
probabilities are subjective.

This conclusion is not a surprise. In fact, any published probability estimate whatsoever is a
subjective probability. In any human endeavour, all we can ever have are subjective probabilities
based on the available evidence, which itself changes with time. The underlying chance in a
chance setup can never be known with certainty (except possibly in certain quantum mechanical
situations.)

Deming (1986) recognized this fact and demonstrated it empirically. For thirty years he gave
lectures in which he drew coloured beads from a box using a paddle, and counted the number of
red beads drawn out of 50. The box held 3000 white beads and 750 red beads. Symmetry
arguments suggest that about 20% of the beads selected (i.e., 10 beads) should be red, since 20%
of the beads in the box were red. Ten beads is a good initial estimate for the long-term average
to be expected. The statistical evidence showed that two different paddles gave averages of 9.4
and 11.3 red beads respectively over many, many trials (only significant digits are shown). Who
knows why the different paddles had different chances of picking red beads in this chance setup?
Whatever the reason, three conclusions are clear: (a) the initial symmetry-based chance estimate
was quite good, (b) relative frequencies after many trials gave more precise estimates than the
symmetry argument, and (c) even after many years we would still have no more than subjective
probability estimates of the chance of drawing a red bead.

It is important to show that probability estimates are not just subjective, but also rational (i.e.,
consistent with the axioms of probability in Table A-l). The published assessments of the
Canadian Nuclear Fuel Waste Management Program ensured the use of proper probabilities for
possible outcomes of the most likely scenario (i.e., the groundwater transport scenario) by basing
probability and mean estimates on relative frequencies of outcomes occurring in large numbers
of random simulations. Relative frequencies in a finite set automatically satisfy the probability
axioms.

Reviewers of AECL's reports will inevitably develop their own subjective probabilities for
different levels of impacts (qualitatively, if not quantitatively), based on the same technical data
and on other evidence. It may be more difficult for them to be "rational" (in the sense of
Table A-3) in assessing probabilities, because they will be assimilating a wide assortment of
information of different types.
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A.4 CONNECTIONS BETWEEN PROBABILITY TYPES

Chuaqui showed that these different definitions of probability are intimately related, and that they
emphasize different aspects of the same situation. To connect them, he appealed to the principles
of Table A-4. The Principle of Direct Inference establishes a connection between the chance of
an event A and a "rational" person's subjective probability for the proposition "A holds". It
states that they should be equal. However, since chance cannot be directly measured, it may
happen that a person's subjective probability is not exactly the same as the chance of an event.
To allow for this situation, the principle says that a rational person's degree of belief in an event
A should equal the chance of A that the person believes in. This degree of belief should persist
until some evidence appears to make the person change their belief in the chance of A.

How does a rational person come to believe in a particular chance of A? Chuaqui used the
Principle of Inverse Inference to resolve this issue. His premise is that the correct probability
model could be determined unambiguously if an infinite sequence of discriminating experiments
could be carried out. For example, the probability of throwing a six with a loaded die could be
obtained exactly if we could throw the die an infinite number of times and determine the limiting
relative frequency of six appearing. Throwing the die an infinite number of times is impossible
(for one thing, the corners would eventually wear off), but it may be possible to throw the die as
many times as required to restrict the probability of throwing a six to a narrow interval such as
[0.14, 0.15] (approximately 20 000 throws would be required). In general the Principle of
Inverse Inference allows a rational person to derive a probability model for a chance setup from
an adequate amount of empirical evidence.

Alternatively, for a die that looked symmetrical and was not obviously loaded, a rational person
might accept the symmetry argument, and believe that the chance of throwing a six is 1/6. This
assumption is justified by the Principle of Indifference in Table A-4. As a practical measure,
Chuaqui recommends not applying this principle in cases of complete ignorance about the
alternatives, but only "on the knowledge or, at least acceptance, of some facts about the
symmetries of the situation" (Chuaqui 1991, p. 438).

There are formal procedures now available to help researchers quantify their degree of belief in a
proposition. For example, Sagar and Eslinger (1987) document the use of probability encoding
(1987) as a means of capturing an expert's degree of belief by, for example, comparing one
uncertain situation with another (e.g., spinning a pointer) where probabilities can be more readily
estimated. Unfortunately this is exactly the type of situation that Tversky and Kahneman (1981)
investigated in the paper alluded to at the beginning of this appendix. They found that the results
could easily be biased one way or the other, depending on how the comparison was framed.

It is perhaps more reliable to use Bayesian analysis to refine a crude a priori probability
distribution as new evidence becomes available. This procedure seems reasonable in situations
where new data are consistent with earlier evidence, and Chuaqui (1991) describes this
conditionalization process. However, he also recommends using the Principle of Inverse
Inference instead to reject rather than refine a probability model in situations where there is
adequate evidence for rejection.
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TABLE A-4

PRINCIPLES CONNECTING DEFINITIONS OF PROBABILITY

"Principle of Direct Inference: Let A be an event. Then if a person believes at time t that the
chance of A is r, and at a later time s he has no more relevant knowledge, then, if he is rational,
his degree of belief at time s of A's holding, should also be r." (Chuaqui 1991, p. 89)

Principle of Inverse Inference: A discriminating sequence of experiments is a (possibly infinite)
sequence of measurements that would eventually allow an observer to select one of a set of
possible probability models as being a correct description of a physical situation. In most cases it
is impossible to carry out an infinite sequence of experiments, but the results from a finite subset
can suffice for practical purposes. After carrying out the first n experiments from a sequence of
discriminating experiments, a probability model Kj can be provisionally rejected if the probability
of the results obtained so far is "low" under Kj. A probability model can be provisionally
accepted if (a) all other probability models under consideration, AT, for i * j , have been
provisionally rejected, and (b) no evidence from a discriminating sequence of experiments has
provisionally rejected Kj. (Chuaqui 1991, pp. 97-107).

Principle of Indifference [also known as the Principle of Insufficient Reason]: "The Principle of
Indifference asserts that if there is no known reason for predicating of our subject one rather than
another of several alternatives then relative to such knowledge the assertions of each of these
alternatives have an equal probability." (Keynes 1957, quoted by Chuaqui 1991, p. 60)

A.5 SUMMARY

To summarize:

• Chance is determined by a chance setup, and is a property of the setup itself (as opposed to
being a property of our knowledge about the setup). An examination of the symmetries of a
chance setup may allow a researcher to estimate the chance with which an event A holds, to
some precision.

• In a long sequence of independent repeated experiments, the relative frequency with which
an event A holds converges to the chance of A holding. Nevertheless, in any finite sequence
of experiments the relative frequency will tend to differ from the chance by some small
amount that tends to diminish as more experiments are carried out.

• The degree of belief that a rational observer has in the proposition "Event A holds" for any
replication of the experiment should equal the chance of A holding in the indicated chance
setup. At any given time, the observer's degree of belief may actually diverge slightly from
the chance of A holding because chance cannot be directly perceived, but must be derived
from available evidence. The observer's degree of belief will only change if and when new
evidence becomes available.
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