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ABSTRACT
Canada has conducted an extensive research program on a concept of safe
disposal of nuclear fuel wastes deep in plutonic rock, of the Canadian
Shield. An essential goal of this program has been to develop and demon-
strate a Methodology to evaluate the performance of the facility against
safety criteria established by Canada>s regulatory agency, the Atomic
Energy Control Board. These criteria are expressed in terms of risk, vhere
risk Is defined as the sum, over all significant scenarios, of the product
of the probability of the scenario, the magnitude of the resultant dose,
and the probability of a health effect per unit dose.

This report describes the methodology developed to assess the long-term
risk from inadvertent human intrusion into such a facility, and the results
of its application to the proposed facility. Four intrusion scenarios were
analysed, all initiated by a drilling operation. These scenarios are
exposure of a member of the drilling crew, of a technologist conducting a
core examination, of a construction worker and of a resident. The conse-
quence of each scenario was estimated using standard computer codes for
environmental pathways analysis and radiation dosimetry.

For comparison with the risk criterion, an estimate of the probability of
each scenario is also required. An event-tree methodology was used to
estimate these probabilities. For each scenario, a sequence of events or
failures that could lead to the exposure of the intruder was defined. The
event tree included probabilities

of a proposal to drill, construct a building, or reside on the disposal
site;

- of prevention of a proposed intrusion by active and passive
institutional controls, or by detection of the vault by geophysical
investigations; and
of detection and cleanup of extracted waste.

Time-dependent probabilities were assigned to each event (or failure),
based on the Judgements of experts and specialists in relevant technologies
and social sciences. These probabilities are consistent with reasonable
extrapolations of current statistics and practices, trends in engineering
and communications technology, current capabilities of geophysical
detection, and current legislation and regulatory practices. The overall
probabilities of the scenarios were estimated from the event probabilities,
and combined with estimates of consequences to produce time-dependent
estimates of the risks from intrusion scenarios.

The estimated risks from these intrusion scenarios are several orders of
magnitude below the established risk criterion. The event-tree methodology
has the advantages of explicity displaying the assumptions made, of per-
mitting easy testing of the sensitivity of the risk estimates to assump-
tions, and of combining technical and sociological information.
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RÉSUMÉ

Le Canada a mis sur pied un programme exhaustif de recherche sur la sûreté d'un concept de stockage permanent des
déchets de combustible nucléaire à grande profondeur dans la roche plutonique du Bouclier canadien. Ce
programme a notamment pour objectif d'élaborer et d'expliquer la méthodologie qui permettra d'évaluer les
performances de l'installation par rapport aux critères de sûreté fixés par la Commission de contrôle de l'énergie
atomique, l'organisme de réglementation du Canada. Ces critères sont exprimés en niveaux de risque, où le risque
est défini comme la somme, pour tous les scénarios importants, des produits de la probabilité du scénario, de
l'intensité de la dose reçue et de la probabilité de l'effet sur la santé par unité de dose.

Ce rapport décrit la méthodologie qui a été élaborée pour évaluer le risque à long terme résultant d'une intrusion
humaine par inadvertance et les résultats de la mise en application de cette méthodologie pour l'installation
proposée. Quatre scénarios ont été retenus, tous débutant par une opération de forage. Ces scénarios portent
respectivement sur l'exposition d'un membre d'une équipe de forage, d'un technicien examinant une carotte de
forage, d'un travailleur de la construction et d'un résidant. On a évalué les conséquences de chaque scénario à l'aide
de codes de calcul standard pour l'analyse des voies de transfert dans l'environnement et la dos i mé trie.

Une estimation de la probabilité de chaque scénario était aussi exigée pour établir une comparaison avec les critères
de risque. On a utilisé une méthode par arbre d'événements pour évaluer ces probabilités. Chaque scénario met en
jeu une série d'événements qui conduisent à l'intrusion humaine. L'arbre d'événements comprenait les probabilités
ci-dessous :

proposition d'exécuter un trou de forage, de construire un édifice ou de s'établir sur le site de stockage
permanent;

- prévention contre une intrusion proposée par la mise en oeuvre de mesures actives et passives de contrôle
institutionnel ou par détection de l'enceinte au moyen d'analyses géophysiques; et

- détection et nettoyage des déchets extraits.

On a attribué les probabilités diachroniques à chaque événement (ou défaillance) en fonction des jugements de
spécialistes dans les technologies et les sciences sociales correspondantes. Ces probabilités sont conformes aux
extrapolations des statistiques et méthodes actuelles, aux tendances en matière de technologies et de
communications, aux compétences actuelles en détection géophysique et, enfin, aux lois et à la réglementation en
vigueur actuellement. On a évalué les probabilités globales des scénarios à partir des probabilités à'événements
combinées avec les estimations des conséquences pour arriver à des estimations diachroniques des risques pour les
scénarios d'intrusion humaine.

Les risques estimés à partir des scénarios d'intrusion humaine sont de plusieurs ordres de grandeur en dessous des
critères de risques établis. La méthode par arbre d'événements offre plusieurs avantages; elle permet notamment de
présenter de façon explicite les hypothèses qui ont été faites, de vérifier facilement la pertinence des risques évalués
par rapport aux hypothèses et de réunir les informations d'ordre technique et sociologique.
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PREFACE

This report is a re-issue of the report of the same title, published in
1992. The revision vas required because an error vas found in the original
calculations. This error resulted in the underestimation of doses from
plutonium radionuclldes, especially at long tines.

Tvo further changes vere made for the revised analysis:

1. For the three short-duration Intrusion scenarios (drilling, core-
examination and construction) the estimates of dose are based on
the annual effective dose equivalent in the year of intrusion,
which is appropriate for exposure durations of less than a year.
In the earlier analysis the 50-year committed effective dose
equivalent, vhlch is appropriate for long-term continuous
irradiation, vas used.

2. For the construction and resident scenarios, the dose estimates
are revised to include a correction for the leaching of plutonium
from surface to deep soil by veathering.

Both of these changes tend to reduce the estimated risk.

Compared to the earlier analysis, the maximum estimated risks for each of
the Intrusion scenarios occur at a later time, 2000 or more years after the
time of disposal. The maximum estimated doses and risks are about the same
for the core-examination scenario, higher by less than a factor of tvo for
the drilling and construction scenarios, and higher by a factor of 40 for
the resident scenario. The maximum risk from any scenario (the resident
scenario) is higher by a factor of 10 than the maximum risk from any
scenario in the earlier analysis (the core-examination scenario). The
estimated risks remain several orders of magnitude belov the Atomic Energy
Control Board's (AECB) criterion for the acceptability of risk, at all
times. The estimated risks also remain belov the AECB's criterion in all
cases of a sensitivity analysis undertaken to shov the effects of less
conservative assumptions for calculation of the tvo components of risk, the
probability and the consequence (dose).

Besides the changes in the report required to present the revised doses and
risks, the text has been expanded somewhat, especially in Chapters 4 to 8,
to provide additional results or more detailed explanations. No changes
have been made to the models and data, hovever, other than those described
above.



1. INTRODUCTION

1.1 THE CANADIAN PROGRAM FOR DISPOSAL OF NUCLEAR FUEL WASTES

Canada has conducted an extensive research program on the safe disposal of
nuclear fuel wastes from Canadian power stations. The prograa has focused
on the concept of disposal of the wastes in durable containers in an
engineered facility or "vault," 500 to 1000 a deep in plutonic rock in the
Canadian Shield (AECL 1994a and 1994b).

An essential goal of this prograa has been to develop and deaonstrate a
aethodology to evaluate the perforaance of a disposal facility against
established safety criteria. This report describes the aethodology
developed to assess the long-tera risk froa inadvertent human intrusion
into such a facility after it is closed, and the results of its application
to a particular disposal facility design.

1.2 BACKGROUND OF ASSESSMENT OF HUMAN INTRUSION SCENARIOS

Historically, the approach to perforaance assessaent of nuclear waste
disposal facilities has focused on the evaluation of releases of conta-
ainants to groundwater, and their subsequent aigration to the biosphere
(KBS 1983, NAGRA 1985, Vuschke et al. 1985, Goodwin et al. 1994). More
recently, it has been recognized that radiation doses and risks resulting
froa huaan intrusion Bay be comparable to, or even greater than, those
resulting from transport of radionuclides in groundwater, and that analysis
of these scenarios is an important component of postclosure assessment (NBA
1989).

The earliest analyses of human intrusion scenarios were performed for
disposal facilities for low-level wastes (e.g., USNRC 1986, Pinner and Hill
1982, Daaes and Moore 1987, Piepho and Nguyen 1988). In general, these
facilities are located much closer to the human environment than those for
nuclear fuel waste, so the probability of intrusion is auch higher.

It has been Increasingly recognized that the doses and risks of human
intrusion scenarios could also be significant for disposal facilities for
nuclear fuel waste. This is particularly true for disposal in salt, where
human intrusion could introduce significant pathways for the transport of
radionuclides to the biosphere (i.e., by allowing ingress of water that
dissolves the salt). Consequently, the majority of studies of intrusion
into disposal facilities for nuclear fuel waste have been for disposal in
this aediua (Harper and Raines 1985, Hirsekorn 1989, Jacquier and Raiabault
1989, Prij et al. 1989). Of the few carried out for disposal in hard rock,
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•ost have calculated radiation doses only, and have not attempted to assess
the probabilities of scenarios (Van Dorp and Vigfusson 1989, Mejon-Goula
and Cernes 1989). The remainder have not provided details of hov they
calculate these probabilities (Nordman and Vieno 1989).

In Canada, the criterion for acceptability of a nuclear vaste disposal
facility is annual risk, where risk is defined as the SUB over all
significant scenarios of the product of the probability of the scenario,
the magnitude of the resultant radiation dose, and the probability of a
health effect per unit dose (see Section 1.4). Hence, estiaates of both
probability and dose are required for each intrusion scenario analysed.
This report describes the estimation of time-dependent risks for four
intrusion scenarios considered to present the highest risks to a potential
intruder into the Canadian facility.

1.3 DEFINITION AND CLASSIFICATION OF INTRUSION SCENARIOS

Analysis of human intrusion scenarios is part of the postclosure assessment
for a nuclear fuel waste disposal facility. For this purpose, we define
these scenarios as radiation exposure scenarios initiated by a human action
on the disposal site, following closure of the facility. Human intrusion
could be deliberate or inadvertent. Ve confine our analysis to inadvertent
intrusion, i.e., that in which the Intruder is unaware of the presence of
the waste, or of its potential hazard. We assume that, in a deliberate
intrusion, for example, to recover the waste, the intruder would be respon-
sible for his own safety and would be able to ensure it.

Human intrusion scenarios can be classified into five categories:

(1) exposure to undispersed waste, e.g., waste extracted during a
drilling operation;

(2) exposure to waste dispersed by previous intrusions, e.g.,
construction or farming on soil containing waste extracted by
drilling;

(3) human-induced alteration of the normal evolution of a disposal
vault, e.g., modification of groundwater flow by an open borehole;

(4) contact, initiated by a human action, with a contaminated
groundwater plume, e.g., intersection of the plume by a well; and

(5) contact with materials contaminated by the groundwater plume,
e.g., irrigation, or farming on contaminated lake sediments.

Scenarios in the last two categories have been included with the central
analysis of transport by groundwater (Goodwin et al. 1994). Scenarios in
the third category are implicitly included in the sensitivity analysis of
transport by groundwater, through the evaluation of the effects of enhanced
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transport (Goodwin et al. 1994; Chan and Stanchell 1990). Hence, only
scenarios in the first two categories are considered here.

1.4 REGULATORY BASIS AND CRITERIA

The Atomic Energy Control Board (AECB) is the federal agency responsible
for regulating all aspects of the development and application of atomic
energy in Canada. The AECB has issued three regulatory documents specifi-
cally applicable to the long-term Management of radioactive wastes (AECB
1985, 1987a and 1987b). These documents contain guidance for the preven-
tion and analysis of human intrusion scenarios.

1.4.1 Regulatory Document R-71

The AECB Regulatory Document R-71 (AECB 1985) is entitled "Deep Geological
Disposal of Nuclear Fuel Waste: Background Information and Regulatory
Requirements Regarding the Concept Assessment Phase." It specifies (p. 12)
that

The significance of inadvertent human intrusion . . . during
the post-closure period must be addressed. . . The Concept
Assessment Document must address human intrusion, identifying
the various scenarios for intrusion, their probabilities of
occurrence and their consequences. In this context, the
advisability of prominently marking the site of a closed
facility with a durable monument (as opposed to taking steps to
eliminate all signs of the repository's existence) should be
investigated.

1.4.2 Regulatory Document R-104

The AECB Regulatory Document R-104 (AECB 1987a) is entitled "Regulatory
Objectives, Requirements and Guidelines for the Disposal of Radioactive
Wastes - Long-Term Aspects."

This document also addresses inadvertent intrusion (p. 3):

The disposal of radioactive wastes . . . requires safety
features . . . to reduce the likelihood of inadvertent public
access to the wastes.

It provides a methodology and a criterion for assessing the combined risk

of intrusion and other scenarios:

Risk . . . is the sum over all significant scenarios of the
products of the probability of the scenario, the magnitude of



the resultant dose1 and the probability of a health effect per
unit dose. (p. 5)

The predicted radiological risks to Individuals from a waste
disposal facility shall not exceed 10'6 fatal cancers and
serious genetic effects in a year, calculated vithout taking
advantage of long-term institutional controls as a safety
feature, (p. 5)

and
Calculations of individual risks should be made by using the
risk conversion factor of 2 x 10*3 per sievert.2 (p. 9)

The overall risk can be expressed as

R(t) = ̂  M O ' D.(O • 0.02 (1)
s

<; 10-6

where R(t) = annual risk at time t (cancers or serious genetic
effects, i.e., "health effects", per year),

p,(t) = probability that scenario s will occur within year t
(P.(t) * 1.0),

D,(t) = consequence of scenario s at time t (i.e., radiation

dose, in Sv-a*1),
0.02 - dose-to-risk conversion factor (health effects

per sievert), and
s = a scenario that significantly contributes to

radiation dose.

Equation (1) and 10"6 health effects per year will be referred to as the
AECB risk equation and annual risk Halt respectively. Note that a
radiation dose of 5 x 10"5 Sv corresponds to a risk of 10"6 if the annual
probability is 1.0 (i.e., if the scenario is certain to occur in the year
under consideration).

throughout this report, unless otherwise specified, "dose" means, for
the drilling, core examination and construction scenarios, the annual
effective dose equivalent (in sieverts) for an average member of the
group at risk. For the resident scenario, "dose" means the annual
effective dose equivalent resulting from continuous exposure over the
lifetime of an average member of the group at risk. In the
calculations of dose, this is approximated by the 50-year committed
effective dose equivalent per year of exposure, for an adult.

2The International Commission on Radiological Protection (ICRP) has
revised its recommended value for this factor to 7.3 x 10*2 for a
member of the public and 5.6 x 10-2 for a worker (ICRP 1991); a
corresponding change may be anticipated in the Canadian regulations.
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The risk limit, according to R-104, is to be

applied to a group of people that is assumed to be located at a
time and place where the risks are likely to be the greatest,
irrespective of national boundaries, (p. 7)

and
The period for demonstrating compliance with the individual
risk requirements ... need not exceed 10 000 years. Where
predicted risks do not peak before 10 000 years there must be
reasoned arguments that beyond 10 000 years the rate of
radionuclide release to the environment will not suddenly and
dramatically increase, and acute radiation risk vill not be
encountered by individuals ... and that major impacts vill not
be imposed on the biosphere, (p. 8)

Regulatory Document R-104 provides guidance for deriving the probability of

intrusion (and other) scenarios:

The probabilities of exposure scenarios should be assigned
numerical values either on the basis of relative frequency of
occurrence or through best estimates and engineering
judgements, (p. 7)

The role of institutional controls in preventing future intrusion is also
discussed in R-104 (p. 3):

Institutional controls . . . are active mechanisms established
by society to ensure the continued implementation and
achievement of a desired course of action. These controls
could include the monitoring and treatment of contaminated
releases, the keeping of records, and the Imposition of land-
use restrictions registered in property deeds and by-lavs.

However, the proponent of the disposal system should select disposal

options

vhich to the extent reasonably achievable do not rely on long-
term institutional controls as a necessary safety feature.
(P. 3)

1.4.3 Regulatory Document R-72

The AECB Regulatory Document R-72 (AECB 1987b) is entitled "Geological
Considerations in Siting a Repository for Underground Disposal of High-
Level Radioactive Waste." It defines geological characteristics of an
acceptable site for nuclear fuel waste disposal. Some of these
characteristics are required specifically to reduce the probability of
human intrusion scenarios; for example,
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There should be little likelihood that the host rock will be
exploited as a natural resource, (p. 3)

The di«ensions of the host rock should be such that the
repository can be deep underground . . . Specifically, an
adequate depth of burial is necessary in order to:

(a) restrict human access to, and contact with, the radio-
active waste;

(b) Isolate the repository from the effects of such human
endeavours as explosions, excavations, and large
construction projects, (p. 5)

1.5 FEATURES FOR THB PREVENTION OP INTRUSION

1.5.1 Siting and Design

Locating a disposal facility where it would be isolated and protected from
human intrusion is a fundamental feature of the Canadian disposal concept.
In this concept, the disposal facility would be located 500 to 1000 m deep
in plutonic rock in the Canadian Shield.

Location at such a depth effectively isolates the wastes and eliminates the
possibility of intrusion into the vault during such common human activities
as residence, construction and excavation for surface facilities, forestry,
farming, recreation and hunting. The only credible way of contacting the
waste is through a drilling or mining operation that penetrates to the
depth of the emplaced waste (Eedy and Hart 1988).

Drilling into the plutonic rock of the Canadian Shield might be done to
establish a water well, for exploration or exploitation of natural re-
sources, for site characterization studies, or for scientific or
archeological investigation. Water wells drilled into the bedrock are
common in the Canadian Shield (Beals 1985), but wells drilled to a depth of
100 m or more are rare (Frape and Fritz 1981; D. Stevenson, personal
communication). Moreover, water obtained from a depth of >500 m is likely
to be highly mineralized, and either undesirable or unfit for human
consumption (Frape and Fritz 1981, Rutulis 1984). The probability of
drilling to the vault depth of 500 to 1000 m, for a resource as common as
water in the Canadian Shield, is considered to be virtually zero.

Drilling for exploration or exploitation of resources is very unlikely as
the plutonic rocks of the Canadian Shield generally do not contain valuable
mineral or petroleum resources, and a disposal site will be chosen to avoid
both known and suspected potential resources. There is a small proba-
bility, however, that some minerals commonly present in plutonic rock might
become valuable in the future, and drilling for them might occur. Plutonic
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rock is abundant in the Canadian Shield; hence the probability of choosing
the small area occupied by the vault for exploration or exploitation of a
conon Mineral component of plutonic rock is correspondingly small.

The most plausible reason for future drilling appears to be site charac-
terization for a disposal site, for radioactive or other wastes. Drilling
•lght also be done for scientific investigation of the earth's crust.

1.5.2 Institutional Controls

Reliance on long-term institutional controls as a necessary safety feature
is explicitly prohibited by AECB regulatory guidelines (see Section 1.4).
However, there would be a number of institutional controls, both "active"
and "passive", that would help prevent and detect human intrusion. These
controls would be most effective in the first decades or centuries follow-
ing disposal, when the potential consequences to an intruder would be
greatest.

"Active" institutional controls are security and surveillance Measures
designed to prevent or detect unauthorized access to the nuclear wastes
and/or the disposal facility. No active postclosure controls have been
explicitly defined for the Canadian disposal facility. However, Canada is
a signatory to an international safeguards agreement (IAEA-Canada 1972,
Government of Canada 1990). This agreement requires compliance with
"safeguards" procedures at all nuclear facilities. These are procedures,
established by the International Atomic Energy Agency (IAEA), to detect any
diversion or attempted diversion of nuclear materials. The IAEA has not
yet specified safeguards procedures for nuclear fuel waste disposal facili-
ties (Smith et al. 1994), but is required under the agreement to do so by
the time a Canadian facility would begin to operate. Under the terms of
the agreement, Canada is required to install the safeguards equipment
specified by the IAEA.

HPassive" institutional controls are measures taken to prevent inadvertent
human Intrusion, by regulation or by ensuring that a potential intruder is
made aware of the presence of the waste and its potential hazard. Specific
passive controls will be established when the disposal facility is sited
and built. The following measures have been proposed for a Canadian
facility:

- government ownership or control of the disposal site;

- caveats on the use of the disposal site, registered in property

deeds and/or municipal by-laws;

- registration in multiple land registry offices;

- a durable monument or marker on site;
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- aarking the disposal vault site On saps (political, physical and
road), especially those likely to be maintained in global
archives; and

- a requirement for a license to drill, from a federal or
provincial agency or department.

This topic is discussed in detail by Cameron (1981) and the Human Interfer-
ence Task Force (1984).

1.6 SELECTION OF INTRUSION SCENARIOS FOR ANALYSIS

The intrusion scenarios selected for detailed analysis are those considered
likely to present the highest risk to the intruder, i.e., those likely to
have the highest product of probability and consequence. Each scenario
selected is generally representative of a set of similar scenarios with
lover probability or consequence. All of the scenarios analysed would be
initiated by a drilling operation that penetrates the vaste and brings it
to the surface. Scenarios initiated by mining were also considered. As
the probability of mining is much lover than the probability of drilling,
the mining scenarios were not selected for detailed analysis.

1.6.1 Exposure to Undispersed Waste

To select scenarios involving exposure to undispersed vaste (category-one
scenarios - see Section 1.3), ve examined the sequence of activities asso-
ciated vith the materials removed in a drilling operation, to determine the
individuals likely to be at greatest risk. Ve assumed that drilling vould
use a vater-circulatlon diamond core drill. The materials removed from the
disposal vault vould be in tvo physical forms:

- a slurry of materials contacted and pulverized by the drill (rock,
vaste, the vaste container and other engineered barriers) and
brought to the surface vith the circulating drilling fluid; and

- relatively large pieces of vaste, rock and engineered barriers
removed as a drill core.

For our analysis, ve assumed that the drilling fluid vith its slurry of
vaste vould be dumped on the ground. The member of the drilling crev
receiving the highest radiation dose from this slurry vould likely be a
driller's helper vho spends a large fraction of his time near the fluid
discharge. He vould be exposed to external radiation from the vaste on the
ground, and to internal radiation by Inhalation of dust from the slurry,
vhich could become suspended vhen it dried. Exposure of a driller's helper
vill be referred to as "the drilling scenario."
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A drill-core sample could be handled by several geologists and technicians
on the drilling site during removal and initial inspection of the core, and
while packing it in core boxes. Subsequently it Bight be taken to a labo-
ratory for further examination by a geotechnical and/or chemical techni-
cian. Of the numerous persons handling the core, a geotechnical technician
preparing thin sections of a contaminated core vould probably be at
greatest risk. He vould be exposed to external radiation, could Inhale
contaminated dust generated by cutting the core sections, and perhaps
ingest a small amount of this dust. Exposure of a geotechnical technician
will be referred to as "the core-examination scenario."

1.6.2 Exposure to Waste Dispersed by Previous Intrusions

To select scenarios Involving exposure to waste dispersed in previous
intrusions (category-two scenarios, Section 1.3), we examined the activi-
ties that might take place on ground contaminated by waste excavated in an
earlier drilling operation, and left on the disposal site. Key variables
examined were

the probability of the activity;
the length of the exposure time ("occupancy time");
the number and type of radiation pathways (scenarios having
exposures by inhalation and/or ingestion pathways as well as by
external radiation usually produce higher doses than those
involving external radiation only); and
the proximity of the exposed individual to the waste.

Based on these considerations, two scenarios were selected for detailed
analysis:

A "construction" scenario. In this scenario, a worker constructs
a house or other building on the contaminated ground. In doing
so he contacts the waste while excavating the basement,
installing utilities, etc.

A "resident" scenario. In this scenario, a resident occupies a
house built on the extracted waste, and obtains a portion of his
food from plants, animals and animal products produced in or on
contaminated soil. He also inhales dust containing suspended
waste.

Two other category-two scenarios were identified as possibly contributing

significantly to risk. These are

construction of a road (exposure of a road-construction worker),

and
a child playing on soil contaminated with exposed waste.
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A road-building scenario is similar to a construction scenario; it has the
same pathways and a similar probability. The radiation doses and hence the
risk are likely to be lover because the exposure time would be shorter.

The scenario of the child playing has several similarities to the resident
scenario. Exposure would be by the same three pathways (external, inhala-
tion and ingestion). Radiation dose would likely be of the same order of
Magnitude (higher dose rates because a child Bight ingest a significant
amount of soil, but shorter exposure times), and the probability is much
lower. Nevertheless, this scenario could have a risk comparable to that of
the other intrusion scenarios analysed.

Other potential activities on the dispersed waste, such as forestry, hunt-
ing, trapping, gardening and recreation, would have risks significantly
lower than the scenarios selected. This is generally because of lower
probability, much shorter exposure times, and/or the absence of inhalation
or ingestion pathways.

2. ANALYSIS OF CONSEQUENCE

The "consequence" of an Intrusion scenario is the individual radiation dose
to the intruder, multiplied by a dose-to-risk conversion factor. Since the
radioactivity of the waste decreases with time, the consequence of all
intrusion scenarios also decreases with time.

2.1 COMPUTER CODES USED FOR ANALYSIS OF CONSEQUENCE

The GENII-Hanford Environmental Dosimetry Software Package (Napier et al.
1988) was used to compute the consequences of intrusion scenarios. GENII
is a set of state-of-the-art computer codes developed by Battelle Pacific
Northwest Laboratories for the United States Nuclear Regulatory Commission
(USNRC). GENII calculates the release and transport of radionuclides
through environmental pathways, and the resulting radiation doses. The
user can select and combine a variety of exposure pathways, such as inhala-
tion, ingestion of animal products, and external exposure. The code calcu-
lates pathway-specific and radionuclide-specific radiation doses using both
ICRP-26 and -30 methodology (ICRP 1977, ICRP 1979) and ICRP-2 methodology
(ICRP 1959). A comprehensive and stringent quality assurance program was
used in code development.

One of the codes included in the GENII package is ISOSHLD (Engel et al.
1966). ISOSHLD calculates radionuclide-specific external dose conversion
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factors for various source/shield/receptor geometries and Materials.
ISOSHLD is used in the intrusion analyses to Model specific exposure geo-
metries that could arise in intrusion scenarios, such as the exposure of a
•caber of a drilling crev or of a construction worker. The options of the
ISOSHLD code include 12 source/shielding/receptor geometries, 20 shielding
materials (e.g., air, rock, vater), and point, uniform or exponential
source-strength distributions. The capability of calculating external dose
conversion factors for various geometries Is a key reason for using the
GENII code package.

Output from the ISOSHLD code is an input to the GENII package codes ENVIN,
ENV and DOSE. These four codes were used for the main analyses of
intrusion scenarios. The codes were used with the default parameters
provided in GENII (Napier et al. 1988), except vhere otherwise indicated.

Two other computer codes developed for the USNRC, PART61/INTRUDE (USNRC
1986) and ONSITE/MAXI (USNRC 1987), were also used for pathway analysis and
dose to man calculations. They were used to check results from GENII, as
part of the quality assurance of the calculations.

2.2 QUALITY ASSURANCE OP CONSEQUENCE ANALYSIS

A major reason for choosing the GENII package for consequence analysis was
the extensive, stringent quality assurance program used in its development.
This program is summarized in Appendix A.

GENII also has many features designed to prevent errors in using the code.
As well, a number of quality assurance procedures for code operation were
established and used for the current analysis. These features and
procedures are also summarized in Appendix A.

2.3 INITIAL CONCENTRATIONS OF RADIONUCLIDES

Consequences of intrusion scenarios generally depend on the concentration
of radionuclides at the point of intrusion, and are Independent of the
total amount of waste in the disposal facility. Initial concentrations of
radionuclides used In the analysis are given in Table 1 in units of
Bq.(kg U)"1 in used fuel. These radionuclides comprise fission products
and activation products of uranium, activation products of fuel impurities,
and activation products of the Zlrcaloy cladding and its impurities, for
10-a-cooled U02 reactor fuel irradiated to a burnup of 685 GJ>(kg U ) 1 in
the Bruce "A" Nuclear Generating Station (Tait et al. 1989). Radionuclides
not included in the GENII database were omitted, after ensuring that they
would not contribute significantly to dose because they have very low
inventories and/or very short half-lives.
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Concentrations at the point of intrusion are different for each scenario.
The derivation of these concentrations is described for each scenario in
the appropriate section belov.

For all scenarios-, radioactive decay and ingrowth of daughter radionuclides
are calculated using the Bateman equations (Bateman 1910).

3. BSTIHATES OF PROBABILITY

3.1 HBTHODS FOR ESTIMATING PROBABILITY

Because the criterion for the acceptability of a nuclear fuel waste dispo-
sal concept is based on risk (Section 1.4), estimates of both probability
and consequences are required for each scenario identified as having the
potential to significantly contribute to risk. It is not possible, how-
ever, to sake realistic estimates of intrusion probabilities for the
required time period. Although we can predict these probabilities from
historical and present-day data, in a rapidly changing technological
society such as ours it is not credible to assume that the probabilities
will remain the same for ten thousand years, or even for tens of years.
Nor is it possible to realistically extrapolate them for more than a few
years. The futility of such an approach can be demonstrated by the example
of drilling for petroleum. A hundred years ago there was no such drilling
in the U.S.; since then over two million holes have been drilled (Eedy and
Hart 1988).

A second approach is to estimate consequences only, and assume that these
consequences would be experienced in each year following closure. Given
the location of the disposal vault, 500 to 1000 m beneath the surface of a
massive barrier of plutonic rock, this is also not credible.

A third approach is to define a sequence of events and/or system failures
leading to an intrusion scenario. This approach was used by Pinner and
Hill (1982) for analysis of Intrusion into shallow waste disposal sites,
and subsequently by Sandquist et al.(1987), Vhittingham (1989), Jowett and
Chapman (1989), and Hunter and Mann (1989). We can, then, construct an
event tree for each sequence, assign conservative values to the probability
of each event or failure, and calculate the probability that each scenario
will occur, given the assumptions made. Ve can also test the sensitivity
of the probability of occurrence of the scenario to these assumptions.
While this approach can, at best, only reflect current views of the future,
it explicitly displays the assumptions made, enforces coherence of proba-
bilities, and allows us to readily evaluate the risks associated with sets
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of plausible (or implausible) assumptions. It is the approach ve have
adopted for our analysis of human Intrusion into a nuclear fuel vaste
disposal facility.

In order' to make the assumptions clearly visible, and to facilitate sensi-
tivity analysis, each event tree has been kept as simple as possible. How-
ever, time-dependent probabilities were assumed, as the true probabilities
will be time-dependent; i.e., some failure probabilities will be very lov
immediately following facility closure, and rise to higher values later.
The alternative Is to set these probabilities at their ultimate (highest)
values for all time; this would make the analysis unnecessarily conser-
vative.

Sequences of events and failures that could lead to each of the four
selected intrusion scenarios have been defined. These are described in
Sections 4 to 8, and illustrated in Figure 1. Time-dependent probabilities
were assigned to each event or failure, based on the judgement of experts
and specialists in relevant areas.

The overall probabilities of the scenarios were estimated from the event
probabilities, and combined with estimates of consequences to produce time-
dependent estimates of the risks from intrusion scenarios.

3.2 ASSIGNMENT OF NUMERICAL VALUES FOR PROBABILITIES

Numerical values were assigned for the probabilities of each of the events
in the sequences. Most of these probabilities are "subjective probabili-
ties," defined by the ICRF (ICRF 1985) and the AECB (AECB 1987a) as "a
number assigned to the likelihood of an event occurring in a defined period
of time as a measure of the degree of belief that the event will actually
occur during that time."

The assigned probabilities are

- based on the judgements of experts and specialists in relevant
technologies and social sciences,

- consistent with reasonable extrapolations of current statistics
and practices,
consistent with current trends in engineering and communications
technology,

- consistent with current legislation, regulatory practices, and
social institutions, and
consistent with the facility design used to assess the disposal
concept (Simmons and Baumgartner 1994).
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Rationales for the values assigned to the event probabilities are given in
Appendix B, and the probabilities are summarized in Table 2.

*ARIO: EXPOSURE OP A MEMBER OF THB DRILLING CREV

4.1 CONSEQUENCE ANALYSIS

4.1.1 Description of the Model

The assumptions and parameters used for the drilling scenario are consis-
tent with those for present-day site-characterization studies (see Section
1.5.1), using a vater-circulation diamond core drill (Cumaing and Vicklund
1980). It is assumed that drilling proceeds to vault depth, and penetrates
the waste and the associated engineered barriers. A slurry of waste, engi-
neered barriers and rock is brought to the surface with the drilling fluid
and dumped on the ground. This slurry is initially wet, producing no dust,
but may dry out over the course of the drilling. Consequences are calcu-
lated for a driller's helper who spends a significant fraction of his time
near the fluid discharge, as he is the drilling-crew member likely to
receive the highest radiation exposure. The driller's helper receives
radiation doses via two pathways:

- direct external exposure to gamma radiation from the exposed
waste, and

- inhalation of suspended radioactive dust.

4.1.2 Assumptions and Input Data

The following assumptions were made for this scenario:

(1) The drill-hole diameter is 76 mm. This is equal to the outer
diameter of a diamond core bit frequently used for deep drilling
in hard rock (Cumming and Vicklund 1980). Only one disposal
container is intercepted, since the proposed disposal vault is on
a single level.

(2) The amount of waste intersected

« weight of uranium in a container

cross-sectional area of a drill hole
area of a container

= 20.3 kg
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(3) Of the amount Intercepted, 25Z (i.e., 5 kg) is pulverized and
transported to the surface as a slurry. A 76-mm drill bit
normally has an Internal diameter of 55 mm, and pulverizes 27Z of
the material intersected (CUMing and Vicklund 1980). The
remainder is
- left underground as broken pieces, and/or

transported into the backfill as a slurry, and/or
- deposited on borehole vails, and/or
- retained as a core sample, and taken to a laboratory or core-

storage facility.

(4) The drilling continues for 80 h after exhumation of the vaste.
The driller's helper spends 50Z of his time on or near the
contaminated ground (i.e., exposure time is 40 h).

(5) The slurry of vaste lying on the ground is modeled as a surface
disc source, 6 m in diameter. This is considered a near-minimum
value for the potential area of the dispersed vaste. It vas
chosen to provide conservative (maximum) values for the
concentration of the vaste and the resulting dose.

(6) For calculating external exposure, ve assume that the driller's
helper is shielded from external exposure by 1 m of air only,
i.e., there is no attenuation by soil cover.

(7) To calculate exposure by inhalation, a mass-loading model vas
used. The time-averaged mass loading of respirable dust in the
air during the exposure period is assumed to be 10~4 g.m*3. This
is about tvice the time-averaged geometric mean value of the
mass-loading of dust in Canada, and about six times the average
for isolated Canadian Shield sites vhere anthropogenic emissions
are lov (Amiro 1992). Since the area vhere the drilling slurry
is dumped vill be vet, the mass loading of respirable dust vill
be lover than if this area vere dry.

(8) The respirable dust is a mixture of vaste and soil suspended vith
the vaste or blovn into the area. The concentration of
radionuclides in the respirable dust is computed as the average
concentration in the top 0.15 m of contaminated soil, i.e.,
1 Bq.m-3 dust « 0.15 Bq.ma soil (Napier et al. 1988).

4.1.3 Consequences of Bxposure of a Driller's Helper

The results of the consequence analysis, i.e., radiation dose to a
driller's helper as a function of time, are summarized in column 2 of
Table 3. Initially, exposures are dominated by the external pathvay, vith
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1 3 7Cs and 60Co the largest contributors to dose. Between -300 and -3000 a,
241 Am is the largest contributor, primarily via the Inhalation pathway.
After -3000 years 240Pu and 2 3 9Pu become the most important contributors.

4.2 PROBABILITY OF EXPOSURE OF A MEMBER OP THE DRILLING CREW

The sequence of events and failures given below could lead to the exposure
of a driller's helper as described in Section 4.1. An event tree illus-
trating this sequence is given in Figure 1. Numerical values assigned for
the probability of each event are summarized in Table 2 and illustrated as
functions of time in Table 4. Rationales for assigning these values are
given in Appendix B.

P1(t) - Probability (or frequency) of a proposal to drill on the
disposal site to vault depth, i.e., to the depth of the
emplaced waste, in year t.

t = time of intrusion (years after vault closure).

P2(t) = Probability, at time t, that a proposed drilling is not
prevented by passive institutional controls, i.e.,
•easures taken to preserve knowledge of the disposal waste
and its potential hazard, and to regulate site use (see
Section 1.5).

P3(t) - Probability, at time t, that drilling is not prevented by
detection of the disposal vault by predrilling geophysical
and geological investigations.

P4(t) - Probability, at time t, that a planned or initiated
drilling is not prevented from proceeding to vault depth
by active institutional controls designed to prevent or
detect access to the vault, such as safeguards monitoring.

Ps(t) = Probability, at time t, that an initiated drilling is not
halted because the waste is detected by borehole logging
(e.g., monitoring for heat or radiation).

P6(t) « Probability that the borehole intersects containers, if it
proceeds to the depth of the waste

effective area of containers
no. of containers x area of disposal vault

P7(t) • Probability of exposure of a member of the drilling crew,
if a container is penetrated.
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The estimated probability of exposure of the driller's helper at tine t,
pi,D(t)» is tne Product of these probabilities, i.e.,

• P2(t) . • • P7(t)

£ 1.0 .

Time-dependent values of PIrD(t) are given in Tables 3 and 4.

The estimated probability of drilling is

PD(t) = Pi(t) • P2(t) . . . P6(t) . (2)

4.3 RISK TO A MEMBER OF THE DRILLING CREW

The time-dependent annual risk to a driller's helper was calculated from
the estimated radiation exposures (consequences) and probabilities for this
scenario given in Table 3, and the AECB risk equation (Section 1.4.2).
This risk is presented in Column 4 of Table 3, and in Figure 2.

The estimated maxiBUB annual risk is 2 x 10'11, nearly five orders of
magnitude belov the AECB risk criterion, and occurs about 2000 years after
vault closure, vhen both active and passive institutional controls are
assumed to have completely lost their effectiveness. Thereafter, the risk
decreases with time because the estimated consequences (radiation doses)
decrease with time, while the probability remains constant.

5. CORE EXAMINATION SCENARIO; EXPOSURE OF A GEOTECHNICAL LABORATORY
TECHNICIAN

5.1 CONSEQUENCE ANALYSIS

5.1.1 Description of the Model

In a drilling operation for site characterization such as that described in
Section 4, a drill-core sample would probably be obtained. The drill core
could be handled by several geologists and technicians on the drilling site
during removal and initial field inspection of the core, and when packing
it in core boxes. Subsequently, it might be taken to a laboratory for
further examination by geotechnical or chemical technicians. A geotechni-
cal laboratory technician who prepared and examined core samples would
probably receive the greatest radiation exposure. His activities might
include the preparation of thin core sections, a process that involves
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cutting and grinding, and generates dust comprising undiluted waste, which
he sight inhale. He could also ingest a small amount of this dust if his
hands became contaminated. Hence, exposure could be by direct external
radiation, inhalation and ingestion.

5.1.2 Assumptions and Input Data

The following assumptions have been made in calculating the exposure of a
geotechnical laboratory technician:

(1) The amount of uranium removed as a drill core is 25Z of the total
Intercepted, i.e., 5 kg (see items 1 to 3 of Section A.1.2).

(2) The technician examines only one contaminated drill core.

(3) For calculating external exposure, the waste is modeled as a disc
source of finite depth. The technician is shielded from external
radiation by 1 m of air, and by the self-shielding of the U02

core sample.

(4) External exposure to direct external radiation is for 1 h.

(5) The core examination includes grinding and cutting, which
produces respirable dust. The exposure time for inhalation is
0.5 h. The mass loading of respirable radioactive dust is 2 x
10'4 g-m*3, averaged over the exposure time. This dust is
undiluted used fuel. The assumed mass loading is equal to the
threshold limit value (TLV) established by the American
Conference of Government Industrial Hygienists (ACGIH 1995) for
respirable dust containing >5X crystalline silica.

(6) Some dust particles adhere to the hands and are transported to
the mouth. Five milligrams of waste are ingested.

5.1.3 Consequences of Bxposure of a Geotechnical Laboratory Technician

The results of the consequence analysis for this scenario are summarized in
Table 3, Column 5. The inhalation pathway is the most important pathway
except before 50 years when ingestion is most important. The radionuclides
making the greatest contributions to dose are 241Am until -3000 years and
240Pu and 239Pu thereafter.

5.2 PROBABILITY OF BXPOSURE OF A GBOTECHNICAL LABORATORY TBCHNICIAN

Both the sequence and numerical values of the probabilities of the events
and failures leading to exposure of a laboratory technician are the same as
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those leading to exposure of a driller's helper (Section 4.2, Figure 1,
Table 4, and Appendix B), except for P7(t), the probability of exposure of
a Member of the group at risk (the technician), given that a container has
been penetrated. The time-dependent probability of exposure of a labora-
tory technician, P B > T(t), is summarized in Table 3, Column 6.

5.3 RISK TO A GEOTBCHHICAL LABORATORY TECHNICIAN

The time-dependent annual risk to the technician who experiences the
scenario described was calculated from the radiation doses and
probabilities for the scenario given in Table 3, and the AECB risk equation
(Section 1.4.2). This risk is also presented in Table 3, and in Figure 2.
The estimated annual risk is more than four orders of magnitude belov the
AECB risk limit for all times, vith the greatest risk occurring about
3000 a after vault closure.

6. CONSTRUCTION SCENARIO; EXPOSURE OF A WORKER CONSTRUCTING A HOUSE
ON EXCAVATED WASTB

6.1 CONSEQUENCE ANALYSIS

6.1.1 Description of the Model

For this scenario, ve assume that a house is constructed on ground con-
taminated by waste previously excavated in a drilling operation (see
Section 4). Doses are calculated for a construction vorker who excavates
the basement, builds the house and installs utilities. Exposure pathways
are direct external radiation and inhalation of radioactive dust suspended
by the construction activities.

6.1.2 Assumptions and Input Data

The following assumptions were made:

(1) The waste excavated as a slurry in the drilling scenario
(Section 4) remains on the site, i.e., 5 kg of uranium and its
associated inventory of radionuclides.

(2) For calculating external exposure, the waste is modeled as a disc
source 10 m in diameter, burled beneath 0.15 m of soil, and
shielded from the receptor by this soil and 1 i of air. The
assumed area is larger than for the drilling scenario to account
for some dispersion during the time between drilling and
construction.
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(3) The exposure time is 520 h (3 Months of 40-h weeks).

(4) For the inhalation pathway, the time-averaged i.e., averaged over
periods of excavation and non-excavation, mass loading of
respirable dust, i.e., of suspended soil and waste in the air, is
5 x 10* g'»'3 , about 30 times the mean value for dust at
isolated Canadian Shield sites, and comparable to a prairie dust
storm (Amlro 1992).

(5) The concentration of radlonuclldes in the respirable dust is
computed as the average concentration in the top 0.15 m of
contaminated soil.

(6) For most radionuclides, we assume that there are no losses to
environmental sinks by weathering between the time the waste is
brought to the surface and construction begins. This is a
conservative assumption especially at long times since, in
calculating the probability of the scenario, we use the
integrated probability that there has been drilling on the site
prior to the time of the construction scenario (see below). For
239Pu and 240Pu, the radionuclides making the major contributions
to dose at times beyond a few thousand years, we introduce a
correction for leaching from surface to deep soils by weathering.
The methodology and its application to Pu are described in
Appendix D. The sensitivity of the risk to this assumption is
discussed in Section 8.1.

6.1.3 Consequences of Exposure of a Construction Worker

The calculated time-dependent consequences (radiation dose) to a construc-
tion worker are given in Table 5, Column 2. The largest contributors to
dose are 1 3 7Cs for about the first 100 a after closure, 241Am between 100
and a few thousand years, and 239Pu and 240Pu at still longer times. The
external radiation pathway is most important initially, with inhalation
becoming most important -100 a after closure, and remaining most important
thereafter.

6.2 PROBABILITY OF BXPOSURB OF A CONSTRUCTION VORKBR

The probability of exposure, in year t, of a construction worker building a
house on waste previously extracted and left on the disposal site is

• Pxi,c(t)
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vhere
P10(t) •= probability that extracted vaste is present on the

site at tiae t, and

pn,c( t) " probability of exposure of a construction worker in
year t, if extracted vaste is present on the site,

« probability of building a house on extracted vaste in
year t.

Probability P10(t) is defined

- P.(t) • P9
vhere

P8(t) « integrated probability that vaste has been extracted by
drilling prior to tiae t

n

Y.
i l
i-l

PDi m probability of extracting vaste by drilling in year i

• P2(i) . . . P6(i) ,

n - nuaber of years since vault closure

- t,

P9 « probability that vaste extracted by drilling is left on
the site at the tiae of drilling (invariant vith time).

Probability P l l i C(t) is defined

- N(t) • A,rP(

vhere
N(t) « average nuaber of houses constructed per square

Iciloaetre in the vicinity of the disposal site, in year
t (assuaed to be 2X of the density of residences in the
area)

• 0.02 ,
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D(t) « population density in year t (persons•kar 2 ) ,

• = average number of persons per house, and

Airr c - effective area for exposure of a construction worker
(see Section B.ll).

Hence, the probability of exposure of a construction worker in year t is

- P,(t) • P9 • PlliC(t)

The event tree for the construction scenario is illustrated in Figure 1.
Numerical values assigned for the probabilities P((t) to P n ( t ) are
summarized in Table 2, and illustrated as functions of time in Table 6.
The rationale for the assignment of each is given in Appendix B. Time-
dependent values of P B | C(t), the probability of exposure of a construction
worker, are given in Table 5, Column 3.

6.3 RISK TO A CONSTRUCTION WORKER

The time-dependent annual risk to a construction worker was calculated from
the radiation doses and probabilities for this scenario given in Table 5,
and the AECB risk equation (Section 1.4.2). The estimated annual risk is
more than six orders of magnitude below the AECB risk limit at all times up
to 10 000 years.

The risk is still slowly increasing at 10 000 years as the integrated
probability of the scenario increases with time. Since the predicted risks
do not peak before 10 000 years, it is necessary to demonstrate that acute
radiation risk will not be encountered by individuals beyond this time (see
Section 1.4.2). To demonstrate this, a limit to the maximum risk in
100 000 years was estimated using the estimated probability at 100 000
years and the estimated annual dose at 10 000 years. Since the toxiclty of
spent fuel beyond 10 000 years does not exceed the toxicity at 10 000 years
(IAEA 1992) and since, for intrusion scenarios, the dose is approximately
proportional to the toxicity, this provides a conservative estimate of the
maximum annual risk in 100 000 years. This estimated risk is - 1 x 1 0 1 0 ,
well below the AECB risk criterion of 1 0 6 , and many orders of magnitude
below the level of acute risk.
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7. RESIDENT SCENARIO: EXPOSURE OF OCCUPANT OF A HOUSE BUILT OH EXTRACTED
WASTE

7.1 CONSEQUENCE ANALYSIS

7.1.1 Description of the Model

For this scenario, exposures are calculated for a resident of a house con-
structed on waste excavated in a drilling scenario (see Section 4). The
resident obtains a portion of his food from plants, animals and animal
products produced in or on the contaminated soil. He also inhales dust
containing suspended vaste. Exposure pathways are therefore direct exter-
nal radiation, inhalation of contaminated dust, and ingestion of vegetables
and animals/animal products.

7.1.2 Assumptions and Input Data

The following assumptions were made:

(1) The waste excavated as a slurry in the drilling scenario
(Section 4) remains on the site, i.e., 5 kg of uranium and its
associated inventory of activation and fission products.

(2) For calculating external exposure, the waste is modeled as a disc
source 10 m in diameter buried 0.15 m beneath the soil, and
shielded from the receptor by this soil and 1 m of air
(additional shielding by the floor of the house is neglected).

(3) Exposure by the external pathway is continuous (8760 h-a*1),
i.e., the resident spends all his time in the house built on the
contaminated ground.

(4) For the inhalation pathway, the mass loading of contaminated dust
in the inhaled air is 0.06 x 10"3 g»m-3, calculated as a weighted
average for indoor and outdoor activities. This is about a
factor of 3 larger than the annual average at Isolated sites on
the Canadian Shield, and is Intended to take account of possible
higher levels during gardening activities. The average fraction
of waste in respirable dust is computed as the average
concentration in the top 0.15 m of contaminated soil. This is an
overestimate because we have already assumed that the waste is
underneath the house, and hence would not be available for
suspension. Exposure by the inhalation pathway is continuous.
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(5) Only 10Z of the food ingested by the resident is grown in the
contaminated soil (i.e., 10Z of each type of food he ingests).
The area assumed for the exposed waste is less than 100 u2 or .01
hectares, far too snail to grow all the garden produce required
to support a family of two, or to raise animal produce for the
same family. These areas have been estimated at 0.1 hectares and
10 hectares respectively (Davis et al. 1993). Furthermore, the
probability that the resident will have a garden is likely less
than 20Z (Dolinar et al. in preparation) and the probability of
raising animal produce considerably less than this. To partially
account for these factors, we have assumed that only 10Z of the
residents' food is grown in the contaminated soil (i.e., 10Z of
each type of food he ingests). Also, most of the waste must be
beneath the house if it contributes to continuous external
exposure, as assumed in assumption 2.

(6) As for the construction scenario, it was assumed that there is
weathering of plutonium to environmental sinks, but no weathering
of other radionuclides.

The parameters used for this analysis are the default parameters provided
in GENII (Napier et al. 1988). These parameters were reviewed to ensure
that they are reasonable for a setting in the Canadian Shield. However,
they were not changed to match the values used in the BIOTRAC biosphere
model used for the groundwater transport scenario of the Canadian disposal
facility (Goodwin et al. 1994; Davis et al. 1993). This was felt to be too
time-consuming for the benefits gained, given the large uncertainties in
all of the parameters used in the consequence analysis. Furthermore, since
the BIOTRAC code is a probabilistic model using parameter distributions for
input values, and GENII is a deterministic code using single values of
input parameters, the choice of matching parameter values for the GENII
code is not straightforward.

7.1.3 Consequences of Exposure of a Resident

The calculated time-dependent consequences (radiation doses) to a resident
are given in Table 5, Column 5. The largest contributor to dose is 90Sr
for the first 100 a or more, followed by 341Am, which dominates until about
2000 a. After this, 2«°Pu and 239Pu become most Important. Around 10 000
years, the doses from " T c and JS7Np begin to approach that from the Pu
radionuclides. The lngestion pathway is most important up to 200 a; after
this inhalation is the most important pathway, until - 8000a, when
ingestion again becomes most important.
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7.2 PROBABILITY OP EXPOSURE OF A RBSIDKNT

Both the sequence of events and the numerical values of the event proba-
bilities are assumed to be the same for a resident as for a construction
worker (Section 6.2, Figure 1, Table 6 and Appendix B), except that
P 1 1 K(t), the probability of exposure of a resident if extracted waste is
on the site, replaces P1X c(t). This probability is

where
D(t) • population density in the area of the disposal site in

year t (persons••**), and

Atrr,* " Airr.c (see Section B.ll).

The probability of exposure of a resident in year t is therefore
n

1-1

Calculated time-dependent values of Pl>K(t) are summarized in Table 5,

Column 6.

7.3 RISK TO A RESIDENT

The time-dependent annual risk to a resident was calculated from the
radiation doses and probabilities for this scenario given in Table 5, and
the AECB risk equation (Section 1.4.2).

The maximum estimated annual risk in 10 000 years is nearly three orders of
magnitude below the AECB risk limit, (Table 5 and Figure 2). The risk is
still increasing at 10 000 years as the integrated probability of the
scenario increases with time. Since the predicted risks do not peak before
10 000 years, a limit to the maximum annual risk in 100 000 was estimated
by the method described in Section 6.3. This risk was - 2 x 10"7, below
the AECB risk limit of 10" *, and many orders of magnitude below the level
of acute risk.

8. SENSITIVITY ANALYSIS

In assigning values to parameters used in the estimates of both probability
and consequences for the intrusion scenarios, and in making other assump-
tions for the analyses, many subjective judgements were made. Sensitivity
analysis was carried out to determine the effects of some of the assump-
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tions, and to determine which parameters had the greatest influence on the
estimated risks.

8.1 SENSITIVITY OF THE BSTIMATED RISKS TO VALUES ASSIGNED TO
PARAMETERS FOR THE CONSEQUENCE ANALYSIS

The parameters used for consequence analysis that have the greatest
variability are those describing human behaviour (such as the exposure time
for inhalation of contaminated dust), and dispersion in the environment
(such as the area contaminated by a drilling event).

For all scenarios, calculated doses and risks are linearly dependent on the
assumed exposure times. For the individual scenarios, other important
parameters are as follows:

(1) Drilling Scenario
For this scenario the external radiation pathway is dominant
until after 500 years; after this time the external and
inhalation are both important, but doses via the inhalation
pathway are the larger. Inhalation doses and risks are linearly
dependent on both the assumed mass loading of dust in the air,
and the concentration of radionuclides in this dust (i.e., the
average dilution with clean soil). The estimated dilution is
proportional to the assumed area of dispersion of the extracted
waste on the ground.
When the external exposure pathway is dominant, the most
important parameter is the amount of soil covering the waste (for
the analysis we assumed that there was no soil cover); doses are
exponentially inversely dependent on this parameter.

(2) Core Examination Scenario
For this scenario, the ingestion pathway is most important
initially. This pathway involves ingestion of undiluted waste,
and the estimated doses depend solely on the amount ingested. A
relatively small amount, 5 mg is assumed for the analysis, which
is intended to represent dust particles adhering to the hands and
transported to the mouth, directly or possibly by smoking.
However, since it is assumed that this amount is ingested over a
time period of only one-half hour, it corresponds to an intake of
80 mgms of dust in an eight hour working day (of which only about
6X would be contaminated, since we have assumed the technician
examines only one contaminated drill core). Accordingly, this is
likely a significant overestimate of the actual intake rate by
this pathway. After 50 years the inhalation pathway is dominant,
and the assumed mass loading has the greatest influence on dose
and risk.
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(3) Construction Scenario
Except for the first 100 a after closure (when the probability of
exposure is extremely low), inhalation of contaminated dust is
the aost important pathway, and the most important parameters are
the mass loading of dust in the air, and the concentration of
radionuclides in this dust (i.e., the dilution vith clean soil).
Doses are linearly dependent on these tvo parameters.

(4) Resident Scenario
For the first - 100 years after disposal, the ingestion pathvay
is most important, and the most important parameter is the
fraction of food grown on the extracted waste. After - 100 years
the inhalation pathway is most important, and the most important
parameters for estimating the dose are the mass loading of dust
in the air, and the concentration of radionuclides in the dust.

Por the construction and resident scenarios, the assumption of leaching of
Pu to deep soils by weathering also has a significant effect on the doses
and risk beyond a few thousand years. Tables 7 and 8 illustrate the
estimated doses from the construction and resident scenarios, assuming no
weathering of 239Pu and 340Pu, and the corresponding estimated risks. The
same probabilities were used as for the base case analyses. Doses and
risks are higher, with the differences increasing with the time of
intrusion, to factors of about 7 and 13 respectively for the resident and
construction scenarios at 10 000 years. The maximum annual risk remains
below the AECB risk limit, by factors of over 2 and 5 orders of magnitude
for the construction and resident scenarios respectively. It is argued
that this estimate is less realistic than the base case analysis which
includes weathering of 2 3 9Pu and 240Pu to environmental sinks. In fact, a
more realistic analyses would Incorporate weathering of other radionuclides
as well, and could provide a substantial further reduction of risk. For
example, Inclusion of weathering of "Tc and 337Np In the resident scenario
could reduce the maximum total doses and risks to 10 000 years by about a
factor of three.

8.2 SENSITIVITY TO VALUBS ASSIGNBD TO EVENT PROBABILITIES

The event probabilities used to estimate the scenario probabilities have
very large uncertainties since they depend or human behaviour and social
and technological evolution. Time-dependent values were assigned to these
parameters In accordance with the principles summarized in Section 3.2.

The estimated annual risk is linearly dependent on the values assigned to
the probabilities of each event. Hence the estimated risk with a new value
of any event probability can be calculated by multiplying the risk given in
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Tables 3 and 5 by the ratio of the nev and old values of the event
probability for the same scenario and time (fro* Tables 4 and 6).

8.2.1 Sensitivity to Parameters Describing the Probability of Knowledge
or Discovery of the Vault and Its Hazard

Drilling and Core Examination Scenarios

For these scenarios, the event probabilities can be classed in tvo groups:
those that describe the frequency and technology of drilling, and those
that describe the impact of knowledge or discovery of the wastes. The
event probabilities in the first group are Px, the estimated frequency of
an intent to drill to vault depth, and P6, the probability that on-site
drilling intersects a waste container, if it proceeds to vault depth. If
all the other probabilities, i.e., P2 to P5 and P7, are set at their upper
limit values of unity (corresponding to no knowledge or discovery), the
probability of the drilling and core examination scenarios is 4 x 10'6 a'1,
invariant with time. Even in this limiting case, the estimated risks are
below the AECB risk limit for all times, for both scenarios. This is
illustrated in Table 7.

This limiting case corresponds to a highly unrealistic situation in which

- all knowledge of the hazardous nature of the disposal vault and
all control of activities on the site is lost immediately after
closure; and
the presence of the waste is not detected by predrilling site
investigations, borehole logging, or laboratory analysis of
drilling sanples.

Construction and Resident Scenarios

For the construction and resident scenarios, the corresponding limiting
case in which no credit is taken for knowledge/discovery/cleanup of the
wastes is obtained if P9, the probability of cleanup (as well as P2 to P s),
is set at its limiting value of unity. The probability of the scenario
becomes, for the construction scenario,

PE c = 4 x 10-6 • t • 5.3 x 10-5

» 2.1 x 10"10 • t
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and for the resident scenario,

P. - « 4 x 10"« . t • 2.7 x 10-J

- 1.1 x 10-• • t .

In this limiting case, the calculated risk is within the ABCB risk limit
for all times, for both the construction and resident scenarios, as
illustrated in Table 8.

This Halting case corresponds to a situation in vhich

- the controls listed in the preceding section do not prevent
drilling, and

- the vaste extracted by drilling remains on the disposal site,
confined to an area 10 m in diameter; i.e., except for Pu, there
is no removal of the vaste to environmental sinks, or detection
and cleanup of the vaste. Since the construction or resident
scenario could occur hundreds or thousands of years after the
initiating event (the extraction of vastes), this is an extremely
conservative assumption.

8.2.2 Sensitivity to Assumptions About Future Technology and Social
Institutions

Throughout this analysis, ve have treated the events leading to all scen-
arios as independent of each other. In fact most are correlated to one
unknowable variable: the future state of society. Ve have assigned values
to event probabilities consistent vith current human activities, technolo-
gies and social institutions, or reasonable extrapolations of them (Section
3.2). In this section ve consider hov the event probabilities vould differ
in a society that is more or less "advanced" than that assumed.

By far the most likely possibility is that a future society vill be more
advanced than assumed. This implies aore sophisticated technology, better
preservation and communication of knowledge, and greater stability. In
such a society it is likely that more mineral resources will be exploited,
and at lover relative cost than today. The probability of an Intent to
drill (Px) could be higher, perhaps considerably higher, than assumed.
However, the probability that knowledge of the disposal site vould be pre-
served and communicated vould also be much higher (i.e., P2 and P4 vould be
considerably lover), as vould the probability of detecting and recognizing
the disposal vault (P3 and P5 lover) and of cleanup of the site (P9 lover
and PCL higher). Overall, the probability of drilling into the disposal
vault is likely to decrease.
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A possibility that is far less likely is that there will be a breakdown of
society, and/or a return to less advanced technology than today. In such a
society, current information may not be preserved and there is a lover
possibility of rediscovery of the vault. However, both the need to exploit
resources (or dispose of vaste) and the ability to do so will be lower than
assumed. It has been argued (Eedy and Hart 1988) that the highest risk
appears to exist in a society similar to that found in "advanced" countries
today, where the technology needed to initiate an intrusion scenario is
•ore widespread than the ability to communicate the potential hazard at the
individual worker level.

8.2.3 Sensitivity to the Frequency of an Intent to Drill

A special case of the interdependence of event probabilities is the rela-
tionship between Px , the frequency of an intent to drill, and P2, the
effectiveness of passive institutional controls. The more attractive the
disposal site is for drilling, the more likely (and the earlier in the
lifetime of the disposal vault) that investigations will be undertaken.
The result of such investigations would likely be that the existence of the
vault would continually be "rediscovered", and incorporated in more and
more mining and other databases. In such a case it is possible that the
effectiveness of passive institutional controls would actually increase
with time, instead of decrease.

Although the probability of drilling has been assigned a yalue that is
constant in time, the reality is likely to be different. There could be a
transient increase in the probability of drilling if an anomaly resulting
from the vault were detected by geophysical investigations, and its source
were unrecognized. Furthermore, it is likely that if there were
exploratory drilling, several boreholes would be drilled instead of only
one. Although these phenomena were not explicitly modelled, they were
taken into account in assigning values to ?l, the frequency of an intent to
drill to vault depth on the disposal site, P3J the probability that
drilling is not prevented by detection of the vault by pre-drilling
geophysical investigations and Ps, the probability that drilling is not
stopped as a result of borehole logging investigations. (See Sections B.I,
B.3, B.5 and Appendix C.) The values assigned to these two probabilities
are intended to be sufficiently high to take these two phenomena into
account.

8.2.4 Effects of Cleanup of Extracted Vaste Left on the Site

The probability of discovery and cleanup of extracted waste at the time of
drilling has been taken into account in the analysis (event probability
P 9). However, it is also possible that waste left on the site after a
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drilling operation could be detected at any subsequent time, and the site
cleaned up (PCL). This later cleanup has not been taken into account in
the analysis and could substantially reduce the risks of both the
construction and resident scenarios.

This discovery and cleanup is most likely to be associated vith land
transfer, so its probability Increases whenever Pllf the probability of
exposure of a construction worker or resident, increases. This would help
offset the increase in risk that would result if the probability of
construction and occupation of the site increased (See Appendix B,
Section B.10.3).

To illustrate the reduction in risk that could result from this cleanup, we
have assumed a mean tine between cleanups of 100 a, conditional upon exca-
vated waste being present on the site, i.e. tCL » 100 a. Ve have used
Equation (B.5), an approximation that is strictly applicable only if both
the probability of drilling and the probability of cleanup are invariant
with time (a condition that is likely only after 2000 a). The resulting
probabilities of the construction and resident scenarios, P£,c and P£>K
respectively, are summarized in the last two columns of Table 6. The
annual risks are reduced by the ratios ?\iC^t,c

 an^ ^K.X^^K.X f°r t n e

construction and resident scenarios respectively. The maximum risks for
the construction and resident scenarios become 1 x 10~14 and 2 x 10-11

respectively, as illustrated in Table 8.

9. SUMMARY AND DISCUSSION

9.1 CONSEQUENCE ESTIMATES AND IMPORTANT PATHWAYS AND RADIONUCLIDES

Estimated radiation doses are significant for at least the first few
hundred years (I.e., they exceed the AECB risk criterion if the scenario is
certain to occur) for the four scenarios analysed. However, the risk
criterion is satisfied because the estimated probability of intrusion is
very low In this initial period (see Section 9.3). For all the scenarios,
inhalation of contaminated dust is the most important pathway at some time.
For the core-exam!nation scenario, ingestion is the most Important pathway
for - 50 years; for the resident scenario it is most important for the
first one hundred years, and after 5000 years; for the construction and
drilling scenarios, the external pathway is most important for the first
few hundred years.

Radionuclides making significant contributions to dose in all scenarios
analysed are 241Am for the first few thousand years, and 239Pu and 240Pu at
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later times. In some scenarios, 90Sr, 1 3 7Cs and 60Co sake important
contributions for the first fev decades and/or " T c and 237Np make
important contributions after a fev thousand years.

9.2 ESTIMATING SCENARIO PROBABILITIES BY AN EVENT TREE METHODOLOGY

For comparison vith the risk criterion, an estimate of the probability of
each scenario is required. An event-tree methodology vas used to estimate
these probabilities. For each scenario, a sequence of events or failures
that could lead to the exposure of the intruder vas defined. Time-
dependent probabilities vere assigned to each event (or failure), based on
the judgements of experts and specialists.

The advantages of the event-tree methodology are that it

- explicitly displays the assumptions made,
- enforces coherence of probabilities,
- permits the combination of social and technical information,

Incorporates the judgement of experts and specialists in a
variety of areas, and

- allows easy testing of the sensitivity of the risk estimates to
assumptions.

The values assigned to the event probabilities used to calculate the
scenario probabilities reflect the collective judgement of the specialists
and experts consulted (see Acknowledgements). The assessed relative
importance of factors (events or failures) contributing to prevention of
intrusion is Illustrated in the tables of event probabilities.

9.3 ESTIMATED RISKS AND COMPLIANCE VTTH THE ABCB RISK CRITERION

Estimated annual risks for the four scenarios in the period up to 10 000
years following closure range from zero (at closure) to peak values of
2. x 10"X1 health effects for the drilling scenario, 8. x 10-X1 for the
core-examination scenario, 6. x 10~13 for the construction scenario and
1. x 10"9 for the resident scenario. For each scenario, the peak risk
occurs after 2000 years, when Institutional controls, both active and
passive, have lost all their effectiveness.

The estimated potential risks are several orders of magnitude below the
risk limit established by the ABCB for determining the acceptability of a
waste disposal facility, for all times, for all scenarios analysed.
Although it vas necessary to use "subjective probabilities" to assign
values to event probabilities, the vide margin of safety between the
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estimated risks and the AECB risk limit, the generally conservative
assumptions used in the assessment, and the sensitivity analysis (Section
8) support the conclusion that the risk from human intrusion is not
significant for the proposed Canadian disposal facility for nuclear fuel
waste.

To demonstrate compliance vlth the AECB criterion for acceptability of the
disposal vault, the calculated risks from each intrusion scenario contri-
buting significantly to risk should be added to the calculated risk from
the groundvater transport scenario (Goodwin et al. 1994), and any other
scenario significantly contributing to risk, and this summation must be
shown to be £lO'6 health effects per year.

9.4 REDUCING THE RISKS OP INTRUSION SCENARIOS

9.4.1 Reducing the Consequences of Intrusion Scenarios

Little can be done to reduce the consequences of human Intrusion scenarios.
Since these consequences depend on the concentration of radionuclides at
the point of intrusion, they can be reduced, for some disposal technolo-
gies, by limiting the concentration of the waste in the disposal vault.
This is not practical for the Canadian concept of disposal of bundles of
used fuel. For this disposal concept, engineered barriers to intrusion are
ineffective also in reducing the consequences of intrusion.

9.4.2 Reducing the Probabilities of Intrusion Scenarios

Measures to reduce the risks of human Intrusion scenarios are essentially
limited to reducing the probabilities of the scenarios. The relative
effectiveness of some of these measures is illustrated in the tables of
event probabilities, which reflect the collective judgement of specialists
and experts in relevant technical and social sciences. The following
measures could be taken to reduce the probability of the scenarios taking
place:

(1) The vault should be located where there are no known or suspected
mineral or energy resources, and no features that might arouse
the future curiosity of scientists or archeologists. The vault
should be located at the greatest depth practical, since the
probability ot intersecting it by drilling or mining is inversely
dependent on depth.

(2) Redundant measures should be taken to preserve "societal memory"
of the disposal site and its potential hazard. These measures
could include
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- a durable Barker or monument on site,
- aarking the site on saps (road, political, aining and

topologlcal), especially those likely to be maintained in
archives,

- records in local, provincial and federal archives,
- records in international databases (e.g., in the IAEA databases

for safeguards), and
- records in databases used by mining companies, and other
databases.

(3) Redundant measures should be taken to regulate and otherwise
influence future uses of the site. These measures could include

- ownership and/or control of the disposal site by the government
or a government agency,

- use of the disposal site for a purpose valued by society, such
as a nature preserve, where drilling would not be allowed,

- caveats on the use of the site, registered in multiple land
registry offices, property deeds and aunicipal offices, and

- requirement of a license to drill, from a federal or provincial
agency or department.

(4) Active surveillance and security measures to detect and halt any
attempt to drill or mine on the disposal site would provide
another redundant level of deterrence. Such measures should be
retained for as long as practical.

The effectiveness of other factors considered as measures to reduce the
probability of the scenarios taking place is as follows:

(5) No confidence should be placed in the ability of a potential
intruder to detect the disposal vault and recognize its nature
and potential hazard during predrilling geotechnical
investigations (see Section B.3). The vault could not be
detected by present-day technology Involving regional airborne
and/or surface gravity or magnetic surveys. There is some
possibility of detection of an anomaly by a seismic or magneto-
telluric survey, or, after some time, by thermal imagery, if
these surveys were carried out. However, they are not normally
used in mineral investigations in hard-rock areas. Moreover,
such detection would be as likely to encourage further
investigation by arousing curiosity, as to lead to recognition of
the nature of the anomaly and its potential hazard.
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(6) Although anomalies arising from the presence of the vault could
easily be detected by borehole logging, e.g., heat or radiation,
it is far from certain that suitable logging would be done and
the source of the anomalies and its hazard recognized (see
Section B.5).

(7) There is a reasonably high probability that extracted vaste vould
be detected and identified either by a core examination at the
time of drilling or by a subsequent envlronaental audit. It is
likely that vaste vould be cleaned up if detected, or that
measures vould be taken to exclude the public from the
contaminated area. These measures vould prevent further
radiation exposures (Section B.9 and B.10).

10. CONCLUSIONS

(1) The risk from human intrusion scenarios is not significant for
the proposed Canadian facility for nuclear fuel vaste disposal
(see Figure 2). Sensitivity analysis shovs that this conclusion
should be valid despite the uncertainties in the parameters used
in the analysis both for assessing doses and assigning
probabilities. In particular, it has been shown that the risk
vould remain vithin the AECB risk criterion at all times up to
10 000 years, if all the event probabilities relating to
knowledge, discovery or cleanup of the vaste vere simultaneously
set at limiting values that correspond to no knowledge, discovery
or cleanup. This demonstrates that active institutional controls
are not a necessary safety feature, in compliance with AECB
requirements (see Section 1.4.2).

(2) The risk of human intrusion scenarios can be minimized by

- avoiding known or suspected natural resources, or interesting
features,

- locating the vault at the maximum practical depth,
- providing redundant measures to preserve "societal memory," and
- specifying redundant measures to influence the future use of

the site.

(3) An event tree methodology is useful for estimating risk and
explicitly displaying the assumptions made.
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i°Be
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4iCa
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TABLE 2

ASSIGNED NUMERICAL VALUBS OP BVKNT PROBABILITIES
(See Appendix B for rationale)

*1

P2(t)

*3

»4<t,

p5

P«

*7

P,(t)

P9

PlO«t,

*ll<t)

Annual Probability or
Frequency

Frequency of a propoaal to drill
on the disposal site, to vault
depth

Probability that a proposal to
drill ia not prevented by passive
institutional controls

Probability that drilling is not
prevented by detection of the
disposal vault by predrilling
geophysical investigations

Probability that a planned or
initiated drilling is not
prevented by active institutional
controls

Probability that drilling is not
prevented froa proceeding to
vault depth by detection of the
diaposal vault by borehole logging

Probability that on-aite drilling
intersects containers, if it
proceeds to vault depth

Probability of exposure of a
aeaber of the drilling crew or
a technician, if a container is
penetrated

Integrated probability that waste
hae been extracted by drilling
prior to tiae t

Probability that waate extracted
by drilling is left on the site
at the tiae of drilling

Probability that extracted waste
is on the site at tiae t

Probability of exposure of a
construction worker or resident,
if extracted waste is present
on the site

4 x

0.0
0.1
1.0

1.0

0.0
0.1
1.0

Assigned aTuaerical Valuea

10 boreholes per year

it t • 0.0 a, Increasing linearly to
at t - 1000 a, and to
at t i 2000 a

at t » 0.0 a, increasing linearly to
at t - 100 a, and to
at t i 500 a

0.50

1.1

1.0
0.2

n

*Di

n

0.1

*8<*

5.3

2.7

x 10"2

for the drilling acenario
for the core-examination scenario

PDi, where

- probability of drilling in
the ith year

m number of years since vault
closure

- t

) • *9

x 10"" for the construction
scenario

x 10"3 for the resident scenario



TABLE 3

CALCULATED RADIATION DOSES. ESTIMATED PROBABILITIES
AND ESTIMATED RISKS FOR DRILLING AND CORE EXAMINATION SCENARIOS

Tlae of

Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

Annual
Radiation
Dose

2.8
1.2
7.7
2.4
5.8
2.6
1.4
4.9
4.0
3.0

I (SV)

x 10-
x 10"
x 10-
x 10-
x 10-
x 10-
x 10-
x 10-

l

I

3

3

3

4

4

4

Drilling Scenario

Annual
Probability*

PE,D

0.0
1.9 x 10-i°
5.3 x 10-i°
2.1 x lO-9

3.5 x 10«
1.1 x 10-7

2.1 x 10-7

2.1 x 10-6

2.1 x 10-6

2.1 x 10-<

Annual
Risk

(healti

0.0
4.6
8.1
1.0
4.0
5.4
6.0
2.1
1.7
1.3

i effects)

X
X

X
X

X

X
X
X
X

10-12
10-12
10-n
10-12
10-12
10-12
10-n
10-11
io-ii

Core> Examination Scenaric

Annual
Radiation
Dose

8.9
6.5
5.4
3.8
2.6
2.1
1.5
9.9
8.7
6.7

i (Sv)

X

X

X
X

X

X
X

X

X
X

10-2
10-2
10-2
lO-2

10-2
10-2
lO-2

lO-3

10-5
10-3

Annual
Probability*

P«.T

0.0
3.8 x 10-n
1.1 x 10-10

4.2 x 10-1°
6.9 x 10-'
2.1 x 10-*
4.2 x 10'*
4.2 x 10-7

4.2 x 10-7

4.2 x 10-7

>

Annual
Risk

(health

0.0
4.9 x
1.1 X
3.2 x
3.6 x
8.9 x
1.3 x
8.3 x
7.3 x
5.6 x

effects)

io-i*
IO-13

10-n
IO-12
IO-12

10-n
10-n
10-n
10-n

Calculated from Equation (2), and the event probabilities in Table 4.



TABLE 4

EVENT PROBABILITIES FOR DRILLING AND CORE EXAMINATION SC

Time of
Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

Annual Probability or Frequency of Event

Pi

4.0 x 10-4

4.0 x 10-4

4.0 x 10-4

4.0 x 10-4

4.0 x 10-4

4.0 x 10-4

4.0 x 10"4

4.0 x 10-4

4.0 x 10-4

4.0 x 10-4

P2

0.0
3.0 x 10-3

5.0 x 10"2

1.0 x 10'2

3.0 x 10-2

5.0 x 10"2

1.0 x 10-1
1.0
1.0
1.0

P3

O
O

O
O

O
O

O
O

O
O

1
-
H

t
—

I
t
—

I
t
—

I
t
—

I
t
—

I
t
—

I
t
—

I
t
—

I
t
—

1

0.0
3.0 x 10-2

5.0 x 10-2

1.0 x 10-i
5.5 x 10-i
1.0
1.0
1.0
1.0
1.0

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011

Drilling

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Core Ex

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Annual Probability
of Scenario

Drilling

0.0
1.9 x 10-i°
5.3 x 10-i°
2.1 x 10-9

3.5 x 10-«
1.1 x 10-7

2.1 x 10-7

2.1 x 10"«
2.1 x 10-«
2.1 x 10-«

Core Ex
P«,T

0.0
3.8 x 10-n
1.1 x 10-1°
4.2 x 10-1°
6.9 x lO-9

2.1 x 10'*
4.2 x 10'*
4.2 x 10"7

4.2 x 10-7

4.2 x lO"7



TABLE 5

CALCULATED RADIATION DOSES. ESTIMATED PROBABILITIES
STIMATED RISKS FOR CONSTRUCTION AND RESIDENT SCENARIOS

i. XBC Ul

Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

Construction

Annual
Radiation
Dose

3.9
1.6
1.1
4.8
1.5
1.3
1.0
1.6
8.1
3.3

X
X
X
X
X
X
X
X

X

X

(Sv)

io-i
10"i
10"i
10"2
ID"2

10"2
lO-2

10'
10- *
io- *

Annual

Scenario

Probability*
1

0.0
1.5
5.3
4.0
2.0
9.4
5.1
1.3
3.5
9.1

>

X
X
X
X
X
X
X
X
X

c

10-
10"
10-
10-
10"
io-
io-
10-
io-

14

14

13
11

11

10

»

•
8

Annual
Risk

(health effects)

0.0
4.9 x
1.2 x
3.9 x
6.1 x
2.4 x
1.0 x
4.0 x
5.7 x
5.9 x

IO-17

10-16
10-16

10-15

10-n
10-1'
10-1'
10-1'
10-1'

Annual
Radiation
Dose

6.8
3.3
2.0
6.6
6.0
4.6
2.9
4.1
2.4
1.3

(Sv)

X
X
X

X
X
X
X
X
X

101
101
101

10-
10-
10-
10-
10-
10-

Resident

1

1

1
2

2

2

Scenario

Annual
Probability*

pi

0.0
7.5
2.6
2.0
9.9
4.7
2.6
6.4
1.8
4.5

.*

X
X
X
X
X
X
X
X
X

10-1'
IO-12
ion
lO-io

10-9

10-»
10-7

10-<
10-«

Annual
Risk

(healti

0.0
5.0
1.1
2.6
1.2
4.3
1.5
5.2
8.5
1.2

1 effects)

x 10-1'
x IO-12
x IO-12
x IO-11
x i o n
x 10-i°
v 1n*10
v 1 fl- 1 0

x 10-9

Calculated from Equations (3) and (4) for the construction and resident scenarios,
respectively, and the event probabilities given in Table 6.



TABLE 6

EVENT PROBABILITIES FOR CONSTRUCTION AND RESIDENT SCENARIOS

Ti«e of
Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

Annual Probability of Event

P.

0.0
2.8 x 10-9
1.0 x 10-«
7.6 x 10»
3.8 x lO-6

1.8 x lO-5

9.6 x 10-5
2.4 x lO-3

6.6 x lO-3

1.7 x lO-2

P9

o
o
o
o
o
o
o
o
o
o

Pio

0.0
2.8 x 10-1°
1.0 x lO-9

7.6 x lO-9

3.8 x 10-7

1.8 x 10<
9.6 x lO-6

2.4 x 10-«
6.6 x 10*
1.7 x lO-3

Construction

P n . c

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

5.3 x lO-5

Resident

P1X.E

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x lO-3

2.6 x I D 3

2.6 x lO-3

Annual
Probability of Scenario

Construction

P-.c

0.0
1.5 x 10-i*
5.3 x 10-i*
4.0 x 10-13
2.0 x 10-n
9.4 x 10-n
5.1 x 10-1°
1.3 x 10"»
3.5 x 10-«
9.1 x 10»

Resident

P«.K

0.0
7.5 x 10-13
2.6 x 10-12
2.0 x 10-n
9.9 x 10-1°
4.7 x lO-9

2.6 x 10-•
6.4 x 10-7

1.8 x lO-6

4.5 x lO-6

Annual
Probability of Scenario*

Construction

P *

4.0 x 10-13
6.6 x 10-12
1.9 x 10-n
5.1 x 10-n
4.3 x 10-1°
7.0 x 10-1°
9.1 x 10-1°

Resident

P E m*

2.0 x 10-n
3.3 x 10-1°
9.4 x 10-1°
2.6 x lO-9

2.1 x K M
3.5 x 10«
4.5 x K M

Assuming detection and cleanup of extracted vaste left on the site (Section B.10.3).
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TABLE 7

SENSITIVITY ANALYSIS:
LIMITING VALUES'1' FOR DRILLING AND CORE EXAMINATION SCENARIOS

Tiae of
Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

Annual Risk (health effects)

Drilling

Base
Case

0.0
4.6 x 10*12
8.1 x IO-12
1.0 x 10-n
4.0 x 10-12
5.4 x 10-12
6.0 X 10'12

2.1 x 10-n
1.7 x 10-n
1.3 x 10-n

Limiting'D
Value

2.3 x 10-7

9.6 x 10" •
6.2 x 10«
2.0 x 10«
4.6 x 10-1°
2.0 x 10-1°
1.1 x 10-1°
3.9 x 10-n
3.2 x 10-n
2.4 x i o n

Core Examination

Base
Case

0.0
4.9 x lO'i*
1.1 x 10-13
3.2 x 10-13
3.6 x IO-12
8.9 x IO-12
1.3 x 10-n
8.3 x 10-n
7.3 x 10-n
5.6 x 10-n

Llaitlng<i)
Value

7.1 x lO-9

5.2 x lO-9

4.3 x lO-9

3.0 x lO-9

2.1 x lO-9

1.7 x lO-9

1.2 x lO-9

7.9 x 10-1°
7.0 x 10-1°
5.4 x 10-1°

(i) See Section 8.2.1.



SENTIVITY ANALYSIS
CONSTRUCTION AND RESIDENT SCENARIOS

Time nf
Intrusion
(a after
closure)

0
30
50
100
300
500
1000
3000
5000
10000

4
1
3
6
2
1
4
5
5

Base
Case

O.O
.9xlO-i7

.2x10-1*

.9X10-1*

.1x10-15

.4x10-14

.OxlO-13

.OxlO-13

.7xlO-i3

•9xlO-i3

Construction

No Pu<i>
Weathering

0.0
4.9x10-17

1.2x10-1*
3.9xl0-i«
6.IXIO-15

2.4x10-1*
l.OxlO-13

1.7x10-12
3.9x10-12
7.7x10-12

Annual Risk (health

Scenario

Limiting*2)
Value

0.0
2.0x10-11
2.4x10-11
2.0xl0-n
1.9x10-11
2.6x10-11
4.2xl0-n
2.0x10-11
1.7xl0-ii
1.4xlO-ii

Vith<3>
Cleanup

0.0
1.6x10-1*
2.4x10-16

3.9x10-1*
2.OXIO-15

4.7x10-15
1.0x10-1*
1.3x10-1*
1.1x10-1*
5.9x10-15

0.
5.
1.
2.
1.
4.
1.
5.
8.
1.

effects)

Base
Case

0
0x10-13

lxlO-12
6x10-12
2xlO-ii
3x10"n
5x10-1°
2x10-1°
5x10-1°
2x10-9

Resident

No Pu<i>
Weathering

0.0
5.0x10-13

l.lxlO-12
2.5xl0-i2

7.1x10-12
2.4x10-11
8.1x10-11
1.9x10-9
4.5x10-9
8.8x10-9

Scenario

Liaitingd)
Value

0.0
2.2x10-7

2.2x10"7

1.5x10-7

4.0x10-*
5.0x10-*
6.4x10-*
2.7x10*
2.7x10*
3.0x10-*

With<3>
Cleanup

0.0
1.7x10-12
2.210-12
2.6x10-12
4.OIO-12
8.6x10-12
1.5xl0-ii
1.7xl0-ii
1.7x10-11
1.2xl0-ii

VO

<i» See Section 6.1.2 and 7.1.2
(2) See Section 8.2.1
<3> See Section 8.2.4
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(a) DRILLING AND CORE EXAMINATION SCENARIOS

NO INTRUSION

P,

INTRUSION

DRILLING SCENARIO

•• CORE EXAMINATION SCENARIO
7.T

Mode NodaL Questions

1 Is there an intent to drill in year t?
2 Do passive controls fail to prevent drilling?
3 Do geophysical investigations fail to pravant drilling?
4 Do active institutional controls fail to pravant drilling?
5 Doas borahola logging fail to pravant drilling?
6 Is a disposal container intarsactad?
7 Is a driller exposed?

Is a geotechnical lab worker exposed?

(b) CONSTRUCTION AND RESIDENT SCENARIOS

NO INTRUSION

Probability of
Yes

Pi*
*2
P3
P4
*5
*6
p7,D
p7,T

Ho

Ql*
02
03
04
Q5
06
07 ,D
07,r

Oi - 1-Pi

INTRUSION

*- CONSTRUCTION SCENARIO

+• RESIDENT SCENARIO

Hode Nodal Questions

10 Is waste present on the site in year t?
11 Is a building constructad on extracted waste in year t?

Is there a resident on the extracted waste in year t?

Probability of
Yes Ho

PlO QlO
pll,c* Qii.c*
P11,R* Qll.R*

Qi 1-Pi

p10 " P8(t)-P9, where Pg « integrated probability that waste has
been extracted by drilling prior to ti»e t

Pg " probability that wasta extracted by drilling is
left on the disposal sit* at the ti»e of drilling

'annual frequency

FIGURE 1: Event Trees for Huaan Intrusion Scenarios Initiated by Drilling
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10"*? 1 I 1 1 I

25 40 100 200 400 1000 2000 4000 10000

Time of Intrusion (years after disposal)
Drilling
Core Examination
Construction
Resident

FIGURE 2: Huaan Intrusion Scenarios, Estimated Annual Risk Versus Tine of
Intrusion. The Atonic Energy Control Board risk li»it for
disposal of radioactive waste is 10"6 health effects per year.
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A.I. QUALITY ASSURANCE OP THE GENII CODE DURING

The BIOTRAC code under development at AECL Research (Davis et. al. 1993)
could not be used for the consequence analysis because it did not have all
the features necessary for calculating doses from intrusion scenarios.

A major reason for choosing the GENII package for consequence analysis (see
Section 2) was the extensive, stringent quality assurance (QA) program used
in its development. The QA plan vas based on the ANSI standard NQA-1 (ANSI
1986). It is documented in Volume 2 of Napier et al. (1988).

The QA plan addressed

- design input,
- design process and analysis,
- design verification,
- change control,
- interface control, and

documentation and records.

Design input vas specified through research planning documents, summarized
in a Systems Design Requirements document.

The design process consisted of developing and internally testing softvare,
running test cases and documenting both the softvare and the tests. Exten-
sive hand calculations vere performed to verify the code. The code vas
benchmarked against other computer codes performing the same types of
calculations. A ten-volume set of test documentation vas produced and is
available from the authors of GENII. A global parameter dictionary vas
developed and is maintained by them. The design process concluded vith a
formal Final Internal Development Reviev, and tvo external revlevs.

Following these reviews, the code vas placed under configuration manage-
ment. Under this management, only authorized and approved changes to the
code are allowed, and all changes are documented. A three-volume set of
change documentation has been produced for GENII Version 1.359, used in the
calculations presented here. A user list is maintained, and all modifica-
tions, corrections or upgrades to the code are made available to users.
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A.2. QUALITY ASSURANCE DURING CODE OPERATION

The GENII computer package also has several features that help ensure
quality during code operation. The code is thoroughly documented in three
volumes. The first volume, "Conceptual Representation," describes the
theoretical and mathematical background for the code and its models.
Volume 2, "User Manual," provides user instructions, required system
configurations, and code structures. The third volume, "Code Maintenance
Manual," includes logic diagrams, the global parameter dictionary, work-
sheets, sample hand calculations, and listings of the code and Its data
libraries. The code is supplied to users with input and output files for a
set of seven sample problems.

The code package contains an interactive, menu-driven input generator,
APPRENTICE, to aid in the preparation of input files. Extensive input-
parameter checking is automatically carried out, to discover such problems
as incompatibilities in scenario definitions, failure to define all re-
quired parameters, and out-of-range values of parameters.

The code is supplied as execution modules only, making it difficult and
time-consuming for a user to modify the code, thus reducing his opportunity
to introduce errors.

Further QA procedures were established and carried out for the current
analysis by the code user. These included

running the sample input problems supplied with GENII, and
comparing the output vith the supplied sample output using an
electronic checking facility;
comparing the results of the GENII analyses vith results obtained
from the 0NSITB/MAXI1 (USNRC 1987) and PART61/INTRUDE (USNRC 1986)
codes, and resolving the differences;

- comparing code output vith analytical solutions vhere possible;
restricting access to the computer codes and input files to a
single user;

- documenting the specifications before each computer run;
- documenting the analyses of output of each computer run;
- maintaining a log of runs, including the specifications and

analyses; and
- using the electronic checking facility routinely to

(a) ensure that changes to input files are as intended, and to
document the changes, and

(b) check for unreasonable changes in output.
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B.I. FRBQUBNCY OP A PROPOSAL TO DRILL ON THB DISPOSAL SITE TO VAULT
DBPTH (Pxl

The frequency of a proposal to drill to vault depth on the disposal site,
Px, at time t is

- X(t) • A,
vhere

X(t) » frequency of a proposal to drill to a depth of 500 • or
•ore, at time t (holes-m-J.a*1), and

Ay - area of the disposal vault, i.e., surface area above the
emplaced waste

» 4 x 106 u2 (Simmons and Baumgartner 1994).

There is no satisfactory method of predicting future drilling rates in the
area of the disposal vault. A value of 10"10 holes-a 1.m 2, invariant with
time after disposal, has been assigned, based on the following
considerations:

(1) A survey of published and in-house information on water wells
drilled in hard rock (Prape and Pritz 1981, D. Stevenson, personal
communication) has shown that these wells average 40 to 50 m in
depth, with the deepest at -200 m. Water obtained from a depth of
>500 m is likely to be highly mineralized, and unfit for human
consumption (Prape and Pritz 1981, Rutulis 1984). Moreover, the
cost of drilling in hard rock is very high. The probability of
drilling to vault depth in hard rock in the Canadian Shield to
obtain water appears to be virtually zero, regardless of future
demand for water.

(2) A fundamental selection criterion for siting the disposal vault is
the absence of known or suspected mineral or energy resources.
Petroleum and natural gas are not found in the Canadian Shield.
While ore deposits of some minerals, such as gold and nickel, are
present in plutonic rock in some areas, they are usually found at
the margins of a pluton, rather than within the pluton itself.
Hence the probability of exploratory drilling for minerals within
a pluton (the intended site of the disposal vault) is much less
than the average probability for drilling on the Canadian Shield.

(3) There is a small probability that some mineral present in plutonic
rock might become valuable in the future, and drilling for its
exploration or exploitation might occur. For example, within
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gabbro, segregations of iron and titanium or copper minerals may
occur; in granite, veins of base and noble metal minerals are
commonly found both vithin plutons and at their margins.
Molybdenum is also found in plutonic rock. Because plutonic rock,
is abundant in the Shield, because of the vast extent of the
Shield (4.6 million km 3), and for the reasons cited in item (2),
the probability of choosing the small area occupied by the
disposal vault for reconnaissance or exploitation of such a
resource is extremely small.

(4) Statistics for current drilling rates were considered and used as
a starting point for estimating future rates. No published
information vas found on the areal frequency of drilling to depths
greater than 500 m in the Canadian Shield; this information is
also not available from Ontario, Manitoba or federal Departments
of Nines. The information used to estimate current drilling rates
in granite to >500 m is as follows:

(i) At the Atikokan and Vhiteshell research areas used for
characterization of plutonic rock for the Canadian Nuclear
Fuel Waste Management Program, 19 boreholes were drilled to
depths greater than 500 m over a period of 15 a. Averaging
this over the estimated area of plutonic rock in the
Ontario portion of the Canadian Shield provides a drilling
rate of -5 x 10"12 boreholes•m~2.a*1.

(ii) The frequency of drilling to depths of 500 m or more in
hard rock in Scotland north of the Highland boundary fault
is 6 x 10"12 holes-m-2.a-1; to depths >200 or 300 m it is
7 x 1 0 1 1 and 2 x 1 0 1 1 holes-m 2-a 1 respectively.
(British Geological Survey, quoted In Jowett and Chapman
1989).

(iii) The estimated frequency of drilling to >200 m in a typical
low-relief hard rock in the U.K. is 1 x 10"10 holes.m-2-a'1

(British Geological Survey, quoted in Jowett and Chapman
1989).

(iv) The frequency of drilling to >300 m in granite in the U.S.
is 3.8 x 10-" to 3.8 x 1 0 9 holes-m 2-a 1 (Little 1979-80,
quoted in Eedy and Hart 1988).

The current average frequency of drilling to a depth of >500 m in
granite or hard rock has been estimated from (i) to (iv) above.
The data in (ii) were used to extrapolate data in (iii) and (iv)
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to a depth of >500 •. Iteas (i) to (iv) provide values of
-6 x 1 0 1 J , -10-", -3 x 1 0 1 0 , and -6 x 10-12 or approximately
10-X1 boreholes••"a-a*1, on average, for the current frequency of
drilling to a depth >500 • in hard rock (in other countries).

(5) The current drilling rates estimated In (ill) and (iv) for the
U.K. and U.S. are considered very high for Canada because of the
greater relative abundance of hard rock in Canada than in the
countries where these data vere obtained, the smaller population
of Canada, and the lover accessibility of hard-rock areas in
Canada. As veil, the frequency of drilling into plutonic rock
formations is considerably lover than the average frequency of
drilling in hard rock (see item (2)).

(6) Drilling rates for exploration and exploitation of resources and
likely to be greater in the future than today because Canada's
population and its exploitation of resources are likely to
increase. On the other hand, future technologies nay reduce or
eliminate the need for drilling for exploration and site
characterization.

(7) The most plausible reasons for future drilling in plutonic rock
appear to be for scientific investigation of the earth's crust or
for site characterization for a disposal site for nuclear or other
vastes. A possible future Canadian society vith a population ten
times the current level, using nuclear pover as its primary energy
source, could require the construction of a number of disposal
facilities for nuclear vastes.

(8) The probability of drilling vill not be constant in time. There
could be a transient increase, for example, if an anomaly
resulting from the vault vere detected by geophysical
investigations, and its source unrecognized. This is taken into
account in assigning values of P3(t), the probability that
drilling is not prevented by detection of the disposal vault by
pre-drilling geophysical investigations, and for P5(t), the
probability the completion of drilling is not prevented by
borehole logging (See Sections B.3 and B.S)

Furthermore, it is likely that if exploratory drilling vere done,
several boreholes vould be drilled instead of only one, causing a
transient increase in drilling rate.

Although the current frequency of drilling is estimated to be much lover
than in other countries (Item (5) above)), a value of 10-10 holes-m-2.a'1,
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invariant vith tlae, has been assigned to X(t), the areal frequency of a
proposal to drill to a depth of 2500 •, in the vicinity of the disposal
vault. This extremely conservative value was chosen to allow for the
possibilities discussed in items (3), (6), (7) and especially (8) above.

Combining the assigned value for the drilling rate vith a value of
4 x 106 ma for Ay, the area of the disposal vault (Simons and Bauagartner
1994), gives P1(t) the frequency of a proposal to drill to vault depth on
the disposal site:

Px(t) * (1 x 1 0
1 0 ) x (4 x 10«)

= 4 x 10** boreholes•a'1, or four boreholes in 10 000 a.

This probably exceeds the current drilling rate in plutonic rock in Canada
by tvo or more orders of magnitude, and is intended to provide an annual
value vhich is not likely to be exceeded even if there were a substantial
transient or permanent increase in the rate of drilling.

B.2. PROBABILITY THAT A PROPOSAL TO DRILL IS NOT PRBVKNTED BY
PASSIVB INSTITUTIONAL CONTROLS fP-^

Passive institutional controls are measures taken to prevent human intru-
sion by regulation, or by ensuring that a potential intruder is made avare
of the presence of the disposal vault, and the potential hazard of its
contents. The proposed disposal facility will have a number of passive
institutional controls to promulgate knowledge of the disposal site, and
prevent drilling on it. These controls could include the following:

- ownership of the disposal site by government or a government
agency. Use of the disposal site for a purpose valued by society,
such as a federal park, would help ensure continued government
ownership, and a low probability of unauthorized site use.

- a durable marker or monument on site;
- caveats on the use of the site, registered in multiple land

registry offices, property deeds and municipal offices;
- marking the site on maps (road, political, mining and topographi-

cal), especially those likely to be retained in archives;
- a requirement for a license to drill, from a federal or provincial

agency or department;
records in federal and provincial archives;
records in databases used by mining companies; and

- records in international databases, such as the fuel inventory
database maintained by the IAEA for safeguards monitoring.



- 61 -

Barring complete destruction of our civilization, ve can assume that people
in the area of the disposal vault will regularly come in contact with these
records, maps and regulations. Hence it is unlikely that the disposal site
and its location and potential hazard will be forgotten, for many centuries
following vault closure. Cameron (1981) and others have argued that
"societal memory," comprising all forms of oral and verbal communications,
has been very effective at preserving knowledge over many centuries in the
past, and should be more effective in the future.

Since drilling to the depth of the disposal vault is expected to remain
very expensive relative to predrilling Investigations, an intensive set of
predrilling Investigation would generally be carried out by a potential
driller. This would include a thorough survey and analysis of maps,
records and databases, and interviews with local residents. There is a
high probability that he would discover the existence of the disposal vault
during these investigations, if not beforehand.

For the present analysis, we assume that the annual probability that
intrusion will not be prevented by passive institutional controls is

P2(t) = 0.0 at t * 0, increasing linearly to
« 0.1 at t • 1000 a, increasing linearly to
> 1.0 at t ^ 2000 a.

Ve believe this to be a very conservative assumption.

B.3. PROBABILITY THAT DRILLING IS NOT PRBVBNTBD BY DBTBCTION OF THE
DISPOSAL VAULT BY PRBDRILLING GEOPHYSICAL INVESTIGATIONS (P31

Since predrilling geophysical investigations are usually less expensive
than drilling to the depth of a disposal vault, a thorough geophysical
investigation is generally carried out prior to drilling.

Predrilling geophysical investigations for resource exploration generally
include regional airborne and/or surface gravity and magnetic surveys.
These surveys map the variation in the earth's gravity or magnetic fields
resulting from variation in the density or magnetic susceptibility of the
earth's crust. British researchers (Jowett and Chapman 1989) have reported
that an "extremely significant" magnetic anomaly would be presented by a
British "Nirex" repository for low- and intermediate-level radioactive
waste in caverns in granite at the 500-m depth. Ve have calculated the
magnetic and gravity anomalies presented by the proposed Canadian nuclear
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fuel waste disposal vault (Appendix C). Ve conclude that the Canadian
vault could not be detected by current gravity or magnetic surveys.

Other techniques frequently used in resource exploration include spectro-
metric, electrical/electromagnetic and geochemlcal surveys. These surveys
are not likely to detect the Canadian disposal vault.

If drilling were proposed for scientific investigation, or to evaluate a
site for disposal of nuclear or other wastes, other surveys sight be em-
ployed. An anomaly caused by the disposal vault might be detected from the
surface by a magneto-telluric (MT) or a seismic reflection survey, or,
after several hundred years, by thermal imagery or heat flow measurements.
It is, however, difficult to predict whether such detection would discour-
age drilling as a result of recognizing a potential hazard, or encourage it
to determine the reason for the anomaly. For the current analysis, we have
assumed predrilling investigations neither decrease nor enhance the proba-
bility of drilling, i.e.,

P3(t) = 1.0, at all times.

B.4. PROBABILITY THAT DRILLING IS NOT PREVENTED BY ACTIVE INSTITUTIONAL
CONTROLS (Pt)

Active institutional controls are security and surveillance measures taken
to prevent unauthorized access to the nuclear wastes and/or the disposal
facility. There are no plans to restrict above-ground access to the dis-
posal site following closure. However, Canada is a signatory to an inter-
national safeguards agreement (IAEA-Canada 1972). This agreement requires
compliance with "safeguards" procedures at all nuclear facilities. These
are measures, established by the International Atomic Energy Agency (IAEA),
to detect any diversion of nuclear materials (or attempts at diversion).
Such measures have not yet been specified by the IAEA (Smith et al. 1994),
but will probably include the use of a device to detect initiation of
drilling. Technology is available today that could provide virtually 100Z
probability of detection of drilling, within a few hours. Multiple instru-
mentation and an intelligent analysis system could provide detailed infor-
mation, such as the exact location of the drill bit. Since current
drilling rates in hard rock are, at best, a few tens of metres per day, any
unauthorized drilling could be detected and halted well before it reached
vault depth. Although drilling technology can be expected to improve, so
will the technology for detection (and conversely, if the ability to detect
drilling were lost, so, probably, would be the technology to drill to this
depth in hard rock). Accordingly, there is essentially a 100Z probability
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that an unauthorized drilling operation could be detected and halted before
drilling proceeded to vault depth, if safeguards Measures were in effect.

International safeguards Measures are likely to remain in effect as long as
there is an international political agreement to prevent the spread of
nuclear weapons. Even without an international agreement, Canada could
retain similar controls as long as deeded necessary for protection against,
and of, an intruder; i.e., the probability of having these controls will be
proportional to the perceived need. This need, in turn, will be propor-
tional to the potential hazard.

Ve assume that drilling could almost certainly be detected if it were
considered necessary to do so. Ve also assume that, if detected, drilling
would alaost certainly be halted before proceeding to vault depth. The
probability that drilling to vault depth is prevented by active institu-
tional controls is therefore essentially an estimate of the probability
that safeguards (or similar) monitoring will be considered necessary.

The time-dependent value assigned to P4(t), the probability that drilling
to vault depth is not prevented by active institutional controls is

P4(t) = 0.0 at t - 0 a, increasing linearly to
» 0.1 at t - 100 a, and to
- 1.0 at t * 500 a.

B.5. PROBABILITY THAT DRILLING IS NOT PREVENTED FROM PROCEEDING TO
VAULT DEPTH BY DETECTION OF THE VAULT BY BORBHOLE LOGGING fP5)

If the presence of the disposal vault is suspected, and an effort made to
detect it, there is nearly 1001 probability that it could be detected by
drilling and borehole logging. Potential means of detection Include a
temperature log, a natural-gamma log, self-potential or resistivity logs,
and several other conventional techniques. Crosshole-logging techniques
such as seismic analyses could even partially map the vault.

The probabilities that borehole logging would be carried out, and that the
vault would be recognized, and drilling halted (or undertaken with such
care that the waste would not present a hazard) is more difficult to esti-
mate. Recalling that the most plausible reasons for drilling appear to be
either site characterization for a waste disposal facility, or scientific
investigation (Section B.I), it is possible that anomalies detected by
borehole logging could be attributed to the presence of nuclear waste. On
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the other hand, they could be interpreted as relics of an abandoned sine,

and sight even encourage further drilling.

Ve assign a value of 50Z (Invariant vith time) to the probability that

dovn-borehole logging does not prevent drilling to vault depth (or

avoidance of the hazard), i.e.,

P5(t) = 0.5.

B.6. PROBABILITY THAT ON-SITE DRILLING INTERSECTS CONTAINERS

The probability that the drill vill intersect a disposal container, if

drilling proceeds to vault depth is

"D ,trr
P6(t) ~ • N

vhere N « number of containers in the vault

» 1.4 x 10s (Sinons and Baumgartner 1994), and

A D B P P = effective area of a container for drilling.

Because the drill bit has a finite area, there Is a possibility that waste

could be removed by a partial "hit" on a container. On the other hand,

because of the difficulty in drilling through a container compared to the

clay-based buffer surrounding it, there vill be a tendency for most partial

hits and some direct hits to be deflected into the buffer material. The

simplifying assumption is made that these two effects cancel, i.e., that

the effective area of the container is equal to its actual area:

AD,IFF - * fO>22°] - °-302 *2 (Simmons and Bauagartner 1994).

Therefore, P6(t), the probability of intersecting and penetrating a

container, in drilling to vault depth is

0.302 x 1.4 x 105

MO -
4 x 10s

- 1.1 x 10-2 .
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B.7. PROBABILITY OF EXPOSURE OP A MEMBER OF THE DRILLING CRBW. OR A
TECHNICIAN. IF A CONTAINER IS PENBTRATED

As soon as a container was penetrated, some vaste would be pulverized by
the drill, and transported to the surface as a slurry. Exposure of a
•ember of the drilling crew is almost certain, and has been assigned a
probability of 1.0. Bxposure of a geotechnical laboratory technician is
less certain, because

- examination of the core might not be required;
it might not be possible to obtain a core sample, because of the
difficulty of drilling through the container; or
the hazardous nature of the waste might be recognized or suspected
before sending it for analysis, and the sample handled so that
radiation exposure is avoided (see Section B.9).

The probabilities of exposure of a member of a drilling crev or technician,
if a container is penetrated, are assigned values of

= 1*0 (for the driller), and
P7T(t) =0.2 (for the technician).

B.8. INTEGRATED PROBABILITY THAT WASTE HAS BERN EXTRACTED BY DRILLING
PRIOR TO TIMB t (?,)

The integrated probability, at time t, that waste has been extracted by
drilling at an earlier time is

P,(t) =

where n = number of years since vault closure

= t, and

PDi = probability of extracting waste by drilling in the
lth year.

If PDi is invariant with time, then

P.(t) = PD • t .
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B.9. PROBABILITY THAT EXTRACTED WASTE IS LEFT ON THE SITE AT THE TIME
OF DRILLING (?,)

The probability that extracted waste would be left on the site at the time
of drilling and extraction is essentially the probability that the waste
would not be identified either on attempting to drill through a container
or during laboratory examination.

It is almost certain that, if a waste container is encountered in a drill-
ing operation, the drilling crew would be aware that they had contacted
soaething unusual, and probably man-made. The first sign (assuming no
earlier detection - see Sections B.3 and B.5) would be a marked increase in
penetration rate as the drill goes through the zone of clay/crushed-rock,
backfill above the waste, although this could be dismissed as encountering
a fracture zone. However, encountering a container would be an unmistak-
able anomaly; the container is very hard and could destroy a present-day
diamond-drill bit. The bit might become embedded in a container, and
drilling would have to be halted. If the drill did succeed in penetrating
the container, and in removing a core, the core would be seen to contain
obviously man-made materials, such as glass beads, titanium, zirconium and
pieces of heavy metal (uranium oxide). The sample would almost certainly
be sent for analysis, where there is a high probability of discovering its
radioactivity. Monitoring and cleanup of the waste on the site would
probably follow. If no recognizable pieces of man-made material were
brought to the surface, there is still a reasonably high probability that
samples of the slurry would be taken for analysis and tested for radio-
activity because of the difficulties encountered in drilling, or that on-
site gamma monitoring would be done.

The probability that waste is left on the disposal site after extraction by
drilling, P9, has been assigned a value of 0.1, invariant with time.

B.10. PROBABILITY THAT EXTRACTED VASTB IS PRESENT ON THB SITE AT TIMB t

B.10.1 ASSUMING NO CLEANUP OP BXCAVATED WASTE

If there is no cleanup of excavated waste left on the site, and no disper-
sion or transport to environmental sinks by weathering, P10(t), the proba-
bility of extracted waste on the site at time t is Ps(t), the integrated
probability of extracting waste by drilling, from vault closure to time t,
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i.e.,

Pio(t) - P,(t) . (B.2)

Although losses by weathering and dispersion would occur and decrease the
consequences of exposure, they would also increase the probability of
exposure. The analysis has therefore been simplified, and mass balance
ensured, by neglecting both these effects, except for leaching of Pu from
surface to deep soil by weathering (see Appendix D).

B.10.2 ASSUMING CLEANUP OF SITE AT THE TIME OF EXTRACTION

If the possibility of cleanup of waste at the time of extraction is taken
into account,

P10(t) becomes

n

Pio(t) = ) PDi ' P9i

where

P9i = probability of cleanup of waste at the time of
extraction, in the ith year. (See Section B.9).

If P9 is invariant with time, Equation (B.2) becomes

Pio(t) = P9 • P«(t) • (B-3)

Equation (B.3) was used to calculate P10(t) in the current analysis.

B.10.3 ASSUMING DETECTION OF WASTE AND SITB CLEANUP AT A LATBR TIME

The analysis presented in this Section was used only for the sensitivity

analysis described in Section 9.2.3.

If consideration is given to the probability of cleanup, at a later tine,

of waste previously excavated, then

n

P\o<t) - £ ] PDi • P9i « Ci
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vhere Ct - Q,, • V i ' Qn-a • • • • Qi

QL = probability of no cleanup in year i, conditional upon
excavated waste being present on the site.

If Qt is invariant with tiae and equal to Q,

T P , ! - PD1 • Q
1

and if P9 and Po are also invariant vith tiae,

n

PDP9

i-i

For large n (since Qt < 1),

n
101 - i - o

i-0

therefore P10*(t) * PD • P9 • [(1 [ Q) -

for PCL

where PCL • 1-Q

» annual probability of cleanup, conditional upon
excavated waste being present on the site (invariant
with tiae), or

P10*(t) = PDP9 • tCL (B.4)

where tCL » mean time between leaving drilling waste on the site
and cleanup of that waste.

Comparing Bquations (B.I) and (B.2) with (B.4) gives the ratio

Pio*(t) (with cleanup) tCL
= P9 • . (B.5)

Pio(t) (with no cleanup) t
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This staple equation can be used to estimate the effect of considering site
cleanup over long periods of tiae, when neither the probability of drilling
nor the probabilities of cleanup are changing much vith tiae, and if
tCL « t. These conditions have been assumed to apply at tiaes >1000 a,
for the construction and resident scenarios.

B.10.3.1 Environmental Audits and the Annual Probability of Cleanup (PCL>

It is becoaing increasingly coaaon to require an "environmental audit" as a
condition of land transfer in Canada, especially for large developaent
projects (Senes Consultants, private coaaunication; Honenco Consultants
1990). This audit Includes a thorough survey of previous land use, and on-
site investigations. Any residual knowledge that there had been a nuclear
disposal site in the vicinity would increase the probability that the area
would be tested for radioactivity. If such a test were Bade, it would
alaost certainly detect the presence of extracted waste left on the site;
if waste were detected, it would probably be cleaned up, or measures would
be taken to prevent public access.

A value for PCL, the annual probability of cleanup, can be estimated (Hardy
et al. 1990) as the product of four other probabilities:

PH = probability of land transfer,
Pz - probability of an environmental audit if land transferred,
Py = probability that an audit would detect extracted waste on

the site, and
Pj = probability that detected waste would be cleaned up, or

access prevented.

Since PN (and also ?x, to some extent) increases vith the amount of land
developaent, construction and transfer in the area, PCL, the probability of
cleanup, increases whenever Pllf the probability of exposure of a construc-
tion worker or resident, Increases. This helps offset the increase in risk
that would be brought about by increased population and developaent in the
area.

For the current analysis, no attempt was made to estimate values for P¥ to
Pz. To illustrate the potential impact of including cleanup in the
analysis, a value of 100 a was assigned to tCL, and P10* calculated from
Equation (B.5), as part of the sensitivity analysis (Section 8.2.4).
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B.U. PROBABILITY OP EXPOSURE OP A RESIDENT OR CONSTRUCTION WORKER IP
VASTB IS PRBSKNT ON THB DISPOSAL SITB (P tp

The probabilities of exposure of a construction worker or resident, if
vaste is present on the site, are the probabilities of construction or
residence on vaste extracted by drilling. These probabilities have been
estimated from projections of current population densities on the Canadian
Shield, and the "effective area" of the extracted wastes for these two
activities, i.e.,

where
D(t) = population density in the area of the disposal site, at

tire t (persons••"2),
• = average number of residents per house (persons•house'1)

» 2 (assumed value), and
AIPF „ s effective area for exposure of a resident to extracted

waste on the site (mJ),

and
Pn,c(t) - N(t) • A f p r c

where
N(t) * average number of houses constructed per square

kilometre in the area of the disposal site in year t
(assumed to be 2X of the density of residences in the
area)

. Mp. 0.02 .

B.ll.l POPULATION DENSITY IN THB CANADIAN SHIELD

The current average population density on the Canadian Shield is
1 person.km2 (Statistics Canada 1986, quoted in Eedy and Hart 1988).
Population projections generally assume that populations will increase,
then level off at some maximum sustainable level. Por the intrusion
analysis we have assumed that the average population density in the area of
the disposal site will reach a level of ten times the current average
density on the Canadian Shield by the time the vault is closed, i.e.,
10 persons-km*2, and will remain at that level thereafter. This population
density is slightly higher than the current population density of
9 persons-km2 in the Ottawa River Drainage Basin (Statistics Canada 1986,
quoted in Eedy and Hart 1988). The projected increase from current levels
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in the next few decades is auch higher than projected by the Ontario Office
of Econoaic Policy (1989), which anticipates increases of less than 25Z in
the next 20 a.

The density of residences in the area of the disposal site is then
5 houses*ka2 (D(t).a1), and the nuaber of houses constructed each year
(N(t)) is 0.1 houses.ka2.

B.11.2 EFFECTIVE AREA FOR EXPOSURE OF A RESIDENT OR CONSTRUCTION WORKER

The effective area for exposure depends on the area of the excavated waste
on the site, and the area contacted during construction or residence. The
excavated waste left on the site has been assuaed to be a disc source of
diaaeter dw = 10 • (see Section 6.1). We assuae the building under con-
struction, or the house the resident lives in, has an area of 200 a2,
equivalent to the area of a circle of diaaeter dH = 16 a. We then assuse
the effective area for exposure is the area of a circle with diameter
dH + djf, i.e.,

*trr,c * ^trr,»

4 (

x
" 4 *

+ 10)2

530 a2 - 5.3 x 10"* ka2

B.11.3 PROBABILITY OF EXPOSURE OF A CONSTRUCTION WORKER OR RESIDENT

The assigned probabilities of exposure of a construction worker or

resident, conditional on waste being present on the site are therefore

PII,R * 5 x 5,3 x 10-«

= 2.6 x 10-3, and
P11/C = 0.1 x 5.3 x 10-«

» 5.3 x 10-5
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C.I. INTRODUCTION

British researchers have reported that a deep geological repository for the
disposal of solid low- and intermediate-level radioactive waste vould
produce an "extremely significant" Magnetic anomaly (Jovett and Chapman
1989). They do not report, however, the amplitude of such an anomaly.
This note describes a model study to estimate the effect of a proposed
Canadian high-level waste (HLV) disposal vault on the local magnetic and
gravity fields, tfe have also modeled the effect of a British repository,
based on a very brief description by Jowett and Chapman (1989).

Modeling shows that, in the present Canadian design, a high-level waste
disposal vault would not be detectable by surface or airborne geophysical
surveys in the postclosure phase.

C.2. MODELING OF A MAGNETIC ANOMALY

The following background information on a possible Canadian HLV disposal
vault was used in this study:

Number of containers - 140 256
Area of the vault = 1940 m x 1970 m

= 4 x 10< m2

Height of a container = 2.25 m
Volume of the vault = 2.25 x (4 x 106) m3

= 9 x 106 m3

In the current HLV container design, three materials are present. These
are titanium, carbon steel and uranium dioxide. The following are the
masses of each material per container:

Titanium 1.40 x 105 g
Carbon Steel 4.44 x 10s g
Uranium Dioxide 13.60 x 105 g

In order to model the combined magnetic effect of the materials, we need to
know their volumes and magnetic susceptibilities. The susceptibilities of
titanium and carbon steel were measured with a Scintrex digital magnetic
susceptibility meter. Titanium yielded slightly negative values, which
would reduce the overall magnetic anomaly. Veast et al. (1988) report a
slightly positive value. It was decided to use the published value in
order not to underestimate the modeled effect. The susceptibility value
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for uranium dioxide and the densities for the three Materials vere taken
from Veast et al. (1988). Table C-l presents the data used in this
•odeling.

A 2-D Magnetic Modeling program, MAGPOLT (distributed by GEOSOFT), vas used
to estimate the effect of several vaste/vault configurations. Initial
Modeling assumed that the containers vould be evenly distributed throughout
the 2000 x 2000 x 2.25 m3 volume of the vault. The bulk susceptibility of
a container is derived by summing the product of each individual suscep-
tibility by its relative proportion:

bulk susceptibility (0.001923 x 0.1462)
+ (1.709 x 0.2657)
+ (0.02966 x 0.5881)
0.4718 SI

Therefore, the average susceptibility for the total volume of the vault
vould be

= bulk susceptibility x total volume of waste divided by the
volume of vault
0.4718 x 29 797 m3

" 9 x 106 M3

- 0.001562 SI.

TABLE C-l

DATA FOR MODELING MAGNETIC ANOMALY

Material

Titanium
Steel
Uranium
Dioxide

Mass

(S)

1.96 x 1010

6.2 x 1010

1.91 x 1011

Specific
Gravity
(g/cm3)

4.5
7.83
10.9

Volume

(•3)

4356
7918
17523

Proportion
of Total
Volume

0.1462
0.2657
0.5881

Magnetic
Susceptibility
(SI units)

0.001923
1.709
0.02966

This configuration assumes maximum dilution of the waste, and therefore
represents the minimum potential magnetic anomaly. The results are
presented in Figure C-l. Models vere generated for vault emplacement
depths of 500 and 1000 m.
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The maximum potential anomaly vould be caused by consolidating all of the
vaste into one solid mass. A cube, 31 • to a side, vould contain all the
waste Material. In this case, the bulk susceptibility 0.4718 SI vas used
(see Figure C-2).

Anomalies have been calculated for an altitude 50 • above ground level,
simulating a helicopter-borne survey. Regional aeromagnetic surveys are
usually carried out at an altitude of 300 m above ground level. Therefore,
the values reported are intermediate between an airborne regional survey
and a detailed ground survey.

Table C-2 presents a summary of the maximum anomalies for the two types of
bodies at the two depths.

TABLB C-2

CALCULATED MAGNETIC ANOMALIES

Body

Entire Vault

31-m Cube

Depth
(•)

500
1000
500
1000

Maximum Magnetic Anomaly
(nT)

0.055
0.032
11.92
3.36

kilometres
2 4 6 a 10

0 06

500 m Depth

1000 m Depth

Body Dimensions: 2000m x 2000m x 2.25m
Bulk Susceptibility: 0.00156 S I

FIGURE C-l: Magnetic Model Representing the Minimum Possible Effect.
Emplacement depths - 500 m (dashed) and 1000 m ( so l id ) .
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C.3. MODELING A GRAVITY ANOMALY

Ve have also constructed a gravity aodel of a cube-shaped body vith a bulk
density of 9.15 g/ca3 at a depth of 500 u. The BaximuB effect directly

above the body is 0.007 aGal (1 aGal «
the sensitivity of any gravity survey.

0.001 c«2-s-2). This is well below

C.4. BFFECT OP HOST ROCK

The aagnetic and gravity models calculate the effect caused by the waste
•aterial alone. They do not take into consideration the host rock. The
susceptibility of granite is usually at least twice that of the bulk
susceptibility of the waste distributed over the voluae of the vault.
Therefore, the Magnetic anoaaly over the vault would probably be slightly
negative.

The density of granite is not as variable as the magnetic susceptibility.
If we assign a density of 2.65 g/ca3, the disposal vault would have a
positive density contrast of 6.50 g/c«3. This would reduce the gravity
anomaly to 0.005 aGal.
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C.5 CONCLUSIONS

These models show that, in the present Canadian design, a HLW disposal
vault vould not be detectable by gravity or magnetic surveys. This Is
particularly true because magnetic anomalies of ±10 nT to ±50 nT are often
associated vlth llthologlcal variations vithin the granite. The calcula-
tions show that magnetic anomalies caused by magnetic material in the vault
are either too small to be detected or indistinguishable from natural
lithological variations.

No detailed calculations have been done for electrical/electromagnetic
anomalies, but a 2.5-m-thick moderately conductive body at a depth of 500 m
is not uniquely detectable.

Jovett and Chapman (1989) provide a general description of a British hard-
rock (granite) repository. The facility vould be made up of a number of
25 x 250 x 35 m caverns at a depth of 500 m. It vould "contain 9 x 10* m3

of steel, homogeneously mixed throughout a volume of approximately
6 x 106 m3 of vaste and backfill." It takes 28 individual caverns to fill
a volume of 6 x 10s m3. For the purposes of our modeling, ve have placed
them side by side, giving a total vidth of 700 m. Ve have used our mea-
sured value for carbon steel in determining the average bulk susceptibility
of the repository. As in the Canadian case, ve have generated models for
the tvo extreme cases. The results are presented in Figure C-3. Ve are
not avare of the host rock susceptibilities used by Jovett and Chapman, and
thus cannot confirm or deny their claims of being able to locate a
repository by magnetic surveys. Their claims are definitely not applicable
to the proposed Canadian vault.
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Effect of a British Repository (based on data from Jovett and
Chapaan 1989). Emplacement depth - 500 m.
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APPENDIX D

BSTIHATING THB BFPBCTS OF LRACHING OP PU
FROM SURFACE TO DBBP SOILS BY WEATHERING

Leaching of radionuclides from surface to deep soils by weathering is
•odelled by GENII as follows (Napier et al. 1988, Vol. 2., p. 458).

Removal from the surface soils through leaching into deeper soils is
treated by means of a soil removal rate constant, Xwi, vhich is a
correction for long-term leaching of deposited radionuclides out of the
surface soil rooting and resuspension zones. The values for Awi are
calculated using the formula of Baes and Sharp (1981):

P + I - E
wi " D (1 + p/B kdi

where P * total precipitation (cm/yr)
I » total irrigation (cm/yr)
E » total evapotranspiration (cm/yr)
d =• depth of the rooting zone (cm)
p s soil bulk density (g/cm3)
$ = soil volumetric water content (mL/cm3)

kdt = distribution coefficient for isotope i (mL/g).

For simplicity, the term P + E - I is approximated as an overvatering term,
implying about 15 cm/yr of percolation through the rooting zone and into
deeper soil layers. The depth, d, is defined as 15 cm to be compatible
with other portions of the code. Baes and Sharp (1981) show that the term
p/0 averages about 3. Thus the soil removal constant for percolation can
be considered as inversely proportional to the soil distribution
coefficient, kdt. The values used In GENII are based on the most
conservative (i.e., largest) value of kdt identified in a wide range of
literature. For Pu, the assigned value is 250 mL/g, leading an estimated
half-life of "500 a for removal.
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