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ABSTRACT

Canada has conducted an extensive research program on the safe disposal of nuclear fuel
waste. The program has focussed on the concept of disposal in durable containers in an
engineered facility or "vault," located 500 to 1000 m deep in plutonic rock on the Canadian
Shield. An essential goal of this program has been to develop and demonstrate methodology
that could be used to evaluate the performance of such a facility against established regulatory
criteria. As part of this task, a methodology was developed to assess the long-term risk from
inadvertent intrusion scenarios, and applied to a reference conceptual design of a facility for
disposal of used fuel. The assessment is described in an earlier publication1.

In Canada, criteria for acceptability of a disposal vault have been established by Canada's
regulatory agency, the Atomic Energy Control Board (AECB). For the protection of human
health, the AECB has specified that "the predicted radiological risk to individuals from a
waste disposal facility shall not exceed 10"6 fatal cancers and serious genetic effects in a
year." Risk is defined as the sum, 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. The AECB also specifies that "calculations of individual risk
should be made by using the risk conversion factor of 2 x 10'2 per si evert." Our earlier
assessment of four human intrusion scenarios showed that the estimated risk using the risk
conversion factor recommended by the AECB was at least 3 orders of magnitude below the
AECB risk criterion, at all times up to 10 000 a, for each of the four scenarios analysed.

The AECB risk criterion and risk conversion factor (or risk factor) are based on the
recommendations of the International Commission on Radiological Protection (ICRP) in their
Publication ICRP 26. More recently, in its Publication ICRP 60, the ICRP has recommended

1 D.M. Wuschke. 1996. Assessment of the long-term risks of inadvertent human intrusion
into a disposal vault in deep plutonic rock. Atomic Energy of Canada Limited Report,
AECL-10279 Rev. 1, COG-92-151.



dose factors for fatal cancers mat are larger man those in ICRP 26, and are larger at high
doses than lower doses. The ICRP has also recommended an increase in the risk factor for
serious hereditary effects in all future generations. In addition, it recommends a risk factor
for the detriment from non-fatal cancers.

Another ICRP Publication, ICRP 64, states that "For potential exposure situations, the
consideration of the basic dose response used for stochastic effects must be extended into the
range of high doses where deterministic effects also occur." In two of the intrusion scenarios,
estimated doses at early times are such mat some fatalities from deterministic radiation effects
may occur.

In response to these ICRP recommendations, we have reassessed the risks from the human
intrusion scenarios, using the risk factors recommended in ICRP 60 to estimate the risks of
cancer detriment (fatal and non-fatal cancers) and serious hereditary effects. We also include,
where applicable, estimates of fatalities resulting from deterministic radiation effects. For the
new assessments of risk we use the estimated doses and probabilities of scenarios reported for
the earlier assessment. For estimates of deterministic fatalities, we use estimates of doses to
the bone marrow.

Our assessment shows that, even with the higher risk factors of ICRP-60, and the inclusion of
non-fatal cancers and fatalities from deterministic effects, the estimated risk for each of the
four human intrusion scenarios analyzed remains at least a factor of 250 below the AECB risk
criterion for all times up to 10 000 a.
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RÉSUMÉ

Le Canada a réalisé un vaste programme de recherches sur la sûreté du stockage permanent
des déchets de combustible nucléaire. Le programme a surtout porté sur le concept de
stockage permanent des déchets dans des conteneurs durables placés dans une installation
artificielle nommée «enceinte», creusée à une profondeur de 500 à 1 000 m dans la roche
plutonique du Bouclier canadien. Un des buts essentiels de ce programme a été de mettre au
point des méthodes qui permettraient d'évaluer le comportement d'une installation de ce type
par rapport aux critères réglementaires établis et de faire la démonstration de ces méthodes.
Dans le cadre de cette entreprise, on a élaboré des méthodes destinées à évaluer le risque de
scénarios d'intrusion intempestive à une époque éloignée et on les a appliquées à une étude
conceptuelle de référence d'une installation de stockage permanent du combustible irradié.
Cette évaluation fait l'objet d'une publication antérieure1.

Au Canada, les critères d'acceptabilité d'une installation de stockage permanent ont été établis
par la Commission de contrôle de l'énergie atomique (CCEA), l'organisme de réglementation
canadien. En matière de protection de la santé humaine, la CCEA a spécifié que le risque
radiologique pour les personnes attribuable à toute installation de stockage des déchets ne doit
pas dépasser 10'6 cas de cancer fatal et d'effets génétiques graves par année. Le risque est de
plus défini comme la somme, tous scénarios importants confondus, du produit de la
probabilité du scénario, de l'ampleur de la dose de rayonnement résultante, et de la probabilité
d'un effet sur la santé par unité de dose. La CCEA précise également qu'«il faudrait calculer
le risque individuel en utilisant le facteur de conversion de risque 2 x 10"2 par sievert». Notre
évaluation antérieure de quatre scénarios d'intrusion humaine montrait que l'estimation du
risque déterminée en utilisant le facteur de conversion de risque recommandé par la CCEA
était au moins de trois ordres de grandeur inférieure au critère de risque de la CCEA, pour
toutes périodes jusqu'à 10 000 a, dans le cas de chacun des quatre scénarios analysés.

'D.M. Wuschke, 1996, Assessment of the long-term risks of inadvertent human intrusion into
a disposal vault in deep plutonic rock. Rapport d'Énergie atomique du Canada limitée,
AECL-10279, Rév. 1, COG-92-151.



Le critere de risque de la CCEA et le facteur de conversion du risque (ou facteur de risque)
sont fondes sur les recommandations de la Commission internationale de protection
radiologique (CIPR) qui figurent dans la publication CIPR 26. La CIPR, dans sa publication
CIPR 60 plus rdcente, recommande des facteurs de dose correspondants aux cancers fatals qui
sont supdrieurs a ceux du document CIPR 26, et qui sont plus grands a fortes doses qu'a
faibles doses. La CIPR a dgalement recommande' un facteur de risque plus dlevd en ce qui a
trait aux effets hereditaires graves pour toutes les gdndrations futures. En outre, elle
recommande un facteur de risque correspondant au detriment (cancers non fatals).

L'enoncd d'une autre publication de la CIPR, CIPR 64, precise que dans les situations de
radioexposition possible, on doit elargir la prise en compte de la relation dose-rdponse
fondamentale utilisee pour les effets stochastiques a la plage des doses dlevdes lorsque se
produisent aussi des effets ddterministes. Dans deux des scdnarios d'intrusion, les doses
estimees pour la pdriode initiale sont telles que quelques cas mortels peuvent survenir en
raison des effets ddterministes des rayonnements.

Afin de tenir compte de ces recommandations de la CIPR, nous avons rddvalud les risques
dus aux scenarios d'intrusion humaine, en utilisant les facteurs de risque recommandds dans la
publication CIPR 60, en vue d'estimer le detriment (cancers fatals et non fatals) et le risque
d'effets hereditaires graves. Nous avons dgalement ajoutd, le cas dchdant, les estimations des
cas mortels ddcoulant des effets ddterministes des rayonnements. Dans les nouveaux calculs
devaluation du risque, nous utilisons les doses et les probability's estimdes des scdnarios
reprises de 1'evaluation anterieure. En ce qui a trait aux estimations des cas mortels dus aux
effets ddterministes, nous utilisons les estimations des doses a la moelle osseuse.

Notre Evaluation montre que, meme en tenant compte des facteurs de risque plus sieve's de la
publication CIPR 60, et en ajoutant les cancers non fatals et les cas mortels attribuables aux
effets ddterministes, le risque estimd dans chacun des quatre scdnarios d'intrusion humaine
analyses demeure infdrieur par un facteur d'au moins 250 au critere de risque de la CCEA
pour toutes pdriodes jusqu'a 10 000 a.

Laboratoires de Whiteshell
Pinawa (Manitoba) ROE 1L0

1996
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1. INTRODUCTION

Canada has conducted an extensive research program on the safe disposal of nuclear fuel
waste (AECL 1994a, 1994b). The program has focussed on the concept of disposal in
durable containers in an engineered facility or "vault," located 500 to 1000 m deep in plutonic
rock of the Canadian Shield. An essential goal of this program has been to develop and
demonstrate methodology that could be used to evaluate the performance of such a facility
against established regulatory criteria. As part of this task, a methodology was developed to
assess the long-term risk from inadvertent intrusion scenarios, and applied to a reference
conceptual design of a facility for disposal of used fuel (Wuschke 1991, 1992, 1996).

In Canada, criteria for acceptability of a disposal vault have been established by Canada's
regulatory agency, the Atomic Energy Control Board (AECB). For the protection of human
health, the AECB has specified mat "the predicted radiological risk to individuals from a
waste disposal facility shall not exceed 10"6 fatal cancers and serious genetic effects in a year"
(AECB 1987). Risk is defined as the sum, over all significant scenarios, of the product of the
probability of the scenario, the magnitude of the resultant radiation dose2, and the probability
of a health effect per unit dose. The AECB also specifies mat "calculations of individual risk
should be made by using the risk conversion factor of 2 x 10'3 per sievert."

Our previous assessment of four human intrusion scenarios (Wuschke 1996) showed that the
estimated risk using the risk conversion factor recommended by the AECB was three orders
of magnitude or more below the AECB risk criterion, at all times up to 10 000 a, for each of
the 4 scenarios analyzed.

2. RECOMMENDATIONS OF THE ICRP

2.1 RECOMMENDATIONS OF ICRP PUBLICATION 26

The AECB risk criterion and risk conversion factor (or risk factor) are based on the
recommendations of the International Commission on Radiological Protection (ICRP) in their
Publication ICRP 26 (1977). These recommendations are summarized in Table 1.

The risk factors recommended in ICRP 26 "are intended to be realistic estimates of the effects
of irradiation at low annual dose equivalents (up to the Commission's recommended
dose-equivalent limits)" (ICRP 1978). These limits were SO mSv/a for workers, and 5 mSv/a

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
effective annual dose equivalent resulting from continuous exposure over the lifetime of an
average member of the group at risk. In the calculations of dose, mis is approximated by
the SO-a committed effective dose equivalent per year of exposure, for an adult.
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for members of the public. The estimated annual doses for all four of the intrusion scenarios
assessed in our earlier analysis exceeded these levels each year for intrusion times up to at
least 100 a after vault closure. ICRP 26 does not provide explicit recommendations for risk
factors or dose-response relationships appropriate for higher doses, and the AECB does not
specify a range of doses for application of its recommended risk factor.

TABLE 1

SUMMARY OF RISK FACTORS

Publication

AECB (R-104)
(1987)

ICRP26 (1977)

ICRP60 (1991a)
public

D* < 0.2 Sv
D* 2> 0.2 Sv

worker
D* < 0.2 Sv
D* S>0.2Sv

Risk Factors (health effects/Sv)

Fatal
Cancers

--

0.0125

0.05
0.10

0.04
0.08

Detriment from
Non-Fatal
Cancers

—

0.013
0.026

0.010
0.02

Serious
Hereditary

Effects

—

0.008

0.01
0.02

0.006
0.012

Total

0.02

0.0205

0.073
0.146

0.056
0.112

Effective annual dose equivalent

2.2 RECOMMENDATIONS OF ICRP PUBLICATION 60

More recently, in its Publication 60 (ICRP 1991a), the ICRP has recommended risk factors,
for fatal cancers, that are larger than those in ICRP 26 and are larger at high doses than low
doses. These risk factors are 0.05 and 0.10 Sv'1 for doses below and above 0.2 Sv
respectively for members of the public, and 0.04 and 0.08 Sv'1 for workers. The ICRP has
also recommended an increase in the risk factor for serious hereditary effects in all future
generations - see Table 1. In addition, it recommends risk factors of 0.013 and 0.026 Sv'1 for
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the detriment from non-fatal cancers below and above 0.2 Sv for members of the public, and
0.010 and 0.020 for workers. Combining these, the total recommended risk factor for cancer
detriment (fatal and non-fatal cancers) and serious hereditary effects is 0.073 and 0.146 below
and above 0.2 Sv respectively for members of the public and 0.056 and 0.112 for workers.
The ICRP recommendations for dose factors are summarized in Table 1. The relevant
biological effects of radiation are discussed in Appendix A.

2.3 RECOMMENDATIONS OF ICRP PUBLICATION 64

For two of the intrusion scenarios, estimated doses at early times were such that some
fatalities from deterministic radiation effects could occur (see Appendix A for description of
deterministic effects). Another ICRP Publication, ICRP 64 (1993), states that "For potential
exposure situations, the consideration of the basic dose response used for stochastic effects
must be extended into the range of high doses where deterministic effects also occur."

Fatalities from deterministic effects are usually caused by aplasia (defective function) of the
hematopoietic (blood-cell producing) tissues of the bone marrow. The dose-response
relationship depends on the dose and dose rate or duration of exposure, and the energy
deposition properties (linear energy transfer (LET)) of the radiation. Figure la, reproduced
from Figure 10 of ICRP 41 (1984) shows the dose-response relationships for low-LET
radiation, as a function of the duration of exposure.3 Figure lb shows the same information
plotted as percent fatalities vs. absorbed dose to the bone marrow, for four durations of
exposure, corresponding approximately to the durations of exposure in the four intrusion
scenarios. The figures show that, for a given absorbed dose, lethality decreases as the period
of time over which the dose is received increases.

2.4 RECENT RECOMMENDATIONS OF THE ICRP FOR THE
CALCULATION OF DOSE

The dose conversion factors used to estimate radiation doses and risks by Wuschke (1996)
were recommended by the ICRP in their Publication 30 (1979). The ICRP has recently
issued Publication 56 (1989), which introduces age-dependent dose conversion factors for
members of the public and a 70-a dose commitment; and Publication ICRP 61 (1991b), which
presents revised dose conversion factors. Some of these recommendations would lead to
increases in dose estimates for some radionuclides and modes of exposure; others would lead
to decreases. For example, the dose conversion factor for ingestion of m Cs increases from

In Figures la and lb, doses to the bone marrow are in absorbed dose (in Gy), rather man
dose equivalent (in Sv). The dose equivalent is a weighted absorbed dose that takes into
account the type and energy of the radiation, using weighting factors appropriate for
estimating cancer risk. For radiation with a low LET, such as 0 and y radiation, die
absorbed dose and dose equivalent are numerically the same.
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FIGURE la: Lethality of Highly Fractionated Irradiation as a Function of Duration of
Exposures for Low-LET Radiation. Reproduced from ICRP 41 (1984). The
LD10, LDJ0 and LD^ doses are the doses which are fatal to 10, SO and 90%
respectively of the exposed individuals. This graph illustrates how these doses
are affected by the duration of exposure.

1.4 x 10* SvBq'1 in ICRP 30 to 2.0 x 10' SvBq1 in ICRP 61; the dose conversion factor for
ingestion of M1Am decreases from 9.7 x 10'7 SvBq1 in ICRP 30 to 6.7 x 10*7 SvBq1 in
ICRP 61. We conclude that our use of ICRP 30 dose conversion factors does not lead to a
systematic underestimation of dose (Zach and Sheppard 1992; Davis et al. 1993), and have
not recalculated the doses for the intrusion scenarios.
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FIGURE lb: Fatalities from Deterministic Effects vs. Absorbed Dose to Bone Marrow for
Four Durations of Exposure. Replotted from Figure la. In estimating
deterministic fatalities, we assume the dose shown as fatal to 10% of exposed
individuals is the threshold dose. For all doses exceeding the dose shown as
fatal to 90% of exposed individuals, we assume 100% lethality. The 1-week
curve is used for durations £1 week.

3. METHODOLOGY FOR THE REASSESSMENT OF RISKS

In response to these ICRP recommendations, we have reassessed the risks of cancer detriment
(fatal and non-fatal cancers) and serious hereditaiy effects from the human intrusion scenarios,
using the risk factors recommended in ICRP 60. We also include, where applicable, estimates
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of fatalities resulting from deterministic radiation effects. For the new assessments of risk, we
use the estimated doses and probabilities of scenarios reported for the earlier assessment
(Wuschke 1996). For estimates of deterministic fatalities, we use estimates of doses to the
bone marrow.

In estimating risk of deterministic fatalities we examine the bone marrow dose and make the
following assumptions:

- some deterministic fatalities occur if the bone marrow dose exceeds the threshold
dose, shown in Figure lb for the exposure time appropriate for the scenario;

- the probability of deterministic fatalities increases with bone marrow dose, as
shown in the figure; and

• the survivors of deterministic fatalities are subject to the risks of cancers and
serious hereditary effects.

4. OVERVIEW OF THE ANALYSIS OF THE HUMAN INTRUSION SCENARIOS
USING THE AECB RECOMMENDATIONS

This analysis was reported in Wuschke (1996).

4.1 INTRUSION SCENARIOS SELECTED FOR ANALYSIS

The intrusion scenarios selected for detailed analysis were those considered likely to present
the highest risk to the intruder, i.e., those likely to have the highest product of probability and
consequence. All of the scenarios analyzed are initiated by a drilling operation that penetrates
the waste and brings some waste to the surface.

The first two of the four scenarios selected involve exposure to undispersed waste:

- The drilling exposure scenario examines the risk to a member of the drilling
crew, exposed to the slurry of pulverized rock, nuclear fuel waste and other
material brought to the surface with the drilling fluid. The exposure pathways
considered are external radiation and inhalation of dust from the slurry. The
duration of the exposure is assumed to be 40 h, received over a 2-week period.

- The core-examination scenario examines the risk to a laboratory technician, who
deals with relatively large pieces of rock, nuclear waste and other material
removed as a drill core. The exposure pathways are external radiation, and
inhalation and ingestion of dust arising from preparation and examination of the
drill core. The exposure time is assumed to be 1 h.

The other two scenarios involve exposure to extracted waste that is dispersed and left on the
drilling site:
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- The construction scenario examines the risk to a construction worker who
contacts the waste while working at the site and is exposed both to external
radiation and to inhalation of contaminated dust. The exposure time is assumed
to be 520 h, received over a period of three months.

- The resident scenario examines the risk to an adult person who lives in a house
built on the drilling waste and is exposed through external radiation, inhalation of
contaminated dust, and ingestion of food obtained from contaminated soil.
Exposure is assumed to be continuous, over the lifetime of the resident.

4.2 CALCULATION OF DOSES

The GENH-Hanford Environmental Dosimetry Software Package (Napier et al. 1988) was
used to compute the doses for the human intrusion scenarios. GENII is a set of 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 inhalation, ingestion of
animal products, and external exposure. The code calculates pathway-specific,
radionuclide-specific, and tissue-specific radiation doses using ICRP 26 and 30 methodology
(ICRP 1977, 1979).

For all four of the scenarios analyzed, the calculated radiation doses were significant for up to
several thousand years, i.e., the risk exceeded the AECB risk criterion, if the scenario were
certain to occur in any given year.

For about the first 200 a, the highest estimated doses were for the drilling scenario; after this
time, the highest were for the resident scenario. Radionuclides making significant
contributions to dose in all scenarios analyzed were MIAra for the first few thousand years,
and 239Pu and 240 Pu at later times. In some scenarios, "Co, 137Cs and "Sr, made the most
important contributions for the first few decades or longer and/or "Tc and 237Np made
important contributions after a few thousand years. For die four scenarios analyzed,
inhalation of contaminated dust was the most important pathway some or all of the time. For
the resident and core-examination scenarios, ingestion was most important initially; for the
construction and drilling scenarios, the external pathway was most important for the first
hundred or more years after disposal.

In order to calculate the risk, for comparison with the AECB criterion, it was necessary to
estimate the probability of the scenarios.

4.3 PROBABILITIES OF INADVERTENT HUMAN INTRUSION SCENARIOS

The probabilities of the human intrusion scenarios are small, in part because of the
characteristics of deep geological disposal of nuclear fuel waste; deep burial reduces the
possibility of human intrusion by isolating the waste in a massive geological barrier. Drilling
for exploration or exploitation of resources will be unlikely because a criterion for selection of
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a disposal site is that it should not contain such resources. We assume, however, that a
sequence of events occurs that by-passes all of these natural and engineered barriers.

We used an event-tree memodology as a framework for defining probabilities of occurrence
of the four human intrusion scenarios. We assume mat, in each scenario, a series of events
occurs that leads to intrusion. The events and associated probabilities were based on the
judgements of experts in relevant technologies and social sciences (Wuschke 1996). For
example, the drilling and core-examination scenarios include the following events:

- A proposal is made to drill a borehole on the disposal site to the depth of the
vault. The assumed probability of occurrence of mis event is 4 x 10"4 boreholes
per year, based on a vault area of 4 x 106 m2 and using a value of 1010

boreholesm'2a' for the areal frequency of a proposal to drill to a depth greater
than 500 m.

- Active institutional controls, such as security, safeguards, and surveillance
measures continuing after closure of the facility, do not stop the drilling. The
assumed probability is time-dependent: it is zero at the time of closure of the
vault and slowly increases to unity after 500 a, reflecting a presumed gradual
decline in the probability that active controls would continue.

- Passive institutional controls, such as long-lasting site markers, records and
archives and "societal memory", do not stop the drilling. The assumed
probability is also time-dependent, slowly increasing from zero at the time of
closure of the vault to a value of unity after 2000 a.

- Drilling is not prevented by detection of the disposal vault during pre-drilling
investigations. The assumed probability is 0.5.

- The borehole intersects a container. The assumed probability, 1.1 x 10'2, is based
on the ratio of areas of all the containers and the disposal vault.

The event trees for all four intrusion scenarios are illustrated in Figure 2. Values of the
assigned time-dependent probabilities of each of the events are summarized in Table 2. The
probability of occurrence of an intrusion scenario is given by the product of the probabilities
of its constituent events. The maximum estimated probability of occurrence of any of the
four intrusion scenarios in 10 000 a was ~5 x 10"6 for the resident scenario.

4.4 RISKS OF THE INADVERTENT INTRUSION SCENARIOS

The radiological risk associated with each of the inadvertent human intrusion scenarios was
calculated as prescribed by the AECB (1987). As noted earlier (Section 1), mis risk is the
product of the probability of occurrence of the scenario, its estimated dose, and a risk
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NO INTRUSION

P,

INTRUSION

DRILLING SCENARIO

*- CORE EXAMINATION SCENARIO

Bode Hodal Questions

1 I» there an intent to drill in year t?
2 Do passive controls fail to prevent drilling?
3 Do geophysical investigations fail to prevent drilling?
4 Do active institutional controls fail to prevent drilling?
5 Does borehole logging fa I to prevent drilling?
6 Is a disposal container intersected?
7 Zs a driller exposed?

Is a geotechnical lab worker exposed?
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Mode Hodal Questions

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

Is there a resident on the extracted waste in year t?
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FIGURE 2: Event Tree for Human Intrusion Scenarios Initiated by Drilling
(see Section 4.3)
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TABLE 2

ASSIGNED NUMERICAL VALUES OF EVENT PROBABILITIES

This table summarizes the assigned values of the constituent events whose probabilities are
multiplied to estimate the probabilities of the four human intrusion scenarios

(from Wuschke 1996) (see Section 4.3)

Annual Probability or
Frequency

Assigned Nuaerical Values

P2(t)

Pe(t)

r10"

P u(t)

Frequency of a proposal to drill
on tha disposal sita, to vault
dapth

Probability that a proposal to
drill is not prevented by passiva
institutional controls

Probability that drilling is not
prevented by dataction of tha
disposal vault by pradrilling
gaophysical invastigations

Probability that a plannad or
initiated drilling is not
pravantad by activa institutional
controls

Probability that drilling is not
pravantad froa procaading to
vault dapth by dataction of tha
disposal vault by borahola logging

Probability that on-sita drilling
intarsacts containars, if it
procaads to vault dapth

Probability of axposura of a
neaber of tha drilling craw or
a technician, if a container is
penetratad

Integrated probability that waste
has been extracted by drilling
prior to time t

Probability that waste extracted
by drilling is left on the site
at the time of drilling

Probability that extracted waste
is on the site at tine t

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

4 x 10 boreholes per year

0.0 at t > 0.0 a, increasing linearly to
0.1 at t - 1000 a, and to
1.0 at t £ 2000 a

1.0

0.0 at t - 0.0 a,
0.1 at t - 100 a,
1.0 at t 2 500 a

0.50

increasing linearly to
and to

-21.1 x 10

1.0 for tha drilling scenario
0.2 for the core-examination scenario

PD1, where

PDJ « probability of drilling in
the ith year

n • nuaber of years since vault
closure

- t

0.1

P,(t)

5.3 x 10-5

2.7 x 10-3

for the construction
scenario
for the resident scenario
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conversion factor of 0.02 fatal cancers and serious genetic effects per Sv. The possibility of
deterministic effects is not included in the AECB regulatory policy statement.

The estimated annual risks are summarized in Figure 3. The highest estimated risk was from
the resident scenario, which had a peak risk of 10'9 health effects per year. All risks were
therefore 3 orders of magnitude or more below the AECB risk criterion for determining the
acceptability of the disposal vault at all times. For all four scenarios, the peak annual risk
occurred when institutional controls, both active and passive, had lost their effectiveness.

5. RESULTS OF THE REASSESSMENT OF RISKS USING RECENT ICRP
RECOMMENDATIONS

The risks of the four intrusion scenarios were reassessed, using the methodology and
information described in Section 3. The revised estimates of risk are summarized in Figure 4.

5.1 CORE-EXAMINATION SCENARIO

In the core-examination scenario, the estimated risk of cancer detriment and serious hereditary
effects increases by a factor of 5.6 before -500 a when the estimated annual dose exceeds
0.2 Sv, and 2.8 after 500 a, when the estimated dose is less man 0.2 Sv, compared to the risk
calculated using the AECB risk factor. Since the estimated absorbed dose to the bone
marrow never exceeds the threshold for deterministic fatalities, there are no fatalities
attributable to deterministic effects.

The maximum estimated annual risk from this scenario is 4 x 10" at -1000 a. This is a factor
of 5.6 higher than the maximum estimated using the AECB risk factor, but still more than 4
orders of magnitude below the AECB risk criterion.

5.2 CONSTRUCTION SCENARIO

In this scenario, the risk of cancer and serious hereditary effects increases by a factor of 5.6
and 2.8 before and after -20 a respectively, the time when the estimated annual dose falls to
0.2 Sv. The maximum estimated annual risk increases by a factor of 2.8, to ~ 2 x 10'13 at
- 1 0 000 a. There are no fatalities attributable to deterministic effects, since the threshold for
these fatalities is not exceeded.

5.3 RESIDENT SCENARIO

In mis scenario, the estimated risk of cancer detriment and serious hereditary effects increases
by a factor of 7.2 and 3.6 before and after -1200 a respectively, the time when the estimated
annual dose falls to 0.2 Sv. The increases in risk relative to the earlier analysis are different
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FIGURE 3: Risks of Four Human Intrusion Scenarios. Original analyses from Wuschke
(1996). The risk factor used in this analysis was 0.02 fatal cancers and serious
genetic effects per sievert, as recommended by the AECB (1987). The AECB
risk limit is 10"* cancers and serious genetic effects in a year (see Section 4.4).
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Construction
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FIGURE 4: Reassessed Risks of Four Human Intrusion Scenarios. The risk factors used in
this analysis were those recommended by ICRP 60 (1991) (see Table 1). The
reassessed risks also include fatalities from deterministic effects. These occur up
to about 190 a in the resident scenario, and to about IS a in the drilling scenario
but do not occur in the other two scenarios (see Section S).
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for the resident than for the other 3 scenarios, because the resident is a member of the public,
whereas the critical groups for the other three scenarios are workers.

The estimated annual bone marrow dose, shown in Figure 5, exceeds 3.1 Gy, the threshold for
deterministic fatalities for continuous exposure (Figure 1), until about 190 a. Deterministic
fatalities are calculated as described in Section 3, and the survivors are assumed to be subject
to the risk of cancers and serious hereditary effects. Figure 6 shows the total risk of this
scenario, and the way in which it is derived as the sum of the contributions from deterministic
fatalities, cancer detriment and hereditary effects.

The maximum estimated total annual risk occurs at about 10 000 a, when the risk is solely
due to cancers and hereditary effects. This risk is ~4 x 10', a factor of 3.6 higher than
estimated using the AECB risk factor, and is the highest estimated risk for any of the 4
scenarios.

5.4 DRILLING SCENARIO

In this scenario, the combined risk of cancer and serious hereditary effects increases by a
factor of 5.6 and 2.8 before and after -120 a respectively, the time when the estimated annual
dose drops to 0.2 Sv. The threshold for deterministic fatalities for mis scenario, which occurs
over a time period of two weeks, is -1.7 Gy to the bone marrow (see Figure 1). The bone
marrow dose is 2.8 Gy immediately after closure and exceeds 1.7 Gy for about IS a; thus
there is a small risk of deterministic fatalities up until this time. This risk is very small,
however, and, after about ten years, is exceeded by the risk of cancer and hereditary effects.

The maximum annual risk occurs at about 3000 a, when the risk is solely due to cancers and
hereditary effects, and the risk factor is 0.112 per Sv. This maximum risk is ~ 6 x 10*", S.6
times greater than estimated using the AECB risk factor.

5.5 COMPARISON WITH THE AECB RISK CRITERION

We compare our reassessed annual risks of the four scenarios to the AECB risk criterion of
10"* fatal cancers and serious genetic effects. Although we have used higher risk factors than
recommended by the AECB, and included non-fatal cancers and deterministic fatalities, the
total estimated risk remains several orders of magnitude below the risk criterion, at all times.
As in the earlier analysis (Wuschke 1996), the highest estimated risk is for the resident
scenario, which has a maximum annual risk of 4 x 10'9 at about 10 000 a, over two orders of
magnitude below the criterion.
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FIGURE 5: Estimates of Bone Marrow Doses for the Resident Scenario (sum of doses from
internally deposited radionuclides (primarily) and external dose). As the
radionuclides contributing to this dose are almost exclusively 0-y emitters with
low LET, the absorbed dose (in Gy) used to estimate deterministic fatalities is
numerically the same as the dose equivalent to the bone marrow, used in
estimating cancer detriment and risk of hereditary effects (see Section 2.3).

5.6 SENSITIVITY ANALYSIS

In the original analyses of the four intrusion scenarios (Wuschke 1996) using the AECB risk
factors, a sensitivity analysis was performed. This analysis was repeated, using the reassessed
risks, but most of the earlier conclusions are unchanged. The only exception was an analysis
of a limiting case, in which all constituent probabilities related to knowledge, discovery or
cleanup of the site (probabilities P2 to Ps, P7 and P9 (see Table 2)) were set at their limiting
value of 1.0 at all times, corresponding to no prior knowledge, discovery or cleanup. This
limiting case represents a highly unrealistic situation in which all knowledge of the disposal
site and its hazardous nature is lost, immediately after closure and the presence of the waste is
not discovered by pre-drilling site investigations, borehole logging or laboratory analysis of
core samples. In the original analysis the estimated risks for this limiting case were below
the AECB criterion for all four scenarios, for all times.

In reassessing these limiting cases, using the ICRP 60 risk factors, and including deterministic
fatalities, we found mat
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25 40 100 200 400 1000 2000 4000 10000

Time of Intrusion (years after disposal)
Total Risk

— Deterministic Fatalities
Serious Hereditary Effects
Cancer Detriment

FIGURE 6: Reassessed Risk for the Resident Scenario. The total risk is the sum of the risks
of deterministic fatalities, detriment from fatal and non-fatal cancers, and
hereditary effects in all future generations (see Section S.4).
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- for the drilling scenario, the estimated annual risk is about 1.3 x 10"* immediately
after closure, slightly exceeding the AECB risk criterion for a few years, while
deterministic fatalities contribute to the risk;

- in the resident scenario, the risk briefly rises to -1.5 x 10"6, slightly above the risk
criterion, at about 100 a, when the risk of deterministic fatalities is at its
maximum, and

- in the other two scenarios, the risk remains below the risk criterion at all times.

6. SUMMARY

Use of the ICRP 60 risk factors for cancer detriment and hereditary effects, instead of the
AECB/ICRP 26 risk factors, increases the estimated risk of the three scenarios involving the
exposure of workers by a factor of 5.6 in the early years while the dose exceeds 0.2 Sv, and
by 2.8 thereafter. The estimated maximum annual risk is 2.8 times higher for the construction
scenario, 5.6 times higher for the drilling and core-examination scenarios, and 3.6 times
higher for the resident scenario. The time of the maximum risk is unchanged in all scenarios.
The scenario showing the greatest maximum annual risk remains the resident scenario, whose
maximum annual risk is ~4 x 10'9, more than 2 orders of magnitude below the AECB's risk
criterion.

Inclusion of the risk of deterministic fatalities does not affect the estimated maximum risk of
any of the scenarios. However, it increases the estimated total annual risk for the drilling and
resident scenarios for about IS and 190 a respectively, by up to a factor of ~9 based on the
AECB risk factor for cancers and hereditary effects, or ~3 based on the ICRP 60 risk factors.
The maximum estimated risks are also briefly increased for the same two scenarios in a
limiting case examined in the sensitivity analysis, to a level marginally exceeding the risk
criterion.

7. CONCLUSIONS

1. The estimated annual risk for each of the four intrusion scenarios remains more
than 2 orders of magnitude below the AECB risk criterion of 10"* fatal cancers
and serious genetic effects per year for all times up to 10 000 a, even though we
have used higher risk factors for cancers and genetic effects man recommended
by the AECB, and included deterministic fatalities and non-fatal cancers.

2. Using the risk factors recommended by ICRP 60 for cancers and genetic effects
increases the estimated risks for all four human intrusion scenarios by factors of
about 6 or 3, depending on the time of intrusion.
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3. Including deterministic fatalities increases the estimated risks for two intrusion
scenarios in the years immediately following vault closure, but does not increase
the maximum risks for these scenarios.
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BIOLOGICAL EFFECTS OF IONIZING RADIATION
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The potential adverse health effects of exposure to ionizing radiation have been recognized
since early studies on workers exposed to X-rays and radium in the 1920s and 1930s.
Current knowledge of radiation effects is primarily based on epidemiological studies of the
Japanese survivors of the atomic bombing of Hiroshima and Nagasaki, studies of humans
medically exposed, radiobiology, and animal experiments.

Ionizing radiation changes atoms and molecules, at least transiently, and may sometimes
damage cells. If cellular damage does occur and is not adequately repaired, it may prevent
the cell from surviving or reproducing, or it may result in a viable but modified cell. The two
outcomes produce effects termed "deterministic" and "stochastic" by the International
Commission on Radiological Protection (ICRP), and have profoundly different implications
for the organism as a whole (ICRP 1991).

DETERMINISTIC EFFECTS

Most organs and tissues of the body are unaffected by the loss of even substantial numbers of
cells, but if the number lost is large enough, there will be observable harm reflecting a loss of
tissue function. The probability of causing such harm will be zero at small doses, but above
some level of dose (the threshold) it will increase steeply to 100%. Above the threshold, the
severity of the harm will also increase with dose.

Deterministic effects include nausea, reddening of the skin, clinical damage to organs and, in
severe cases, acute syndromes that cause death in exposed individuals. Typical threshold
doses are in the order of greys (Gy) to tens of Gy, depending on the specific effect and
exposure situation.

STOCHASTIC EFFECTS

If an irradiated cell is modified rather than killed, the clone of cells resulting from the
reproduction of the modified but viable somatic cell may result, after a prolonged and variable
delay called the latency period, in a malignant condition, a cancer. The probability of a
cancer resulting from radiation usually increases with increments of dose, probably with no
threshold, and in a way mat is roughly proportional to dose, at least for doses well below the
thresholds for deterministic effects. The severity of the cancer is not affected by the dose.
This kind of effect is called "stochastic", meaning "of a random or statistical nature."

If the damage occurs in a cell whose function is to transmit genetic information to later
generations, any resulting effects, which may be of many different kinds and severity, are
expressed in the progeny of the exposed person. This type of stochastic effect is called
"hereditary" or "genetic"»"
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