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ASSESSMENT OF THE LONG-TERM RISK OF A METEORITE IMPACT ON A HYPOTHETICAL

CANADIAN NUCLEAR FUEL WASTE DISPOSAL VAULT DEEP IN PLUTONIC ROCK

by

D.M. Wuschke, S.H. Whitaker, B.W. Goodwin and L.R. Rasmussen

ABSTRACT

Canada has conducted an extensive research program on the safe disposal of
nuclear fuel waste. The program has focussed on disposal in durable
containers in an engineered facility or "vault", 500 to 1000 m deep in
plutonic rock of the Canadian Shield.

Canada's regulatory agency, the Atomic Energy Control Board (AECB), has
specified, as a criterion of regulatory acceptance, that "a disposal vault
must be able to accommodate natural disturbances likely to occur, such that
any increase in risk to members of the public... will be insignificant." 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.

This report describes an assessment of the long-term radiological risk to an
individual of the critical group that would result from a meteorite impact on
a hypothetical reference disposal vault for used fuel, located 500 m below the
Earth's surface. The purpose of the assessment was to determine if this
radiological risk could exceed or approach the AECB risk criterion.

We assume the critical group is a small rural community which, sometime after
the meteorite impact, moves to the area contaminated by nuclear fuel waste
exposed as a result of the impact. This critical group

is continuously exposed to external radiation from contaminated
rock,
breathes air contaminated by radioactive dust,
uses a contaminated lake as its source of drinking water and fish,
and
eats only produce grown in soil containing contaminated rock.



The probability of exposure of this critical group, assuming no site
remediation or restriction of access by institutional controls, is the
cumulative probability that a meteorite impact that disrupts the disposal
vault has occurred at the site prior to the year under consideration. This
cumulative probability is derived from estimates of the annual probability of
meteorites and the frequency-size distribution of meteorite craters.

Our estimates of risk include risks of fatalities from deterministic effects,
fatal and nonfatal cancers, and severe hereditary effects. Estimated
radiological risks from a meteorite impact are very low immediately after
disposal because the cumulative probability is low. Both the probability and
annual risk increase approximately linearly with time until about 950 years,
when the maximum estimated annual risk occurs. This risk is nearly 2 orders
of magnitude below the regulatory limit.

Ue believe our analysis overestimates risks to the critical group, because of
the many pessimistic assumptions that were made, such as assuming the site is
inhabited immediately after the impact, neglecting the effects of weathering,
and approximations made in estimating deterministic fatalities. We conclude
that the risk of a meteorite impact would make a small contribution to the
long-term radiological risk associated with our reference disposal vault, and
we discuss measures that could be taken to reduce the risk of a disruptive
meteorite impact.
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ÉVALUATION DES RISQUES À LONG TERME D'IMPACT D'UNE MÉTÉORITE SUR UNE ENCEINTE
HYPOTHÉTIQUE DE STOCKAGE DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE CANADIEN SITUÉE

EN PROFONDEUR DANS UNE FORMATION DE ROCHE PLUTONIQUE

par

D.M. Wuschke, S.H. Whitaker, B.W. Goodwin et L.R. Rasmussen

RÉSUMÉ

Le Canada a réalisé un programme de recherche d'envergure sur le stockage permanent en toute
sécurité des déchets de combustible nucléaire. Le programme portait sur le stockage des déchets dans
des conteneurs durables placés dans une installation ouvragée, appelée aussi «enceinte», située entre
500 et 1 000 m de profondeur dans la roche plutonique du Bouclier canadien.

La Commission de contrôle de l'énergie atomique (CCEA), organisme de réglementation canadien, a
spécifié comme critère d'acceptation réglementaire que «tout système de stockage permanent doit
pouvoir résister à des perturbations naturelles qui pourraient vraisemblablement se produire, de telle
façon que toute augmentation du risque pour les personnes du public... soit négligeable». La CCEA a
également spécifié, en vue de la protection de la santé de la population, que «le risque radiologique
prévu pour les personnes et attribuable à une installation de stockage permanent des déchets ne doit
pas dépasser 10"6 cas de cancers mortels et d'effets génétiques graves par année». Le risque est défini
comme la somme, dans tous les scénarios représentatifs, du produit de la probabilité du scénario, de la
dose de rayonnement reçue, et de la probabilité des effets sur la santé par unité de dose.

Le présent rapport fait état d'une évaluation du risque radiologique à long terme pour une personne du
groupe critique en cas d'impact d'une météorite sur une enceinte de stockage de combustible irradié de
référence, située à 500 m au-dessous de la surface de la Terre. Cette évaluation vise à établir si le
risque radiologique pourrait dépasser ou même approcher le critère de risque fixé par la CCEA.

Nous supposons que le groupe critique est une petite collectivité rurale qui se déplace, peu après la
chute de la météorite, dans la zone contaminée par les déchets de combustible nucléaire mis à nu par
l'impact. Selon l'hypothèse, ce groupe critique

reçoit continûment une dose d'irradiation externe de la roche contaminée,
respire de l'air contaminé par de la poussière radioactive,
prend son eau potable et son poisson dans un lac contaminé, et
ne mange que des légumes cultivés dans un sol contenant de la roche contaminée.

La probabilité d'irradiation de ce groupe critique, dans l'hypothèse que l'on ne prend aucune mesure
corrective sur le site ou que les contrôles institutionnels destinés à restreindre l'accès dans la zone sont
manquants, correspond à la probabilité cumulée qu'une chute de météorite pouvant perturber l'enceinte
de stockage se soit produite dans la zone visée antérieurement à l'année prise en compte. Cette
probabilité cumulative provient des estimations de la probabilité annuelle des chutes de météorites et
de la distribution fréquence-dimensions des cratères de météorites.



Nos estimations du risque englobent les risques de décès issus des effets déterministes, des cas de
cancers mortels ou non, et des effets héréditaires graves. Les estimations de risques radiologiques
provenant de l'impact d'une météorite sont très faibles dans la période suivant immédiatement la mise
en stockage parce que la probabilité cumulative est faible. La probabilité et le risque annuel
augmentent de façon à peu près linéaire en fonction du temps jusqu'à environ 950 années, moment où
l'estimation du risque annuel est à son maximum. Ce risque est d'environ deux ordres de grandeurs
au-dessous de la limite réglementaire.

Nous pensons que nos analyses surestiment les risques auxquels le groupe critique est exposé, en
raison des nombreuses hypothèses pessimistes avancées, telle que celle selon laquelle les lieux sont
habités immédiatement après l'impact, du fait que les effets des intempéries ne sont pas pris en
compte, et vu les approximations faites dans les estimations des cas de décès déterministes. Nous en
concluons que le risque de l'impact d'une météorite n'augmenterait que faiblement le risque
radiologique sur longue période associé à notre enceinte de stockage de référence, et nous examinons
les mesures que l'on pourrait prendre pour réduire le risque d'un impact de météorite perturbateur.
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1. INTRODUCTION

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

This report describes an assessment of the long-term radiological risk to a
critical group that would result from a meteorite impact on a hypothetical
reference disposal vault containing used nuclear fuel. The reference system
is described in AECL (1994a and b), and in detail in Simmons and Baumgartner
(1994).

1.1 BACKGROUND AND SCOPE

Canada's regulatory agency, the Atomic Energy Control Board (AECB), has
specified as a criterion of regulatory acceptance, that "a disposal vault must
be able to accommodate natural disturbances likely to occur, such that any
increase in risk to members of the public— will be insignificant" (AECB
1985). For the protection of human health, the AECB has specified that "the
pred4 ted radiological risk to individuals from a waste disposal facility
shaj.1 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 dose1, and the probability of a health effect per unit dose. The
purpose of this assessment was to determine it the radiological risk resulting
from a meteorite impact could exceed or approach the AECB risk criterion. The
recommendations of the AECB are described more fully in Appendix A.

We define a meteorite impact scenario as a radiation exposure initiated by the
impact at or near the disposal site of a meteorite that disrupts the disposal
system. We assume a reference disposal vault of area 4 km2, located on a
single level 500 m below the earth's surface (Simmons and Baumgartner 1994).

A meteorite capable of disrupting this vault would produce a crater several
kilometres in diameter and would instantly destroy all life over a wide area.
The annual frequency of such a meteorite is very small, 1.4 x 10-11 per year
(Section 3). The immediate radiological impact to people living near the site
of the impact would be of little concern because of the general devastation
resulting from the meteorite's impact. However, we consider the case where,
at some time following closure of the disposal vault, a meteorite impact would
have disrupted the vault and a group of people move into the area contaminated
by the radioactive waste. The probability of this scenario is the cumulative
probability that a meteorite impact would have disrupted the disposal vault by
the year under consideration, which increases with time following closure of
the vault. We assess the radiological risk to an individual in a hypothetical
group of people that lives in such a way that its risk is likely to be
greatest (the critical group).

throughout this report, unless otherwise specified, "dose" means annual
effective dose equivalent (in sieverts) 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.
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Although there could be world-wide exposures resulting from injection of waste
into the troposphere by the immediate impact and their subsequent deposition
on earth, we do not assess population dose because our regulatory criteria are
not based on these exposures.

1.2 PREVIOUS ANALYSES

During the 1970s and early '80s, there was considerable scientific
investigation into both the frequency of meteorite impacts (e.g., Shoemaker et
al. 1979, Weismann 1981) and the mechanics of impact and explosion cratering
(e.g., Cooper 1977; Croft 1977, 1980; Dence et al. 1977; Grieve and Cintala
1981; Grieve et al. 1977; Vortman 1977).

Application of this research to a meteorite impact on a nuclear waste disposal
site was developed by Hartmann (1978) and is discussed in detail by Grieve and
Robertson (1984). Smith et al. (1982) and USEPA (1986) discuss models for
calculating doses from a meteorite impact on a disposal site that disperses
nuclear fuel waste upwards into the troposphere and subsequently re-deposits
it. Some geological simulation models such as the AEGIS Model (Pétrie et al.
1981) include submodels for meteorite impacts.

Wallace et al. (1980) report population doses that would result from ejection
by a meteorite of a small fraction (1.5%) of the contents of a geological
repository for the Hanford defense waste. Chipman et al. (1980) report both
population and maximum individual doses for a meteor impact on a repository
for calcined wastes from the Idaho Chemical Processing Plant, but no details
of the calculations of individual dose are given.

No calculations of individual doses or risks from a meteorite impact on a
disposal vault for used fuel have been located.

2. METEORITE IMPACTS

2.1 PROPERTIES OF METEORITES AND THEIR CRATERS

Grieve and Robertson (1984) note that an average of about 105 kg of meteoroids
(or interplanetary material) enter the Earth's atmosphere every day, but most
burn up or disintegrate in the atmosphere. Meteorites are those meteoroids
that reach the Earth's surface. Our analysis focusses on meteorites that are
large enough to have a significant effect on the hard rock of the Canadian
Shield and that could disrupt the protection offered by the disposal system.

Meteorites have typical impact velocities of the order of 20 to 25 km/s, and
their impact releases large quantities of energy. For example, "the energy
released in forming the relatively small 3.8-km Brent crater in Ontario is
estimated at ... the same order of magnitude as the annual output of seismic
energy by the earth" (Grieve and Robertson 1984). The effects of such impacts
include penetration of the target rock to a depth of several radii of the
meteorite, the formation of a meteorite crater, and damage to the underlying
and surrounding rock.
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Meteorite craters are classified as simple or complex. Simple craters have
diameters less than about 4 km; complex craters have larger diameters. Simple
craters tend to exhibit the bowl-like cross section shown in Figure 1; complex
craters are characterized by a shallower depth-to-diameter ratio and a
pronounced uplifted central area.

The inferred stages in the formation of a simple meteorite impact crater of
moderate size are illustrated in Figure 2 (Strahler 1981).

2.2 EFFECTS OF A METEORITE IMPACT

Grieve and Robertson (1984) describe five different zones of rock produced by
a meteorite impact, as follows (see Figure 1):

In the first zone, rock near the point of impact is excavated and
ejected. The depth of excavation (maximum depth from the original
land surface) is about 10% of the crater diameter for simple craters
and only 6.5% or less for complex craters.

In the second zone, underlying rock is shattered and redistributed
within the crater. This rock is highly shocked and impact-melted.
It extends to a depth relative to the original land surface that is
about 14% of the crater diameter for simple craters, and 9% for
complex craters. The maximum depth is somewhat off-centre from the
point of impact.

At greater depths, rock is shocked and compressed, and displaced
downwards and outwards but not redistributed. For simple craters,
this third zone extends downwards to about 42% of the crater
diameter. For complex craters, the depth is about 25% of the crater
diameter.

- A larger zone of fractured but stationary rock surrounds the impact
site. To a first approximation, the fractured zone can be
considered to be the volume that is stressed by the structural
uplift at the rim of the crater. The diameter of the zone of
fractured rock is about 1.5 times the diameter of a simple crater,
and 2.7 times the diameter of a complex crater. The fracturing
extends to a depth of about 76% and 135% of the crater diameter, for
simple and complex craters respectively.

The fifth and outermost zone of disturbed rock is a seismic zone in
which seismic energy from the impact may act to relieve intrinsic
stresses in the rock. The effects are greatest in rock that is
highly stressed.

3. DEFINITION AND PROBABILITY OF THE "BASE CASE" METEORITE IMPACT
SCENARIO

To define a base case meteorite impact for our analysis, we assume that a
crater is produced whose redistributed zone just touches the top or the edge
of a disposal vault located at a depth of 500 m, the nominal minimum depth in
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AECL's proposed concept for disposal of Canada's nuclear fuel waste (AECL
1994a).

3.1 FREQUENCY OF METEORITE IMPACTS

The frequency of large-scale meteorite impacts on the earth has been
determined from

astronomical observations of the number, size and orbits of earth-
crossing bodies;
the number of impact craters on the young mare surfaces of the moon;
and
the number of impact craters on earth.

Estimates from these three types of data are in good agreement, so the
uncertainty in the estimate is considered to be relatively small. For
example, Grieve and Robertson (1984) use a value of 5.0 x 10-15 impacts
km*2-a'1 with an uncertainty of ±2.5 x 10-1S, for the frequency of meteorite
impacts producing craters 20 km or larger in diameter.

An equation relating frequency of impact and crater size is given by Grieve
and Robertson as

0 = 2.0 x 10-12 • D-2 . A a-1,

where <j> is the frequency of craters with a diameter D km or larger, and A is
the target area in km2. For a crater diameter of 3.6 km or larger, 0 is
1.5 x 10-13 • A a-1.

3.2 ANNUAL PROBABILITY OF A BASE CASE METEORITE IMPACT

The frequency of impacts given above takes into account only impacts centred
above the disposal vault. To estimate an annual probability of occurrence of
the meteorite impact scenario, we also consider a larger crater whose zone of
redistributed rock intersects the disposal vault even though its centre of
impact is some distance from it. Using the methodology described by Grieve
and Robertson (1984), we estimate a probability of about 1.4 x 10'll per year
that a meteorite would produce a zone of redistributed rock that intersects
the disposal vault (see Appendix B). Our calculations assume a vault area of
4 km2 (Simmons and Baumgartner 1994), a vault depth of 500 m, and include the
possibility of crater sizes ranging from 3.6 to a maximum of 32 km in diameter
(the largest crater diameter with a probability of at least one occurrence in
106 a, according to Grieve and Robertson). Similar calculations provide the
diameter and probability of craters producing other effects extending just to
vault depth (Table 1).

3.3 CUMULATIVE PROBABILITY OF A METEORITE IMPACT SCENARIO

As noted in Section 1.1, our concern is for a group of people exposed to the
dispersed waste some time after the impact. The probability of exposure of
this group (assuming no site remediation or restriction of access by
institutional controls) is the cumulative probability that a meteorite impact
has occurred prior to the year under consideration. For a very small,
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constant, annual probability, the cumulative probability can be obtained with
sufficient accuracy by multiplying the annual probability by the number of
years since disposal. Thus for a meteorite impact with an annual probability
of 1.4 x 10'11, the cumulative probability is 1.4 x IQ~7 at 10 000 years.

The joint cumulative probability of occurrence of two or more events is the
product of their individual cumulative probabilities. Since the probability
of two meteorite impacts within 104 a would be about 10'14, we do not consider
the possibility of multiple impacts.

4. CONSEQUENCES OF THE BASE CASE METEORITE IMPACT SCENARIO

As noted in Section 3, in estimating the probability of the meteorite impact
scenario, we consider a crater whose redistributed zone just touches the top
or edge of the disposal vault. In estimating the consequences of the
scenario, we assume the smallest crater whose redistributed zone would touch
the top of the disposal vault. Based on the information in Section 2, the
diameter of such a crater is 3.6 km. Because its diameter is less than 4 km
(Section 2.1), it would be a simple crater. For this crater

the depth of excavation would be about 360 m. About 1.9 x 109 m3 of
rock would be excavated and ejected from the site of the impact.

- underlying rock to a depth of about 500 m from the original land
surface, including the entire contents of the vault, would be
shattered and redistributed within the crater. This volume of rock,
about 7.5 x 108 m3, would be dispersed into the lens-like shape
shown in Figure 1, with a maximum depth of about 140 m.

a larger zone of underlying rock would be shocked and compressed,
and displaced downwards and outwards. The zone of displacement
would extend to a depth of about 1.5 km from the original land
surface.

a zone of rock fractured in situ would extend to a diameter of about
5.4 km at the surface and to a depth of about 2.7 km from the
original land surface.

seismic energy from the impact would relieve intrinsic stresses in
the surrounding rocks. An earthquake of magnitude about 6 on the
Rienter scale would be produced. Earthquakes of this magnitude
release about 1013 joules of energy, and are destructive over a
limited area. About 100 quakes of this magnitude occur annually,
world-wide (Strahler 1981).

These zones are illustrated in Figure 1.

Figure 3 is an air view of the New Quebec (Chubb) crater located in the
Canadian Shield in northern Quebec. The dimensions and shape of this crater
are very similar to those assumed for our base case meteorite scenario; it is
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3.2 km in diameter and 400 m deep. The bedrock, which consists of gneiss and
granite, is intensely fractured. The crater is almost perfectly round and is
filled with water.

4.1 CHARACTERISTICS OF THE CRITICAL GROUP

The radiological consequence of a meteorite impact scenario is the radiation
dose to an individual in the critical ^roup, defined to be "the group of
people that is assumed to be located at the time and place where the risks are
likely to be the greatest, irrespective of national boundaries." (AECB 1987)

We assume the critical group is a small rural community that obtains all its
water and food at the crater site. In particular, this critical group uses a
contaminated lake in the crater as its source of drinking water and fish, eats
only produce grown on the redistributed and contaminated rock, breathes air
contaminated by radioactive dust, and is exposed to external radiation from
the contaminated, redistributed rc,.k.

4.2 CONCENTRATIONS OF RADIONUCLIDES IN THE ENVIRONMENT

To estimate doses to the critical group, we require estimates of
concentrations of radionuclides in the soil, air, and water used by the
critical group. The inventories of radionuclides at the assumed time of
disposal (ten years after removal from the reactor) are given in Table 2, in
units of Bq of the radionuclide per kg U (Tait et al. 1989). The
concentrations of radionuclides change with time as a result of radioactive
decay and ingrowth in decay chains.

4.2.1 Concentrations in Soil

The terrestrial pathways considered are external exposure, inhalation and
ingestion of agricultural produce. For each of these pathways the radiation
dose depends on the concentration of radionuclides in the contaminated soil.

To estimate concentrations in the soil on which the critical group resides and
grows food, we assume the entire contents of the vault, 10-year cooled CANDUR

fuel containing 1.9 x 10s kg U (Simmons and Baumgartner 1994) and its
associated radionuclides, are released and uniformly mixed in the volume of
the redistributed rock resulting from the meteorite impact (7.5 x 108 m3),
i.e., the concentration of U in the soil is 0.25 kg-nr3. Although uniform
mixing is unlikely, this assumption provides dose estimates that approximate a
weighted average of those that could be incurred by exposure to different
portions of the nonuniform mixture.

4.2.2 Concentrations in Air

To estimate the concentrations of radionuclides in air, we assume a mass
loading of 3 x 10'8 kg-nr3 of contaminated soil in air. This value is about
half of the geometric mean of the long-term average values of airborne dust at
149 locations in Canada and about 50% higher than the average dust load at
isolated Canadian Shield sites where anthropogenic emissions are low (Amiro
1992).
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4.2.3 Concentrations in Water

To estimate the concentration of radionuclides in drinking water and in the
water in which the ingested fish had lived, we assume that a lake forms in the
crater and that the used fuel in redistributed rock of the lakebed dissolves
in this water. Because uranium is more soluble under oxidizing conditions
than under reducing conditions, we make the conservative assumption that the
lake water is mildly oxidizing. Assuming that the dissolution of the uranium
fuel matrix under these conditions is controlled by the solubility of
schoepite, U03-2H20, we estimate that the concentration of uranium in the lake
would be 4 x 10-6 mol/L, based on Figure V.5 of Wanner and Forest (1992).

The concentrations, in Bq/L, of most of the other radionuclides that are
associated with the used fuel are assumed to be equal to the solubility-
controlled concentration of uranium (in kg of uranium per litre of water)
multiplied by the inventory of the radionuclide in the U02 matrix (in Bq of
the radionuclide per kg of uranium). The two exceptions to this, described
below, are several radionuclides that have very low solubilities under these
conditions and the radionuclides that have an instant release fraction that
does not depend on the slow dissolution of the uranium oxide fuel matrix
(Johnson et al. 1994a).

The actinides Pu and Np are relatively insoluble under most natural
conditions. To calculate the concentration of these elements in the lake
water, we assume that precipitation of Pu02 and Np02 removes most Pu and Np as
soon as these elements dissolve from the fuel matrix. We used the geochemical
modelling code PHREEQE (Parkhurst et al. 1990) and the CHEMVAL thermodynamic
database, v. 5.0 (Chandratillake et al. 1992; Falck and Ridge 1993) to
estimate the solubility of these elements. The low solubility of Pu02 and
Np02 limits the aqueous concentration of Pu and Np to 6 x 10"

13 and 2 x 10'14

mol/L respectively. These concentrations are 4 to 5 orders of magnitude less
than the concentrations that otherwise would be predicted from the proportion
of Pu and Np in the used fuel matrix and the concentration of uranium in the
lake water. It is likely that the aqueous concentration of some of the other
radionuclides similarly is controlled by the precipitation of solubility-
limiting phases, but for the purposes of this report we ignore this
possibility. Our method would therefore overestimate the contribution to
total dose from some radionuclides.

The aqueous concentrations of Cs, I, Cl, Se, Sn, Tc, Kr, Ar, Sr and C depend
not only on the solubility-limited dissolution of used fuel but also on their
instant release inventories in the fuel. When fuel is irradiated in a
reactor, some activation and fission products migrate through the fuel and
collect in voids within the fuel bundles and along grain boundaries within the
U02 matrix. (Johnson et al. 1994). Median values of these instant release
fractions of the pertinent elements are listed in Table 3. We assume that the
instant release fraction is released immediately from the fuel upon impact and
that it completely dissolves at once upon contact with water.

Estimating the maximum aqueous concentrations of these radionuclides is
difficult because, in general, their concentrations are neither proportional
to their molar ratios in the used fuel matrix, nor limited by solubility-
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controlling solid phases. For our base case scenario, we estimate the
concentration of these instantly released fractions by assuming a dilution
volume equal to that of a lake that entirely fills the crater, i.e., that has
a volume equal to that of the excavated rock (1.9 x 109 m3). It is unlikely
that a real lake would completely fill an impact crater, so the volume of
water available for dilution may be overestimated in our scenario.
Nevertheless, in reality it also is unlikely that all of the instant release
fraction of the radionuclides would dissolve in the lake at once. The lens of
redistributed rock and waste in the crater would have an average thickness of
about 74 m, which would restrict the contact with lake water to the upper few
metres of rock and would form a physical barrier to the transport of
radionuclides from deeper in the lens. By assuming that the entire instant
release fraction of radionuclides dissolves in the lake at once we likely
overestimate the total concentrations and, hence, doses. Therefore these
assumptions continue to provide a conservative estimate for the model.

The implications of the above assumptions is that, regardless of the lake
size, the concentration of the instantly released fraction of a radionuclide
is numerically equal to In(t) • fn/V, where

In(t) = the total inventory of the radionuclide at time t
(Bq/kgU),

fn = the instantly released fraction for the radionuclide,
and

V = the volume of a lake that fills the base case crater
(1.9 x 109 m3 - see Section 4).

4.3 ASSUMPTIONS AND INPUT DATA

The following assumptions are made, in addition to those given above:

(1) For calculating external dose, we model the contaminated ground as a
slab 74 m thick, which is the average thickness of the lens of
redistributed, contaminated rock for the base case scenario. There
is no cover by uncontaminated soil, or by snow, and no shielding by
buildings or any other material (except self-shielding). Exposure
of the critical group is continuous, i.e., 8760 hours per year.

(2) The critical group continuously inhales air contaminated at outdoor
levels (mass loading of 3 x 10'8 kg-m3) (8760 hours per year).

(3) The critical group obtains all of its food, (except fish) from
plants and animals produced on the contaminated soil, and from
products of these animals.

(4) The critical group drinks 2 L of water per day from the contaminated
lake described in Section 4.2 and ingests 5.5 kg per year of fish
grown in this lake. The bioaccumulation factors for radionuclides
in fish are given in Table 4.

Important parameters for the pathways analysis are summarized in Table 5.
Throughout our calculations, we take into account radioactive decay and
ingrowth of radionuclides in decay chains.



- 9 - AECL-11014
COG-93-470

4.4 CALCULATION OF DOSES

The GENII-Hanford Environmental Dosimetry Software Package (Napier et al.
1988) was used to compute the doses for the meteorite 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 and radionuclide-
specific radiation doses using methodology recommended by the International
Commission on Radiological Protection (ICRP) in their Publications ICRP 26 and
30 (ICRP 1977, 1979). The ISOSHLD code (Engel et al. 1966), included in the
GENII package, was used to calculate external dose conversion factors.

The USNRC (1989) gave GENII a favorable review, stating that "there does not
appear to be any serious limitation associated with GENII," and "the GENII
code appears to implement the appropriate air and surface water transport
models and dosimetry standards." The GENII code was used earlier in the
Canadian Nuclear Fuel Waste Management program to calculate the consequences
of another disruptive scenario, inadvertent human intrusion (Wuschke 1991,
1992), and many of the values used for environmental parameters for the
meteorite impact scenario are the same as those for the intrusion studies.

The GENII package was developed under an extensive, stringent quality
assurance program, summarized in Appendix C. GENII also has many features
designed to prevent errors in using the code. As well, a number of quality
assurance PÏ 'edures for code operation were established and used for the
current an? ./sis. Several comparisons of GENII results with those of other
widely used codes were performed. These features, procedures and code
comparisons are also summarized in Appendix C.

GENII was used with many of the default parameter values provided by Napier
et. al. (1988) (see Tables 4 and 5).

4.5 TIME PERIOD FOR SIMULATIONS

In compliance with AECB Regulatory Document R-104 (AECB 1987 - see Section
A.1.2), we have performed simulations for 10 000 years after disposal. We
have extended the simulations to 100 000 years to examine effects beyond
10 000 years.

4.6 RESULTS OF THE DOSE ANALYSIS

4.6.1 Terrestrial Pathways

Estimated doses for each terrestrial pathway (external exposure, inhalation
and ingestion of terrestrial food), and the total for all terrestrial pathways
are shown as a function of time in Figures 4 and 5 respectively. The food
ingestion pathway is the major contributor to terrestrial dose for about
2000 years, after which the external pathway becomes and remains the greatest
contributor. The major contributing radionuclides are
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- 90 Sr and 137Cs for the first 100 years,
- 241Am from about 300 to 2000 years, and
- 126Sb, 36C1, "Tc and 129I thereafter.

4.6.2 Aquatic Pathways

Estimated doses from aquatic pathways (ingestion of water and freshwater fish)
are also given in Figures 4 and 5.

Estimated doses are higher for the fish ingestion pathway than for the water
ingestion pathway for over 100 years; doses from the water pathway are higher
thereafter. The contribution of the instantly released fractions of
radionuclides to aquatic pathways is greater than the contribution of
radionuclides released by dissolution of the U02 matrix for over 100 years;
the contribution of radionuclides released by matrix dissolution is larger
after that.

For the water ingestion pathway,

- doses from 137Cs dominate for the first 100 years;
241Am is the largest contributor from 100 to about 8000 years;

- after 8000 years 243Am and "Tc become the largest contributors;
- after about 20 000 years, 126Sn, 129I and a number of other fission

and activation products, and the 235U progeny 227Ac and 231Pa also
make significant contributions.

For the fish ingestion pathway,

- doses from 137Cs dominate for nearly 300 years;
241Am is the dominant contributor from about 300 to 3000 years;

- 14C is the greatest contributor between 3000 and 30 000 years;
- after 30 000 years 135Cs, 126Sn and 243Am become most important; and
- at 100 000 years, 234Th is the greatest contributor.

4.6.3 Total Dose

The estimated total dose is illustrated in both Figures 4 and 5. The largest
contributors to total dose are

137Cs until about 300 years;
- 241Am between 300 and about 8000 years; and
_ 99-Tc, 243Am and 126mSb thereafter until near 100 000 years.

At 100 000 years, the total dose from 235U progeny exceeds the contribution
from any single radionuclide, and the activity of contaminated soil is similar
to that of a uranium ore with the same concentration of natural uranium.

The total dose from the aquatic pathways exceeds the total dose from the
terrestrial pathways until about 30 000 years, when they become comparable.
The pathways contributing the highest doses are

fish ingestion for more than 100 years,
- water ingestion between 100 and 20 000 years, and
- external dose and ingestion of water beyond 20 000 years.
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5. CALCULATION OF RISK

5.1 METHODOLOGY FOR CALCULATING RISK

As noted earlier, Canada's regulatory agency, the Atomic Energy Control Board
has specified, as a condition for acceptability of a radioactive waste
disposal facility, that "the predicted radiological risk to individuals must
not exceed 10-6 cancers and serious genetic effects in a year." They also
specify that "calculations of individual risk should be made by using the risk
conversion factor of 2 x 10'2 per sievert." The AECB criterion and risk
conversion factor are based on the ICRP 26 recommendations (1977).

In their more recent publication ICRP 60 (1991a), the ICRP has recommended
risk factors for fatal cancers and hereditary effects that are higher than the
1977 values, and has also defined a risk factor for nonfatal cancers. These
risk factors are 0.06 Sv1 for doses below and above 0.2 Sv respectively for
cancer detriment (fatal and nonfatal cancers) in the general population, and
0.013 Sv1 for serious hereditary effects. In response to the ICRP
Publication 60 recommendations, we have used these risk factors in our
assessment. Biological effects of radiation and the ICRP recommendations are
discussed in more detail in Section A.2 and A.3.

For times up to about 1000 years, the magnitude of our estimated dose is such
that deterministic radiation effects may occur (see Sections A.2 and A.3). We
have, therefore, also included the risk of fatal deterministic effects in our
estimation of risk. Based on the recommendations of ICRP 64 (1993) (see
Section A.3.2), we assume that some deterministic fatalities would occur above
a threshold absorbed dose, taken to be 1 Gy, and that the probability of
deterministic fatalities would increase linearly with dose to 100% at and
above 6 Gy. We assume that the survivors of deterministic effects would be
subject to the risk of cancer and serious hereditary effects. As estimates of
the absorbed dose were not available, we used the output from GENII (effective
dose equivalent) as an approximation to the absorbed dose in estimating
deterministic fatalities. The uncertainties in the risk estimates resulting
from this approximation are discussed in Section 6.6.

5.2 ESTIMATED RISKS AND COMPARISON WITH THE AECB RISK CRITERION

The estimated total annual risk peaks at -1.3 x 10'8 for a meteorite impact
scenario occurring about 950 years following disposal when the risk of
deterministic radiation fatalities is at its maximum. Following this time,
the risk decreases slowly because of radioactive decay to a value of about
1.0 x 10-10 at 8000 years, and then gradually increases as the rate of
increase of the cumulative probability of exposure exceeds the rate of
decrease of the estimated annual dose. We compare our estimated risk to the
AECB criterion of 10-6 serious health effects per year. Although we used
higher risk factors than recommended by the AECB, and included nonfatal
cancers and deterministic fatalities, the total estimated risk remains well
below the AECB risk criterion of 10'6 health effects per year for all times up
to 100 000 years after disposal, by factors ranging from nearly 2 orders of
magnitude to about 4 orders of magnitude. Although the risk is still
increasing at 100 000 years, it is lower than the risk from an ore body with a
comparable concentration of natural uranium.
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Figure 6 shows the estimated total risk, and the way in which we have derived
it as the sum of contributions from deterministic fatalities, cancer detriment
and serious genetic effects in all generations.

6. UNCERTAINTY ANALYSIS

In this Section, we examine variations of the base case meteorite scenario to
determine the effect of different assumptions on the estimates of risk.

6.1 A LARGER METEORITE

The base case analysis is for a meteorite producing a crater 3.6 km in
diameter, whose zone of redistributed rock extends just to vault depth, i.e.,
to 500 m. A meteorite larger than this would produce a crater in which

the volume of redistributed rock would be greater, providing a
greater dilution of the vault contents, and

some of the excavated waste would be ejected from the vault and
dispersed over a wider area beyond the crater, also providing a
greater dilution of the vault contents.

Since estimates of dose are proportional to concentration of radionuclides,
smaller concentrations would yield lower estimates of doses and risks. In
addition, the probability of a larger meteorite is lower than that assumed for
the base case. Thus the radiation risk would be smaller for a larger
meteorite.

6.2 A SMALLER METEORITE

A smaller meteorite would not actually disrupt the disposal vault, but it
could release radionuclides to the biosphere in two ways:

Some of the radionuclides that had been transported by groundwater
from the disposal vault to the geosphere could be released to the
biosphere immediately by the impact.

- The remainder of the radionuclides in the geosphere at the time of
impact, as well as those subsequently released from the engineered
barriers of the vault, would be transported to the biosphere more
quickly than they would have been from an undisturbed vault, because
the transport distance would be smaller, and the hydraulic
conductivity of the geosphere would be higher because of fracturing
induced by the meteorite.

Compared with our base case meteorite scenario, a smaller meteorite would

have a higher probability, tending to increase risk;
have a smaller dilution volume for the waste, for both aqueous and
terrestrial pathways, tending to increase concentrations of
radionuclides and therefore, dose and risk; and
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release a much smaller fraction of radionuclides to the biosphere,
tending to reduce risk. In our base case analysis we assumed that
100.% of radionuclides would be released to the biosphere.

We examine an alternative scenario in which a meteorite produces a crater
whose zone of fractured rock extends just to 500 m, the nominal depth of the
vault, and compare the risk from this scenario with that of our base case
scenario. The diameter of the crater would be only 0.66 km (Table 1), and the
depth of the excavated zone would be 66 m.

The probability of the alternative scenario would be about 4 times that of the
base case scenario (Table 1), and the dilution volume would be about 100 times
smaller, for both terrestrial and aquatic pathways. To provide a bounding
estimate of the fractional release of radionuclides to the biosphere we make
the following assumptions:

1. We assume that the engineered barriers of the vault are not impaired
by the meteorite impact. The release of radionuclides to the
geosphere is the same as from an undisturbed vault. This assumption
is reasonable because the importance of two engineered barriers, the
buffer and the backfill, derives from their chemical and physical
properties that would likely be unaffected by the impact of the
smaller meteorite. Thus the solubility of the used fuel and the
retardation of radionuclides during their transport through the
vault would be similar to that for an undisturbed disposal system.
Estimates of the release to the geosphere from an undisturbed vault
are reported in Goodwin et al. (1994a). For the majority of
radionuclides, including the actinides, the fractional release in
100 000 years is less than 10"6. For the instantly released
radionuclides 129I, 36C1 and 14C (and a few others that make only
insignificant contributions to dose), the fractional release is up
to 0.04Z and 0.9Z at 10 000 and 100 000 years respectively.

2. We assume that all of the radionuclides released to the geosphere
are immediately released to the biosphere by the meteorite impact.
We further assume that, for times up to 10 000 years, the
radionuclide release is 10-G or the value reported by Goodwin et al.
for 10 000 years, whichever is greater. For times greater than
10 000 years, we assume the release is the greater of 10-6 and the
amount reported by Goodwin et al. for 100 000 years. These are
extremely pessimistic assumptions because

only part of the amounts released to the geosphere would be
contained in the rock that is fractured by the meteorite;

for times less than 10 000 years, the fractional amounts released
to the geosphere would be much less than at 10 000 years, and for
times b'etween 10 000 and 100 000 years, the amounts released
would be less than at 100 000 years; and

only a very small fraction of the amount in the geosphere would
be released immediately, and a finite time (perhaps thousands of
years) would be required to transport the remainder to the
biosphere.
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3. We assume the risk is proportional to the probability and the
fractional release of radionuclides, and inversely proportional to
the dilution volume.

With these assumptions, the estimated risk of the alternative scenario is 8Z
of the risk of the base case scenario at 10 000 years, and would be much less
at earlier times, for the reasons noted above. At 100 000 years, the
estimated risk is about the same as that of the base case scenario. However,
for both scenarios, it is likely that we have substantially overestimated the
relative dose and risk from the alternative scenario, because of the many
conservative assumptions we have made.

We believe that this alternative scenario would produce the highest risk of
any scenario other than the base case, for the following reasons:

A meteorite crater smaller than in the alternative scenario would
maintain at least a small zone of unfractured rock above the vault,
which would substantially reduce the amount of radionuclides
transported to the biosphere (Goodwin et al. 1994b).

A crater whose depth is intermediate between that of the base case
and alternative scenarios would have a lower probability and larger
dilution volume than the alternative scenario, but the radionuclide
release would be about the same as we have assumed in our
examination of the alternative scenario.

A crater slightly smaller, than that of the base case scenario, whose
zone of redistributed rock extends almost to the vault, but does not
actually disrupt it, would have only a slightly higher probability
and smaller dilution volume than the base case scenario, but a
substantially smaller release of radionuclides.

We conclude that the risk for our base case scenario is greater than that for
any smaller meteorite for times up to 100 000 years.

6.3 A GREATER PROBABILITY OF A METEORITE IMPACT

The historical frequency of meteorites and the size distribution of the
craters they produce is well established. Estimates derived from lunar,
terrestrial and other astronomical data are in good agreement (Grieve and
Robertson 1984; Hartmann 1979, and Section 3). The meteorite probabilities
used in our analysis include the probability of intersection of the vault by
the edge of a large crater centred outside the vault, as well as the
probability of a direct hit. The probabilities of intersection were
calculated by a conservative model whose probability estimates should be
considered a maximum (Grieve and Robertson 1984 and Appendix B).

Analysis of cratering, both by empirical evidence from the Apollo space
program and by the celestial-mechanical theory of asteroid orbits, indicates
that the cratering rate, which has been nearly constant over the last 108

years, may be declining slightly in the long term, as interplanetary debris is
swept up (Hartmann 1979). As noted by Hartmann, "although there is always a
chance of some new debris being injected into our part of the solar system by
perturbation of material in other regions, it appears unlikely that a strong
surge of meteoritic cratering could seriously affect the hazard to nuclear
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wastes within the next 106 years."

Based on these considerations, we believe that we have overestimated the
probability and, therefore, the risk of the meteorite impact scenario.

6.4 ADDITIONAL PATHWAYS: USE OF IRRIGATION AND/OR LAKE SEDIMENTS BY THE
CRITICAL GROUP

Two sources of contamination that are sometimes included in pathways analyses
similar to ours are irrigation of land and farming on contaminated lake
sediments (e.g., Davis et. al. 1993). In many analyses, inclusion of these
pathways significantly increases the doses from all terrestrial pathways.
However, since in our calculations of doses from terrestrial pathways, we
already assume the entire contents of the vault are in the terrestrial
biosphere, it is unlikely that explicitly including the additional pathways
would significantly affect the dose and risk.

6.5 UNCERTAINTIES IN PARAMETERS DETERMINING DOSES

In this section we discuss the uncertainties in some of the parameters that we
have identified as important in estimating doses, and we evaluate the
resulting uncertainties in the estimates of risk.

6.5.1 Solubility Limits

Estimates of the dose and risk via the aquatic pathways are proportional to
the concentration of radionuclides in water. For most of the radionuclides
considered that do not have an instant release fraction, we assume that
concentration is controlled by the solubility-limited dissolution of uranium
in the used-fuel matrix in a surface water typical of that in a region
underlain by crystalline rock (Section 4.2). In the analysis of the base
case, we assume that the concentration of dissolved uranium is limited by
equilibrium with schoepite (U03-2H20). However, the mineral phase that
controls uranium solubility varies with groundwater composition and
electrochemical potential. We used PHREEQE (Parkhurst et al. 1990) and the
CHEMVAL thermodynamic database (Chandratillake et al. 1992, Falck and Ridge
1993) to model some effects of changes in these parameters. In particular, we
investigated the possibility that water at the bottom of a deep lake might be
more reducing than we had considered in our base case. We also considered the
possibility that a shallow lake, in addition to being more oxidizing than our
base case, might have equilibrated more completely with atmospheric C02 by
degassing and hence would have a slightly higher pH. This condition also
could affect uranium solubility.

Under mildly reducing to mildly oxidizing conditions (Eh of -60 to +120 mV),
we calculated that the solubility of U409 or U02 (uraninite) would limit the
concentration of uranium in the lake water to between 4 x 10~10 and
1.4 x 10'7 mol/L. Under more strongly oxidizing conditions (Eh of 150 to
240 mV), the solubility of uranium would be controlled by uraninite or
schoepite, depending on the Eh and the solution pH, and the aqueous uranium
concentration would be greater, up to 2 x 10"5 mol/L. At the bottom of a
lake, particularly a deep lake such as that in the base case, electrochemical
conditions are likely to be more reducing. If this is so, then we have
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overestimated the solubility-limited uranium concentration and have
overestimated - possibly by many orders of magnitude - the dose and risk from
all radionuclides whose concentration is controlled by the solubility of
uranium. On the other hand, if conditions are much more oxidizing than we
assumed, our estimates may be as much as five times too small for the
concentration of uranium and for the resulting dose and risk from the
associated radionuclides. These radionuclides are the major contributors to
the total dose and risk at times greater than 100 years via the aquatic
pathways, which are the most important pathways most of the time (see
Figure 5).

The different water compositions and electrochemical conditions that were
modelled also had some effect on Pu and Np concentrations. In "the base case,
the concentration of Pu was calculated to be 6 x 10-13 mol/L and the
concentration of Np was 2 x 10-14 mol/L (Section 4.2.3). Because Pu02 becomes
slightly more soluble under reducing conditions in the modelled waters, the
aqueous concentration of Pu ranged from about 2 x 10'12 mol/L at an Eh of
-60 mV to 4 x 10'16 mol/L at an Eh of 240 mV. The aqueous concentration of
Np, controlled by the solubility of Np02, varied from 1 x 10-

14 mol/L under
reducing conditions to 5 x 10'12 mol/L under oxidizing conditions.

If reducing conditions prevail in the lake, it follows that we may have
underestimated the solubility-limited concentration of Pu by a factor of ~3
and so may have underestimated the contribution of its radionuclides to dose
and risk. However, the maximum concentration remains very small, and any
increased risk would be more than offset by the fact that the concentration of
uranium (and consequently of many other radionuclides) would be significantly
less under reducing conditions than in our base case scenario. If strongly
oxidizing conditions prevail, Pu concentration would drop, but then our base
case may have underestimated impacts from Np radionuclides by more than 2
orders of magnitude. However, estimated doses from Np radionuclides are very
small, and their contribution to the total estimated dose and risk would not
be significant even if their solubility limit were as high as 5 x 10-12 mol/L.

We conclude that there is a very small probability that we have underestimated
solubilities of U, Np and Pu, and hence underestimated concentrations, doses
and risks from many radionuclides. However, there is a much larger
probability that we have significantly overestimated them.

6.5.2 Instantly Released Fractions

For instantly released radionuclides, we assume a fraction of their total
inventory is dissolved in the lake. Median values of estimates of these
fractions were used, rather than extreme values. The extreme values were
usually about a factor of three higher (Johnson et al. 1994a). The instantly
released radionuclides are the largest contributors to the total dose for only
about 100 years (Section 4.6.2). Since estimated doses are proportional to
the fraction dissolved, if the extreme values were realized, doses could
increase by up to a factor of 3 before 100 years, but the increase in total
dose would be a few percent or less, thereafter. Because risk is independent
of the specific dose when the dose exceeds 6 Sv (Section 5) (i.e., until about
900 years) higher instant release fractions would not significantly affect the
estimates of risk.
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6.5.3 Dilution Volume and Concentration of Instantly Released
Radionuclides for the Aquatic Pathways

As noted in Section 4.2.3, it is difficult to define a rationale for
establishing the dilution volume and the resulting radionuclide concentrations
for the aquatic pathways, for the instantly released radionuclides for the
base case scenario. Similarly, it is not possible to establish a lower bound
for this parameter (i.e., a value that would provide an upper bound to the
dose and risk from these radionuclides). This remains a major uncertainty in
the analysis. Since the contribution of the instantly released fractions are
relatively unimportant except during the first -900 years when the risk is
independent of the specific dose (see Section 6.5.2), the estimated risk is
relatively insensitive to this parameter. For example, if the dilution volume
were decreased by a factor of 10, the increase in risk would range from about
1% at 1000 years to a factor of 4 at 100 000 years.

6.5.4 Bioaccumulation Factors in Fish

Ingestion of fish is the dominant pathway for the first 100 years, and doses
are almost entirely attributable to 137Cs. Doses from fish ingestion are
linearly dependent on radionuclide-specific bioaccumulation factors. Our
analysis used a bioaccumulation factor of 15 000 L/kg for Cs (from Napier et
al. 1988), somewhat higher than the value of 10 000 L/kg used by Davis et al
(1993) for locations in the Canadian Shield. These doses may therefore be
overestimated by -33% in our analysis, but the increase in risk would not be
significant (see arguments in Sections 6.5.2 and 6.5.3).

6.5.5 Ingestion Rates of Water and Fish

Doses via the fish and water pathways are linearly dependent on the amounts of
fish and water ingested respectively. The assumed ingestion rate of water is
2 L/d; the assumed ingestion rate of fish is 5.5 kg/a. These ingestion rates
could be higher in some circumstances, e.g., more water might be ingested in
hot weather, or larger quantities of fish might be ingested by a critical
group, such as an aboriginal group living off the land.

If the annual rate of fish ingestion were increased by a factor of 10, total
dose would increase by up to a factor of 5 or 6 in the first few hundred years
while the fish ingestion pathway is the main contributor to dose. However,
following the arguments presented in Section 6.5.2, total risk would be
unaffected. After about 1000 years, the total risk could increase by up to a
factor of 2.

If the annual rate of water ingestion were increased by a factor of 3, doses
and risks would increase by up to a factor of 2, depending on the time after
disposal.

6.5.6 Recent ICRP Recommendations for Calculation of Doses

In estimating doses for this assessment, we have followed recommendations of
the ICRP Publications 26 and 30 (1977, 1979). The ICRP has recently published
a number of revised recommendations; Publication 56 (1989) introduces age-
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dependent dose conversion factors and a 70-year dose commitment;
Publication 60 (1991a) presents revised recommendations; and Publication 61
(1991b) gives 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 137Cs increases from 1.4 x 10"8 Sv.Bq-1 (ICRP 30) to
2.0 x 10-8 Sv.Bq-1 (ICRP 61); the dose conversion factor for ingestion of
241Am decreases from 9.7 x 10'7 Sv.Bq-1 in ICRP 30 to 6.7 x 10° Sv.Bq-1 in
ICRP 61. We conclude that our use of ICRP 26 and 30 dosimetry does not lead
to a systematic underestimation of doses and risks (Zach and Sheppard 1992,
Davis et al. 1993).

6.6 USE OF EFFECTIVE DOSE EQUIVALENT AS AN APPROXIMATION OF ABSORBED
DOSE

The output of the GENII code is 50-year committed effective dose equivalent
(in Sv), and we use this as an approximation of the annual dose equivalent
resulting from continuous exposure received over the lifetime of an average
member of the group at risk. The dose-response relationship used to assess
the number of deterministic fatalities (Section 5.1) is based on absorbed dose
(in Gy) delivered over a few hours. As estimates of the absorbed dose are not
available, we also use the output from GENII as an approximation of the acute
absorbed dose, in estimating deterministic fatalities.

The effective dose equivalent calculated by GENII, and the absorbed dose used
in the dose-risk response curve to estimate deterministic fatalities differ in
several respects:

The dose equivalent is a weighted absorbed dose that takes into
account the type and energy of the radiation, using radiation
weighting factors (relative biological effectiveness (RBE))
appropriate for estimating cancer risk. The RBE values for high-LET
radiation such as a-particles are 2 to 5 times lower for
deterministic effects than the values for cancer risk in
corresponding tissues (ICRP 60 1991).

- The effective dose equivalent is based on tissue weighting factors
appropriate for estimating cancer risks. The factors are not
appropriate for deterministic effects.

The dose equivalent estimated by GENII is for continuous radiation;
the dose-response curve is for an acute radiation dose, and is
sensitive to both total dose and dose rate.

The dose equivalent estimated by GENII is based on a combination of
internal emitters (primarily) and external radiation; the dose-
response curve for absorbed dose is based on external radiation.

A scoping assessment of the uncertainties in the estimate of dose and risk
resulting from the practice of using the GENII output as an approximation of
the absorbed dose, indicated that the absorbed dose is overestimated, possibly
by as much as a factor of 10. The resulting uncertainty (overestimation) of
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the peak annual risk could be as much as a factor of 5. We consider this
practice is acceptable for the current analysis, in which our purpose is to
determine if the radiological risk resulting from a meteorite impact could
exceed or approach the AECB risk criterion.

6.7 SUMMARY OF UNCERTAINTY ANALYSIS

Our analysis of uncertainty showed that the assumptions and the values that we
used for most parameters are pessimistic, tending to overestimate risk. Of
the alternative assumptions that we have examined, only two could lead to an
increase in estimated risk of more than a factor of 2. These are values of
the dilution volume, discussed in Section 6.5.3; and the solubility of
uranium, discussed in Section 6.5.1.

While combinations of worst-case values of parameters are possible, the
probability of a combination that would lead to a risk exceeding the AECB risk
criterion is extremely small.

7. CONCLUSIONS

Our analysis has shown that the maximum estimated radiological risk of the
meteorite impact scenario is nearly 2 orders of magnitude below the AECB risk
criterion for acceptability of the disposal vault.

Since our goal in this assessment was to determine if the radiological risks
of a meteorite impact could exceed the AECB risk criterion, we made a number
of very pessimistic assumptions each of which would result in a significant
overestimate of risk. Some of these are as follows:

(1) The calculations do not allow for delay between the time of impact
and the time that the critical group inhabits the impact site. Some
delay is certain; it may take hundreds to thousands of years before
the site is suitable for settlement and for providing water and
food.

(2) No credit is taken for the possible knowledge that the impact area
is the site of a disposal vault, which would deter occupancy of the
site. The knowledge that a disposal site has been impacted may
exist at the time of impact or follow from subsequent discovery of
radioactive contamination. No credit has been taken for possible
site remediation, or restriction of access to the contaminated site.

(3) No credit is taken for weathering and deposition processes which
would cover the redistributed rock and nuclear waste with
uncontaminated rock, soil and sediment. Such processes are likely
because the crater bottom would be significantly below the original
land surface. Significant weathering could occur even within a few
decades.

(4) For terrestrial pathways, we assume that the entire contents of the
disposal vault are excavated and diluted with a relatively small
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volume of redistributed rock. It is more likely that the fraction
of the waste excavated would be smaller and/or that the volume of
rock would be larger, both of which would result in lower
concentrations of radionuclides in the terrestrial environment.

(5) We assume that a critical group is always present on the site, has
no shielding from radiation by ground cover, buildings or snow, and
obtains all of its food and water from the site. All of these
assumptions are pessimistic and unlikely.

(6) We have probably overestimated the concentrations of radionuclides
in the lake used in estimating doses from specific pathways, because
we have assumed a relatively high solubility for U, and the
dissolution into the lake of the entire inventory of the instantly
released fractions of radionuclides.

(7) We have overestimated the risk of deterministic fatalities (see
Section 6.6).

There are three measures that could be taken to reduce the risk of a
disruptive meteorite impact.

(1) Reduce the probability of the scenario by locating the disposal
vault at a greater depth.

(2) Avoid the impact by diverting the meteorite. It is argued by
Chapman and Morrison (1994) that we have the technological
capability, in principle, to detect, intercept, and deflect or
destroy a meteoroid approaching the earth.

(3) In the event of an impact disrupting the disposal vault, prevent
exposure by institutional controls which restrict access to the
site, or reduce exposures by site remediation.
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TABLE 1

PROBABILITY OF A METEORITE PRODUCING AN EFFECT EXTENDING
TO VAULT DEPTH (500 m) IN 10 000 YEARS (see Aooendi

Effect at
Vault Level

Excavation

Redistribution

Displacement

Fracturing

Crater
Diameter (km)
at Surface

7.6

3.6

1.2

0.66

Type of
Crater

complex

simple

simple

simple

Annual
Probability

7.6 x 10-12

1.4 x ID'11

3.4 x 10-11

6.5 x 10-11

.x B)

Cumulative
Probability
in 10 000 a

7.6 x 10-8

1.4 x 10- 7

3.4 x 10-7

6.5 x 10-7
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TABLE 2

INVENTORIES OF RADIONUCLIDES IN TEN-YEAR COOLED
BRUCE A UO, REACTOR FUEL IRRADIATED TO A BURNUP OF 685 GJ.fke UV1

Radio-
nuclide

2 2 5 Ac
227Ac
2 2 8 A c

11 Om A g
2 4 i A m
2 4 2 A m

2 4 2 m A m

2 4 3 A m
3 9Ar
10Be

2ioBi
212Bi

14C

41Ca
45Ca

i°9Cd
113mCc]

115mC(J
1 4 4Ce
2 5 2 C f

36C1
2 4 2 C m
2 4 3 C m
2 4 4 C m
2 4 5 Cm
2 4 6 C m
2 4 7 C m
2 4 8 Cm

60 Co
134Cs
135Cs
137Cs
1 5 2Eu
i54E u
155Eu
55Fe

223F r

153Gd
3H

1 6 6 mHo
129 J
192 I r

Inventory
(Bq.(kg U ) - i )

5.81 x 10-2

1.04 x 101

4.03 x 10-4

6.03 x 105

1.11 x 1010

8.03 x 106

8.07 x 106

1.94 x 107

9.99 x 103*
7.07*
2.20 x 10-1

2.70 x 104

5.01 x 107*
1.69 x 105*
2.52 x 102*
2.36 x 104*
1.70 x 108

5.55 x 10-15

2.86 x 109

1.54 x 10-3

5.0 x 105*+
6.66 x 106

5.22 x 106

4.48 x 108

1.22 x 104

2.13 x 103

2.23 x 10-3

2.53 x 10-3

2.68 x 109*
1.94 x 1010

1.01 x 106

7.66 x 1011

7.22 x 106

1.86 x 1010

7.88 x 109

6.22 x 108*
1.43 x 10-1

9.36 x 102

2.96 x 109

3.33 x 104*
2.93 x 105

1.88 x 10-2*

(from Tait et al. 1989")

Radio-
nuclide

4 0 K

85Kr

5 4 Mn
9 3 Mo

93m N b
9 4 N b
9 5 Nb

9 5 n < N b

5 9Ni
63Ni

237Np

238Np

239 N p

32 P

231pa

233P a

234P a

210Pb

212Fb

107Pd

i 4 7 P m
210p0

144P r

1 4 4 m p r

236 P u

238p u

239p u

240P u

241P u

2 4 2 P u

243p u

2 4 4 p u

2 2 3 Ra
2 2 4 R a
2 2 5 Ra
2 2 6 Ra
228R a

8 7Rb
187Re

103mRh

222Rn
i°3Ru

Inventory
(Bq.(kg U ) - i )

2.29*
4.55 x 101

1.51 x 10s*
9.50 x 103*
6.11 x 106

4.15 x 105*
7.81 x 10-4

2.60 x 10-6

6.25 x 105*
8.25 x 107*
1.01 x 106

3.89 x 104

1.94 x 107

6.11 x 10-1*
5.37 x 101

1.01 x 106

1.96 x 104

2.20 x 10-1

2.70 x 104

1.03 x 106

2.02 x 1011

2.20 x 10-1

2.86 x 109

3.43 x 107

6.96 x 104

3.04 x 10s

6.36 x 109

8.70 x 109

5.37 x 1011

8.81 x 106

2.23 x 10-3

5.62 x 10-1

1.04 x 101

2.70 x 10"
5.81 x 10-2

2.18
4.03 x 10-4

1.78 x 102

7.10 x 10-1*
5.18 x 10-15

2.18
5.74 x 10-15

Radio-
nuclide

106Ru

124Sb
125Sb
126Sb

126mS b

79Se
1 4 7Sm
151Sm

119m Sn

121mSn
123Sn
126Sn

89Sr
9oS r

182Ta

160Tb

"Tc
1 2 3171-pg

1 25m1pe

127Te

1 27m1j'e

227 T h

228 T h

229 T h

230 T h

231Th

232 T h

234T h

2 3 2 U
2 3 3 U

2 3 4 U

2 3 5 J J

2 3 6 U
2 3 7 U
2 3 8 U
2 4 0 U

90 y

91y
6 5 Zn
9 3Zr
95Zr

Inventory
(Bq.(kg U ) - i )

8.36 x 109

2.23 x 10-9

8.92 x 109

7.25 x 10s

5.18 x 106

3.33 x 106

7.14 x 101

2.25 x 109

3.22 x 106*
1.27 x 106

1.66 x 102

5.18 x 106

5.14 x 10-9

5.14 x 1011

4.13 x 101*
2.76 x 10-6

1.28 x 108

3.49 x 10-3

2.18 x 109

2.83 x 101

2.89 x 101

1.02 x 101

2.70 x 10"
5.81 x 10-2

9.47 x 102

1.61 x 105

9.40 x 10-4

1.22 x 107

3.03 x 104

7.73 x 101

9.95 x 106

1.61 x 105

1.84 x 106

1.34 x 107

1.22 x 107

5.62 x 10-1

5.14 x 1011

6.36 x 10-6

5.77 x 102*
1.56 x 107

3.51 x 10-4

Activation product of fuel impurity and/or Zircaloy cladding or its
impurity. Other radionuclides are fission products or actinides
produced by irradiation of uranium.

+ Johnson et al. 1995.
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TABLE 3

INSTANTLY RELEASED RADIONUCLIDE INVENTORIES
(from Johnson et al. 1994)

Chemical Instant Release
Element Fraction

(Median Value)
(Z)

Cs 8.1
Cl 8.1
I 8.1
Se 8.1
Sn 8.1
Tc 6.0
C 13.0
Sr 0.15
Ar 8.1
Kr 8.1
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TABLE 4

BIOACCUMULATION FACTORS IN FRESHWATER FISH
(from Napier et al. 1988)

Chemical
Element

Ac
Am
Sb
Ba
Be
Bi
Bk
Br
Cd
Ca
Cf
C
Ce
Cs
Cl
Cr
Co

. Cu
Cm
Dy
Eu
Gd
Hf
Ho
H
In
I
Ir
Fe
Kr
Pb
Mn
Hg
Mo
Np
Ni
Nb
Pd
P
Pu

Bioaccum.
Factor
(L/kg)

330
100
200
200
10
15
50
420
200
200
25

9000
500
1500
50
20
330
2500
30
25
300
500
40
300

1
1000
50
50

2000
1

2000
400

20000
10

2500
100
100
50

66700
250

Chemical
Element

Po
Pr
Pm
Pa
Ra
Rb
Ru
Sm
Sc
Se
Ag
Na
Sr
S
Ta
Te
Te
Tb
Th
Tl
Tm
Sn
W
U
Xe
Y
Yb
Zn
Zr
N
F
Ar
As
Rh
La
Nd
Rn
Si
Ga
Er

Bioaccum.
Factor
(L/kg)

50
25
300
30
50

2000
100
300
100
1000
100
70
50
750
60
15
400
25
100
5000
500
1000
1200
50
1

25
200
2500
200

1
10
1

300
10
25
25
57

1000
1000
500
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TABLE 5

IMPORTANT PARAMETERS USED IN CONSEQUENCE ANALYSIS

AECL-11014
COG-93-470

Reference
disposal
vault

Meteorite
impact

External
exposure
pathway

Inhalation
pathway

Ingestion of
terrestrial

foods

Aquatic
Pathways

Parameter

Mass of U in vault (kg)
Minimum time since removal from the reactor (a)
Minimum depth of vault (m)
Area of vault (km2)
Height of disposal containers (m)

Depth of redistributed rock (m from original
surface)

Volume of redistributed rock (m3) (dilution
volume for waste)

Depth of excavated rock (m from original
surface)

Volume of excavated rock (m3) (volume of lake
assumed for analysis)

Diameter of meteorite crater (km)
Frequency of base case impact (a )
Max. diameter of simple crater (km)
Max. diameter of crater expected in 10 a (km)

Average thickness of lens of redistributed rock
and waste (m)

Geometry

Shielding
External dose conversion factors
Annual exposure (h)

Mass loading of contaminated air (kg/m )
Breathing rate (m3/s)
Annual exposure (h)
Shielding

Consumption rate (kg -a" )
leafy vegetables
other vegetables and fruit
cereals
meat
poultry
milk
eggs

Growing time for crops (d)

Volume of lake (m3)
Solubility of U (mol/L)
Solubility of Pu (mol/L)
Solubility of Np (mol/L)
Ingestion rate of water (L/d)
Ingestion rate of fish (kg/a)

Parameter Reference/
Value Source

1.9 x 108

10
500
4.0
2.2

500

7.5 x 108

360

1.9 x 109

3.6
1.4 x 10'11

4
32

74

infinite
slab
none

8760

3 x 10'8

2.7 x 10'4

8760
none

30
220
80
80
18
270
30
90

1.9 x 109

4 x 10-6
6 x 10-1J

2 x 10-14

2.0
5.5

a
a
a
a
a

assumed

calc.b

calc.b

calc.

calc.b

calc.b

c
c

calc.

d

e
f

g
g
g
g
g
g
g
f

calc .
h
h
h
g
i

continued.
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TABLE 5 (concluded)

References

a AECL (1994a)

b Calculated using methodology described by Grieve and Robertson (1984)

c Grieve and Robertson (1984)

d Methodology: Engel et al. (1966); data base: Napier et al. (1988)

e Amiro (1992)

f Napier et al. (1988)

g Adapted from Napier et al. (1988)

h Wanner and Forest (1982)

i Gorman (1986)
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FIGURE 1: Schematic Representation of the Five Zones of Disturbance
Associated with Formation of a Meteorite Crater for a Meteorite
Whose Zone of Redistributed Rock Extends Just to the Depth of a
Disposal Vault Located 500 m Below the Earth's Surface (See
Sections 2.2 and 4).
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FIGURE 2: Inferred Stages in the Formation of a Meteorite Impact Crater
(Strahler 1981; data of E.M. Shoemaker and U.S. Geological
Survey). Kinetic energy is almost instantly transferred to the
ground by a shock wave, which intensely fractures and
disintegrates the rock around the point of impact. A similar
shock wave in the meteorite causes it to fragment and partially
vaporize. Large amounts of fragmented rock are thrown out of the
crater, while the solid bedrock is forced outward to create the
crater rim. Much of the fragmented rock falls back into the
crater, filling in the bottom, where melted rock may be concealed.
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94-0325.06

FIGURE 3: Vertical Air View of the New Quebec (Chubb) Crater Located in the
Gneiss and Granite of the Canadian Shield in Northern Quebec.
The crater is 3.2 km in diameter and 400 m deep. The rim rises
100 to 150 m above the surrounding land surface (mosaic air
photograph, K.L. Currie, Geological Survey of Canada, Dept. of
Energy, Mines and Resources).
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FIGURE 6: Estimated Annual Risk vs. Time After Disposal. The total risk is
the sum of the risks of deterministic fatalities, detriment from
fatal and nonfatal cancers and hereditary effects in all future
generations. The AECB risk criterion is applicable only for the
first 10 000 a.
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APPENDIX A

REGULATORY REQUIREMENTS. BIOLOGICAL EFFECTS OF RADIATION

AND RECENT RECOMMENDATIONS OF THE ICRP
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A.I REGULATORY REQUIREMENTS

The Atomic Energy Control Board (AECB), the federal agency responsible for
regulating all aspects of the development and application of atomic energy in
Canada, has issued three regulatory documents specifically applicable to the
long-term management of radioactive wastes (AECB 1985, 1987a and 1987b).
These documents contain requirements for the analysis of natural disturbances
such as a meteorite impact.

A.1.1 REGULATORY DOCUMENT R-71

The AECB Regulatory Document R-71 (AECB 1985), entitled "Deep Geological
Disposal of Nuclear Fuel Waste: Background Information and Regulatory
Requirements Regarding the Concept Assessment Phase," is the primary statement
by the AECB of the basis for regulatory acceptance of a Canadian disposal
vault. It specifies that

A disposal system must be able to accommodate natural disturbances
likely to occur, such that any increase in risk to members of the
public as a result of these disturbances will be insignificant
(p.9 of R-71).

It also specifies, in a section on "Requirements for the Analysis and
Predicted Modelling of Repository Performance," that

uncertainties in the data and analysis must be clearly
identified;
the sensitivity of the model to input parameter variation must
be investigated; and
a quality assurance program must be used in the development,
application and maintenance of computer models, (p.15)

A.1.2 REGULATORY DOCUMENT R-104

The AECB Regulatory Document R-104 (AECB 1987a), entitled "Regulatory
Objectives, Requirements and Guidelines for the Disposal of Radioactive Wastes
- Long-Term Aspects," provides a criterion for assessing the combined risk of
scenarios contributing to radiation exposure.

Risk is defined as the probability that a cancer or serious
genetic effect will occur to an individual or to his or her
descendents. Risk, when defined in this way, is the sum over all
significant scenarios of the products of the probability of the
scenario, the magnitude of the resultant dose2 and the probability
of a health effect per unit dose. (p. 5 of R-104)

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, calculated without taking advantage of
long-term institutional controls as a safety feature, (p. 5)

2Throughout this Appendix unless otherwise specified, "dose" means
effective dose equivalent resulting from continuous exposure over the
lifetime of an average member of the group at risk.
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and
Calculations of individual risks should be made by using the risk
conversion factor of 2 x 10"2 per sievert. (p. 9)

The overall risk can thus be expressed as

R(t) = ) P.(t) • D.(t) • 0.02 (A.I)s
J
S

and the AECB specifies that

R(t) <. 10-6

where t = time after disposal (years)
R(t) = annual risk at time t (fatal cancers and serious genetic

effects, or "serious health effects"),
Ps(t) = probability that scenario s will occur within year t (Ps(t)

* 1.0),
Ds(t) = annual radiation dose for scenario s in year t (Sv),
0.02 = dose-to-risk conversion factor or "risk factor" (serious

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

dose.

Equation (A.I) and 10'6 serious health effects per year will be referred to as
the AECB risk equation and risk criterion respectively.

The risk criterion, 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 will not be encountered by
individuals... and that major impacts will not be imposed on the
biosphere, (p. 8)

Regulatory Document R-104 also provides guidance for deriving the probability
of 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.
....The uncertainty of the probability assigned should also be
estimated, (p. 7).
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A. 1.3 REGULATORY DOCUMENT R-72

The AECB Regulatory Document R-72 (AECB 1987b), entitled ''Geological
Considerations in Siting a Repository for Underground Disposal of High-Level
Radioactive Vaste," defines fundamental objectives and requirements and the
geological characteristics of an acceptable site for nuclear fuel waste
disposal. Some of the requirements relevant to a meteorite impact are as
follows:

The disposal system and its components must be capable of
accommodating disturbances due to natural phenomena likely to
occur in the vicinity of the repository so that any increase in
risk to the public due to the escape of radionuclides as a result
of these disturbances would comply with regulatory requirements.
(p. 2 of R-72)

Careful consideration must be given to geological processes and
events which might compromise the performance of either natural or
engineered barriers. These studies should assess the uncertainty
associated with any prediction of the performance of geological
systems which are part of an overall disposal system, (p. 2)

A.2 BIOLOGICAL EFFECTS OF IONIZING RADIATION

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 in Hiroshima and Nagasaki, studies of populations 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 60 1990).

A.2.1 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) 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 grays (Gy) to tens
of Gy, depending on the specific effect.
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A.2.2 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 that 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".

A.3 ICRP RECOMMENDATIONS AND RADIATION RISK FACTORS FOR OUR ANALYSIS

The ICRP provides guidance for regulatory and advisory agencies at the
regional, national, and international levels on fundamental principles on
which appropriate radiological protection can be based.

A.3.1 STOCHASTIC EFFECTS

The risk criterion and risk factor discussed in Section A.I are based on the
recommendations of ICRP Publication 26 (1977). That publication introduced
the concept of detriment and recommended risk factors for fatal cancers and
severe hereditary effects resulting from radiation exposure. In 1990, the
ICRP revised its 1977 recommendations in ICRP Publication 60 (1991). The new
recommendations expanded upon the concept of detriment, recommended risk
factors for fatal cancers and hereditary effects that are higher than the 1977
values, and recommended a risk factor for nonfatal cancers. The recommended
risk factor for the whole population for cancer detriment (fatal plus non-
fatal cancers) is 0.06 Sv1 for doses below 0.2 Sv, and 0.12 for doses above
0.2 Sv. The recommended risk factor for severe hereditary effects is
0.013 Sv-i.

We have used these risk factors in our assessment.

A.3.2 DETERMINISTIC EFFECTS

The deterministic risk factors used in our assessment are based on paragraph
(30) in ICRP Publication 64 (1993), which states:

The dose response relationship for attributable death approximates
a sigmoid curve, although the exact shape depends on a number of
factors, such as the dose rate and the distribution of the
exposure in time. For a dose to the whole body of approximately 3
Gy, the probability of death is about 0.5 in the absence of
medical attention. For acute doses higher than about 6 Gy,
delivered over a short period, practically all irradiated
individuals will suffer an acute radiation syndrome and are likely
to eventually die as a consequence of the irradiation.
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We have taken the likelihood of the deterministic fatalities to be zero
for whole body doses below 1 Gy and 1.0 for doses greater than 6 Gy.
For the purpose of our assessment, we have assumed a linear dose
response relationship to estimate the risk of death for doses between 1
and 6 Gy. This results in a risk factor of 0.17 deaths • Gy1.
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B.I INTRODUCTION

In evaluating the radiological risk associated with a meteorite impact on a
nuclear fuel waste disposal vault, the objective is to obtain an upper bound
on the risk for comparison with the regulatory risk limit specified by the
Atomic Energy Control Board (Appendix A.1.2). Consequently we considered the
physical effects from a meteorite impact that we would expect to cause the
largest potential exposure to contaminants from the waste, and we chose a
method for estimating the probability of an impact that should provide an
overestimate.

B. 2 EFFECTS OF A METEORITE IMPACT

Grieve and Robertson (1984) identify five different zones within which an
impact disturbs the rock to lesser degrees with depth and lateral distance
from the point of impact:

the excavated zone, within which material is excavated and ejected from
the meteorite crater;

the redistributed zone, within which material is set in motion and
redistributed but not ejected from the crater;

the displaced zone, in which material is compressed and displaced by the
shock of impact;

the fractured zone, in which shear and tensile failure of the rock
occur; and

the seismic zone, in which stresses in the rock may be relieved by the
passage of the elastic seismic wave produced by the impact.

Grieve and Robertson (1984) provide relationships between the depth of each of
these zones and crater diameter for both simple and complex craters.

We consider a meteorite scenario in which the redistributed zone just touches
the top or edge of the disposal vault. All the waste in the disposal vault is
assumed to be released and distributed throughout the material in the
redistributed zone within the meteorite crater. We assume that none of the
waste is ejected from the crater and lost from the environment to which the
critical group is exposed. The volume of material in the redistributed zone
is constrained to be that for the smallest crater with a redistributed zone
that would touch the top of the disposal vault, even though much larger
craters are included in estimating the probability of an impact.

The disposal vault considered in the meteorite impact scenario is at a depth
of 500 m, the minimum of the nominal depth range of 500 to 1000 m for disposal
in AECL's proposed disposal concept (AECL 1994). According to the
depth/diameter relationships given by Grieve and Robertson (1984), the
smallest crater that would produce a redistributed zone with a depth of 500 m
would have a diameter of 3.6 km.
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B.3 METHOD FOR ESTIMATING THE PROBABILITY OF A METEORITE IMPACT

Our estimate of the probability is obtained using equation (14) of Grieve and
Robertson (1984), which they adapted from an equation for calculating the
probability of the collision between an asteroid and a population of asteroids
formulated by tfeatherill (1967). Equation (14) is given by Grieve and
Robertson as:

r2-p dr (1)

where

PT is the probability at 106 years of an impact causing the effect of
interest (in our scenario a redistributed zone that touches the vault);

C has a value of 510 based the cratering rate on earth;

P has a value of 3;

Pi is the probability of any meteorite impact on earth intersecting an area
the size of the disposal vault, which is the ratio of the area of the
vault to the area of the earth (in our scenario, PA = 4 km

2 / 5.1 x 108

km2 = 7.8xlO-9);

R is the radius of the vault (in our scenario, R = 1.13 km);

Ti is the radius of the smallest crater that would have the effect of
interest (in our scenario, r± = 1.8 km); and

rmax is the radius of the largest crater expected to occur on earth in 106

years (given by Grieve and Robertson (1994) as 16 km).

Grieve and Robertson (1984) point out that using equation (1) to estimate the
probability treats the meteorite crater as though it had a vertical
cylindrical shape rather than a parabolic shape. This should overestimate the
probability.

Although the Atomic Energy Control Board does not require quantitative
estimates of risk for times after 10 000 years, we have used the value for the
radius of the largest crater expected in 106 years (rmax) given in Grieve and
Robertson (1984).

Substituting the values for the parameters in equation (1) used in our
scenario gives a probability of the meteorite impact scenario having occurred
at 106 years of 1.4 x 10'5. If we assume that the annual probability is
constant, the estimated annual probability of the meteorite scenario would be
1.4X10'11. For our evaluation of the risk, the cumulative probability of the
meteorite impact scenario occurring in any year after closure of the disposal
vault was obtained by multiplying this annual probability by the number of
years after closure.
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QUALITY ASSURANCE OF CONSEQUENCE ANALYSIS
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C.I QUALITY ASSURANCE OF THE GENII CODE DURING DEVELOPMENT

A major reason for choosing the GENII package for consequence analysis (see
Section 4.1) was the extensive, stringent quality assurance (QA) program used
in its development. The QA plan was 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 was specified through research planning documents, summarized in
a Systems Design Requirements document.

The design process consisted of developing and internally testing software,
running test cases and documenting both the software and the tests. Extensive
hand calculations were performed to verify the code. The code was benchmarked
against other computer codes performing the same types of calculations. A
ten-volume set of test documentation was produced and is available from the
authors of GENII. A global parameter dictionary was developed and is
maintained by them. The design process concluded with a formal Final Internal
Development Review, and two external reviews.

Following these reviews, the code was placed under configuration management.
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 precented here. A user list is maintained, and all modifica-
tions, corrections or upgrades to the code are made available to users.

C.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, worksheets, 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
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incompatibilities in scenario definitions, failure to define all required
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

- using the code provided by Napier et al. (1988) with no
modifications;
running the sample input problems supplied with GENII, and comparing
the output with the supplied sample output using an electronic
checking facility;

- comparing the results of the GENII analyses with results obtained
from the ONSITE/MAXI1 (USNRC 1987) and PART61/INTRUDE (USNRC 1986)
codes, and accounting for the differences (the differences were
relatively minor and the sources of the differences identifiable);
comparing the output of the GENII drinking water pathway with the
results of similar calculations using the computer code described in
Hehta and Goodwin (1994). This code was developed at Whiteshell
Laboratories independently of the GENII code, and applied by a
different user than the GENII user. The agreement between the two
codes was excellent;
comparing code output with analytical solutions where 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 an 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.

REFERENCES

ANSI (American National Standards Institute). 1986. Quality assurance
program requirements for nuclear power plants. Supplement 3 S-l:
Supplementary requirements for design control. NQA-A-1983, American
National Standards Institute, New York.

Mehta, K.K. and Goodwin, B.W., 1994. Identification of contaminants of
concern for the postclosure assessment of Canada's nuclear fuel waste.
Atomic Energy of Canada Limited Report AECL-10901, COG-93-265.

Napier, B.A., R.A. Peloquin, D.L. Strenge and J.V. Ramsdell. 1988. GENII -
The Hanford environmental radiation dosimetry software system. Volume
1: Conceptual representation; Volume 2: User's manual; Volume 3: Code
maintenance manual. Pacific Northwest Laboratory Report PNL-6584, UC-
600.



- 55 - AECL-11014
COG-93-470

USNRC (U.S. Nuclear Regulatory Commission). 1986. Update of Part 61:
Impacts analysis methodology. Volume 1: Methodology report; Volume 2:
Codes and example problems. Prepared by O.I. Oztunali, W.D. Pon, R.
Eng, and G.W. Roles, for USNRC, Report NUREG/CR-4370.

USNRC (U.S. Nuclear Regulatory Commission). 1987. Intruder dose pathway
analysis for the onsite disposal of radioactive wastes: The ONSITE/MAXI1
computer program. Prepared by W.E. Kennedy, Jr., R.A. Peloquin, B.A.
Napier and S.M. Neuder for USNRC, Report NUREG/CR-3620, PNL-4054,
Supplement No. 2.



AECL-11014
COG-93-470

Cat. No./N° de cat.: CC2-11014E
ISBN 0-660-16191-5

ISSN 0067 0367

To identify individual documents in the series, we have assigned an AECL-number to each.
Please refer to the AECL-number when requesting additional copies of this document from:

Scientific Document Distribution Office (SDDO)
AECL
Chalk River, Ontario
Canada KOJ 1JO

Fax: (613) 584-1745 Tel: (613) 584-3311 ext. 4623

Price: B

Pour identifier les rapports individuels faisant partie de cette série, nous avons affecté un
numéro AECL- à chacun d'eux. Veuillez indiquer le numéro AECL- lorsque vous demandez

d'autres exemplaires de ce rapport au

Service de distribution des documents officiels (SDDO)
EACL
Chalk River (Ontario)
Canada KOJ 1JO

Fax: (613)584-1745 Tel: (613)584-3311 poste 4623

Prix: B


