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ABSTRACT

AECL has submitted an environmental impact statement (EIS) describing its proposal for geological
disposal of Canada's nuclear fuel waste. The EIS presents a detailed analysis of potential radiation
exposure of an individual of a critical group of people in a hypothetical case. We believe this analysis
provides a conservative, but not overly conservative, estimate of individual dose rate. However, it is
complex, involves many assumptions, and requires much time, effort, and expertise to review. In this
report, we provide a simpler analysis of potential exposure in the hope that the inherent safety of the
disposal will be more readily evident from the analysis. A key to the simplification is the elimination from
the analysis of the complex transport processes through disposal vault sealing materials and the geosphere.
We also eliminate the relatively complex function describing the failure of the thin-walled titanium
containers in the case study presented in the EIS. We therefore conceptually replace the thin-walled
titanium containers with thicker-walled copper containers, which are expected to remain intact much longer
than 10,000 a, the period for which a quantitative estimate of individual exposure is made. However, about
1 in 5000 containers could have small defects that were undetected during manufacture.

Our analysis applies only to the case of an undisrupted vault. We assume that the vault and geosphere
barriers remain intact and prevent immobile radionuclides from reaching the biosphere. However, we also
assume that the three most important mobile radionuclides can escape through an undetected manufacturing
defect in the container wall, and that the flux of these radionuclides is diluted by well water being used by
people. We have defined two cases, depending on whether or not the well water is used for irrigation, and
have evaluated these through a drinking water pathway and a specific-activity model, respectively. We
have focused on 1291,36C1 and 14C, because these nuclides are found to be the dominant source of exposure
in more complex analyses, and other nuclides would be expected to be of much less concern in light of
knowledge of their behaviour in the disposal system. If a single container released radionuclides to well
water, we estimate dose rates of about 1 uSv-a1 from drinking water and 29 |aSv-a"' from use of water for
irrigation. These estimates can be compared to 50 uSv-a"1, which the Atomic Energy Control Board has
adopted as a de minimis dose rate, i.e., a dose rate so small as to not warrant institutional control. We
believe that the dose rates are greatly overestimated because of the many conservative assumptions and
simplifications used in the analysis.
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RÉSUMÉ

EACL a présenté une Étude d'impact sur l'environnement (EIE) qui donne une description de son projet
de stockage géologique des déchets de combustible nucléaire du Canada. L'EIE constitue une analyse
minutieuse du risque de radioexposition d'un individu d'une population critique dans un cas
hypothétique. Nous pensons que cette analyse offre une estimation prudente, sans verser dans l'extrême
prudence, du débit de dose individuel. Cependant, il s'agit d'une analyse complexe, faisant appel à de
nombreuses hypothèses et dont l'examen exige beaucoup de temps, de travail et de connaissances
spécialisées. Nous présentons dans le présent rapport une analyse simplifiée du risque de
radioexposition en espérant mettre plus facilement en évidence la sûreté intrinsèque du stockage
permanent. Un élément essentiel de cette simplification consiste à éliminer de l'analyse les processus de
transport complexes qui se manifestent lors du passage à travers les matériaux de scellement de
l'enceinte de stockage et la géosphère. Nous avons également éliminé la fonction relativement complexe
représentant la rupture des conteneurs en titane à parois minces qui figure dans l'étude de cas utilisée
dans l'EIE. Le concept de conteneurs en titane à parois minces fait donc place à des conteneurs en
cuivre à parois plus épaisses qui devraient demeurer intacts beaucoup plus longtemps que les 10 000 a
qui constituent la période de calcul pour l'évaluation quantitative de la radioexposition individuelle.
Toutefois, environ 1 conteneur sur 5 000 pourrait présenter de petites défectuosités qui seraient restées
cachées au cours de la fabrication.

Notre analyse ne s'applique qu'au cas d'une enceinte non perturbée. Nous émettons l'hypothèse que les
barrières constituées par l'enceinte et la géosphère demeurent intactes et empêchent les radionucléides
immobiles d'atteindre la biosphère. Par contre, nous supposons également que les trois radionucléides
mobiles les plus importants peuvent s'échapper par un défaut de fabrication caché dans les parois du
conteneur et que le flux de ces radionucléides est dilué par l'eau de puits utilisée par la population.
Nous avons défini deux cas, selon que cette eau de puits est employée ou non pour l'irrigation, et nous
en avons fait l'évaluation respectivement au moyen d'un modèle de voie de transport de l'eau potable et
d'un modèle d'activité spécifique. Nous avons surtout tenu compte de l'129I, du Cl et du 14C, étant
donné que ces radionucléides constituent la source dominante de radioexposition dans les analyses plus
complexes et que, à la lumière de ce que nous savons de leur comportement dans le système de stockage
permanent, les autres radionucléides devraient causer beaucoup moins de problèmes. Si un seul
conteneur libérait des radionucléides vers l'eau de puits, nous estimons des débits de dose d'environ
1 [iSv -a"1 dus à l'eau potable et de 29 uSv -a"1 provenant de l'utilisation de l'eau pour l'irrigation. Ces
estimations se comparent à 50 uSv -a"1, que la Commission de contrôle de l'énergie atomique a adoptées
comme débit de dose de minimis, c'est-à-dire un débit de dose si faible qu'il ne justifie aucun contrôle
institutionnel. À notre avis, ces débits de dose sont très surestimés en raison des nombreuses hypothèses
prudentes que nous émettons et des simplifications que nous avons apportées dans l'analyse.
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1. INTRODUCTION

1.1 THE WASTE DISPOSAL CONCEPT

AECL has submitted an environmental impact statement (EIS) describing its concept for disposal
of Canada's nuclear fiiel waste (AECL 1994). The EIS presents an analysis of the exposure to
individuals from a hypothetical disposal facility over a period exceeding 104 a. This analysis is
based on mathematical models of the behaviour of radionuclides in a vault, the geosphere and the
biosphere. The results of the analysis are described in detail by Goodwin et al. (1994) and include
both a single simulation (the median case) and probabilistic simulations based on thousands of
model runs using distributions of parameter values. The mean dose rate at 104 a after closure of a
disposal facility was estimated to be about 1O'U Sva'1, with lower dose rates at earlier times. This
dose rate is several orders of magnitude below the value of 50 uSv-a"1, which the Atomic Energy
Control Board (AECB 1989) has adopted as a de minimis dose rate, i.e., a dose rate so small as
to not warrant institutional control.

Although we believe that the detailed analysis presented in the postclosure case study (AECL
1994, Goodwin et al. 1994) provides a conservative estimate of potential exposure, it is complex,
involves many assumptions, and requires great time, effort, and expertise to review. In this
report, we describe a simple analysis to provide a very conservative estimate of the radiological
dose rate caused by a disposal vault. We hope that the ease with which the assumptions and
calculations can be followed by reviewers will increase confidence in the more detailed analysis
and in the safety of waste disposal. However, we recognize that there is a danger that results of
the simplified analysis will be over-interpreted and used out of context. In particular, our
simplifying assumptions greatly underestimate the effectiveness of several of the barriers in the
disposal system, including the geosphere, and this must be kept in mind when considering the
results.

We refer the reader to the EIS (AECL 1994) for a description of the disposal concept, the options
for the design of a disposal system, and the postclosure assessment case study.

1.2 BASIC ASSUMPTIONS

The assumptions we make here are in large part very different from those of the postclosure
assessment case study, as necessitated by the need to simplify the analysis. In particular, we wish
to eliminate the need to model the complex transport processes through the sealing materials in
the disposal vault and the geosphere. We therefore assume that the three, most important, mobile
radionuclides released from a container go directly and instantly to a well used by the critical
group of people. Obviously, this ignores the major effect that the sealing materials and the
geosphere would have in attenuating fluxes of these radionuclides and tends to greatly over-
estimate exposure. However, we still assume that the geosphere and vault seals maintain the
stable chemical and mechanical environment necessary for the effective performance of the
containers and the waste form. We also assume that radionuclides not specifically modelled in



- 2 - AECL-11533
COG-96-13

this analysis will be retained. The radionuclides released from the vault are diluted in water
flowing out of the well with the water flow rate being determined by the demand of the small
critical group of people drawing on the well. The critical group uses this water for drinking, or
for irrigation which results in a higher demand for well water than drinking only. We assume that
the local biosphere becomes contaminated to the same specific activity as the groundwater during
irrigation and that food is contaminated at this same level.

The relatively short-lived containers used in the postclosure assessment case study would be
inadequate if the attenuation due to the sealing materials and the geosphere is ignored, because
too much radioactive material would be released to the well. Therefore, we assume that a much
longer-lasting container is employed. The options for container designs presented in the EIS
include containers made of copper, which likely would remain intact for much more than 104 a
following closure of a vault (Shoesmith et al. 1995). Other container materials, such as some
titanium alloys, could also be suitable to ensure containment for more than 104 a (Shoesmith et al.
1995). We assume that almost all of the containers remain intact for the 104 a over which the
exposure is estimated. However, there is a possibility that some containers could have
manufacturing defects that were not detected during quality-control inspections. We estimate
potential dose rates due to material escaping through these defects.

To simplify our analysis, we estimate dose rates from three radionuclides only: 1291,36C1 and 14C.
These radionuclides have been identified as the most important dose contributors in the
postclosure assessment case study (Goodwin et al. 1994, Johnson et al. 1995). Iodine-129 alone
is responsible for almost all of the estimated dose in that study. Other radionuclides, with the
possible exception of "Tc, which is discussed later, are retained by the engineered barriers and the
geosphere until they decay to insignificant amounts. The Subsurface Advisory Team to
Environment Canada has also stated that the three radionuclides we include in the analysis will be
of greatest concern and that the release rates used in the postclosure assessment are in accordance
with known geochemical and transport phenomena (SAT 1995). Figure 1 illustrates the basic
features of the analysis.

2. MODEL DESCRIPTION

2.1 THE CONTAINER

We define a reference container (AECL 1994) made of copper that holds 72 used-fuel bundles,
with each bundle containing 19 kg U. The container is cylindrical and has a wall thickness of
25 mm. We assume that a pinhole defect has not been detected by quality-control procedures
during the manufacture of the container. Crosthwaite (1995) indicates that the possible range of
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Figure 1. Radionuclides are released through a pinhole defect in a container and enter the
water supply of the critical group. The buffer, backfill and rock prevent most
radionuclides from entering well water, but we conservatively assume that they are
not barriers for 1291,36C1 or 14C.
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undetected hole sizes is 0.15 to 1.5 mm radius, and we assume that the largest hole size of
1.5 mm radius is present in a defective container. We further assume that this hole penetrates
through the container and allows water to enter and instantly dissolve some of the radionuclide
inventory in gaps and grain boundaries in the fuel matrix (Johnson et al. 1994). The radionuclides
then diffuse out through the hole in the container wall.

A simple one-dimensional representation of radionuclide diffusion is used to estimate the flux of
radionuclide i, Ji (mola"1), through the pinhole:

Ji = KjCiA/L . (1)

Here, K; is the diffusion coefficient of radionuclide i in water (m^a'1), C, is the initial
concentration of radionuclide i in the container (mol-m"3), A is the area of the pinhole (m2), and L
is the thickness of the container wall, which represents the length of the diffusion pathway (m).
Equation (1) assumes the radionuclide concentration outside of the container is effectively zero,
which will tend to overestimate the flux.

The values for Q are calculated from the known inventories of radionuclides in a container.
There is 19 kg U per fuel bundle, based on Bruce nuclear generating station fuel (AECL 1994),
and there are 72 bundles per container. The radionuclide inventory per unit mass of U is based on
Tait et al. (1989) for 129I and 14C, and on Johnson et al. (1995) for 36C1 (Table 1). We assume that
the fuel has cooled for 10 a and has a burn up of 685 GJ-kg"1 initial U. However, the 14C
inventory calculated by Tait et al. (1989) has been decreased by a factor of 11.5 to correspond
with recent measurements of 14C in fuel made by Stroes-Gascoyne et al. (1994). The radionuclide
concentrations are estimated as

Ci = I; Mu n IRFi / V , (2)

where Ii is the inventory of radionuclide i per unit mass of U (mol-kg"1 U), Mu is the mass of U
per bundle (19 kg U), n is the number of bundles per container (72), and V is the void space in a
single container accessible to water = 0.118 m3 (Baumgartner 1995). The instant release fraction
of radionuclide i, IRF; (unitless), determines the relative amount of radionuclide that would be
potentially released during the initial container failure. The use of this value for C\ in Equation (1)
gives a conservatively high estimate of the radionuclide flux from the container.

We select a value for K; of 0.1 m2a'' for all radionuclides (Li and Gregory 1974). This diffusion
coefficient is conservatively high for all radionuclides and also includes the enhancement of
diffusion by high temperatures of close to 100°C that are anticipated in the vault.

The IRF value for 129I is taken from Johnson et al. (1994). The value for 14C is taken from
Stroes-Gascoyne et al. (1994), which is based on more recent information than that of Johnson et
al. (1994). Similarly, the IRF value for 36C1 is taken from Tait (1995) as an updated estimate,
differing from a previous value used by Johnson et al. (1995).
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Johnson et al. (1994) estimate that about 1 in 5000 containers could have manufacturing defects
that are undetected during quality-control inspections. With a vault inventory of 119,000
containers (Goodwin et al. 1994), this represents about 24 defective containers. However, these
containers would be separated in space. Transport through sealing and geosphere barriers,
although not explicitly modelled in this analysis, would cause large differences in arrival times and
attenuations from the different containers. We believe it is reasonable to assume that the effect of
radionuclides from a single container would dominate at a single well location. Therefore, we
estimate the dose rate arising from the radionuclides coming from a single container. The dose
rate from more than one container may be conservatively estimated as a simple multiple of the
single-container dose.

TABLE 1

DATA FOR FLUX ESTIMATES FROM A CONTAINER

General 129I 36C1 14(

Pinhole radius (m)
Container void space (m3)
Container wall thickness (m)
Diffusion coefficient (m2a'')
Initial inventory (molkg1 U)
Instant release fraction (unitless)

1.
0.
2.
0.

5 x 10'3

118

1
3.
0.

47 x 10"4

081
1
0

.06 x

.14
10'5 1

0
.60 x 10"6

.027

2.2 THE VAULT AND GEOSPHERE

The vault seals and the geosphere are important barriers to the transport of radionuclides from
containers to the biosphere, but a full treatment of radionuclide transport through them is complex
and involves many assumptions. For this simple analysis, we assume that these barriers are very
effective for most of the radionuclides but that they do not attenuate or delay the fluxes of l29I,
36C1 and 14C from the defective container to the well. This is supported by the postclosure case
study and the qualitative discussion of Section 3.2.1. For all radionuclides in the fuel other than
these three, we assume that engineered barriers and the geosphere substantially impede transport
to the biosphere so that the exposure from them is negligible.
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2.3 TRANSPORT IN THE LOCAL SURFACE ENVIRONMENT

The postclosure assessment case study described in the EIS (AECL 1994) uses a comprehensive
model, BIOTRAC, to estimate radionuclide transport through the biosphere. In our simple
analysis, we bypass many of the transport features of BIOTRAC and estimate the dose rate using
simplified relationships.

2.3.1 General Characteristics

We assume that a critical group of individuals accesses radionuclides diluted in well water. This is
conservative and gives higher dose-rate estimates than using a groundwater plume of
contaminants entering a catchment without a well. We also assume that all of the water used by
the critical group comes from the contaminated well.

The concentration of radionuclide i in water used by the critical group, Xi (mol-m"3), is calculated
directly from the flux from a container, Jj (mol-a"1), and the amount of water flowing through the
well, F (Wa 1 )

X i = J i / F . (3)

Here we assume that the entire flux of radionuclides leaving the container goes directly into the
well and is diluted only by the volume of water, F, consumed by the critical group. We evaluate
Xi using two values for F in the following sections, based on different assumptions about the use
made of the water by the critical group. The doses are also estimated differently in the two cases.

Under the assumptions used in this analysis, the dilution of radionuclides in the well will be
directly proportional to the size of the group using the well. The average size of a Canadian
household is 4.2 individuals (Davis et al. 1993). On this basis, we take the critical group size to
be four. The estimated doses for different sizes of critical group will be inversely proportional to
the size of the group. The major exposure pathway is from ingestion because none of the three
radionuclides have sufficient gamma energies to cause sizeable external doses.

2.3.2 Case Without Irrigation

We first assess the case in which the well water is not used for irrigation. In this case, the flow of
water through the well is relatively small and contaminant concentrations will be relatively high.
However, since the contaminated water is not used for irrigation, food does not become
contaminated. We use a value of 130 m3a"' per person, which is the average domestic water
required by people in Ontario today (OME 1987). For a household of four persons, our value of
F is 520 m V .

The dose rate from radionuclide i, Dj (Sva"1), in drinking water is estimated by

, (4)
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where Q is the activity-to-mass conversion factor for radionuclide i (Bqmol1), Uw is the human
intake of drinking water (m^a1) and DCFj is the dose-rate conversion factor for radionuclide i
(SvBq'1 intake). Values for Q are 8.3 x lO'Bq-mol"1 I29I, 4.4 x 1010 Bq-mol"136C1 and 2.3 x 1012

Bqmol"114C. The drinking water intake rate is 0.73 m V per person (ICRP 1975). The DCFf

values, from ICRP (1991a), are 1 x 10'7 SvBq-1 129I, 1 x 10'9 Sv-Bq"136C1, and 5 x 10'10 Sv-Bq'1
14C.

2.3.3 Case With Irrigation

If irrigation is practised, larger volumes of water are required. Davis et al. (1993) calculate that,
for average conditions on the Canadian Shield, 6 x 104 m 3 a ' of water would be required to
irrigate a forage field and 1200 m3a-1 to irrigate a garden to support a family of four. A group of
four persons would require a garden of 0.2 ha and a forage field of 10 ha. An additional amount
of water of about 85 m^a"1 would be needed to support farm animals if they also drink well water.
However, forage fields are rarely irrigated today, and it is also likely that surface water could be
used to water animals and forage fields. If well water is not used for agricultural needs, fields will
not become contaminated and there will be no additional dose through food ingestion. It is likely
that a conservative case would be when a vegetable garden is irrigated with well water, and the
critical group is mostly vegetarian. This will minimize the amount of water used for irrigation,
thereby increasing the well water concentration and the dose rate. Therefore, we add 1200 m 3 a '
for garden irrigation to the domestic water need of 520 m3-a"\ so that 1720 m3a° of water flows
through the well.

When irrigation is practised, radionuclides can be readily transferred to soil and plants,
contaminating the human food supply. We estimate the total dose rate to humans by evaluating
the dose rate from ingestion of contaminated food and from drinking water only, because
inhalation and external doses are relatively unimportant (Goodwin et al. 1994). We assume that
ingested food is contaminated to the same specific activity as the well water entering the
biosphere from the vault. This means the ratio of radionuclide to stable isotopes of the
corresponding element in the food is the same as in the water. Here we assume that both the
radionuclide and the stable isotopes behave identically in the biosphere and that radionuclides are
transported together with the corresponding stable element. These assumptions mean that the
food cannot become more contaminated than the well water, i.e., the specific activity of the
radionuclide cannot exceed that in well water. This implies a limit to biosphere contamination. In
reality, the biosphere will be less contaminated than this limit because of additional isotopic
dilution by stable element pools in the biosphere. For example, there are large pools of stable
carbon in the soil and biota that will isotopically dilute the 14C in food. The specific-activity
model can be applied to 1291,36C1 and 14C, because these radionuclides will mix with large pools of
stable iodine, chlorine and carbon in groundwater and in the biosphere. A comparison between a
similar specific-activity model and the BIOTRAC model shows reasonably good agreement in
dose estimates, depending on the size of stable element pools (Amiro 1995, Amiro et al. 1995).
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The dose rate is estimated from the specific-activity relationship as

D ;= (Xi/SOUfiCiDCF;, (5)

where S; is the concentration of the stable element corresponding to radionuclide i in the water
(molm'3) and Ufi is the annual intake in food of the stable element corresponding to radionuclide i
(mol-a"1). The values of Ufi, which are based on ICRP reference man (ICRP 1975), are 5.75 x
10"4 mol iodine-a"1, 53.5 mol chlorine-a"1 and 9130 mol carbona"1. All of these elements are
physiologically required and we have assumed %\ « Sj.

The values of Si are based on measurements in groundwater in the Whiteshell Research Area on
the Canadian Shield and are taken as 7.9 x 10s mol iodinem"3 (Gascoyne and Kamineni 1992),
8.5 mol chlorine-m'3 (Gascoyne 1994) and 3.3 mol carbon-m'3 (Gascoyne 1992). The uncertainty
associated with these values is discussed in Section 3.2.

3. RESULTS AND DISCUSSION

3.1 DOSE RATES

In all cases analyzed, the flux from a container is calculated from Equation (1) to be 9.2 x 10"6 mol
129r-a'!, 4.9 x 10'7 mol 36Cl-a'1 and 1.4 x 10'8 mol 14C-a"\ The flux would be expected to decrease
with time as the material inside the container is depleted. However, we do not account for the
decrease; instead we hold the flux constant at the value computed using the initial concentration
inside the container.

3.1.1 Case Without Irrigation

The radionuclide concentrations in the well water are given in Table 2 based on F = 520 m3a~\
Using Equation (4), we calculated dose rates for each radionuclide (Table 2) from drinking the
well water. The total dose rate, summed for the three radionuclides, due to the release from a
single defective container is 1 u.Sv-a"!. This is dominated by the dose contribution from 129I. If
the flux from all 24 defective containers simultaneously entered a well, the dose rate would be 26
nSv-a"1.

3.1.2 Case With Irrigation

This case uses a higher water demand because well water is used to irrigate a garden; this results
in lower radionuclide concentrations in well water than for the non-irrigated case. However, we
now assume that the vegetable food is contaminated by well water to the same specific activity as
the water itself. The concentrations and dose rates are given in Table 2. The total dose rate
summed for the three radionuclides from a single container is 29 nSv-a'1. In this case, the dose is
dominated by 14C because of the large amounts of carbon ingested by humans. The dose rate



- 9 - AECL-11533

COG-96-13

TABLE 2

RESULTS

129T 3 6 ^ , 14Cl 14C Total

Flux from each container (mola1) 9.2 x 10"6 4.9 x 10"7 1.4x10'8

Case without irrigation:
520 m^a'1 water used
radionuclide concentration in well water (mol-m'3) 1.8 x 10"8 9.4 x 10'10 2.7 x 1011

dose rate (Sv-a'1) 1.1 xlO*6 3.0 xlO'8 2.3 x 10'8 1.1 xlO"6

Case with irrigation:
1720 m V 1 water used
radionuclide concentration in well water (mol-m'3) 5.4 x 10"9 2.8 x 10'10 8.3 x 10"12

dose rate (Sv-a"1) 3.2 xlO'6 7.8 x 10'8 2.6 x 10'5 2.9 x lO'5

from drinking water for this case is about 0.3 ^Sv-a'1, much lower than from ingestion of food.
The drinking water dose rate is also lower than in the case without irrigation because the water
concentrations are lower. If radionuclides from all 24 defective containers were to reach the well
at the same time, the dose rate would be 24 times greater, or about 700 u,Sv-a~'. This dose rate
exceeds 50 u.Sv-a'\ which the AECB (1989) has adopted as a de minimis dose rate. However, it is
still less than the 1 mSv-a"1 criterion for members of the public suggested by the ICRP (1991b) for
normal emissions from facilities. It is also about a factor of four less than the average background
dose rate. Moreover, the containers would be separated spatially, and it is difficult to visualize a
circumstance in which all the material exiting from different defective containers could enter the
well at the same time.

3.2 EVALUATION OF ASSUMPTIONS. UNCERTAINTY. AND VARIABILITY

Our model was designed to be simple and easily followed, and to overestimate dose rates. In this
section we discuss the assumptions used in the analysis along with the magnitudes of uncertainty,
variability and conservatism. Each assumption is stated in bold followed by the related discussion.
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3.2.1 Radionuclide inventory

Contributions from 129I, 36Cl and UC dominate the dose rate. These three radionuclides have
been identified as the most important dose contributors in the postclosure assessment case study
(Goodwin et al. 1994, Johnson et al. 1995). Iodine-129 alone is responsible for almost all of the
estimated dose in that study. The Subsurface Advisory Team to Environment Canada has also
stated that these three radionuclides will be of greatest concern and that the release rates used in
the postclosure assessment are in accordance with known geochemical and transport phenomena
(SAT 1995).

One reason for the dominance of these nuclides is that most of the radionuclides in the fuel are
retained within the UO2 matrix until it dissolves. Under the assumption that reducing conditions
prevail in the vicinity of the waste in the vault, the UO2 has extremely low solubility, and very little
of the material could be released over 104 a. In this analysis, we have assumed that the container
has a defect upon emplacement and that water immediately fills the container. If this actually
happens, the radiation field near the fuel may be strong enough to cause oxidative dissolution of
the fuel for several hundred years (Shoesmith and Sunder 1992). We have not made an allowance
for this oxidative dissolution in the analysis, and justify this as follows:

• The container could not actually flood instantly through a pinhole. Estimates done in
Finland (TVO 1992) indicate that it would take several hundred to thousands of years
to flood a container. During that time the radiation field reduces so radiolysis would
not be sufficiently great to cause oxidative dissolution (Shoesmith and Sunder 1992).

• Although in the analysis, the zirconium alloy sheaths surrounding the fuel pellets were
conservatively assumed to be absent, in actuality they would protect the fuel pellets
from the water for a minimum of several decades (Johnson et al. 1994). A very few
sheaths may have defects upon emplacement and would not offer complete protection.

• If oxidative dissolution were to take place for a few hundred years, material would still
be effectively retained by the other barriers in the system, the buffer, backfill, and
geosphere. The three radionuclides modelled would still be expected to dominate the
dose. The additional amount of these radionuclides released from the UO2 matrix could
possibly be equal to the amount assumed to be released instantly in the analysis (SKB
1992). This would double the estimated dose rates.

As a check on the assumption that the three radionuclides will dominate the dose, we have also
estimated potential dose rates from 99Tc and 135Cs, which have sizeable instant release fractions.
These two radionuclides could be expected to be the next two most important ones because of
their large inventories and long half lives. However, they are not as mobile and it is extremely
unlikely that these could reach the biosphere directly from the vault without retention by the
barriers. Nevertheless, if we model the exposure from these nuclides in the same way as the first
three, we calculate dose rates from drinking water (non-irrigation situation) of 2.4 u.Sv-a"' from
"Tc and 0.08 [iSv-a'1 from 135Cs. The dose rate from "Tc is slightly larger than that from 129I.
Neither "Tc nor 135Cs can be suitably modelled using a specific-activity relationship, so we do not
calculate dose rates in the irrigation case.
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The inventory in the containers is well known. We have used the inventory in the containers
based on Bruce nuclear generating station fuel bundles (AECL 1994). The inventory was derived
from data of Tait et al. (1989), except for 36C1, which is based on Johnson et al. (1995). There is
some uncertainty associated with this inventory. Johnson et al. (1994) indicate that the geometric
standard deviation for the inventory of 129I is about 1.5. This causes a magnitude of uncertainty of
about ±50% at one standard deviation in the estimated dose rate because 129I is the most important
radionuclide. We have used an inventory based on a burn-up of 685 GJ-kg"1 U, but recent data
suggest that 720 GJ-kg"1 U may be more appropriate (AECL, in preparation). This will slightly
increase the inventory; for example, by about 10 % for 36C1 (Tait 1995). Also in the case of 36C1,
the assumed inventory is likely high by about a factor of two, on the basis of recent measurements
of chlorine impurities in the fuel (Tait 1995). An adjustment of this inventory will decrease the
dose rate from 36C1 but have negligible impact on the total dose rate, which is not dominated by
36C1.

The instant release fraction is a conservative estimate. We used instant release fractions (IRF)
of 0.081 for 129I, 0.14 for 36C1 and 0.027 for I4C. The value for 129I is based on Johnson et al.
(1994), who indicate that the upper bound for the IRF for 129I is 0.25. The lower bound is 0.012.
This suggests that the dose rate could be as much as three times greater than our estimated value,
or perhaps seven times lower. Johnson et al. (1994) suggest a similar range in IRF values for 14C,
but more recent data of Stroes-Gascoyne et al. (1994) indicate that our value of 0.027 is a
reasonable conservative value. Values for 36C1 have been modified recently, and Tait (1995)
suggests upper and lower bounds of 0.3 and 0.003, respectively. It is likely that the IRF values
used do not substantially underestimate the dose rate.

3.2.2 Container Defects

1 in 5000 containers is defective. Johnson et al. (1994) indicate that the number of initial
defective containers could range from 1 in 1000 to 1 in 10,000. We estimated dose rates from the
flux from a single container, and the dose rates from more defective containers is a simple multiple.
For example, if 119,000 containers were disposed of (AECL 1994), there would be 24 defective
ones if 1 in 5000 containers failed. If 1 in 1000 containers were defective, there would be 119
defective containers. If these 119 defective containers were uniformly distributed in the vault, our
choice of a single defective container reaching the well water corresponds to the critical group
accessing about 1 % of the possible radionuclide flow from the vault space. In the extremely
unlikely case where the flux from 119 defective containers reached well water used for drinking (all
at the same time), the dose rate from ingestion of this water would be about 0.13 mSv-a'1. This is
still below the 1 mSv-a'1 criterion for members of the public suggested by the ICRP (1991b) for
routine emissions from nuclear facilities.

Diffusion is through a small pinhole. We have assumed that the radionuclide flux from the
container is through a circular pinhole that is 1.5 mm in radius (7 mm2 area). This is the largest
radius estimated by Crosthwaite (1995) that could go undetected during quality-control inspections
during container manufacture. This is conservatively larger than a pinhole of 5 mm2 used in the
analysis of containers for disposal of Swedish fuel waste (SKB 1992). Over time, the pinhole
could increase in size because of corrosion, but this is expected to be a very slow process. The
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flux from the container is linearly related to the area of the hole, so using a larger hole area would
increase the dose rate proportionately. We assume that if the hole grew, it would do so at times
when the concentration gradient across the diffusing hole has decreased sufficiently so that the
increase in diffusion area would be counterbalanced by a decreased diffusion gradient. Abrupt
failure of the whole container will also increase the flux and the dose rate, but we assume that this
is very improbable. If this happened, the surrounding buffer, backfill and rock could still pose
effective barriers, but if we assume that the instant release fraction from an entire container was
released abruptly to the well, it would cause a concentration two orders of magnitude greater than
the concentration resulting from the pinhole release.

Diffusion is modelled conservatively. We model steady-state diffusion through the pinhole
assuming a one-dimensional geometry with a constant concentration gradient. This gradient is
established as the maximum difference between the initial concentration inside the container and a
zero concentration outside of the container. This is conservative because the concentration outside
of the container would increase with time with its magnitude depending partly on the rate of
radionuclide transport in the buffer, backfill and rock. The expected long-term concentration
gradient is therefore smaller than that used in the analysis.

3.2.3 Vault and Geosphere Assumptions

The flux from the containers of the three dominant radionuclides goes directly to the well We
assume that the flux from the containers of 1291,36CI and 14C goes directly into the well used by the
critical group, without being delayed or attenuated in the engineered barriers or geosphere. This is
clearly a very conservative assumption, which, in our judgement, causes a great overestimate of
exposures from these radionuclides.

3.2.4 Critical Group and Specific-Activity Relationships

The critical group has four members. Under our simplifying assumptions, the dilution factor, and
therefore the estimated dose rate to an individual, would be inversely proportional to the size of
the group. Davis et al. (1993) used 1987 Canadian census data to estimate the distribution of
household sizes and found an arithmetic mean of 4.2. On this basis, we take the group size to be
four. The estimated dose rate will be inversely proportional to the size of the group. If an
individual had sole use of the well and only drew sufficient water for one person, the estimated
individual dose rate would be greater than that reported here by a factor of four. Alternatively, if a
town of 1000 people drew water from the well (or wells), dilution would increase by a factor of
250 and the estimated dose rate would be smaller by a factor of 250.

The flux from the containers goes to well water instead of to a catchment. The higher the
concentration of radionuclides in water, the greater the estimated dose rate. This concentration is
inversely proportional to the amount of water flow used to dilute the radionuclides. We have
assumed the volume of water diluting the radionuclides is equal to the water demand of the critical
group, a household of four. If the radionuclide flux entered a catchment, it would be diluted by
water flowing through the catchment, driven by precipitation. We assume that the flux into the
catchment would be at the bottom of a lake because it is a topographically low-lying area. We can
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evaluate the relative concentration for a catchment in two ways. First, a critical group of four
obtains all of their water from a lake in the catchment and to be sustainable, they cannot use more
water than flows through the lake. With this logic, the amount of dilution in the catchment has to
be at least as much as was assumed for the well-water case because it is determined by the needs of
the critical group. The second method to evaluate the potential dose rate from release to a
catchment is to estimate the amount of water flowing through a catchment and to compare this to
the demands assumed for the well. The average lake size on the Canadian Shield is about 7 ha,
with an average surrounding catchment area from 20 to 50 times larger than this (Beals 1985).
This gives a catchment area of about 2 km2. Mean annual runoff on the Shield is about 0.31 m a 1

(Davis et al. 1993), giving a volumetric flow of 6.5 x 10s m'-a"1. This is a factor of about 400
greater than the irrigation-case water demand of 1720 m^a"1 that we used. This indicates that the
radionuclide concentration from flow into a catchment would be at least two orders of magnitude
less than that assumed in our assessment of well-water use.

All water used by the critical group comes from the contaminated well. This is a conservative
assumption, consistent with the critical group utilizing the most contaminated part of the
environment. Today, there are people who rely on wells as their sole source of water so this
conservative assumption is not unreasonable. Killey (1987) estimated that 25 to 30% of current
rural residents on the Ontario portion of the Canadian Shield use well water.

There is no extra dilution of deep well water by uncontaminated surface water. This is a
conservative assumption which increases the estimated dose rate. Most wells also draw in some
water from shallow surrounding rock and overburden, and this water would not be contaminated
from a vault. An additional dilution factor could be included in the model that would reduce the
well-water concentration because of this uncontaminated fraction.

Only one defective container is accessible at a given time. The containers would be separated
spatially, and it is difficult to visualize a circumstance in which all the material exiting from
different defective containers could enter the well at the same time. We have shown calculations
for the dose rate resulting when the total amount of the three principal radionuclides exiting from a
single defective container enters the well instantly. We have also shown results from the extremely
conservative case where the total amount of the three principal radionuclides exiting all 24
defective containers enters the well instantly. If defects occur as a result of some systematic error
in manufacturing, then it is possible that one area of the vault could have a cluster of defective
containers. However, it is still very unlikely that all container fluxes would converge on the well-
water pathway simultaneously. Dispersion of the radionuclides would lower the dose rate.

For small water flow rates, dose rates from drinking water are limiting. In the low flow rate
case of a family of four using 520 m3 water-a'1, we only estimate the dose rate from drinking well
water. This water demand is sufficient to provide water for all uses, excluding irrigation.
Therefore, it includes water used for washing, bathing and other general household needs.
However, it is assumed that the only significant exposure is through the drinking water pathway.
A small amount of contamination could be transferred during cooking or washing of food but this
will be much less than that ingested with drinking water. Large-scale contamination of food could
occur during irrigation, and we consider this as a separate case.
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Specific-activity models can be applied to 129I, 36Cl and l4C. Iodine, chlorine and carbon are
ubiquitous elements in the biosphere and are essential elements for humans. They are regulated in
the human body and it is reasonable to assume that the radioactive forms, 1291,36CI and 14C, will
behave in the same manner as the stable forms of the element. We assume that the radionuclide
and the corresponding stable element are well mixed in the geosphere so that we can base the
specific activity on the concentration ratio there. We also assume that there is no difference in
chemical speciation between the radionuclide and its corresponding stable element so that the two
behave identically. There is very little difference in molecular weights between 129I and its stable
element, 127I, or between 36C1 and stable chlorine, 35CI + 37C1, so we expect little difference in
transport based on molecular weights. There is a larger relative difference between 14C and stable
carbon, 12C, which would result in different rates of diffusion, such as through the container
pinhole or in biota cell membranes, and could affect the specific-activity relationship by a few
percent. It is conservative to assume that all water and food is contaminated to the same specific
activity level as the water. In reality, there are additional large pools of stable iodine, chlorine and
carbon in the soil and biota which will cause further isotopic dilution. Some rough estimates
indicate that irrigation would need to be practised for about 1000 years before a constant specific
activity of 129I or 14C in food could be reached during irrigation with well water. However, this
would occur more quickly with 36C1, perhaps in a few decades. In our judgement, the specific-
activity model conservatively overestimates the dose rate, but it is useful because of its simplicity.

External doses from129I, 36Cl and UC are relatively small. Carbon-14 emits only electron
radiation, but 36C1 and 129I emit both electrons and photons. There could be an external exposure
to contaminated water during bathing or to contaminated soil following irrigation. If radionuclides
are suspended in the atmosphere, there coujd be an additional dose caused by immersion in
contaminated air. The importance of these external contributions depends on their relative
magnitude compared with the dose caused by ingestion. However, the very weak emissions from
these three radionuclides means that even a small amount of ingestion will dominate the external
dose. In a detailed assessment, Goodwin et al. (1994) showed that the external dose from 129I was
only 0.07 % of that from drinking well water. Similarly, the external dose from 14C was 5 x 106

times less than that from drinking well water (Goodwin et al. 1994). Johnson et al. (1995) indicate
that almost all of the dose from 36C1 comes from ingestion pathways.

Inhalation doses from I29I, 36Cl and uCare relatively small All of these radionuclides can
become suspended into the atmosphere, either attached to particles or as gases. The flux of 129I
and 36C1 to the atmosphere is relatively small but 14C is readily volatilized as methane or carbon
dioxide. Even with a rapid loss of these elements to the atmosphere, the atmosphere has a large
capacity for dilution and radionuclides would be dispersed rapidly. This results in very low air
concentrations and causes inhalation to only be a small dose contributor. In a detailed assessment,
Goodwin et al. (1994) showed that the inhalation dose from 129I was 10 % of that from drinking
well water. The inhalation dose from 14C was 0.1 % of that from drinking well water (Goodwin et
al. 1994). Johnson et al. (1995) indicate that almost all of the dose from 36C1 comes from ingestion
pathways, and that inhalation is relatively unimportant. Including exposure due to inhalation
would add much less than 10% to the estimated dose rate.
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Bioaccumulation is not explicitly considered. In the non-irrigation case, exposure is from
drinking water only, and accumulation within humans is modelled as part of the dose conversion
factor. This is consistent with the "drinking water only" assumption. In the irrigation case, we
assume that food becomes contaminated to the same specific activity as the well water. This
allows for accumulation of radionuclides on soil and in biota. However, both the radionuclide and
the corresponding stable element accumulate together and there is no mechanism for preferential
accumulation of one without the other. Therefore, the specific-activity model bypasses the need to
account for bioaccumulation explicitly.

Losses outside of the local area via a river or the atmosphere are not explicitly considered. We
do not use an explicit radionuclide transport model in the biosphere. In the case without irrigation,
drinking water is accessed immediately and there are no losses before the critical group utilizes the
water. In the irrigation case, both the radionuclide and the corresponding stable element will be
lost together in flow down a river or through advection in the atmosphere, so that the specific-
activity does not change. These assumptions are conservative for a member of the critical group.
Losses outside of the local area can contribute to doses to a larger population and these are
estimated in Section 3.3.

3.2.5 Water Flow Rates

People use about 130 m3 water a'1 person'1. The value we used is an intermediate value between
100 and 165 m3 water-a"'person"1 based on data for water requirements of people in Ontario
(OME 1987). We assume that the amount of water used determines the amount of radionuclide
dilution, and that the dose rate is inversely related to this; i.e., greater water use will decrease the
dose rate. Therefore, if people become more water-use efficient, less water would be used to
dilute the radionuclide flux and the dose rate would increase. It is difficult to predict what future
water use will be and decreased demand through water conservation may be linked to availability
of the resource. However, the lower limit would be the drinking water ingestion rate of 0.7 m3

water-a^-person"1, which would increase the dose rate to almost 200 times greater than that
estimated in the present analysis. We believe that this limit is very unlikely to be approached.

About 1200 m3 water a1 is required for irrigation by a family of four. Smaller amounts of water
result in less dilution of radionuclides in the vault and cause a greater dose rate. The value of 1200
m3 water-a'1 is based on data from Davis et al. (1993). It was calculated as the product of the
irrigation rate and a garden of 0.2 ha required for a self-sufficient family of four. Larger field sizes
require more water, which reduces the well water concentration and decreases the dose rate. For
example, if a 10 ha forage field is irrigated with 6 x 104 m3 water-a'1 (Davis et al. 1993), the dose
rate will decrease by a factor of 35, and the specific-activity model would estimate a dose rate of
about 0.8 [xSv-a"1. The assumption about humans becoming contaminated to the same specific-
activity as the groundwater becomes a better estimate for large irrigated fields. For example,
Amiro et al. (1991) calculated that vegetation in a field of 1 km width would only reach about 1/3
of the specific activity level of the soil for 14C. Vegetation in a field of 10 m width would only
reach about 10% of the soil specific activity. Also, if the forage field is not irrigated and farm
animals not watered with well water, meat will not be contaminated. Even if the critical group was
strictly vegetarian, some of the 1291,36C1 and 14C would be lost from a small field by volatilization
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to the atmosphere. Overall, this means that we may overestimate the dose rate by about a factor of
ten because of the conservative specific-activity assumption. The irrigation rate used is about 0.6
ma"1, which would balance evapotranspiration in the southern part of the Canadian Shield
(Fisheries and Environment Canada 1978). Lower irrigation rates would increase radionuclide
concentrations in the groundwater, but high rates are consistent with more accumulation on the
garden, and at the limit when the irrigation rate goes to zero, food is not contaminated.

3.2.6 Stable Element Concentrations in Groundwater

The concentrations of stable iodine, chlorine and carbon are reasonably well known. We use a
specific-activity model for the irrigation case and this requires estimates of concentrations of stable
iodine, chlorine and carbon in groundwater. These concentrations vary with location. We have
used concentrations of 7.9 x 10'5 mol iodine-m"3, 8.5 mol chlorine-m'3 and 3.3 mol carbonm'3.
Gascoyne and Kamineni (1992) indicate that groundwater concentrations of iodine range between
5 x 10"6 and 2 x 10'5 kg-m"3, or 4 x 10"5 and 1.6 x 10"4 mol-m'3. This suggests that the variability in
concentration is a factor of two higher or lower than the value used in our analysis, and the dose
rate would also vary by only this much. Gascoyne (1994) indicates that groundwater
concentrations of chlorine range between 100 and 500 mg-L"1, or 3 and 14 mol-m'3. This suggests
that the variability in concentration is less than a factor of three higher or lower than the value used
in our analysis, and the dose rate would also vary by only this much. Gascoyne (1992) indicates
that groundwater concentrations of carbon (as carbonate) range between 0.02 and 0.068 kg-m"3, or
1.7 and 5.7 mol-m'3. This suggests that the variability in concentration is a factor of two higher or
lower than the value used in our analysis, and the dose rate would also vary by only this much.
However, these data are from measurements at the Whiteshell Research Area and may not be
representative of spatial variability across the Canadian Shield. For example, Fuge and Johnson
(1986) indicate that iodine concentrations in groundwater can range from 8 x 10"6 to 8 x 10"4

mol-m"3. This suggests that the global variability in iodine concentration is less than a factor often
higher or lower than the value used in our analysis, which translates into a factor often variability
in the dose rate.

3.2.7 Ingestion Rates

Ingestion rates of drinking water and stable elements are based on ICRP reference man. We
have used a drinking water ingestion rate of 0.73 m3a"', equal to the 2 L-d'1 total intake of fluids
for ICRP reference man (ICRP 1975). The actual tap water intake by reference man is only 0.15
L-d'1, with the remaining fluid intake associated with milk and other fluids. Therefore, we have
used a conservatively high water intake value by assuming that all fluid intake is well water. If we
use the reference-man tap-water intake value, we estimate dose rates about a factor of 13 less. We
also base our intake of stable elements on ICRP reference man, at 200 u.g iodined"1, 5.2 g
chlorine-d"1 and 300 g carbond"1. These are well established values used in safety assessments.
However, the values will vary among members of a population, and are for adults, making them
conservatively large for children. Present-day supplements of iodine cause Canadians to take in as
much as 1000 jig-d"1 (Fisher 1992), but studies on U.S. populations suggest an average range from
64 to 677 fig-d"1 (NAS 1980). Typically these iodine supplements would be from uncontaminated
areas, resulting in isotopic dilution of 129I and lowering the dose rate.
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3.2.8 Dose Conversion Factors

The dose conversion factors are based on the latest ICRP recommendations. We have used
dose conversion factors for ingestion based on recommendations by the International Commission
on Radiological Protection (ICRP 1991a). These are being accepted by many regulatory agencies,
and are less than one order of magnitude different from previous values (ICRP 1979).

3.2.9 Overall Assessment of Assumptions

We have used conservative assumptions in most areas of uncertainty to ensure that we do not
underestimate the dose rate. In our judgement, the combination of assumptions such as the
principal radionuclides from the container go directly into the well, only the water outflow from
the well dilutes these nuclides, and the critical group has exclusive use of the well, is extremely
conservative. This dominates all other assumptions, and makes the estimates of dose rate high.

3.3 COLLECTIVE DOSES TO A POPULATION

Both of the cases evaluated here estimate dose rates to individuals of the critical group. The
radionuclide concentration in well water depends on the demand for water, and this is directly
determined by the size of the population. A greater population drawing well water will increase
the water used to dilute the radionuclide flux, and reduce the water concentration and the dose rate
to individuals. Our evaluation of dose rates to individuals used the water required by a family of
four and estimated a dose rate of 29 jiSva"1, if the radionuclide flux from a single defective
container entered well water that was used for irrigation. A single individual drawing less water
would receive a dose rate that is four times greater than this because of a lower dilution, giving an
estimate of 120 (iSv-a'1. As population increases, the collective dose rate increases linearly for a
given water concentration, but the water concentration decreases at the same rate because of a
greater demand for water by the population. Therefore, the overall effect is that larger populations
do not change the collective dose rate; as the population increases the dose rate to an individual
decreases. The product is the collective dose rate (person-Sv-a'1), which stays constant.
Therefore, the estimated collective dose rate is 1.2 x 10"4 person-Sva'1. This is about four orders
of magnitude smaller than the value of 1 person-Sv-a"1 suggested by IAEA (1988) as a "trivial"
collective dose rate for a practice, related to exemption from regulatory control.
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3.4 ADDITIONAL CALCULATIONS USING THE CANADIAN STANDARDS
ASSOCIATION MODEL

The Canadian Standards Association (CSA) has published a "standard" model for calculating
derived release limits for radioactive material in airborne and liquid effluents for normal operation
of nuclear facilities (CSA 1987). This model follows transfer pathways in the biosphere and has
many attributes similar to the PREAC (Russell 1993) and BIOTRAC (Davis et al. 1993) models.
The CSA model is also the basis for the "Environmental Transfer Pathway" model used by the
AECB (Beak 1992).

The CSA model was primarily developed to estimate dose rates from an atmospheric source or a
contaminated water body. It was not designed to evaluate an underground source. However,
many of its pathways are common to both above- and below-ground sources. We applied the
CSA model to the situation of a critical group utilizing contaminated well water. This application
supports our previous modelling using BIOTRAC (Davis et al. 1993), and also gives a
comparison to the specific-activity approach in the present model.

The CSA model equations and results are presented in Appendix A as a stand-alone analysis.
This model estimates a total dose rate of 1.4 uSv-a'1, and is dominated by ingestion of 129I. This
model gives a lower total dose rate than our specific-activity model, which supports our
judgement that the specific-activity model is conservative.

4. CONCLUSIONS

We have employed a simple analysis to make what we consider to be a very conservative estimate
of the potential dose rate to an individual from a nuclear fuel waste disposal vault, assuming the
vault has not been disrupted. We have maintained the argument that the vault and geosphere
barriers will prevent immobile radionuclides from reaching the biosphere, and have focused on the
three most important, mobile radionuclides. We have defined cases depending on well-water usage
and evaluated these through a drinking-water pathway and a specific-activity model. If
radionuclides from a single container are released to well water, we estimate dose rates of less than
30 uSv-a"1. In our judgement, this is a large overestimate of the dose rate because of many
conservative assumptions and simplifications used in the analysis. The estimate may be compared
to 50 u-Sva"1, which the AECB (1989) has adopted as ade minimis dose rate, i.e., a dose rate so
small as to not warrant institutional control. Furthermore, the analysis gives an estimate of
population dose rate of about 10'4 person-Sva'1, which can be compared to the dose rate of 1
person-Sv-a"1 suggested by IAEA (1988) as a collective dose rate for a practice that would be
exempted from regulatory control.

We have produced this simplified analysis to complement more complete and detailed analyses of
potential exposures, such as that produced by Goodwin et al. (1994). The simplified analysis has
obvious limitations, because it does not explicitly model transport through some key barriers that
protect the environment from the waste materials. However, we believe that the ease with which
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the analysis can be followed provides additional insight into the safety and reliability of the
geological disposal of nuclear fuel waste. Our analysis supports the EIS conclusion that the
implementation of the disposal concept would protect human health from the potential adverse
effects of nuclear fuel waste far into the future.

ACKNOWLEDGEMENTS

We thank B.W. Goodwin, T.W. Melnyk, S.C. Sheppard, J.G. Szekely, S.H. Whitaker, A G.
Wikjord and R. Zach for discussions about different approaches. We especially thank DM.
LeNeveu for ideas about pinhole releases and comments on the report. The report was also
improved by the valuable comments of C. Allan, B.W. Goodwin, L.H. Johnson, S.B. Russell, S.C.
Sheppard, M.E. Stephens, and R. Zach. We thank L.L. Ewing for quality-control checking the
calculations and data sources, and F.L. Johnston for drafting the figures. The Canadian Nuclear
Fuel Waste Management Program is jointly funded by AECL and Ontario Hydro under the
auspices of the CANDU Owners Group.

REFERENCES

AECB (Atomic Energy Control Board). 1989. Radiation protection requisites for the exemption
of certain radioactive materials from further licensing upon transferral for disposal. Atomic Energy
Control Board Regulatory Document R-85, Ottawa, ON.

AECL (Atomic Energy of Canada Limited). 1994. Environmental impact statement on the
concept for disposal of Canada's nuclear fuel waste. Atomic Energy of Canada Limited Report,
AECL-10711, COG-93 -1. Chalk River, ON.

Amiro, B.D. 1995. Some simplified radiological dose estimates using isotopic dilution in the
biosphere for the disposal of Canada's nuclear fuel waste. Atomic Energy of Canada Limited
Technical Record, TR-693, COG-95-286. Chalk River, ON.

Amiro B.D., L.L. Ewing and J.A.K. Reid. 1995. Collective population dose estimates from
aquatic dispersion for the disposal of Canada's nuclear fuel waste. Atomic Energy of Canada
Limited Technical Record, TR-708, COG-95-436. Chalk River, ON.

Amiro, B.D., Y. Zhuang and S.C. Sheppard. 1991. Relative importance of atmospheric and root
uptake pathways for 14CO2 transfer from contaminated soil to plants. Health Phys. 61: 825-829.

Baumgartner, P. 1995. Alternative postclosure assessment void space within copper disposal
container. Geotechnical Science and Engineering Branch Memorandum GSEB-95-281, AECL
Whiteshell Laboratories, Pinawa, MB.

Beak. 1992. Environmental transfer model. User manual. Report to Atomic Energy Control
Board of Canada, Ottawa.



- 2 0 - AECL-11533
COG-96-13

Beals, D. 1985. Hydrologic and hydrogeologic parameters for post-closure biosphere assessment
of nuclear fuel waste disposal. Atomic Energy of Canada Limited Technical Record, TR-287.
Chalk River, ON.

Crosthwaite, L. 1995. Size range of detectable flaw in a copper-shell container. Fuel Waste
Technology Branch Memorandum FWTB-95-237. AECL Whiteshell Laboratories, Pinawa, MB.

CSA (Canadian Standards Association). 1987. Guidelines for calculating derived release limits
for radioactive material in airborne and liquid effluents for normal operation of nuclear facilities.
Canadian Standards Association report CAN/CSA-N288.1-M87. Toronto.

Davis, P.A., R. Zach, M.E. Stephens, B.D. Amiro, G.A. Bird, J.A.K. Reid, M.I. Sheppard, S.C.
Sheppard and M. Stephenson. 1993. The disposal of Canada's nuclear fuel waste: The biosphere
model, BIOTRAC, for postclosure assessment. Atomic Energy of Canada Limited Report,
AECL-10720, COG-93-10. 531 pp. Chalk River, ON.

Fisher, P. 1992. Iodine intake of a representative Canadian diet. In Unpublished documents cited
in the EIS and Primary References, Atomic Energy of Canada Limited Technical Record, TR-567,
COG-92-27. Chalk River, ON.

Fisheries and Environment Canada. 1978. Hydrological atlas of Canada. Dept. Fisheries and
Environment, Printing and Publishing Supply and Services Canada, Ottawa, ON.

Fuge, R. and C.C. Johnson. 1986. The geochemistry of iodine - a review. Environ. Geochem.
Health 8: 31-54.

Gascoyne, M. 1992. Concentration of C in groundwater for the geosphere model. In
Unpublished documents cited in the EIS and Primary References. Atomic Energy of Canada
Limited Technical Record, TR-567, COG-92-27. Chalk River, ON.

Gascoyne, M. 1994. Chloride concentrations in WRA groundwaters. Memo AGB-94-208,
Applied Geosciences Branch, Whiteshell Laboratories, Pinawa, MB. Also in appendix of Atomic
Energy of Canada Limited Report, AECL-11213, COG-94-527. Chalk River, ON.

Gascoyne, M. and D.C. Kamineni. 1992. Groundwater chemistry and fracture mineralogy in the
Whiteshell Research Area: Supporting data for the geosphere and biosphere transport models.
Atomic Energy of Canada Limited Technical Record, TR-516, COG-92-24. Chalk River, ON.

Goodwin, B.W., D.B. McConnell, T.H. Andres, W.C. Hajas, DM. LeNeveu, T.W. Melnyk, G.R.
Sherman, M.E. Stephens, J.G. Szekely, P.C. Bera, CM. Cosgrove, K.D. Dougan, SB. Keeling,
C.I. Kitson, B.C. Kummen, S.E. Oliver, K. Witzke, L. Wojciechowski and A.G. Wikjord. 1994.
The disposal of Canada's nuclear fuel waste: Postclosure assessment of a reference system.
Atomic Energy of Canada Limited Report, AECL-10717, COG-93-7. Chalk River, ON.



- 2 1 - AECL-11533
COG-96-13

IAEA (International Atomic Energy Agency). 1988. Principles for the exemption of radiation
sources and practices from regulatory control. IAEA Safety Series No. 89, Vienna.

ICRP (International Commission on Radiological Protection). 1975. Reference man: Anatomical,
physiological and metabolic characteristics. International Commission on Radiological Protection,
ICRP Publication 23, Pergamon Press, Oxford.

ICRP (International Commission on Radiological Protection). 1979. Limits for intakes of
radionuclides by workers. International Commission on Radiological Protection, ICRP Publication
30, Pergamon Press, Oxford.

ICRP (International Commission on Radiological Protection). 1991a. Annual limits on intake of
radionuclides by workers based on the 1990 recommendations. International Commission on
Radiological Protection, ICRP Publication 61, Pergamon Press.

ICRP (International Commission on Radiological Protection). 1991b. 1990 recommendations of
the International Commission on Radiological Protection. International Commission on
Radiological Protection, ICRP Publication 60, Pergamon Press, Oxford.

Johnson, L.H., DM. LeNeveu, D.W. Shoesmith, D.W. Oscarson, M.N. Gray, R.J. Lemire and
N.C. Garisto. 1994. The disposal of Canada's nuclear fuel waste: the vault model for postclosure
assessment. Atomic Energy of Canada Limited Report, AECL-10714, COG-93-4. Chalk River,
ON.

Johnson, L.H., B.W. Goodwin, S.C. Sheppard, J.C. Tait, DM. Wuschke and C.C. Davison. 1995.
Radiological assessment of 36C1 in the disposal of used CANDU fuel. Atomic Energy of Canada
Limited Report, AECL-11213, COG-94-527. Chalk River, ON.

Killey, R.W.A. 1987. Water supply wells on the Ontario Shield. In Atomic Energy of Canada
Limited Technical Record, TR-567, COG-92-27. Chalk River, ON.

Li, Y.H. and S. Gregory. 1974. Diffusion of ions in sea water and in deep-sea sediments.
Geochim. Cosmochim. Acta. 38: 703-714.

NAS (National Academy of Sciences). 1980. Recommended dietary allowances. Ninth revised
edition. National Academy of Sciences, National Research Council, Food and Nutrition Board,
Washington, D.C.

OME (Ontario Ministry of the Environment). 1987. Water wells and groundwater supplies in
Ontario. Ontario Ministry of the Environment Ontario, Toronto, ON.

Russell, S.B. 1993. Radiological environmental assessment model for the used-fuel disposal
centre: preclosure phase, theory manual. Ontario Hydro Nuclear, Nuclear Waste and
Environmental Services Division Report N-03784-939974 (UFMED). Toronto, ON.



- 2 2 - AECL-11533
COG-96-13

SAT (Subsurface Advisory Team). 1995. SAT review of AECL's environmental impact
statement on the concept for disposal of Canada's nuclear fuel waste. Submitted to Environment
Canada on behalf of the Subsurface Advisory Team by AUSCAN, Austin, TX.

Shoesmith, D.W., F. King and B.M. Ikeda. 1995. An assessment of the feasibility of indefinite
containment of Canadian nuclear fuel wastes. Atomic Energy of Canada Limited Report, AECL-
10972, COG-94-534. Chalk River, ON.

Shoesmith, D.W. and S: Sunder. 1992. The prediction of nuclear fuel (UO2) dissolution rates
under waste disposal conditions. J. Nucl. Materials 190: 20-35.

SKB (Swedish Nuclear Fuel and Waste Management Company). 1992. SKB 91 - Final disposal
of spent nuclear fuel. Importance of the bedrock for safety. Swedish Nuclear Fuel and Waste
Management Company Report, KBS-TR-92-20.

Stroes-Gascoyne, S., J.C. Tait, R.J. Porth, J.L. McConnell and W.J. Lincoln. 1994. Release of
14C from the gap and grain-boundary regions of used CANDU fuels to aqueous solutions. Waste
Manage. 14: 385-392.

Tait, J.C. 1995. Instant release term from chlorine-36. Geochemistry Research Branch
memorandum GRB-95-276. AECL Whiteshell Laboratories, Pinawa, MB.

Tait, J.C., I.C. Gauld and G.B. Wilkin. 1989. Derivation of initial radionuclide inventories for the
safety assessment of the disposal of used CANDU fuel. Atomic Energy of Canada Limited Report,
AECL-9881. Chalk River, ON.

TVO (Teollisuuden Voima Oy). 1992. Final disposal of spent nuclear fuel in the Finnish bedrock:
Technical safety assessment. Nuclear Waste Commission of Power Companies, Helsinki, Report
YJT-92-31E.



- 2 3 - AECL-11533
COG-96-13

APPENDIX A

CANADIAN STANDARDS ASSOCIATION (CSA) MODEL CALCULATIONS



- 2 4 - AECL-11533
COG-96-13

APPENDIX A

CANADIAN STANDARDS ASSOCIATION (CSA) MODEL CALCULATIONS

Al. INTRODUCTION

The Canadian Standards Association (CSA) has published a "standard" model for calculating
derived release limits for radioactive material in airborne and liquid effluents for normal operation
of nuclear facilities (CSA 1987). This model follows transfer pathways in the biosphere and has
many attributes similar to the PREAC (Russell 1993) and BIOTRAC (Davis et al. 1993) models.
This model is also the basis for the "Environmental Transfer Pathway" model used by the AECB
(Beak 1992).

The CSA model was primarily developed to estimate dose rates from an atmospheric source or a
contaminated water body. It was not designed to evaluate an underground source. However,
many of its pathways are common to both above- and below-ground sources. Here, we apply the
CSA model to the situation of a critical group utilizing contaminated well water. This application
supports our previous modelling using BIOTRAC, and also gives a comparison to the specific-
activity approach used in the present report.

A2. METHODS

A2.1 The Model

The model is based on simple transfer parameters between different biosphere compartments
(Figure Al). We have ignored the atmospheric pathways outlined in CSA (1987) because they
were designed for an atmospheric release from a reactor, and our source term is well water. The
compartments are numbered, and transfers between compartments are labelled as pathways; for
example, transfer from compartment 3 (soil) to compartment 4 (crops) is labelled as pathway P34.
The last compartment (9) is the radiological dose endpoint. The dose from this example pathway
is the product of the well-water concentration, P23, P34 and P49.

We follow the equations outlined in CSA (1987) and use the recommended parameter values.
The exception is for some of the radionuclide-specific parameters, which are described in the next
section. We define each transfer parameter (Figure Al) as follows.

Water-to-soil:
P23 = L7 X, (L-m"2)
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Figure Al. CSA model compartments and transfer parameters. In our application, the source
is well water and there are five exposure pathways.
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where V = annual average irrigation rate = 2.3 x 10"5 Lm ' 2 s ' , and Xg = effective soil removal
constant (s"1) = Xr + Xs. K is the radiological decay constant and Xs corresponds to the
radionuclide's half-time in soil (s1).

Water-to-plants:
P24 = r L ( 1 - e Xete)/( k Y) (L-kg1),
where r is the initial fraction retained on vegetation = 0.05, L is the spray irrigation rate during the
growing season = 2.3 x 10"5 Lm^s"1, Y is the vegetation yield = 1.4 kgm"2 for vegetables and
0.28 kgm'2 for forage crops, and te is the effective duration of deposition = 60 d = 5.2 x 106 s.
Xe is the effective removal constant from vegetation = Xp + Xr, where \ is the physical removal
constant = 5.73 x 10'7s"\

Water-to-animal produce:
P25 = QWF (L-kg1),
where Qw is daily water intake of the animal (Ld*1), and F is the fraction of the animal's intake that
appears in the produce (d-kg"1). The values for Qw and F depend on the type of produce, and
CSA (1987) defines animal produce classes of milk, beef, pork, eggs and poultry.

Dose from water ingestion:
Pi29 = Iw DCF; (Sva 1-Bq"1-L),
where Iw is the drinking water intake = 700 L-a*1 for adults and DCF; is the dose conversion factor
for ingestion (Sv-Bq"1).

Dose from water immersion:
Pe29 = DCFeOF (Sva'-Bq'-L),
where DCFe is the external dose conversion factor (Sva"IBq"1L) and OF is the occupancy factor
= 0.01.

Soil-to-plant transfer:
P34 = B v / d (n^-kg1),
where Bv is the radionuclide-specific concentration factor for vegetation (Bq-kg'1 vegetation per
Bq-kg'1 soil) and d is the soil density = 240 kg-m'2. CSA (1987) gives default values for P34 for
several radionuclides.

External dose from soil:
P39 = 0.36 DCFg (Sva'-Bq'm2),
where DCFg is the dose conversion factor for ground deposits (Sv-a''-Bq''-m2) and 0.36 is a
conservative default parameter accounting for exposure time and geometry shielding.

Dose from ingestion of plants.
P49 = If DCFi (Sva'-Bq'kg),
where If is the consumption rate of the appropriate plant food (kg-a1). CSA (1987) defines
categories of leafy vegetables, above-ground vegetables and fruits, root vegetables, and cereal.
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Dose from ingestion of animal produce.
P59= IfDCFi (Sva 'Bq^kg),
where If is the consumption rate of the appropriate animal produce (kga"1). CSA (1987) defines
categories of animal produce of meat (beef and pork) poultry, milk, milk products, and eggs. The
dose calculated through P59 is from animals ingesting contaminated well water; animal feed is not
contaminated because forage fields are not irrigated in the model.

Carbon-14 is treated by CSA (1987) as a special case that uses a specific-activity relationship
between the atmosphere and vegetation. This was designed for releases from a reactor to the
atmosphere and not for an underground source term. Therefore, we model I4C using the same
method as for I29I and 36C1, and substitute appropriate parameter values from the literature.

A2.2 Parameter Values

Most of the parameter values are not radionuclide-specific and we use the default values
suggested by CSA (1987). However, some parameters are specific to either elements or a nuclide
of the element. The CSA model gives parameter values for iodine that can be applied to I29I.
However, no data are given for chlorine and we have selected data from other sources to use in
the model. As mentioned previously, we have also derived parameter values for l4C. The
radionuclide-specific parameter values and the source of the values are given in Table Al.

The values for Bv are taken from Baes et al. (1984) for 36C1 and 14C. We use the same values for
all types of vegetation. The internal DCFj values are taken from ICRP (1991) and the external
DCF values (DCFe, DCFg) are taken from Holford (1989). We use these sources as consistent
calculations of these parameters. Values were not available for 36C1 in CSA (1987), and the
newer ICRP (1991) values are more recognized than the previous CSA (1987) values.

The soil half-time, X*, was derived from literature values because CSA (1987) does not give
element-specific values. Sheppard et al. (1993) did a study of iodine and chlorine dynamics in a
garden and found a residence half-time of 200 d for iodine and 140 d for chlorine. This translates
to K values of 4.0 x 10'8 s A for iodine and 5.7 x 10'8 s'1 for chlorine. Sheppard et al. (1994)
suggest a rate constant of 8.8 a"1 for 14C, mostly determined by losses to the atmosphere. This
translates to a X* value of 2.8 x 10"7 s"1.

The fraction of 36C1 appearing in animal produce, F, is not given in CSA (1987). We have
adopted values of 0.017 dkg"1 for milk, 8 dkg'1 for poultry and eggs, and 0.08 dkg"1 for beef and
pork (Johnson et al. 1995).

A3. RESULTS AND DISCUSSION

A3.1 Water Concentrations

In our simple analysis, we calculate well-water concentrations based on the flow rate through the
well. This is derived from the water usage by the critical group. In the CSA (1987) model,
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Parameter

Bv
Bv
Bv
DCFj
DCF;
DCFj
DCFe

DCFe

DCFe

DCFg

DCFg

DCFg

Is

xs

TABLE

RADIONUCLIDE-SPECIFIC

Radionuclide Value

129T

36C1
1 4 C

129j

36C ,

I4C
129j

36C ,

14C
129I
36C1
14C
129j

36C )

14C

4.5 x 10"3

18
5.5
1 x 10-7

l x l O ' 9

5 x lO"10

2.8 x 10'8

4.4 xlO-9

6.5 x 1O'11

8.2 x 1O-1°
1.7 xlO"9

9.2 x 10"12

4.0 x 10'8

5.7 xlO' 8

2.8 x 10-7

Al

PARAMETER VALUES

Units

Bqkg 'Bq 'kg
Bq-kg'-Bq'-kg
Bq-kg^-Bq-'kg
SvBq"1

SvBq-1

SvBq-1

Sv-a'Bq'L
Sv-a^Bq'L
S v a ' B q ' L
Sva'Bq-'m2

Sva'Bq-'m2

Sva'-Bq-'m2

s"1

s'1

s"1

Source

CSA 1987
Baesetal. 1984
Baesetal. 1984
ICRP 1991
ICRP 1991
ICRP 1991
Holford 1989
Holford 1989
Holford 1989
Holford 1989
Holford 1989
Holford 1989
Sheppard et al. 1993
Sheppard et al. 1993
Sheppard et al. 1994

overall water usage is not given. However, water used for irrigation can be calculated using the
irrigation rate of 2.4 x 10-5 L-m"2s-1 over a 60-d period, or 0.12 m per season (year). Davis et al.
(1993) suggested that a garden of about 0.2 ha in size would be required to support a group of
four people, so the water volume required for irrigation is 238 m3-a'!. A further 85 m3a'' is
required for livestock to drink (Davis et al. 1993). Domestic water use by a group of four people
is estimated at 520 m3a-1 (OME 1987). Therefore, we assume that the total amount of water
required by the critical group is the sum of these three amounts, F, and is 843 m3a"'.

The water concentration of radionuclide i, Xi (mol-m"3), is calculated as

where Jj is the flux of radionuclide i into the well (mola1).
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We calculated J1291 = 9.2 x 10'6 mol-a*1, J36ci = 4.9 x W7 mol-a'1, and J14C = 1.4 x 108 mola"1

(Table 2 in main part of report), so X1291 = 1.1 x 10'8 mol-m'3, x36ci = 5.8 x 10'10 mol-m'"\ and
= 1.7xlO'nmolm"3.

A3.2 Radiological Doses

Radiological dose rates calculated using the CSA model are given in Table A2. The total dose
rate from all three radionuclides and all pathways is 1.4 (aSv-a'1. The dose is dominated by I29I,
with water and food ingestion pathways being of similar magnitude.

TABLE A2

RADIOLOGICAL DOSE RATES CALCULATED USING THE CSA MODEL

Radiological Dose Rate (Sva1)
Pathway 129I 36C1 14C Total

Pi29: Water ingestion
Pe29: Water immersion
P39: Soil groundshine
P49: Plant ingestion
P59: Animal ingestion
Total

6.4
2.6
1.6
3.5
1.4
1.1

X

X

X

X

X

X

io-7

lO"12

10-9

10-7

10-7

io-6

1.8
1.1
6.4
2.2
1.2
2.6

X

X

X

X

X

X

1(T
io-12

io-9

io-7

i(r8

10-7

1.4
2.5
1.1
1.8
7.8
3.9

X

X

X

X

X

X

lcr
10-1 4

10"
io-8

10-9

1Q-8

6.7
3.7
7.9
5.9
1.6
1.4

X

X

X

X

X

X

10-7

io-12

l O " 9

l O " 7

io-7

l O " 6

A4. CONCLUSIONS

The CSA (1987) model was used to calculate doses from 1291,36C1 and 14C, based on the
assumption that the radionuclide flux from the instant release fraction of a defective copper
container entered well water that was diluted by the needs of a critical group of four for domestic,
irrigation and livestock uses. The total dose rate is estimated at 1.4 |j.Sva-I, and is dominated by
ingestion of 129I. This dose rate is less than the 50 u-Sva'1 dose rate adopted by the AECB (1989)
as a de minimis level, a dose rate so small as to not warrant institutional control.
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