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Le conservatisme et l’incertitude dans le modele de 1’ Association canadienne de normalisation (CSA) 
relatif au calcul des limites de rejets derivees (LRD) pour les rejets aquatiques de radionucleides 
provenant des installations nucltaires ont CtC Ctudies. Un modele dCterministe a ettc execute a I’aide des 
valeurs par defaut recommandees pour ses parametres, et ses prtdictions ont Cte comparees aux doses 
reparties obtenues par le calcul du modele de prediction stochastique. Les fonctions de distribution de 
probabilites (FDP) des parametres du modele stochastique ont CtC Ctablies a l’aide des donnees trouvees 
dans les travaux de recherche et les resultats des travaux expkrimentaux men& par EACL. On a constate 
que les valeurs par defaut recommandees dans le modele CSA pour certains parametres etaient inferieures 
aux valeurs centrales des FDP dans environ la moitie des cas. Les doses (ingestion, depots sur le sol et 
immersion) calculees comme la mediane des 400 iterations du modele stochastique Ctaient plus ClevCes 
que les doses du modele deterministe predites par les valeurs par defaut des parametres du modele CSA 
dans plus de la moitie des cas (85 sur 163). Par consequent, le modele CSA n’est pas reellement un 
modele conservateur de calcul des LRD des rejets aquatiques de radionucleides. L’extrant de l’execution 
du modele stochastique a &tC utilise pour dkerminer l’incertitude des predictions du modele CSA. 
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grandeur de tous les radionucleides. Une etude de sensibilite a revele que les doses totales ingerees par 
les ad&es et predites par le modble CSA sont principalement sensibles aux taux d’infiltration, aux 
facteurs de bioaccumulation (FBA) relatifs aux poissons et au biote marin, aux apports alimentaires de 
Poisson et de biote marin, a la fraction d’aliments consommts qui proviennent de sources contaminees, au 
taux d’irrigation, aux facteurs d’occupation et au coefficient de repartition solide/liquide des sediments. 
Pour ameliorer les modeles des LED, de nouvelles recherches sur les voies d’exposition en milieu 
aquatique devraient s’interesser a reduire l’incertitude de ces parametres. D’autres specialistes en 
modelisation peuvent utiliser les FDP indiquees dans le present rapport pour &valuer et ameliorer leurs 
modeles et pour s’assurer que les valeurs des LRD ne sont pas surestimtes. 
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ABSTRACT 

The conservatism and uncertainty in the Canadian Standards Association (CSA) model for 
calculating derived release limits (DRLs) for aquatic emissions of radionuclides from nuclear 
facilities was investigated. The model was run deterministically using the recommended default 
values for its parameters, and its predictions were compared with the distributed doses obtained 
by running the model stochastically. Probability density functions (PDFs) for the model 
parameters for the stochastic runs were constructed using data reported in the literature and 
results from experimental work done by AECL. The default values recommended for the CSA 
model for some parameters were found to be lower than the central values of the PDFs in about 
half of the cases. Doses (ingestion, groundshine and immersion) calculated as the median of 400 
stochastic runs were higher than the deterministic doses predicted using the CSA default values 
of the parameters for more than half (85 out of the 163) of the cases. Thus, the CSA model is not 
conservative for calculating DRLs for aquatic radionuclide emissions, as it was intended to be. 
The output of the stochastic runs was used to determine the uncertainty in the CSA model 
predictions. The uncertainty in the total dose was high, with the 95% confidence interval 
exceeding an order of magnitude for all radionuclides. A sensitivity study revealed that total 
ingestion doses to adults predicted by the CSA model are sensitive primarily to water intake 
rates, bioaccumulation factors for fish and marine biota, dietary intakes of fish and marine biota, 
the fraction of consumed food arising from contaminated sources, the irrigation rate, occupancy 
factors and the sediment solid/liquid distribution coefficient. To improve DRL models, further 
research into aquatic exposure pathways should concentrate on reducing the uncertainty in these 
parameters. The PDFs given here can be used by other modellers to test and improve their 
models and to ensure that DRLs are not overestimated. 
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1: INTRODUCTION 

Screening and regulatory models have traditionally been designed to overestimate doses, in order 
to protect members of the public. This is the case for the Canadian Standards Association model 
CSA-N288.1 (CSA 1987), which provides guidelines for calculating derived release limits 
(DRLs) for routine emissions at nuclear facilities. The models and default parameter values in 
N288.1 were chosen to ensure that the dose to a member of the critical group is highly unlikely 
to exceed the regulatory limit, as long as the DRL is not exceeded. However, the exact level of 
conservatism in N288.1 is unknown. The best way to establish the level is to test predictions of 
the model against environmental measurements, although this is difficult to do because suitable 
data are rare. An alternative approach involves comparing the deterministic prediction of the 
model with the range of predictions that arises from a probabilistic analysis. The location of the 
deterministic result in the output distribution provides an indication of the conservatism in the 
model. 

In this report, deterministic doses calculated using the parameter values recommended in 
CSA-N288.1 were compared with stochastic results (means and 95% confidence intervals) for 
the main radionuclides released routinely from CANDU@ reactors in liquid effluent to both 
freshwater and marine environments. This report complements the work reported by Peterson 
(1998), who carried out a similar analysis for radionuclides released to the atmosphere. Other 
objectives of the study were: 

l to derive probability density functions (PDFs) for the aquatic parameters that are 
representative of conditions at Canadian CANDU sites. 

l to determine the uncertainty in the predictions of N288.1. 
0 to advance the probabilistic calculation of DRLs. In deterministic models, conservative 

assumptions can compound, leading to results that may be overly conservative. 
l to use a sensitivity analysis to identify the parameters and pathways that contribute most 

to the uncertainty in model predictions, as a means of setting priorities for future work. 
l to help guide revisions to N288.1, as required by the Canadian Nuclear Safety 

Commission, and currently being undertaken by Ontario Power Generation (OPG). For 
example, the results could be used to define default parameter values that will lead to a 
given level of uncertainty in deterministic calculations. 

l to enhance our capabilities in modelling aquatic pathways and defining suitable 
parameter values. This enhancement will help improve models for accidental as well as 
routine releases. 

The CSA model is a standard equilibrium compartment model. Liquid effluents are assumed to 
contaminate the receiving water body, its sediments and any animals and plants living in it. 
Members of the public receive ingestion doses by consuming water and aquatic foods, 
immersion doses by swimming or bathing in the water, and external doses from exposure to 
contaminated beaches. Terrestrial soils and plants may also become contaminated via irrigation, 
leading to additional ingestion and groundshine doses. This contamination occurs for releases to 
freshwater bodies, but not to marine environments. In the model, transfer parameters are used to 

@ CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL). 
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calculate radionuclide concentrations in one compartment due to the transfer of activity from a 
second. Exceptions occur for tritium and 14C, which are modelled using specific activity 
concepts. Grain is assumed to be uncontaminated and is not included in the model. Similarly, 
forage is not considered, because it is not irrigated in those parts of Canada where CANDU 
reactors are located, and thus, it cannot become contaminated through liquid releases. 

In the present study, release rates to air were set to zero. Radionuclide concentrations in water 
were assumed to be known at the outset, since aquatic dispersion is too site-specific to be treated 
in a generic way in a probabilistic model. The calculations were carried out using CSA-DRL, a 
coded version of N288.1 developed in the Environmental Technologies branch at Chalk River 
Laboratories (CRL). CSA-DRL is written in FORTRAN 90 and has a user-friendly interface. It 
can faithfully reproduce N288.1, but it also incorporates alternative models for some pathways. 
CSA-DRL also includes updated dose coefficients from ICRP (1998), Eckerman and Leggett 
(1996), Health Canada (1999) and B.E. Heimniller (CRL, personal communication, 2001), which 
replace the values in Tables Cl-C4 of N288.1. CSA-DRL can be run stochastically; in this 
mode, calculations were carried out using distributions of parameter values from the literature, 
tuned to Canadian CANDU sites. 

2. RADIONUCLIDES 

CSA-DRL is capable of handling 45 elements, or more than 100 radioisotopes. For some 
isotopes, it is possible to treat different physical and chemical forms. For example, each iodine 
isotope can be considered in elemental, particulate or organic form, Data on aquatic parameter 
values were collected and documented for most of these elements, excluding the noble gases, 
which impart no dose via the aquatic pathways. Uncertainty calculations were carried out only 
for the 28 radionuclides considered by Peterson (1998) in her analysis of the atmospheric 
pathways, in order to take advantage of the distributions that she developed for the terrestrial 
pathways that are common to airborne and liquid releases. These nuclides (see Table 1) 
represent the full range of behaviours and effects for effluents at CANDU sites. With the 
exception of 3H and 14C, all radionuclides in Table 1 are present in the aquatic environment in 
particulate form, and this was the only form considered in the analysis. The particulate form can 
be further subdivided into three types (fast (F), moderate (M) and slow (S)), based upon the rate 
of absorption from the respiratory tract to body fluids. The type considered here is that which 
gives the maximum dose (Health Canada 1999). The list includes both short- and long-lived 
nuclides. Pure p emitters are indicated in Table 1 for information. These radionuclides give 
very low external doses from groundshine and immersion, and result in equal doses to infants 
and adults. Seven nuclides (3H, 14C, 90Sr, 95Nb, ‘06Ru, 1311, ‘37Cs) were selected for sensitivity 
analysis. These nuclides are important to CANDU reactors, cover all pathways of the CSA 
N288.1 model and are consistent with the sensitivity analysis of the atmospheric pathways 
carried out by Peterson (1998). 

N288.1 does not have a mechanism to handle radioactive ingrowth. However, this process can 
be important for liquid effluents, where the time between release and exposure can be significant. 
Ingrowth was handled in CSA-DRL in the following way: 
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l Activities of all parents and daughters were calculated as a function of time. 
l For cases of long-lived parents and short-lived daughters, where the activity of the 

daughter comes into rapid equilibrium with that of the parent, the daughter was assigned 
an activity equal to that of the parent at the time of the dose calculation. This applied to 
the following parent/daughter pairs: 9oSr/90Y, 95Zr/‘95Nb, g9M~/9gmT~, ‘03Ru/‘06mRb, 
106~~/106~, 132~~/1321, 137Cs/137mBa, 140Ba/140La ,& 144ce/144pr. 

0 For cases of short-lived parents and long-lived daughters, where the activity of the 
daughter quickly becomes higher than the activity of parent, the daughter was assigned its 
maximum possible activity at the time of the release. The only example of this was the 
decay of g9Mo to 99Tc; even here, the 99Tc activity was seven orders of magnitude lower 
than the initial activity of ““MO, which resulted in a very low dose. 

l In all cases, the dose from the daughter was taken into account by adding it to the dose 
from the parent. 

Table 1 
List of Radionuclides Considered 

Nuclide Chemical form Type Half-life Pure j3 emitter 
H-3 Tritiated water 
c-14 Carbon dioxide 
Cr-5 1 Particulate aerosol 
Mn-54 Particulate aerosol 
Fe-55 Particulate aerosol 
Fe-59 Particulate aerosol 
Co-58 Particulate aerosol 
Co-60 Particulate aerosol 
Zn-65 Particulate aerosol 
Sr-89 Particulate aerosol 
Sr-90 Particulate aerosol 
Zr-95 Particulate aerosol 
Nb-95 Particulate aerosol 
MO-99 Particulate aerosol 
Ru-103 Particulate aerosol 
Ru- 106 Particulate aerosol 

Te- 125m Particulate aerosol 
Te-132 Particulate aerosol 
I- 129 Particulate aerosol 
I- 13 1 Particulate aerosol 
I- 133 Particulate aerosol 

Cs-134 Particulate aerosol 
Cs- 135 Particulate aerosol 
Cs- 136 Particulate aerosol 
Cs-137 Particulate aerosol 
Ba- 140 Particulate aerosol 
Ce- 14 1 Particulate aerosol 

S 
F 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
F 
F 
F 
F 
F 
F 
F 
M 
M 

12.28 years 
5.74~10~ years 

27.7 days 
10.27 minutes 

2.7 years 
1.47 minutes 
2.33 minutes 

5.27 years 
8.03 minutes 
1.66 minutes 
28.6 years 

2.1 minutes 
1.15 minutes 

2.75 days 
1.29 minutes 

1 .Ol years 
1.91 minutes 

3.26 days 
1.57xlO’years 

8.04 days 
20.8 hours 
2.06 years 

2.3~10~ years 
13.16 days 
30.17 years 
12.79 days 

1.07 minutes 

Yes 
Yes 

Yes 
Yes 

Yes 

Yes 

Ce-144 Particulate aerosol M 9.34 minutes 
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The above procedure was followed for both the stochastic and deterministic calculations, and 
does not affect the comparison between the two. 

3. PROBABILITY DENSITY FUNCTIONS 

3.1 Data Sources 

The important parameters for stochastic runs were identified from previous experience. Values 
for these parameters were found from a number of sources: published papers and reports 
identified through literature reviews; consultation with recognized experts in the field; DRL 
reports; site-specific surveys; and compendia of parameter values, including those developed in 
other AECL projects (Davis et al. 1993, Zach and Sheppard 1992, Dolinar et al. 1996). Many 
distributions were taken from the new DRL model under development by OPG (Hart et al. 
2001). A report by Chant et al. (2000) was found to be a very useful source for transfer 
parameters to freshwater fish for Lake Huron, Lake Ontario, the Ottawa River and the 
St. Lawrence River, and to marine fish and biota for the Bay of Fundy. People involved in DRL 
calculations and dose assessment at AECL and the Canadian CANDU utilities were consulted 
regarding site-specific parameter values and assumptions. In all, about 150 papers and reports 
were consulted in gathering parameter values. 

3.2 Database 

A sophisticated database was designed to hold the parameter values, along with cross-references 
to the papers from which they were drawn. About 1500 values corresponding to 75 parameters 
for 60 radionuclides were keyed into the database. These data tables formed the basis for the 
construction of probability density functions for the various parameters. The papers containing 
the most extensive data have been referenced explicitly in the text; the remainder are listed in the 
bibliography at the end of the report. 

3.3 Parameter Distributions 

For most parameters, the number of experimental values found was less than 20. This was not 
enough to determine the form of the distribution or to calculate the standard deviation directly 
from the data itself. Instead, the forms of the distributions were set largely by judgment, by 
using whatever data were available, by using distributions suggested in the literature and through 
expert consultation. Mean values were also set by judgement using the most recent, reliable data 
relevant to Canadian CANDU circumstances. Some sources provided maximum and minimum 
values for some parameters. This information, together with the spread of values from all 
sources, was used to set standard deviations for the parameters. 

Some activity in freshwater aquatic systems is transferred to terrestrial pathways through the 
irrigation of crops and soil and through drinking water. Distributions for parameters in the 
terrestrial pathways were previously prepared and documented by Peterson (1998). Wherever 
possible, these distributions were used in the current analysis as well. It was necessary to 
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construct distributions for irrigation rate, for the fraction of activity retained from direct 
deposition on plants and for water intake by animals, since these parameters were not considered 
by Peterson (1998). 

The notation used in the following sections of this report follows that given in N288.1. Each 
compartment is identified by a number, as shown in Table 2. The transfer of activity from water 
(compartment 2) to freshwater fish (compartment 6), for example, is thus denoted as P26. 

Table 2 
Numbering of Compartments 

Compartment Number 
Source 0 

Atmosphere 1 
Surface water 2 

Soil 3 
Forage and crops 4 
Animal produce 5 
Aquatic animals 6 
Aquatic plants 7 

Sediment 8 
Dose 9 

3.3.1 P02: Concentrations in Water 

Water concentrations were calculated using Equation (6.1) in N288.1: 

Po2 = XZ~XO(W)= P exp[-(L-t-W tl/ (DF Qv) 

where ~2 = radionuclide concentration in water (Bq L-l) 
x0(w) = release rate (Bq s“) 
P = effluent recirculation factor 
L = radioactive decay constant (s-l) 
L = removal constant for sedimentation (s-r) 
t = transport time from point of discharge to point of water use (s) 
DF = dilution ratio neglecting radioactive decay 
Qv = annual average volumetric discharge rate of the liquid effluent (L s“) 

(1) 

For a given release rate, there can be large variations in water concentration, depending on the 
properties of the receiving water body. This variation could obscure the uncertainty in the 
predicted doses due to uncertainty in the other transfer parameters, which is the focus of this 
study. To eliminate site-specific variations in water concentrations, fixed, nominal parameter 
values were used in Eq. (1) for all calculations, as listed below: 
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x0(w) = 1 Bq s-l for each nuclide. 

Qv = 7.5~10~ L -’ s , representative of discharges from CRL to the Ottawa River. 

l3 = 1, representative of sites where contaminated water from the outlet is unlikely to be taken 
in at the water inlet. 

h, = 4.0x10-* s-‘, a nominal value that depends on the radionuclide of interest. 

Dr = 100, a nominal value that depends on the properties of the receiving water body (river, 
lake or ocean). 

t = 1 day. 

Use of these fixed values means that the initial water concentration for each radionuclide was the 
same, apart from the decay term. Radionuclides with half-lives longer than 10 days showed 
about equal water concentrations at the receptor (1.3x1 O-* Bq L-l), although shorter-lived 
nuclides had lower concentrations because of decay. 

3.3.2 P~J: Contamination of Soil by Irrigation Water 

P23 is given by 

P23 = L’ / (h, + hs) (L mm2) (2) 

where L’ is the annual average irrigation rate (L m-* s-l) and h, is the removal constant from soil 
(s-l), which describes the loss of activity through processes such as leaching, erosion, root uptake 
and volatilization. This model assumes that equilibrium soil concentrations are determined by 
the balance between activity gained through irrigation and that lost through radioactive decay 
and the various removal processes. In N288.1, h, is given a generic value of 2.2x10-r’ s-’ , which 
corresponds to a removal half-life of 100 years, independent of radionuclide. This means that, in 
practice, losses are dominated by radioactive decay, since most of the radionuclides considered 
here have half-lives much shorter than 100 years. Since it has little impact on predicted soil 
concentrations, h, was not distributed in the present calculations, but held fixed at 2.2x10-” s-’ . 

The annual average irrigation rate depends on factors such as local climate, crop water 
requirements and local soil physical properties. From considerations of the water required for a 
crop to grow effectively relative to the rainfall available at CANDU stations in Ontario, Hart 
et al. (2001) recommended a mean value of L’ = 1 .0x10b5 L m-* s-l. We assume that this is the 
central value in a uniform distribution, with lower and upper limits of 0 and 1.9x 1 Om5 L m-2 s-l, 
respectively. In comparison, the default value in N288.1 is 2.3~10~~ L me2 s-‘. 
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3.3.3 P24: Contamination of Crops by Irrigation Water 

P24 is given by 

P24 = r L’ [ 1 - exp(-h, te)] / (h, Y) (L kg-‘) (3) 

where r = initial fraction retained on vegetation 
h, = effective removal constant from vegetation (s-l) 
t, = effective duration of the growing season (s) 
Y = vegetation yield (kg mm2 fresh weight) 

The distribution for irrigation rate (L’) was defined in Section 3.3.2. Distributions for the initial 
fraction retained on vegetation (r) were specified as a function of radionuclide by Peterson and 
Chouhan (2001) and are reproduced in Table 3. Distributions for the remaining parameters 
(he, t, and Y) were discussed by Peterson (1998) and are shown in Table 4. Grain is assumed to 
be uncontaminated in N288.1 and was not considered here. Similarly, forage was not 
considered, because it is not irrigated in Eastern Canada and cannot become contaminated 
through liquid releases. 

The transfer of tritium from irrigation water to crops is handled through a specific activity model 
rather than through Eq. (3). P24 for tritium is given by 

P24 = f,’ G, CL kg-‘) (4) 

where f,’ is the ratio of the specific activity of tritium in vegetation water to that in irrigation 
water, and G, is the water content of the vegetation. Rather than assigning distributions to f,’ 
and G, separately, P24 was varied directly on the assumption that it is normally distributed. A 
mean value of 0.76 L kg-’ was estimated from the best estimates off,’ and G, (Spencer 1983; 
Giegy 198 l), and a standard deviation of 0.062 L kg-’ was determined from the variation in these 
parameters. The N288.1 default for P24 for tritium is 0.81 L kg-‘. Note that Eq. (4) accounts for 
root uptake from the soil, as well as the direct deposition of irrigation water on plants. 
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Table 3 
Normal distributions for initial fraction retained on vegetation. The N288.1 

default is 0.05 for all nuciides (from Peterson and Chouhan 2001). 

Nuclide 0.00 1 fractile Mean 0.999 fractile 
Ba 0 0.5 1 
Ce 0.00208 0.336 0.67 
cs 0.133 0.567 1 
Cr 0.0914 0.525 0.958 
co 0 0.5 1 
I 0.0432 0.356 0.668 

Fe 0.133 0.567 1 
Mn 0 0.5 1 
MO 0 0.5 1 
Nb 0 0.5 1 
Ru 0.000155 0.399 0.797 
Sr 0.000155 0.399 0.797 
Te 0.133 0.567 1 
Zn 0 0.5 1 
Zr 0 0.5 1 

All others 0.04 0.48 0.92 

Table 4 
Lognormal distributions for yield, length of growing season and removal constant from 

vegetation (from Peterson 1998). 

N288.1 default 0.00 1 fractile Geometric 0.999 fractile 

Yield (kg fw m-2) 
Leafy vegetables 
Fruit vegetables 
Root crops 
Fruit 

Growing season (d) 
Crops 

1.9 0.0841 
0.57 0.13 
2.6 0.417 

0.31 0.0764 

60 19.7 

mean 

1.37 
0.91 
2.18 
0.78 

72.5 

22.4 
6.43 
11.4 
7.93 

266 
Removal constant (d) 14 4.2 15 53.5 

3.3.4 P2s: Transfer from Water to Animals 

P25 is given by 

P2s = k,’ Qw F (L kg-‘) 

where k,’ = fraction of the animal’s annual water intake that is contaminated 
Qw = daily water intake of the animal (L d-l) 
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F = fraction of the animal’s daily intake that appears in each kg of produce (d kg-‘) 

Distributions for water intake rate were drawn from IAEA (1994) and Hart (1998) and are shown 
in Table 5. The distribution for the contaminated fraction of the animal’s water intake was set by 
judgment as triangular, with a lower limit of 0, an upper limit of 1 and a most probable value of 
0.8. The N288.1 default value for k,’ is 1.0. Distributions for the fraction of the animal’s daily 
intake that appears in each kg of produce are given in Table 7 of Peterson (1998). Separate 
distributions are given for dairy cows, beef cattle, pigs and poultry (chicken and eggs) and all are 
lognormal. 

Table 5 
Normal Distributions for Water Intake Rate (L d-‘) 

Animal 0.001 fiactile Mean N288.1 default 0.999 fiactile 
Dairy cow 18 40 80 62 
Beef cattle 6 27 50 48 

Pig 3.8 6.8 7 9.8 
Poultry 0.0074 0.1 0.3 0.19 

Specific activity models were used instead of Eq. (5) to estimate the uncertainty in animal 
concentrations for tritium and 14C. The use of Eq. (5) for these radionuclides could lead to 
violation of specific activity constraints if k,‘, QW and F were varied independently. For tritium, 
we assume that the concentration in the aqueous phase of the animal product (CHpp, Bq L-l) 
equals the weighted average of the concentrations in the sources that supply water to the animal. 
For aquatic releases, for which air moisture and plants contain no tritium, the only source of 
contaminated water is drinking water, so that 

C H - H 
ap - c dw f-‘dw (6) 

where CHdW is the concentration in drinking water (Bq L-‘) and pdW is the fraction of the total 
water taken in by the animal that comes from drinking water. If it is assumed that the tritium 
taken in is distributed throughout both aqueous and organic phases of the animal, or equivalently 
that the animal is 100% water, then C” ap can be interpreted as having units Bq kg-’ fresh weight. 
Then, 

PH25 = f,,, / cHdw = fH&,, (7) 

Distributions for pdW were taken from Peterson and Davis (2001) and are shown in Table 6. 
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Table 6. Normal distributions for P25 for tritium (equal to the fraction of total water taken 
in by the animal that is supplied by drinking water (from Peterson and Davis 2001)). 

Animal 0.001 fi-actile Mean CSA N288.1 default 0.999 fractile 
Dairy cow 0.3 0.5 1.1 0.70 
Beef cattle 0.3 0.5 0.9 0.70 

Pork 0.6 0.78 0.52 0.96 
Eggs 0.6 0.78 0.66 0.96 

Poultsy 0.6 0.78 1.1 0.96 

Eq. (6) applies to 14C as well as to tritium, although concentrations must be expressed in Bq g-‘C 
rather than Bq L“ : 

cg =cg ap f dw dw (8) 

where Cg, isthe 14C concentration in animal product (Bq g-l(Y), Cgdw is the 14C concentration in 
drinking water (Bq g-‘C) and fC& is the fraction of total carbon taken in by the animal that comes 
from drinking water. Now, 

cc, = cgap A, (9) 

and cc& = cg&., w, (10) 

where Cc, = 14C concentration in animal product (Bq kg“ fw) 
CC dw = 14C concentration in drinking water (Bq L-‘) 
AC = carbon content of the animal (gC kg-’ fw) 
W, = carbon content of drinking water (gC L-‘) 

Carbon can enter the animal with either food or water, so that 

fCdw = I, Wc / (If F, + I, W,) - Iw W, / (If F,) (11) 

where If and I, are the intakes of food (kg dw d-‘) and water (L d-‘), respectively, and F, is the 
carbon content of food (gC kg“ dw). Combining Eqs. (8-l l), we find that 

PC25 = CCap / CCdw = Iw AC / (If Fc) (12) 

Table 7 lists values for the parameters in Eq. (12), as taken from Geigy (198 1) and Hart et al. 
(2001), assuming that cows eat pasture, poultry eats grain and pigs eat equal amounts of grain 
and potatoes. Table 8 shows values and distributions for Pc25, which is assumed to be normally 
distributed. The fractile values were set by judgment, taking into account the fact that A, and F, 
have little uncertainty if the diet of the animal is known, and that I, and If are highly correlated. 
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Table 7 
Values of the Parameters Contributing to P2s for C-14 

Animal A, (g C kg-’ fw) F, (g C kg-’ dw) I, (L d-‘) Ir (kg dw d-‘) 
Dairy cow 64 400 40 10 
Beef cattle 210 400 27 10 

Pork 330 400 6.8 3 
Poultry/Eggs 150 450 0.1 0.1 

Table 8 
Normal Distributions for P25 for 14C (L kg-‘) 

Animal Lower limit Mean CSA N288.1 default Upper limit 
Dairy cow 0.32 0.64 1.20 0.96 
Beef cattle 0.71 1.42 3.20 2.13 

Pork 0.94 1.87 1.30 2.81 
Eggs 0.17 0.33 0.93 0.50 

Poultry 0.17 0.33 1.30 0.50 

3.3.5 P26: Transfer from Water to Aquatic Animals 

Fresh Water: A considerable amount of information is available in the literature on P26 
(otherwise known as the bioaccumulation factor for fish, or BAF). For a given radionuclide, the 
data show a lot of variability, part of which is due to natural factors such as fish species, age, size 
and diet, and the water system in which they are found. Additional variation is introduced when 
water and fish samples are taken at different times and/or locations. 

To define this variation and provide data representative of Canadian CANDU sites, Chant et al. 
(2000) measured BAFs for freshwater fish in Lake Ontario, Lake Huron, the Ottawa River and 
the St. Lawrence River. Since concentrations of radioactive elements are mostly below detection 
levels in these water bodies, the BAFs were derived from measurements of stable element 
concentrations. Stable elements, which have a distributed source, tend to show concentrations 
that are more constant in time and space than those of radionuclides, most of which enter the 
water body from one or more point sources. Water and fish are therefore usually at equilibrium 
with respect to stable elements and do not need to be sampled at the same time and place. 
Measurements were made for chromium, manganese, iron, cobalt, zinc, strontium, zirconium, 
iodine, cesium, barium and cerium. 

Because of its extent, quality and relevance to Canadian CANDU sites, the data collected by 
Chant et al. (2000) were used preferentially to define values for P26. The values for each element 
were assumed to be lognormally distributed, and geometric means (GMs) were calculated using 
pooled data from all sites (see Table 9). This provided generic means suitable for the uncertainty 
analysis reported here, although site-specific values are recommended when calculating DRLs 
for a particular site. A different philosophy was adopted for the geometric standard deviations 
(GSDs). The use of pooled data here led to large GSDs that are believed to be unrepresentative 
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of the variance in individual water bodies, to which DRL models are applied in practice. Instead, 
separate GSDs were calculated from the values available for each element in each water body. 
These values varied from a minimum of 1.10 for Zr in the Ottawa River (number of 
observations, n = 6) to a maximum of 3.47 for Ba in Lake Ontario (n = 198). Most of the values 
clustered around 2.5, which was chosen as a representative GSD and used for each radionuclide 
on the assumption that the variability is the same for each element in each water body. 

CSA N288.1 lists separate BAF values for fish for water of low mineral and high mineral 
content. However, BAFs are generally not categorized in this way. In addition, Chant et al, 
(2000) found the total concentration of dissolved solids to be less than 150 mg L-’ for all the 
fresh water bodies they sampled, which falls into the low mineral content category defined in 
N288.1. Accordingly, no consideration was given to the mineral content of the water in setting 
the distributions for P26. 

Most of the BAF values reported by Chant et al. (2000) were based on stable element 
concentrations in filtered water. However, the model calculates concentrations in unfiltered 
water and requires that the BAFs be expressed in these terms, in order to calculate concentrations 
in fish. Therefore, all BAFs were adjusted to unfiltered water before calculating the GMs and 
GSDs. This was done using measurements of both unfiltered and filtered water concentrations 
obtained in Lake Huron. BAFs based on unfiltered water were found by multiplying the BAFs 
based on filtered water by the observed mean ratio of filtered to unfiltered water concentration. 

Geometric means for elements not included in the study of Chant et al. (2000) were taken from 
Hart et al. (2001) who synthesized data published by the IAEA (1994,2000), NCRP (1996), 
Rowan and Rasmussen (1994), Blaylock (1992), Davis et al. (1993), Bird and Schwartz (1996) 
and Till and Meyer (1983), among others. These GMs are shown in Table 9. Geometric 
standard deviations for these elements were all assumed to be 2.5, as deduced from the Chant 
et al. (2000) data. The transfer of cesium and strontium from water to fish depends on the water 
concentrations of potassium and calcium, respectively, as quantified in a graph in N288.1. BAFs 
for these elements were read from the graph using potassium and calcium concentrations in 
Lake Ontario measured by Chant et al. (2000). These BAFs may not be entirely appropriate for 
other water bodies, but can be used for the generic analysis carried out here. 
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Table 9 
Bioaccumulation factors (BAFs) for freshwater fish flesh (P26, L kg-’ wet weight) based on 

unfiltered water. The distributions for all elements are lognormal, with a geometric 
standard deviation of 2.5. 

Nuclide Geometric mean CSA N288.1 default 
H 
C 

Na 
P 
S 
SC 
Cr 
Mn 
Fe 
co 
Zn 
As 
Rb 
Sr 
Y 
Zr 
M 
MO 
Tc 
Ru 
Rh 
Ag 
In 
Sn 
Sb 
Te 
I 

cs 
Ba 
La 
Ce 
Pr 
Pm 
EU 
Gd 
Tb 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 
Am 

1.0* 
5.7 x lo3 
5.9 x 10’ 
2.6 x lo4 
8.0 x 10’ 
1.0 x lo2 
5.3 x 10’ 
1.2 x IO2 
3.8 x 10’ 
7.0 x 10’ 
2.6 x IO3 
4.0 x lo2 
5.6 x lo3 
2.2 x loo 
2.5 x 10’ 
1.5 x 10’ 
3.0 x lo2 
4.7 x loo 
2.0 x 10’ 
1.0 x IO’ 
3.0 x lo2 
5.0 x loo 
1.0 x lo4 
3.0 x IO3 
1.7 x 10’ 
4.0 x lo2 
4.3 x 10’ 
6.0 x lo3 
1.0 x loo 
3.0 x 10’ 
4.0 x loo 
1.0 x lo2 
3.0 x 10’ 
3.6 x 10’ 
3.0 x 10’ 
2.5 x 10’ 
4.0 x 10’ 
1.0 x lo3 
1.0 x IO2 
1.0 x 10’ 
1.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 

1.0 x loo 
5.0 x lo4 
1.0 x lo3 
1.0 x lo5 
1.0 x lo3 
1.0 x lo2 
2.0 x lo2 
5.0 x lo2 
1.0 x lo2 
1.0 x lo3 
2.0 x IO3 
1.0 x lo3 

No value given 
8.2 x 10’ 
1.0 x IO2 
1.0 x lo2 
1.0 x lo* 
1.0 x 10’ 
3.0 x 10’ 
1.0 x to2 

No value given 
1.0 x 10’ 

No value given 
No value given 

2.0 x lo2 
4.0 x lo2 
5.0 x 10’ 
5.4 x 10) 
2.0 x IO2 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 
3.0 x 10’ 

No value given 
1.0 x lo4 

No value given 
No value given 

2.0 x 10’ 
1.0 x lo2 
5.0 x 10’ 
1.0 x IO2 
1.0 x lo2 Cm 3.0 x 10’ 

* Fixed value 
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Marine Environment: The study carried out by Chant et al. (2000) included measurements of 
BAFs for fish, crustacea and molluscs in the Bay of Fundy near Pt. Lepreau. These data were 
used where possible to define distributions for marine species. Geometric means were calculated 
from all values measured for a given element (see Tables 10-12). The calculated GSDs were not 
reliable due to the limited amount of data, but suggested that the variability for marine species is 
somewhat greater than for freshwater fish. This result is consistent with the fact that BAFs vary 
with depth in the ocean, as well as with the factors that affect freshwater BAFs. The GSD was 
therefore increased from 2.5 to 3, a value that was assumed to apply to all radionuclides. 
Geometric means for elements not included in the study of Chant et al. (2000) were taken from 
IAEA (1985,2000), NCRP (1996), Till and Meyer (1983) and Coughtrey et al. (1985), using the 
value in the most recent reference that included the element in question. These values are shown 
in Tables 10-12. 



Nuclide 
H 
C 

Na 
P 
S 
SC 
CT 
Mn 
Fe 
co 
Zll 
As 
Rb 
Sr 
Y 
Zr 
Nb 
MO 
Tc 
Rl’ 
Rh 
Ag 
In 
Sn 
Sb 
Te 
I 

cs 
Ba 
La 
Ce 
Pr 
Pm 
Eu 
Gd 
Tb 
Hf 
Wit 
Th 
Pa 
U 

NP 
Pu 

Am 
Cm 
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Table 10 
Bioaccumulation factors (BAFs) for marine fish flesh (Pzf,, L kg-’ wet weight). The 

distributions for all elements are lognormal, with a geometric standard deviation of 3.0. 

Geometric mean CSA N288.1 default 
1.0* 1.0 x loo 

2.0 x IO3 
1.0 x IO“ 
3.0 x IO4 
5.0 x loo 
2.0 x loo 
4.0 x lo2 
1.8 x lo2 
3.0 x IO3 
1.0 x 10’ 
2.0 x lo4 
1.0 x lo3 
9.6 x 10’ 
1.0 x 10-l 
1.0 x 10’ 
1.0 x lo2 
1.0 x IO2 
4.4 x loo 
3.0 x 10’ 
1.0 x 10’ 
1.0 x lo2 
1.0 x lo3 
1.0 x lo4 
1.0 x 10’ 
1.0 x lo3 
4.0 x lo3 
1.0 x 10’ 
7.9 x 10’ 
1.0x 10’ 
1.0x lo2 
3.0 x lo2 
1.0 x 10’ 
1.0 x lo* 
1.0 x lo* 
2.5 x 10’ 
2.5 x 10’ 
3.0 x 10’ 
2.0 x lo3 
1.0x lo4 
1.0x 10’ 
1.0 x IO0 
1.0 x 10’ 
4.0 x 10’ 
1.0x 10’ 
5.0 x 10’ 

2.0 x lo3 
1.0 x 10-l 
3.0 x lo4 
5.0 x loo 
1.0 x 10’ 
1.0x 102 
5.0 x lo2 
3.0 x lo3 
1.0 x lo2 
2.0 x lo3 
1.0 x lo3 

No value given 
1.0 x loo 
1.0 x 10’ 
1.0 x loo 
1.0 x 10’ 
1.0 x 10’ 
3.0 x 10’ 
1.0 x 10’ 

No value given 
1.0 x lo3 

No value given 
No value given 

1.0x lo2 
1.0 x lo3 
5.0 x 10’ 
5.0 x 10’ 
1.0x 10’ 
1.0 x lo2 
1.0 x lOI 
1.0 x lo* 
1.0 x lo2 
1.0 x IO2 
1.0 x lo2 
1.0 x lo2 

No value given 
2.0 x lo3 

No value given 
No value given 

1.0 x loo 
1.0 x 10’ 
1 .o x 10’ 
1.0 x 10’ 
1.0 x 10’ 

* Fixed value 
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Table 11 
Bioaccumulation factors (BAFs) for marine crustacea (P26, L kg-’ wet weight). The 

distributions for all elements are lognormal, with a geometric standard deviation of 3.0. 

Nuclide Geometric mean CSA N288.1 default 
H 
C 

Na 
P 
S 

SC 
Cr 
Mn 
Fe 
co 
Zn 
As 
Rb 
Sr 
Y 
Zr 
Nh 
MO 
Tc 
RLl 
Rh 
Ag 
In 
SII 
Sb 
Te 
I 

cs 
Ba 
La 
Ce 
Pr 
Pm 
EU 
Gd 
Th 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 
Am 

2.0 x lo4 
5.3 x 10-l 
2.0 x lo4 
1.0 x loo 
3.0 x IO2 
5.0 x lo* 
1.7 x lo3 
5.0 x lo3 
9.8 x lo3 
2.7 x lo5 
1.0 x lo3 
6.0 x 10’ 
1.8 x 10’ 
7.0 x lo* 
2.0 x lo* 
2.0 x lo* 
3.2 x IO0 
1.0 x lo3 
1.0 x lo* 
1.0 x lo3 
5.0 x 10) 
1.0 x lo4 
3.0 x lo* 
4.0 x lo* 
1.0 x lo3 
1.0 x IO’ 
1.5 x 10’ 
1.6 x 10’ 
1.0 x lo3 
1.0 x lo3 
1.0 x 10’ 
1.0 x lo3 
1.0 x IO3 
1.0 x lo3 
1.0 x 10) 
1.0 x lo3 
2.0 x lo4 
1.0 x lo3 
1.0 x 10’ 
1.7 x loo 
1.0 x lo* 
3.0 x lo* 
5.0 x lo* 
5.0 x IO2 

1.0* 1.0 x 10” 
2.0 x lo3 
2.0 x 10-l 
2.0 x lo4 
5.0 x loo 
3.0 x lo* 
2.0 x lo3 
5.0 x lo3 
2.0 x lo3 
1.0 x lo3 
5.0 x lo3 
1.0 x lo3 

No value given 
1.0x IO0 
1.0 x lo* 
2.0 x loo 
2.0 x loo 
1.0 x 10’ 
1.0 x lo3 
1.0 x lo* 

No value given 
1.0 x 10’ 

No value given 
No value given 

2.0 x lo* 
1.0 x lo3 
5.0 x 10’ 
3.0 x 10’ 
5.0 x loo 
1.0 x lo3 
1.0 x lo* 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 

No value given 
1.0 x lo3 

No value given 
No value given 

1.0 x 10’ 
1.0 x lo* 
5.0 x 10” 
1.0 x lo3 
1.0 x lo3 Cm 

* Fixed value 



Bioaccumulation factors (BAFs) for molluscs (P26:, L kg-’ wet weight). The distributions for 
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Table 12 

all elements are lognormal, with a geometric standard deviation of 3.0. 

Nuclide Geometric mean CSA N288.1 default 
H 
C 

Na 
P 
s 

SC 
Cr 
Mn 
Fe 
co 
Zn 
As 
Rb 
Sr 
Y 
Zr 
Nb 
MO 
Tc 
RU 
Rh 
& 
In 
Sn 
Sb 
Te 
I 

CS 
Ba 
La 
Ce 
Pr 
Pm 
Eu 
Gd 
Tb 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 

Am 
Cm 

* Fixed value 

1 .o* 
2.0 x lo4 
1.6 x 10-l 
2.0 x IO4 
4.0 x loo 
1.0 x lo5 
8.0 x 10’ 
2.5 x lo2 
3.0 x lo4 
5.0 x lo3 
6.5 x IO4 
2.0 x lo3 
1.5 x 10’ 
2.2 x 10-l 
8.6 x IO’ 
5.0 x lo3 
1.0 x lo3 
1.0 x IO2 
1.0 x lo3 
2.0 x lo3 
1.0 x 10’ 
1.0 x lo4 
1.0 x IO4 
5.0 x lo4 
2.0 x lo2 
1.0 x lo3 
1.0 x IO1 
1.4 x 10’ 
1.9 x loo 
1.0 x IO3 
5.0 x lo3 
1.0 x 10’ 
5.0 x IO3 
7.0 x lo3 
5.0 x IO3 
3.0 x lo3 
3.0 x lo3 
1.0 x lo4 
1.0x lo” 
5.0 x IO2 
3.0 x IO’ 
4.0 x lo2 
3.0 x lo3 
2.0 x lo4 
2.0 x lo4 

1.0 
2.0 x IO3 
2.0 x 10-l 
1.0 x lo4 
5.0 x loo 
3.0 x lo2 
2.0 x lo3 
1.0 x lo4 
1.0 x lo4 
2.0 x lo3 
2.0 x lo4 
1.0 x lo3 

NO value given 
1.0 x loo 
1.0 x 10’ 
1.0 x lo2 
1.0 x lo2 
1.0 x lo2 
1.0 x lo3 
5.0 x loo 

No value given 
2.0 x lo4 

NO value given 
No value given 

5.0 x lo2 
1.0 x lo3 
5.0 x 10’ 
3.0 x 10’ 
5.0 x IO0 
1.0 x lo3 
1.0 x lo3 
1.0 x 10” 
1.0 x IO3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 

No value given 
1.0 x IO3 

No value given 
No value given 

1.0 x 10’ 
1.0 x lo3 
3.0 x lo2 
1.0 x IO3 
1.0 x lo3 
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3.3.6 P2,: Transfer from Water to Marine Plants (Seaweed) 

The study carried out by Chant et al. (2000) included measurements of BAFs for seaweed in the 
Bay of Fundy near Pt. Lepreau. These data were used where possible to define distributions for 
marine plants. Geometric means were calculated from all values measured for a given element 
(see Table 13). The calculated GSDs were not reliable due to the limited amount of data, but 
were similar to those for marine animals. The GSD was therefore set to 3, a value that was 
assumed to apply to all radionuclides. Geometric means for elements not included in the study 
of Chant et al. (2000) were taken from IAEA (1985), NRCC (1993), CSA (1987), Till and Meyer 
(1983) and Coughtrey et al. (1985), using the value in the most recent reference that included the 
element in question. These values are shown in Table 13. 

3.3.7 P& Transfer from Water to Sediments 

Freshwater Environment: The transfer of activity from water to sediments is described by the 
sediment solid/liquid partition coefficient I& (L kg-’ dry weight), which is element specific. 
Measured values of IQ in sediments are too few to be used to establish distributions, which are 
instead based upon & values for soil. Following Hart et al. (2001), sediment I(d values are 
assumed to be a factor of 10 higher than the & values for sandy soil, which were drawn from 
Frost and Griffin (1977), Woolson et al. (197 l), Misra and Tiwari (1963), Jacobs et al. (1970) 
and Sheppard and Thibault (1990). The factor of 10 accounts for the fact that more water is 
present in sediments than in soil. The resulting values (see Table 14) are generally within an 
order of magnitude of the default values given in CSA N288.1 and are consistent with the few 
sediment & values reported in the literature (Onishi et al. 198 1, IAEA 1994, Joshi 199 1, Joshi 
and McCrea 1992, Sunblad 199 1, Hakenson 1985, Schell and Sibley 1982, Coughtrey et al. 
1985). All I(d distributions are assumed to be lognormal, with the same GSD (10) as that for 
sandy soils (Sheppard and Thibault 1990). 



Bioaccumulation factors (BAFs) for seaweed (P27, L kg-’ dry weight). The distributions for 
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Table 13 

all elements are lognormal, with a geometric standard deviation of 3.0. 

Nuclide Geometric mean CSA N288.1 default 
H 1.0* 1.0 x 10” 
C 

Na 
P 
S 
SC 
Cr 
Mn 
Fe 
co 
Zn 
As 
Rb 
Sr 
Y 
Zr 
Nb 
MO 
Tc 
Ru 
Rh 
Ag 
In 
Sn 
Sb 
Te 
I 

CS 
Ba 
La 
Ce 
Pr 
Pm 
Eu 
Gd 
Tb 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 
Am 

1.0 x lo4 
2.1 x loo 
1.0 x lo4 
4.0 x loo 
8.0 x lo4 
2.0 x lo3 
1.3 x lo4 
3.0 x lo4 
3.3 x lo4 
1.4 x lo5 
2.0 x lo3 
2.0 x lo2 
4.7 x IO0 
1.8 x lo4 
3.0 x lo3 
3.0 x lo3 
2.7 x 10’ 
3.0 x lo3 
2.0 x lo3 
1.0 x lo2 
2.0 x lo3 
5.0 x lo3 
4.0 x IO2 
4.0 x lo* 
1.0 x lo4 
1.0 x lo3 
2.2 x lo* 
9.9 x 10’ 
1.0 x lo3 
5.0 x 10” 
1.0 x lo3 
3.0 x IO3 
3.0 x lo3 
3.0 x lo3 
2.0 x lo3 
3.0 x lo3 
2.0 x lo4 
2.0 x lo2 
1.0 x lo2 
1.5 x 10’ 
5.0 x 10’ 
2.0 x IO3 
8.0 x lo3 
8.0 x lo3 Cm : 

* Fixed value 

2.0 x lo3 
1.0 x loo 
1.0 x lo4 
5.0 x loo 
2.0 x lo3 
4.0 x IO3 
2.0 x lo4 
5.0 x lo3 
1.0 x lo3 
3.0 x lo3 
2.0 x lo3 

No value given 
1.0 x IO2 
5.0 x lo2 
2.0 x lo3 
1.0 x lo3 
1.0 x 10’ 
1.0 x IO4 
1.0 x lo3 

No value given 
2.0 x lo2 

No value given 
No value given 

5.0 x lo2 
1.0 x lo4 
5.0 x lo3 
2.0 x lo2 
5.0 x lo* 
1.0x 10” 
1.0 x IO3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 
1.0 x lo3 

No value given 
1.0 x lo3 

No value given 
No value given 

1.0 x lo2 
1.0 x lo3 
5.0 x IO3 
5.0 x lo3 
1.0 x lo4 
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Table 14 
Radionuclide partition coefficients (I(d) between sediment and water for the freshwater 
environment (P 28, L kg-’ dry weight). The distributions for all elements are lognormal, 

with a geometric standard deviation of 10.0. 

Nuclide Geometric mean CSA N288.1 default 
C 

Na 
P 
S 

SC 
Cr 
Mn 
Fe 
co 
Zn 
As 
Rb 
Sr 
Y 
Zr 
Nb 
MO 
Tc 
Ru 
Rh 
Ag 
In 
Sn 
Sb 
Te 
I 

CS 
Ba 
La 
Ce 
Pr 
Pm 
Eu 
Gd 
Tb 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 
Am 

5.0 x 10’ 
2.7 x lo3 
9.0 x 10’ 
1.5 x lo3 
1.7 x lo3 
6.7 x 10’ 
4.9 x IO2 
2.2 x lo3 
6.0 x lo2 
2.0 x lo3 
1.0 x 10’ 
5.5 x lo2 
1.3 x lo2 
1.7 x lo3 
6.0 x lo3 
1.6 x lo3 
1.0 x lo2 
1.4 x loo 
5.5 x lo2 
2.1 x lo* 
9.0 x IO2 
4.4 x lo2 
1.3 x IO3 
4.5 x IO2 
1.3 x IO3 
1.0 x 10’ 
2.7 x IO3 
4.9 x lo3 
4.9 x lo3 
4.9 x IO3 
5.2 x lo2 
2.4 x lo3 
2.4 x lo3 
2.4 x lo3 
2.4 x lo3 
4.5 x lo3 
7.4 x IO2 
3.0 x IO4 
5.4 x lo3 
3.3 x IO2 
4.0 x 10’ 
5.4 x lo2 
2.0 x lo4 

* No value given 
1.0 x 10’ 

No value given 
No value given 
No value given 

2.0 x 10” 
1.0 x IO4 
1.0 x IO4 
3.0 x IO4 
1.0 x IO3 

No value given 
No value given 

* No value given 
No value given 

1.0 x IO4 
1.0 x IO4 
1.0 x IO4 
2.0 x IO2 
4.0 x lo4 

No value given 
2.0 x IO2 

No value given 
No value given 

3.0 x lo2 
3.0 x 10’ 
2.0 x IO2 
3.0 x lo3 
5.0 x IO3 

No value given 
3.0 x lo4 

No value given 
No value given 

3.0 x IO4 
No value given 
No value given 
No value given 
No value given 
No value given 
No value given 

3.0 x lo4 
No value given 

1.0 x lo5 
3.0 x IO5 

Cm 4.0 x IO4 No value given 
* Values were set to 0 in the deterministic calculations. 
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Marine Environment: & distributions for marine sediments were estimated directly from 
values published in the literature (Onishi et al. 1981, IAEA 1985, Coughtrey et al. 1985) for use 
in screening models. The geometric means (see Table 15) are often higher than the CSA default 
values, perhaps because of the influence of the screening values, which tend to be conservative. 
The GSD was assumed to be the same as that for fresh water (10). 

Table 15 
Radionuclide partition coefficients between sediment and water for the marine 

environment (P 28, L kg-’ dry weight). The distributions for all elements are lognormal, 
with a geometric standard deviation of 10.0. 

Nuclide Geometric mean CSA N288.1 default 
C 

Na 
P 
s 

SC 
Cr 
Mn 
Fe 
co 
Zn 
AS 
Rb 
Sr 
Y 
Zr 
Nb 
MO 

Tc 
RU 
Rh 
4 
In 
Sn 
Sb 
Te 
1 

cs 
Ba 
La 
Ce 
Pr 
Pm 
Eu 
Gd 
Tb 
Hf 
Hg 
Th 
Pa 
U 

NP 
Pu 
Am 

2.0 x 10’ 
1.0 x IO0 
1.0 x IO2 
5.0 x 10-l 
1.0 x lo7 
5.0 x lo4 
2.0 x lo5 
5.0 x IO4 
2.0 x lo5 
2.0 x lo4 
1.0 x 10’ 
2.5 x IO* 
1.0x 10’ 
1.0 x lo7 
1.0 x IO6 
5.0 x 10’ 
1.0 x lo* 
1.0 x lo* 
3.0 x IO2 
3.0 x IO2 
1.0x IO4 
1.0x IO5 
5.0 x IO4 
1.0 x lo3 
1.0 x lo3 
2.0 x 10’ 
3.0 x lo3 
1.0 x IO4 
2.0 x IO6 
2.0 x 10” 
2.0 x lo6 
2.0 x IO6 
5.0 x lo5 
2.0 x IO6 
1.0 x IO6 
1.0x 10’ 
1.0 x IO4 
2.0 x lo6 
1.0 x lo6 
1.0 x lo3 
5.0 x lo3 
1.0 x lo5 
2.0 x lo6 

* No value given 
1.0 x 10’ 

No value given 
No value given 
No value given 

1.0 x lo4 
1.0 x lo4 
1.0 x 104 
1.0 x IO4 
1.0x lo4 

No value given 
No value given 

* No value given 
No value given 

1.0 x IO4 
1 .o x lo4 

* No value given 
1.0 x lo4 
1 .o x lo4 

No value given 
1.0 x IO4 

No value given 
No value given 

1.0 x lo4 
1.0 x lo4 
1.0 x 102 
5.0 x IO2 

* No value given 
No value given 

1.0 x lo4 
No value given 
No value given 

1.0 x IO4 
No value given 
No value given 
No value given 
No value given 
No value given 
No value given 

5.0 x lo* 
No value given 
No value given 
No value given 

Cm 2.0 x lo0 No value given 
* Values were set to 0 in the deterministic calculations. 
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3.3.8 Doses 

Dose Coefficients: The dose coefficients (DCs) in CSA N288.1 are old and outdated, and were 
replaced in CSA-DRL with the most up-to-date values. Ingestion DCs were taken from ICRP 
(1998) and immersion and groundshine DCs from Eckerman and Leggett (1996). In CSA 
N288.1, the groundshine DCs assume that contamination is confined to the surface of the soil or 
sediment. In contrast, in CSA-DRL, it is assumed that the contamination is mixed through a 
depth of 5 cm, so that soil concentrations and groundshine doses are reduced relative to those 
predicted by CSA N288.1. In CSA N288.1, external DCs for infants are calculated by 
multiplying the adult DCs by 1.5 to account for the decrease (with decreasing body size) in the 
amount of overlying tissue shielding the organs from incident radiation. This was changed in 
CSA-DRL to a factor of 1.3 to reflect more recent findings for radionuclides that are not pure 
beta emitters (ICRP 1996, NCRP 1999). For pure beta emitters, the same DCs were used for 
adults and infants. Only whole body effective doses were calculated, since these are more 
important than doses to other organs. Since the updated DCs are applied to both default and 
stochastic calculations, they have no effect on the comparison. All DCs were assumed to have 
fixed values. 

Water Immersion Dose P(e)zg: For most radionuclides, the dose due to immersion in water of 
unit concentration (Sv a-’ per Bq L“) is given by 

P(e)29 = DC, OF, , (13) 

where DC, is the dose coefficient for immersion (Sv a-’ per Bq L-l), and OF, is the occupancy 
factor, or the fraction of time spent immersed in contaminated water. In setting a value for OF,, 
CSA N288.1 considers only immersion due to swimming. But in CSA-DRL, OF, was increased 
to account also for baths at home, assuming for simplicity that water used for baths has the same 
radionuclide concentration as the lake or river from which the water is drawn. The distribution 
was assumed to be triangular, and values for the lower limit, peak and upper limit (0, 0.052 and 
0.1, respectively) were set by judgment. The CSA default value is 0.01. 

Immersion doses for tritium arise not through direct irradiation but through the tritium taken in 
through the skin while the swimmer is submerged in water: 

P(e)29 = Dw DG OF, , (134 

where DCf, the dose coefficient for ingestion, replaces DC,, the dose coefficient for immersion 
in Eq. (13), and D, is the diffusion rate of tritium through the skin (L a-‘). D, (see Table 16) is 
the-product of the diffusion rate per unit skin surface area (0.2 mL min-’ per m2 skin surface area; 
Osborne 1966) and skin surface area (EPA 1997). D, is assumed to be lognormally distributed, 
with a GSD = 1.6 (R.B. Richardson and AK. Trivedi, CRL, personal communication, 2001). 
CSA N288.1 does not provide separate estimates of D, for infants. A value for infants is 
included in Table 12 for documentation purposes only. In the calculations for infants, values for 
adults were used for deterministic as well as stochastic runs. 
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Table 16 
Diffusion rate through skin for tritium (L a-‘). The distribution for both adults and infants 

is lognormal, with a geometric standard deviation of 1.6. 

Age group Mean CSA N288.1 default 
Infant 75.6 Not provided 
Adult 230 210 

Water Ingestion Dose P(i) 29: 

Bq L-l) is given by 
The dose due to drinking water of unit concentration (Sv a-l per 

P(i)29 = p k 1, DCf , (14) 

where p = removal factor to account for processes such as sedimentation and removal of 
radionuclides by water treatment plants 

kv = fraction of drinking water intake arising from the contaminated source 
1, = drinking water intake rate (L a-‘) 
DCf = dose coefficient for ingestion (Sv Bq-I). 

For these calculations, all infants are assumed to be one year old and to drink powdered milk. 
Only 5% of one-year-old infants still nurse, so the contribution fi-om mother’s milk was ignored. 
Distributions for I, are shown in Table 17, based on data from NHW (198 1) and EPA (1997). 
Distributions for p and k, are based on judgment and are shown in Table 18. 

Table 17 
Drinking water intake rates (L a-‘). The distributions for both adults 

and infants are lognormal. 

Age group Geometric mean 

Adult 548 
Infant 292 

CSA N288.1 default Geometric standard 
deviation 

700 1.24 
*300 if drinking reconstituted powdered milk 1.17 

90 if drinking fresh milk 
* A value of 300 was used when calculating default deterministic results. 
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Table 18 
Triangular Distributions for p and k, 

Parameter Lower limit Peak value CSA N288.1 Upper limit 
default 

k, (fraction of human drinking water 0 0.8 1 1 
from contaminated source) 

p (removal factor by sedimentation and 0.62 0.95 1 1 
water treatment) 

Ingestion doses due to drinking water arise only for releases to fresh water, since marine water is 
not used for drinking. 

External Dose from Contaminated Soil P39: All parameters required to calculate groundshine 
doses from contaminated soil were assigned the values discussed by Peterson (1998). 

Ingestion Dose P 49, P59, Ph9 and P79: The models for food ingestion were modified for the 
stochastic runs to ensure that total caloric intake remained within reasonable bounds when each 
of the various food categories was sampled independently. This was done by normalizing the 
total mass of food ingested (as determined by the sum of the amounts sampled for the various 
components of the diet) by the sum of the best estimates of the components. This procedure 
provides an average total diet, in which the components contribute different amounts in each run. 
An additional parameter, D,, was then introduced to allow for variation in the diet of individuals. 
This parameter was assumed on the basis of judgment to be lognormally distributed, with a 
geometric mean of 1 .O and a GSD of 1.25. The CSA default value is implicitly 1 .O. All other 
parameters required to calculate ingestion doses from the consumption of terrestrial plants were 
assigned the values discussed by Peterson (1998). 

For doses arising from the consumption of animal products, it was assumed that infants drink 
only reconstituted powdered milk. All other parameter values for this pathway were taken from 
Peterson (1998). 

The dose due to ingestion of aquatic foods exposed to unit water concentration (Sv a-’ per 
Bq kg-‘) is given by 

p69 = p79 = gf If DCf , (15) 

where gf = fraction of aquatic food arising from the contaminated source 
If = consumption rate of aquatic food (kg a-‘) 
DCf = dose coefficient for ingestion (Sv Bq-‘). 

In both freshwater and marine environments, 75% of the adult population do not eat any fish, 
20% eat fish occasionally and the remaining 5% eat fish almost every day (AIHC 1994, Hart 
et al. 2001). This assumption polarized the results, since most of the population receives no 
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ingestion dose from fish, whereas a small percentage receives a high dose. On the other hand, all 
adults are assumed to eat some seafood and seaweed, and all infants are assumed to eat fish, 
seafood and seaweed. Intake rates are based on site-specific data (Sutherland 1996). The 
distribution for the adult intake rate of fish is assumed to be piecewise uniform, with If = 0 kg 6’ 
75% of the time, 4.4 kg a-l 20% of the time, and 48 kg a-’ 5% of the time. CSA does not provide 
default values for intakes of aquatic animals and plants, but recommends using site-specific 
values. To complete the calculations, the default adult intake rate of fish was set at 0.47 kg a-‘, 
and the other default intake rates were also set accordingly. Distributions for adult intake of 
other aquatic species are assumed to be triangular and are shown in Table 19. Distributions for 
infant intakes are assumed to be lognormal and are shown in Table 20. 

The fraction of consumed aquatic food arising from the contaminated source was assumed on the 
basis of judgment to have a triangular distribution, with a lower limit of 0, a peak value of 0.8, 
and an upper limit of 1. The CSA default value is 1. 

Table 19 
Triangular Distributions for Adult Consumption Rates 

of Aquatic Foods If (kg a-‘) 

Food type Lower limit Peak value *CSA default Upper limit 
Crustacea 0 10 10 30 
Molluscs 0 10 10 30 
Seaweed 0 3 3 6 

* CSA N288.1 does not provide default values, but recommends site-specific values. The default values used in the present 
calculations were set equal to the peak values in the triangular distributions. 

Table 20 
Lognormal Distributions for Infant Consumption Rates 

of Aquatic Foods If (kg a-‘) 

Food type Geometric mean *CSA default Geometric standard 
deviation 

Fish 0.26 0.4 2.7 
Crustacea 0.074 0.074 3.6 
Molluscs 0.33 0.33 2.3 
Seaweed 0.07 0.07 1.9 

* CSA N288. I does not provide default values, but recommends site-specific values. The default values used in the present 
calculations were assumed to be similar to the geometric means of the lognormal distributions. 

External Dose from Contaminated Beach Sediments P89: The dose due to contaminated 
beach sediments in equilibrium with unit water concentration (Sv a-’ per Bq kg-‘) is given by 

Ps9 = W OF, DC, , (16) 
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where W = the shore width factor that describes the shoreline exposure geometry 
OF, = the shoreline occupancy factor 
DC = groundshine dose coefficient (Sv a-’ per Bq kg-‘) 

Distributions for W and OF, were set by judgment and are shown in Tables 21 and 22, 
respectively. 

Table 21 
Lognormal Distribution for Shore Width Factor W (Unitless) 

Exposure location Geometric mean CSA N288.1 default Geometric standard 
deviation 

River shoreline 0.2 0.2 1.25 
Lake shore 0.3 0.3 1.25 

Nominal Ocean site 0.5 0.5 1.25 
Tidal basin 0.85 1 1.05 

Table 22 
Triangular Distribution for Shoreline Occupancy Factor OF, (Unitless) 

Lower limit Peak value CSA N288.1 default Upper limit 
0 0.02 0.01 0.2 

4. CALCULATIONS 

Uncertainty and sensitivity analyses were carried out for freshwater (lake and river) and marine 
(ocean and tidal basin) scenarios. In each case, whole body effective doses to adults and l-year- 
old infants were considered to be due to: 

0 ingestion of drinking water, aquatic organisms, and terrestrial plants and animals 
contaminated through irrigation; 

l groundshine from exposure to contaminated beaches and soil; and 
0 immersion in water from swimming and bathing at home. 

The calculations were carried out with the CSA-DRL code and the parameter values and 
distributions discussed in Section 3. The following steps were taken: 

l CSA-DRL was run in its deterministic mode using the default parameter values from 
N288.1 to produce default doses. 

0 400 sets of parameter values were sampled from their distributions using latin hypercube 
sampling (Iman and Shortencarier 1984). 

0 CSA-DRL was run 400 times using the sampled values. Tests using different numbers 
of model runs showed that 400 runs were sufficient to achieve convergence of the results. 
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l Doses at the 2.5 percentile, median and 97.5 percentile of the output distribution were 
determined. 

l The locations of the default doses in the output distributions were determined. 
0 Partial correlation and standardized regression coefficients were calculated from the input 

values and output doses (Iman et al. 1985), in order to determine the sensitivity of the 
model to each parameter. 

Because water concentrations were fixed for these calculations, the estimated uncertainties in the 
doses do not include uncertainties in PO*, and are likely lower than would have been obtained had 
the water concentrations been allowed to vary. The fixed values of PO2 also prevent the 
parameters in the aquatic dispersion model from appearing among the parameters to which the 
overall DRL model is sensitive, when this might be expected to be the case. 

5. RESULTS OF THE UNCERTAINTY ANALYSIS 

5.1 Ingestion Doses 

5.1.1 Freshwater Environment 

The results of the uncertainty analysis for adult ingestion doses in the freshwater environment are 
shown in Table 23 and Figure 1. Because 75% of the adult population does not eat fish, the 
median of the output distribution reflects the dose received by a non-fish eater. This explains 
why the median lies below the midpoint of the 95% confidence interval for many nuclides. This 
behaviour should be kept in mind when comparing median, percentile and default values for 
ingestion doses. This point will be elaborated further in Section 6, which discusses the results of 
the sensitivity analysis. 

For 5 of the 28 radionuclides considered (55Fe, 59Fe, “‘Sr, ‘25mTe and ‘29T), the deterministic doses 
calculated using CSA N288.1 default parameters lie below the median of the stochastic doses. 
N288.1 cannot be considered conservative for these radionuclides. Default doses for most of the 
remaining radionuclides lie near the 60th or 70th percentile of the output distribution, a reasonable 
level of conservatism. Four radionuclides (3H, i4C, 99Mo and 1331) are located at or above the 
90th percentile, which is perhaps overly conservative. 

The highest median doses on a per unit release basis are given by ‘29I and 90Sr. For i2’I, 57% of 
the dose comes from water intake and 40% from ingestion of terrestrial crops. The numbers are 
reversed for “Sr, for which 40% of the dose comes from water intake and 59% from terrestrial 
crops. Both radionuclides are long-lived and have high dose coefficients for ingestion. The 
lowest median doses are given by tritium and 5’Cr. For both of these nuclides, 70-90% of the 
dose comes from water intake and 1 O-20% from terrestrial crops. Tritium has the lowest BAF 
value of all radionuclides, and “Cr is among the lowest. Ingestion dose coefficients are low for 
both nuclides. The average median ingestion dose across all radionuclides is 1.72 x lo-l3 Sv for 
a unit release. 
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The largest 95% confidence intervals occur for 13ks (&I = 97.5 percentile divided by the 
2.5 percentile = 691) and *34Cs (&I = 528). The dose for both these radionuclides is dominated 
by fish ingestion, and the distribution for the BAF covers three orders of magnitude. The 
smallest confidence intervals occur for tritiurn (&I = 4) and 99Mo (&I = 7). For 99M~, 92% of 
the dose comes from water intake, which has relatively low uncertainty. Water intake is also 
important for tritium; the BAF has no uncertainty for this radionuclide, since the tritium 
concentration in fish is always assumed to be the same as that in water. 

Table 23 
Adult Ingestion Doses in Freshwater Environment for a Unit Release (Sv) 

Radionuclide 2.5 percentile Median Default (using Pz6 97.5 Percentile of 
from water of low percentile default dose in 
mineral content) output 

distribution 
II-3 4.50 x 10-l’ 1.06 x lo-l6 1.94 x lo-l6 1.75 x lo-l6 99 
c-14 
Cr-5 1 
Mn-54 
Fe-55 
Fe-59 
Co-58 
Co-60 
Zn-65 
Sr-89 
Sr-90 
Zr-95 
Nb-95 
MO-99 
Ru-103 
Ru-106 

Te-125m 
Te-132 
1-129 
I-131 
I-133 

cs-134 
cs-135 
Cs-136 
cs-137 
Ba-140 
Ce-141 

2.58 x lo-l5 1.21 x IO-l4 
1.3 1 x lo-l6 4.52 x lo-l6 
2.59 x lo-l5 1.09 x lo-l4 
1.26 x lo-l5 5.41 x lo-l5 
6.08 x lo-l5 2.42 x lo-l4 
2.52 x lo-l5 9.83 x lo-l5 
1.28 x lo-l4 5.10 x lo-l4 
1.61 x lo-l4 7.90 x lo-l4 
7.97 x lo-l5 2.69 x lo-l4 
1.96 x lo-l3 9.92 x lo-l3 
7.44 x lo-l5 2.75 x lo-l4 
1.81 x lo-l5 7.98 x lo-l5 
9.31 x lo-l6 2.90 x lo-l5 
2.14 x lo-l5 7.38 x lo-l5 
2.24 x lo-l4 8.31 x lo-l4 
3.03 x lo-l5 1.46 x lo-l4 
6.99 x lo-l5 2.56 x lo-l4 
5.56 x lo-l3 2.30 x lo-l2 
4.73 x lo-l4 1.47 x lo-l3 
2.78 x lo-l5 9.28 x lo-l5 
8.01 x lo-l4 4.46x lo-l3 
1.20 x lo-l4 6.51 x lo-l4 
9.10 x lo-l5 3.71 x lo-l4 
6.36 x IO-l4 3.33 x lo-l3 
1.20 x lo-l4 4.06 x lo-l4 
1.82 x lo-l5 6.22 x lo-l5 

1.89 x lo-l3 
4.94 x lo-l6 
1.19 x lo-l4 
4.59 x lo-l5 
2.32 x lo-l4 
1.40 x lo-l4 
6.81 x lo-l4 
1.03 x lo-l3 
3.24 x lo-l4 
7.10 x lo-l3 
2.92 x lo-l4 
7.87 x 1O-‘5 
4.88 x lo-l5 
9.33 x lo-l5 
9.61 x lo-l4 
1.30 x lo-l4 
4.18 x lo-l4 
1.80 x lo-l2 
2.29 x lo-l3 
1.95 x lo-l4 
8.97 x lo-l3 
1 .oo x lo-l3 
1.29 x lo-l3 
6.23 x lo-l3 
5.82 x lo-l4 
8.59 x lo-l5 
6.96 x lo-l4 

1.23 x lo-l2 91 
1.93 x lo-l5 55 
5.98 x lo-l4 55 
2.39 x lo-l4 43 
1.04 x lo-l3 47 
4.71 x lo-l4 65 
2.57 x lo-l3 62 
3.96 x lo-l2 60 
1.04 x lo-l3 59 
1.40 x lo-” 36 
1.17 x lo-l3 53 
7.58 x lo-l4 50 
6.60 x lo-l5 90 
2.84 x lo-l4 63 
3.53 x lo-l3 57 
1.50 x lo-l3 45 
5.26 x lo-l3 75 
2.53 x lo-” 38 
5.69 x lo-l3 80 
4.12 x lo-l4 94 
4.23 x 10“’ 69 
4.59 x lo-l2 64 
6.29 x lo-l2 76 
2.90 x 10-l’ 68 
1.39 x lo-I3 71 
2.22 x lo-l4 69 
2.24 x lo-l3 63 Ce-144 1.49 x lo-l4 5.43 x lo-l4 
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Figure 1. Comparison of deterministic adult ingestion doses
predicted using the default parameter values of CSA N288.1 with
distributed doses from the stochastic analysis, for unit release of
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Results of the uncertainty analysis for infant ingestion doses in the freshwater environment are 
shown in Table 24 and Figure 2. The N288.1 model appears to be somewhat less conservative 
for infants than for adults, as default doses for 11 radionuclides lie below the median of their 
respective output distributions. The magnitudes of the doses are larger for infants than for adults 
(average median dose is 2.65 x 10‘13 Sv), because infants consume more water (mixed with 
powdered milk) than adults. In all other ways, the results for infants are similar to those for 
adults, with the highest doses given by “‘Sr and ‘291, the lowest doses given by tritium and 5’Cr, 
the largest confidence interval occurring for “‘Cs and 134Cs, and the smallest confidence interval 
occurring for tritium and 99Mo. 

Table 24 
Infant Ingestion Doses in Freshwater Environment for Unit Release (Sv) 

Radionuclide2.5 percentile Median Default (using Pzb 97.5 Percentile of 

H-3 

from water of low percentile default dose in 
mineral content) output 

distribution 
5.02 x 10-l’ 1.43 x lo-l6 2.15 x lo-l6 

c-14 
Cr-5 1 
Mn-54 
Fe-55 
Fe-59 
Co-58 
Co-60 
Zn-65 
Sr-89 
Sr-90 
Zr-95 
Nb-95 
MO-99 
Ru-103 
Ru-106 

Te-125m 
Te-132 
I-129 
I-131 
I-133 

G-134 
cs-135 
Cs-136 
cs-137 
Ba-140 
Ce-141 
Ce-144 

9.39 x 10.” 5.84 x lo-l4 4.35 x lo-l3 
4.08 x lo-l6 1.33 x lo-l5 1.41 x lo-l5 
6.94 x lo-l5 2.41 x lo-l4 2.66 x lo-l4 
4.68 x 10-l’ 1.85 x lo-I4 1.51 x lo-l4 
2.31 x lo-l4 8.34 x lo-l4 7.59 x lo-l4 
8.46 x IO-” 2.92 x lo-l4 4.72 x lo-l4 
5.64 x lo-l4 1.98 x lo-l3 3.04 x lo-l3 
7.67 x lo-l4 3.47 x lo-l3 2.65 x lo-l3 
2.61 x lo-l4 9.06 x lo-l4 9.73 x lo-l4 
2.86 x lo-l3 1.35 x lo-‘* 9.16 x lo-I3 
2.00 x lo-l4 7.45 x lo-l4 7.50 x lo-l4 
7.72 x 10.” 2.52 x lo-l4 1.89 x lo-l4 
2.57 x 10“’ 8.52 x IO-” 1.23 x lo-l4 
6.65 x lo-l5 2.24 x lo-l4 2.67 x 10-I” 
7.61 x lo-l4 2.76 x lo-l3 3.05 x lo-l3 
1.79 x lo-l4 6.12 x lo-l4 4.74 x lo-l4 
5.52 x lo-l4 1.43 x lo-l3 1.70 x lo-l3 
5.51 x lo-l3 2.07 x lo-” 1.57 x lo-‘? 
2.07 x lo-l3 6.24 x lo-l3 8.15 x lo-l3 
1.67 x 10-l” 5.33 x IO-l4 8.64 x lo-l4 
9.53 x 10-l’ 6.10 x lo-l3 5.52 x lo-l3 
1.67 x lo-l4 9.96 x 10-l” 8.22 x lo-l4 
4.53 x lo-l4 3.06 x IO-l3 3.03 x lo-l3 
7.90 x lo-l4 4.79 x lo-l3 4.17 x lo-l3 
4.14 x lo-l4 1.35 x lo-l3 1.85 x lo-l3 
6.65 x lo-l5 2.19 x lo-l4 2.71 x lo-l4 
5.55 x lo-‘” 1.97 x lo-l3 2.29 x lo-l3 

2.21 x lo-l6 
7.04 x lo-l3 
4.77 x lo-l5 
1.01 x lo-l3 
8.63 x lo-l4 
3.32 x lo-l3 
1.20 x lo-l3 
9.29 x lo-l3 
3.32 x lo-‘* 
3.54 x lo-l3 
1.75 x lo-‘] 
3.28 x lo-l3 
1.04 x lo-l3 
1.76 x lo-l4 
8.42 x lo-l4 
1.25 x IO-” 
2.67 x lo-l3 
8.93 x lo-l3 
1.76 x 10“’ 
1.61 x lo-” 
1.20 x lo-l3 
7.30 x 10.” 
1.06 x IO-” 
4.11 x lo-‘? 
5.49 x 10.” 
4.45 x lo-l3 
7.45 x 1o-‘j 

96 
95 
54 
57 
38 
43 
76 
74 
37 
56 
34 
50 
32 
86 
64 
57 
35 
60 
36 
70 
92 
46 
42 
49 
45 
72 
68 

8.39 x lo-l3 62 



i

1 .OE-10

1 .OE-11

1 .OE-12

1 .OE-13

1 .OE-14

l.OE-15

1 .OE-16

1 .OE-17

Radionuclide

!
1x 

X

T

X97.5%
Default (using P26 from water of low mineral content)

~ 

2.5%

*Median

~~r----- 

l.OE-16

1 .OE-17

Figure 2. Comparison of deterministic infant ingestion doses
predicted using the default parameter values of CSA N288.1 with

distributed doses from the stochastic analysis, for a unit release of
each radionuciide to fresh water.

H

1 .OE-14

1 .OE-15

E
F

l.OE-13

l.OE-12

31

l.OE-10

1 .OE-1 1



32 

51.2 Marine Environment 

For releases to marine water bodies, drinking water and terrestrial compartments do not become 
contaminated, and the ingestion dose comes simply from the consumption of marine fish and 
biota. Confidence intervals are therefore smaller for marine doses than for freshwater doses, 
because of the reduced number of pathways and parameters. Although crustacea, molluscs and 
seaweed are eaten to some extent by the entire adult population, fish is only eaten by 25%, and 
the median marine doses reflect non-fish eaters. However, this has little effect on the location of 
the median in the output distribution, because fish is not a major contributor to dose in the 
marine environment. All marine species have roughly the same element concentrations and 
consumption rates by adults, and fish contributes only about 25% to the ingestion dose. 

The results of the uncertainty analysis for adult ingestion doses are shown in Table 25 and 
Figure 3. The default dose using N288.1 parameter values is below the median dose from the 
stochastic calculations for 13 of 28 radionuclides. For many of these, the default dose lies close 
to the lower end of the 95% confidence interval. In contrast, doses for several of the remaining 
radionuclides are close to the upper limit of the interval. Since the predicted doses depend 
strongly on the BAF, this suggests that the default BAFs for marine species in N288.1 are not 
representative of conditions at Pt. Lepreau, where data for the current distributions were 
collected. The N288.1 model strongly underestimates marine ingestion doses for radionuclides 
such as 14C, “Co, “Co, 65Zn, 95Zr, 95Nb, ‘03Ru, ‘06Ru, 14’Ce and ‘44Ce. 

The highest median dose was given by 65Zn, which has the highest BAFs of all the radionuclides, 
for all marine species considered. The lowest median dose was given by tritium, for which the 
BAFs are low. Doses from strontium were also low, in contrast to the case for the freshwater 
environment, where they were among the highest because of contributions from drinking water 
and terrestrial crops (which are not important here). The average median marine ingestion dose 
across all radionuclides is 7.35 x lo-‘* Sv for a unit release. Ingestion doses in the marine 
environment are higher than those in fresh water, because of seafood ingestion, 

The 95% confidence interval spanned about two orders of magnitude for almost all 
radionuclides. A somewhat larger range occurred for radionuclides for which the dose was 
dominated by a single species (e.g., molluscs in the case of 99Mo). The uncertainty in the tritium 
doses is low, because there is no uncertainty in the BAFs for this radionuclide. 

Results for infants are similar to those for adults and are not presented. 



33 

Table 25 
Adult Ingestion Doses in Marine Environment for Unit Release (Sv) 

Radionuclide 2.5 percentile Median Default 97.5 Percentile of 
percentile default dose in 

output distribution 
H-3 
c-14 
Cr-5 1 
Mn-54 
Fe-55 
Fe-59 
Co-58 
Co-60 
Zn-65 
Sr-89 
Sr-90 
Zr-95 
Nb-95 
MO-99 
Ru-103 
Ru-106 

Te-125m 
Te-132 
I-129 
I-131 
I-133 

cs-134 
cs-135 
Q-136 
cs-137 
Ba-140 
Ce-141 

7.34 x lo-l9 4.26 x 10.” 5.61 x lo-l8 1.18 x lo-l7 69 
3.55 x IO-l3 3.02 x lo-l2 3.62 x lo-l3 2.05 x lo-” 
1.26 x lo-” 9.06 x 10.” 2.56 x lo-‘” 5.08 x IO-l4 
6.40 x 10-I” 4.25 x IO-l3 1.98 x IO-” 2.66 x lo-” 
2.08 x lo-l3 1.66 x 10‘” 5.98 x lo-l3 1.28 x 10-l’ 
1.12 x IO-” 8.92 x 10-l’ 3.21 x IO-” 6.88 x IO-” 
3.45 x lo-l3 2.21 x lo-l2 3.22 x lo-l3 1.27 x lo-‘* 
1.60 x IO-” 1.02 x 10-l’ 1.49 x lo-‘” 5.87 x IO-” 
2.20 x 10-l’ 1.64 x 10-l’ 1.34 x 10-I’ 1.24 x lo-O9 
1.42 x lo-l6 9.74 x lo-l6 1.09 x lo-l4 5.93 x 10.” 
1.69 x 10“’ 1.16 x lo-l4 1.31 x lo-l3 7.11 x lo-l4 
1.50 x 10-I) 1.40 x lo-‘* 2.05 x lo-l3 1.39 x lo-” 
1.75 x lo-l4 1.40 x IO-l3 3.04 x lo-l4 9.02 x lo-l3 
4.92 x lo-l6 5.23 x lo-l5 7.28 x lo-l5 5.83 x lo-I4 
2.65 x lo-l4 2.10 x lo-l3 3.88 x lo-l4 1.87 x 10-l’ 
2.57 x lo-l3 2.03 x 10-l’ 3.76 x lo-l3 1.81 x lo-” 
7.50 x lo-l4 5.47 x lo-l3 5.77 x lo-l3 3.19 x lo-‘* 
2.89 x lo-l3 2.11 x lo-l2 2.22 x lo-‘* 1.23 x 10-l’ 
3.45 x lo-l3 2.70 x lo-l2 2.34 x lo-” 2.71 x lo-” 
6.32 x lo-l4 4.94 x lo-l3 4.30 x lo-l2 4.97 x lo-‘* 
6.05 x 10.” 4.73 x lo-l4 4.11 x lo-l3 4.77 x IO-l3 
2.92 x lo-l4 2.17 x lo-l3 3.09 x IO-l3 1.37 x lo-‘* 
3.08 x lo-” 2.29 x IO-l4 3.25 x lo-l4 1.44 x lo-l3 
4.38 x lo-l5 3.25 x lo-l4 4.63 x lo-l4 2.06 x lo-l3 
2.00 x 1o-‘4 1.49 x lo-l3 2.11 x lo-l3 9.41 x lo-l3 
3.49 x 1O“j 2.48 x lo-l4 9.90 x lo-l4 1.42 x lo-l3 
7.41 x 10-l’ 6.11 x lo-l3 1.29 x lo-l3 4.60 x 10-l’ ._ .^ 

2 
89 
94 
14 
14 
2 
2 
1 

100 
100 
4 
6 
61 
6 
6 

53 
52 
97 
97 
97 
65 
65 
65 
65 
93 
7 

Ce-144 5.58 x 10-l’ 4.60 x IO-IL 9.74 x lo-l3 3.46 x 10“’ 7 
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Figure 3. Comparison of deterministic adult ingestion doses predicted
using the default parameter values of CSA N288.1 with distributed doses

from the stochastic analysis, for a unit release of each radionuclide to the
marine environment.
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5.2 Groundshine Doses 

5.2.1 Freshwater Environment 

Groundshine doses are presented as combined doses from exposure to beach sediments and crop 
soils. The contributions from the two sources vary, because the occupancy factor for soil is 
20 times greater than that for sediments. The contributions also vary with radionuclide because 
of the different ways in which soil and sediments are modelled. The sediment model is based on 
the I(d approach, with the I(d value varying with radionuclide. In contrast, soil concentrations are 
determined by the lesser of the radioactive half-life or the loo-year removal half-time, and so 
have little dependence on radionuclide. For most of the radionuclides, the majority of the dose 
comes from beach sediment. However, for six radionuclides (14C, 6oCo, 89Sr, 90Sr, ‘291 and 
13?s), exposure to soils results in a larger groundshine dose than exposure to sediments. 

Results of the uncertainty analysis for adult groundshine doses for a lakeshore environment are 
shown in Table 26 and Figure 4. For 6 of 26 radionuclides (59Fe, 65Zn, 95Zr, ‘25mTe, 13*Te and 
14’Ba), the default dose lies below the median dose and the CSA model cannot be considered 
conservative. The highest median doses were given by 95Zr and 14’Ba, both of which have high 
sediment l& values and dose coefficients. No dose is imparted by 3H or “Fe, which, as pure 
/3 emitters, have dose coefficients of zero. Carbon-14 and ‘35Cs give very low doses for the same 
reason. The average median dose across all radionuclides was 4.5 x lOAl3 Sv, a value slightly 
higher than the average ingestion dose. 

The only element-specific distributed variable in the groundshine pathway is &, which has a 
GSD of 10. Thus, there is more uncertainty associated with sediment exposures than soil 
exposures, and radionuclides for which the sediment dose dominates have the higher 
uncertainties (Rc, - 1.5 x lo4 for 13*Te, ‘36Cs, 14’Ba and 14’ Ce). Uncertainties decrease as the soil 
pathway starts to become more important. Radionuclides for which most of the dose arises 
through the soil pathway show the lowest uncertainties (Rcr - 50 for 14C, 90Sr and ‘*‘I). 

Results for infants and for river shorelines are similar to those for the adult lakeshore case and 
are not presented. 
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Table 26 
Adult Groundshine Dose Rate for Lakeshore Environment for a Unit Release (Sv a-‘) 

Radionuclide 2.5 percentile Median Default 97.5 Percentile of 

c-14 1.34 x lo-l8 3.03 x lo-l7 7.66 x lo-l7 6.86 x lo-l7 
Cr-5 1 1.49 x lo-l6 4.26 x 10-l’ 2.17 x 10-I” 6.19 x lo-l3 
Mn-54 1.32 x 10-l’ 1.22 x lo-l3 3.96 x lo-l3 1.23 x lo-” 
Fe-59 1.19 x lo-l4 5.28 x lo-l3 4.23 x IO-l3 7.69 x lo-” 
Co-5 8 7.27 x 10-l’ 1.28 x lo-l3 1.03 x lo-‘? 1.75 x 10-l’ 
Co-60 1.32 x lo-l3 1.09 x lo-” 4.42 x lo-” 4.56 x lo-” 
Zn-65 1.44 x lo-l4 2.52 x lo-l3 7.73 x 10-I” 3.52 x lo-” 
Sr-89 4.40 x lo-l7 3.79 x lo-l6 5.75 x lo-l6 1.53 x lo-l4 
Sr-90 3.13 x IO-” 6.29 x lo-l4 1.53 x lo-l3 1.42 x lo-l3 
Zr-95 4.52 x lo-l4 2.95 x lo-” 8.94 x lo-l3 4.35 x 10-l’ 
Nb-95 6.10 x lo-l5 2.50 x lo-l3 2.71 x lo-l3 3.67 x lo-” 
MO-99 1.31 x lo-l6 4.13 x 10.” 7.28 x lo-” 5.98 x lo-l3 
Ru-103 2.54 x lo-l5 5.48 x lo-l4 6.50 x lo-l3 7.74 x lo-l2 
Ru- 106 3.23 x lo-l5 3.50 x IO-l4 3.35 x IO-l3 3.79 x lo-l2 

Te-125m 1.01 x lo-l6 1.09 x lo-l5 1.01 x lo-l5 1.23 x lo-l3 
Te-132 4.97 x lo-” 5.16 x lo-l3 2.18 x lo-l3 7.64 x lo-” 
I-129 4.76 x IO-l5 1.03 x lo-l3 3.11 x 10-l’ 2.53 x lo-l3 
I-131 1.34 x lo-l6 1.14 x lo-j5 3.60 x lo-l5 1.04 x lo-l3 
I-133 3.06 x lo-l7 5.85 x lo-l6 2.00 x lo-” 8.11 x lo-l4 

cs-134 8.01 x IO-l4 1.01 x lo-l2 2.10 x lo-l2 1.27 x 10-l’ 
cs-135 5.87 x lo-l8 8.23 x lo-l7 1.74 x lo-l6 7.76 x lo-l6 
Cs-136 1.16 x lo-l4 1.13 x lo-l2 2.13 x lo-‘* 1.66 x 10-l’ 
cs-137 8.31 x IO-l4 6.63 x lo-l3 1.37 x 10-l’ 4.62 x lo-” 
Ba-140 2.53 x 10-l” 2.65 x lo-l2 4.74 x lo-l3 3.91 x lo-” 
Ce-141 8.12 x lo-l6 6.36 x lo-l4 6.72 x lo-l4 9.37 x lo-l2 

percentile default dose in 
output distribution 

100 
75 
72 
46 
83 
86 
29 
68 
99 
32 
51 
60 
86 
87 
48 
36 
99 
73 
69 
64 
89 
62 
69 
24 
51 

Ce-144 4.54 x IO-” 6.86 x lo-l4 8.63 x lo-l4 9.12 x 10‘” 55 
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Figure 4. Comparison of deterministic adult groundshine dose rates
predicted using the default parameter values of CSA N288.1 with

distributed doses from the stochastic analysis, for a unit release of
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5.2.2 Marine Environment 

Results of the uncertainty analysis for adult groundshine doses for an ocean site are shown in 
Table 27 and Figure 5. For all but four of the radionuclides (lo3Ru, 106R~, ‘25mTe and 13*Te), the 
default dose lies below the median dose, indicating that the CSA model is consistently 
non-conservative for this exposure pathway. The average median dose rate over all 
radionuclides was 4.66 x 10-r’ Sv a-‘. This value is two orders of magnitude higher than the 
lakeshore scenario because of higher & values for the marine case. The Kd distributions are 
based primarily on values recommended in screening models and are likely overestimated. The 
highest median doses were given by 95Zr and 6oCo, both of which have high sediment I(d values 
and dose coefficients. On the other hand, 14C and 135 Cs have low dose coefficients and give very 
low dose rates. 

The uncertainty in the predicted dose rates was almost the same for all radionuclides 
(Rx - 2 x 104), because, for releases to marine water bodies, contamination is not transferred to 
the terrestrial pathways and the entire dose comes from shoreline deposits. The only important 
variable in the marine pathway is &, which has the same GSD (10) for all radionuclides and 
results in almost the same uncertainty in the dose rate. 

Results for infants and for tidal basins are similar to those for the adult ocean case and are not 
presented. 
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Table 27 
Adult Groundshine Dose Rate at Ocean Site for Unit Release (Sv a-‘) 

Radionuclide 2.5 percentile Median Default 97.5 Percentile of 
percentile default dose in 

output distribution 
1.31 x lo-” 1.96 x lo-‘* 0.0 2.71 x lo-l6 0 c-14 

Cr-5 1 
Mn-54 
Fe-59 
Co-5 8 
Co-60 
Zn-65 
Sr-89 
Sr-90 
Zr-95 
Nb-95 
MO-99 
Ru-103 
Ru-106 

Te-125m 
Te-132 
I-129 
I-131 
I-133 

cs-134 
cs-135 
Cs-136 
cs-137 
Ba-140 
Ce-141 
Ce-144 2.53 x lo-l3 3.79 x 10-l’ 3.57 x lo-l4 5.24 x lo-O9 1 

3.22 x lo-l5 4.74 x lo-l3 1.78 x 10-I” 6.51 x 10“’ 8 
3.43 x lo-l3 5.12 x lo-” 4.82 x lo-l3 7.08 x lo-O9 3 
1.22 x lo-l3 1.79 x lo-” 6.70 x lo-l3 2.45 x lo-O9 8 
3.97 x lo-l3 5.93 x 10-I’ 5.58 x lo-l3 8.19 x lo-O9 3 
1.02 x lo-l2 1.52 x lo-” 1.43 x 10-l’ 2.10 x lo-O8 3 
2.37 x lo-l4 3.54 x lo-” 3.33 x lo-l3 4.90 x lo-lo 16 
7.89 x lo-” 1.15 x lo-l5 0.0 1.57 x lo-l3 0 
2.12 x 10-l’ 3.09 x lo-l5 0.0 4.23 x lo-l3 0 
4.95 x lo-l2 7.22 x lo-” 1.38 x lo-‘* 9.86 x lo-O8 1 
7.87 x lo-l3 1.16 x lo-” 4.34 x lo-l3 1.59 x lo-O8 2 
4.18 x 10-l’ 6.10 x lo-” 0.0 8.34 x lo-l3 0 
2.84 x lo-l6 4.23 x lo-l4 2.68 x lo-l3 5.83 x 10-l’ 76 
1.40 x lo-l6 2.07 x lo-l4 1.31 x lo-l3 2.85 x lo-l2 76 
6.88 x lo-l8 1.00 x lo-l5 1.93 x lo-l5 1.37 x lo-l3 62 
4.28 x lo-l5 6.24 x lo-l3 1.20 x lo-‘* 8.51 x 10-l’ 62 
1.22 x lo-l9 1.82 x 10-l’ 1.71 x 10-l’ 2.52 x lo-l5 49 
1.43 x 10-I’ 2.14 x lo-l5 2.02 x lo-” 2.97 x lo-l3 49 
1.13 x 10-I’ 1.68 x lo-l5 1.58 x lo-” 2.33 x lo-‘) 49 
9.61 x lo-l5 1.42 x lo-l2 4.5 1 x lo-l4 1.97 x lo-‘O 7 
5.53 x lo-” 8.20 x lo-l8 2.60 x lo-l9 1.13 x lo-l5 7 
1.25 x lo-l4 1.86 x lo-l2 5.89 x lo-l4 2.56 x 10-l’ 7 
3.48 x lo-l5 5.16 x lo-l3 1.63 x lo-l4 7.12 x 10-I’ 7 
5.48 x lo-l4 8.00 x lo-” 0.0 1.10 x lo-O9 0 
2.62 x lo-l3 3.90 x 10-l’ 3.68 x 10-l’ 5.41 x lo-O9 1 
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Figure 5. Comparison of deterministic adult groundshine dose rates
predicted using the default parameter values of CSA N288.1 with

distributed doses from the stochastic analysis, for unit release of each
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5.3 Immersion Doses 

The results of the uncertainty analysis for adult immersion doses for releases to a freshwater 
body are shown in Table 28 and Figure 6. For all 27 radionuclides considered, the default dose 
lies well below the median, indicating that the CSA model is consistently non-conservative for 
this exposure pathway. The underestimation is due to the fact that the occupancy factor 
recommended in the CSA model does not include time spent bathing. Differences in the 
magnitude of the immersion dose among radionuclides depend entirely on differences in 
immersion dose coefficients. Radionuclides with the highest DCs (14’Ba, 6oCo) have the highest 
median doses and those with the lowest DCs (14C, 135 Cs) have the lowest doses. Fe-55 gives no 
dose, because its DC is zero. The average median dose over all radionuclides was 
1.57 x lo-l5 Sv a-‘, a value two orders of magnitude lower than the ingestion and groundshine 
doses. Because of the low importance of this pathway, immersion doses were not calculated for 
releases to the marine environment. 

The only distributed parameter in the immersion pathway for all radionuclides considered 
(except tritium) is the occupancy factor in water (i.e., the fraction of time spent swimming or 
bathing). The uncertainty is therefore about the same (Rcr - 8) for these radionuclides. The 
water intake rate due to diffusion through the skin is also required for calculating immersion 
doses for tritium, which results in a larger uncertainty for tritium (IXci = 21) compared to the 
other radionuclides. 

Immersion doses for infants are predicted to be similar to those for adults and are not presented. 
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Table 28 
Adult Immersion Dose Rate for a Unit Release (Sv a-‘) 

Radionuclide 2.5 percentile Median Default 97.5 Percentile of 
percentile default dose in 

output distribution 
H-3 3.70 x lo-l9 2.75 x lo-‘* 5.02 x lo-l9 7.80 x 10-l’ 4 
c-14 1.31 x lo-I0 6.15 x lo-” 1.21 x lo-“’ 1.08 x lo-l9 2 
Cr-5 1 1.34 x 10-I’ 6.29 x 10-I’ 1.24 x IO-” 1.09 x lo-l6 2 
Mn-54 3.78 x lo-l6 1.77 x lo-l5 3.47 x lo-l6 3.09 x lo-l5 2 
Fe-59 5.48 x lo-l6 2.56 x 10-l’ 5.04 x lo-l6 4.48 x 10-l’ 2 
Co-58 4.35 x lo-l6 2.04 x 10-l’ 4.00 x lo-l6 3.55 x 10-l’ 2 
Co-60 1.17 x lo-l5 5.48 x lo-” 1.08 x lo-l5 9.58 x lo-l5 2 
Zn-65 2.68 x IO-l6 1.26 x 10-l’ 2.47 x IO-l6 2.19 x lo-l5 2 
Sr-89 2.36 x lo-l8 1.11 x 10-I’ 2.17 x lo-” 1.93 x IO“’ 2 
Sr-90 5.01 x lo-‘* 2.34 x lo-l7 4.60 x lo-l8 4.09 x 10-l’ 2 
Zr-95 1.08 x lo-l5 5.05 x lo-l5 9.90 x lo-l6 8.80 x IO-l5 2 
Nb-95 3.39 x lo-l6 1.59 x 10-l’ 3.11 x IO-l6 2.76 x 10“’ 2 
MO-99 9.29 x 10-l’ 4.35 x lo-l6 8.54 x lo-l7 7.60 x lo-l6 2 
Ru-103 2.03 x lo-l6 9.51 x lo-l6 1.87 x lo-l6 1.66 x lo-l5 2 
Ru-106 9.99 x 10-I’ 4.67 x IO- 9.17 x lo-l7 8.15 x IO-l6 2 

Te-125m 3.49 x 10-l’ 1.63 x 10-l’ 3.21 x lo-l8 2.85 x 10-l’ 2 
Te-132 9.37 x lo-l6 4.39 x 10“’ 8.62 x lo-l6 7.67 x lo-l5 2 
I-129 3.00 x lo-‘* 1.41 x 10“’ 2.75 x lo-‘* 2.45 x 10-l’ 2 
I-131 1.53 x lo-l6 7.19 x lo-l6 1.41 x lo-l6 1.26 x lo-” 2 
I-133 1.22 x lo-l6 5.73 x lo-l6 1.12 x lo-l6 9.97 x lo-l6 2 

cs-134 6.97 x lo-l6 3.26 x lo-l5 6.41 x lo-l6 5.70 x lo-” 2 
cs-135 4.75 x lo-*’ 2.22 x lo-l9 4.36 x 1O-2o 3.87 x lo-l9 2 
Cs-136 9.36 x lo-l6 4.38 x lo-” 8.59 x lo-l6 7.64 x lo-l5 2 
cs-137 2.52 x lo-l6 1.18 x 10-l’ 2.32 x lo-l6 2.06 x 10-l’ 2 
Ba-140 1.27 x lo-l5 5.93 x 10.” 1.17 x lo-l5 1.04 x lo-l4 2 
Ce-141 3.04 x 10-l’ 1.42 x lo-l6 2.79 x 10-l’ 2.48 x lo-l6 2 
Ce-144 2.90 x 10-l’ 1.36 x lo-l6 2.67 x 10-I’ 2.37 x lo-l6 2 
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Figure 6. Comparison of deterministic adult immersion dose rates
predicted using the default parameter values of CSA N288.1 with

distributed doses from the stochastic analysis, for unit release of each
radionuclide to fresh water.
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6. RESULTS OF THE SENSITIVITY ANALYSIS 

6.1 Ingestion Dose 

6.1.1 Freshwater Environment 

Seven radionuclides (3H, 14C, 90Sr, 95Nb, “‘Ru, 13’1, and 13’Cs) were selected for sensitivity 
analysis on the basis of the magnitude of their release from CANDU reactors and on their 
behaviour in the environment. For each nuclide, Table 29 lists the parameters that have the 
largest effect on the predicted ingestion dose for the entire adult population (fish-eaters and 
non fish-eaters combined) for releases to fresh water. Table 29 lists only those parameters for 
which the partial correlation coefficient is greater than 0.43, up to a maximum of 6 parameters 
for each radionuclide. The dose for tritium, which does not accumulate in the environment, 
comes primarily via drinking water and is most sensitive to the parameters in the drinking water 
pathway. Doses from 90Sr, *06Ru and 13’1, which have relatively low BAFs but are readily taken 
up by crops, are dominated by the ingestion of terrestrial crops and are most sensitive to 
parameters such as irrigation rate and the fraction of activity initially retained on vegetation 
following irrigation. On the other hand, doses from 14C, 95Nb and ‘37Cs are most sensitive to the 
consumption rate for fish. 

Table 29 
Ranks of the parameters to which ingestion doses are most sensitive for the entire adult 
population (fish-eaters and non-fish-eaters) for release to fresh water. The numbers in 

parentheses are partial correlation coefficients. 

Irrigation rate to vegetation 

from contaminated source 

Consumption rate of fish (If) 1 (0.89) 1 (0.79) 3 (0.65) 1 (0.89) 

Drinking Direct Direct 
Dominating pathway water Fish Root uptake Fish deposit on deposit on Fish 

vegetation vegetation 
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Two potentially important parameters do not appear in the above table: the BAF for fish and the 
fraction of consumed aquatic food that is contaminated. These parameters are omitted, because 
the results apply to a population in which 75% of the people eat no fish at all. When only fish 
eaters are considered, the BAF becomes the most sensitive parameter for 14C and 137Cs, and 
ranks among the top three for g5Nb and ’ 3 * I (see Table 30). 
contaminated also becomes important for 14C and 

The fraction of aquatic food that is 

consumption for 14C, 
‘37Cs. Doses are dominated by fish 

g5Nb, 1311 and ‘37Cs. In summary, adults who eat fish receive a 
considerable dose from the fish pathway for most radionuclides, but for the overall population, 
the fish pathway is not that important. 

Table 30 
Ranks of the parameters to which ingestion doses are most sensitive for the fish-eating 

adult population for release to fresh water. The numbers in parentheses are partial 
correlation coefficients. 

Dominating pathway 

Table 3 1 lists the parameters that have the largest effect on the predicted ingestion dose for 
infants for releases to fresh water. The results are similar to those shown in Tables 29 and 30 for 
adults, particularly for 3H, “Sr, ‘06Ru and 1311. The small differences between adults and infants 
for 14C and 95Nb arise as a result of the differences in diet regarding fish. 
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Table 3 1 
Ranks of the parameters to which ingestion doses are most sensitive for infants for release 

to fresh water. The numbers in parentheses are partial correlation coefficients. 

Plant/soil concentration 
ratio 

Vegetation yield for fruit 
03 

Fraction of vegetation h-on 
contaminated source 

Removal half-life from 
vegetation &) 

Diet variation (D”) 
BAF for fish 

Initial fraction retained on 
vegetation (r) 

Drinking water intake (IW) 
Irrigation rate to soil (L’) 

Irrigation rate to vegetation 
(L’) 

Fraction of drinking water 
from contaminated source 

(W 
Fraction of aquatic food 

from contaminated source 
(SW) 

Consumption rate for fish 
(If) 

Dominating pathway 

H-3 ( C-14 1 Sr-90 
I I 
I 1 1 (0.82) 

3 (0.51) 4 (0.46) 

4 (0.49) 5 (0.51) 5 (0.44) 
2 (0.83) 

2 (0.89) 
2 (0.63) 

4 (0.53) 3 (0.61) 

1 (0.98) 

3 (0.62) 
I I 

I%-95 

3 (0.5) 

5 (0.48) 

2 (0.56) 

1 (0.8) 

4 (0.49) 

Direct 
deposit on 
vegetation 

6 (0.54) 

s (0.53) 
2 (0.81) 

2 (0.67) 6 (0.53) 

1 3 (0.58) 1 

1 (0.88) 1 2 (0.82) ) 4 (0.55) ) 

3 (0.59) 1 (0.85) 

3 (0.61) 

( ) 1 (0.85) / 

6.1.2 Marine Environment 

The parameters to which the predicted ingestion doses are most sensitive are shown in Table 32 
for adults (fish-eaters and non-fish eaters combined) for releases to marine water bodies. The 
most important parameter for a given radionuclide tends to be the BAF for one or the other of 
molluscs, crustacea or seaweed. The fraction of aquatic food that is contaminated is also an 
important parameter, followed by the consumption rates of the various species. The results are 
similar when only fish eaters are considered (see Table 33), except that the BAF for fish appears 
as an important parameter for 137Cs. The results for infants for releases to marine water bodies 
are similar to those for adults and are not presented. 
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Table 32 
Ranks of the parameters to which ingestion doses are most sensitive for the entire adult 

population (fish-eaters and non-fish-eaters) for release to marine water. The numbers in 
parentheses are partial correlation coefficic ents. 

1 H-3 1 C-14 1 Sr-90 1 Nb-95 1 Ru-106 1 J-131 1 Cs-137 1 
BAF for crustacea 12 (0.75) 1 1 (0.77) 
BAF for molluscs 1 1 (0.76) 1 1 (0.76) 1 (0.88) 
BAF for seaweed 

Fraction of aauatic food 1 . ,,, nn, I.- 
[ 3 (0.67) 12 (0.67) 1 4 (0.56) 11 (0.91) 1 1 (0.74) 1 

from contaminated source 
I (u.aaj 3 (0.68) 2 (0.68) 3 (0.66) 2 (0.7) 2 (0.74) 2 (0.61) 

Consumption rate of fish 4 (0.53) 
Consumption rate of 

crustacea 2 (0.73) 4 (0.47) 4 (0.56) 

Consumption rate of molluscs 

Consumption rate of seaweed 

3 (0.71) 5 (0.46) 4 (0.45) 3 (0.63) 

3 (0.7) 3 (0.45) 

Dominating pathway lCrustacealMolluscs(Crustacea~Molluscs) Mollusc, 

Table 33 
Ranks of the parameters to which ingestion doses are most sensitive for the fish-eating 
adult population for release to marine water bodies. The numbers in parentheses are 

partial correlation coefficients. 
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6.2 Groundshine and Immersion Doses 

Formal sensitivity analyses were not carried out for groundshine or immersion doses. The 
variable parameters involved in groundshine are &, irrigation rate, shore width factor and 
occupancy factor. Of these, I& has by far the largest associated uncertainty and is the parameter 
to which the model predictions are most sensitive. Similarly, immersion doses depend on only 
one distributed parameter (the occupancy factor in water), which becomes the most important 
parameter by default. 

7. CONCLUSIONS 

CSA N288.1 was published in 1987, and the default parameter values recommended in it are 
from 1985 or earlier. These values are not always conservative. In about half of the cases 
considered here, the CSA default parameter values were lower than the median values of the 
corresponding distributions, which are based on more recent data (including data collected at 
Canadian CANDU sites). Doses predicted using the CSA default values were also lower than 
the medians of the calculated dose distributions in about half of the cases. The model performed 
better for releases to freshwater than to marine systems, perhaps because the data available for 
the freshwater environment were more extensive and reliable than the marine data at the time the 
standard was published. It should be noted that, although CSA N288.1 provides default values 
for most of the parameters, it recommends the use of site-specific values wherever possible. 

Predicted ingestion and groundshine doses are comparable to each other, whereas immersion 
doses are roughly two orders of magnitude lower. The CSA model underestimates immersion 
doses for all radionuclides, because the recommended CSA default value of the occupancy factor 
does not take into account time spent bathing. 

The uncertainties in the predicted ingestion doses varied from radionuclide to radionuclide, but 
the 95% confidence interval for the freshwater case usually exceeded an order of magnitude and 
occasionally two orders of magnitude. Confidence intervals were smaller for marine doses, 
because there are far fewer pathways and parameters compared to the freshwater case. The 
uncertainties in the groundshine doses were high, with 95% confidence intervals spanning four 
orders of magnitude in the marine case, where the uncertainty is dominated by a single variable 
(I(d) with a large GSD. Uncertainties were lower in the freshwater case for radionuclides for 
which the irrigated soil pathway is more important than the beach sediment pathway. The 
uncertainty was less than one order of magnitude for immersion doses, which depend on a single 
distributed variable (the occupancy factor in water) that is reasonably well known. 

The parameters to which the predicted ingestion doses are most sensitive depend on the 
radionuclide. Doses from radionuclides that have relatively low BAFs but that are readily taken 
up by crops are most sensitive to parameters in the terrestrial pathways (irrigation rate, fraction 
of activity initially retained on vegetation following irrigation, etc.). On the other hand, 
ingestion doses for radionuclides with large BAPs are most sensitive to the consumption rates of 
aquatic organisms, and for those members of the population who eat fish, to the BAFs 
themselves. Drinking water is generally not an important pathway except for tritium, and to 
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some extent, iodine, although this pathway is more important for infants who drink powdered 
milk. 

The predicted groundshine doses are most sensitive to the & values for sediments and to beach 
occupancy factors. The irrigation rate is also an important parameter for radionuclides for which 
the dose from soil exceeds the dose from sediments. Immersion doses depend on only one 
distributed parameter (i.e., occupancy factor in water), which is the most important parameter by 
default. 

Because the calculations performed here were carried out with a unit release rate, no conclusions 
can be drawn regarding the importance of individual radionuclides to the total dose. Similarly, 
because water concentrations at the point of use were assumed to be equal in freshwater and 
marine environments, no comparison can be made between doses that arise from releases to the 
two systems. However, results for different age groups and different pathways can be compared 
for a given radionuclide and a given release scenario. The use of fixed water concentrations 
means that the uncertainties in the doses do not include uncertainties in PO* and are likely to be 
underestimated. The fixed values also prevent the parameters in the aquatic dispersion model 
from appearing among the parameters to which the overall DRL model is sensitive. 

The work reported here has contributed to our understanding of aquatic pathways and to the 
development of our database of parameter values. It has also helped to diversify, test and assure 
the quality of the CSA-DRL code, thereby making our model predictions more reliable and 
defensible. A summary of this work was presented in the form of a paper (Chouhan and Davis 
200 1 a) at an international radioecology conference. 

8. RECOMMENDATIONS AND IDEAS FOR FUTURE WORK 

This work has identified several ways in which the model for the aquatic pathways in CSA 
N288.1 can be improved to reduce uncertainties in the predicted doses: 

l The parameter values listed here should be considered when the CSA standard is revised. 
The parameter distributions can be used to set default values at a known level of 
conservatism for deterministic calculations. 

0 The soil model should be re-written in terms of the & concept. 
l There is insufficient data to support PDFs for two separate categories (low-mineral and 

high-mineral water content) of the BAF. It is recommended that all data be merged into a 
single stochastic category. 

l The model should be modified to distinguish between crops grown on farms and in 
backyard gardens, since watering (irrigation) practices are different in the two cases. 
Moreover, the occupancy factor for groundshine dose for releases to fresh water should 
take into account the fact that many people water their lawns (using treated water). 

l Doses from immersion are much lower than those from ingestion and groundshine. 
Further research should concentrate on the ingestion and groundshine pathways. 

l Uncertainties in predicted ingestion doses will be reduced most effectively by focussing 
future work on establishing site-specific values for parameters such as water intake rates, 



50 

BAFs, dietary intake rates for fish and marine biota, irrigation rates, and the fraction of 
consumed food arising from contaminated sources. 

l Further experimental work to measure & values for freshwater and marine sediments is 
recommended, since the uncertainties in these parameters are very high. 

l The atmospheric dispersion model of CSA N288.1 was tested at CANDU sites using site- 
specific environmental monitoring data (Chouhan and Davis 2001b). That work should 
be extended to test other parts of the model, particularly the terrestrial and aquatic food 
chain pathways. 

0 More site-specific data should be obtained and used for the most sensitive parameters 
listed above (instead of the generic default values) when carrying out environmental 
assessments. 

0 In newer regulations, the limit for effective dose has been reduced, the limit for skin dose 
increased and limits for other organs dropped. Thus, effective doses will be limiting in 
almost all cases, and doses for other organs may be excluded from the standard and the 
codes. 

9. ACKNOWLEDGEMENTS 

We would like to thank Ring Peterson, who initiated this project before leaving AECL and who 
was a constant source of consultation during the work. Lorna Chant explained the details of her 
experimental data, shared her experience of BAFs, checked our BAF distributions and provided 
many useful comments. Doug Killey shared his experience regarding shore width factors for 
lakes, rivers and oceans, and & values for sediments. Ed Cooper helped to identify nuclides that 
behave similarly in some compartments and that could reasonably be assigned the same 
parameter value. Tamara Yankovich shared the research papers in her collection that had a 
bearing on this work. We would like to thank COG for providing the first year’s funding for the 
project and AECL CANDU R&D for the remaining three year’s funding. 



51 

10. REFERENCES 

AIHC. 1994. Exposure Factors Sourcebook. American Industrial Health Council, Washington 
DC. 

Bird, G.A. and W. Schwartz. 1996. Nuclide Concentration Factors for Freshwater Biota. AECL 
Report, TR-703, and COG Report, COG-95-397. 

Blaylock, B.G. 1982. Radionuclide Databases Available for Bioaccumulation Factors for 
Freshwater Biota. Nuclear Safety, Environmental Effects 23, Number 4,427-438. 

CSA. 1987. Guidelines for Calculating Derived Release Limits for Radioactive Material in 
Airborne and Liquid Effluents for Normal Operation of Nuclear Facilities. CAN/CSA-N288. l- 
M87. Canadian Standards Association, Rexdale, ON. 

Chant, L-A., D.S. Hartwig and M. Totland. 2000. Site-Specific Aquatic Transfer Factors for 
CANDU Sites in Canada. AECL Report, RC-2457. 

Chouhan, S.L. and P.A. Davis. 2001a. The Conservatism and Uncertainty in a Regulatory 
Model for Predicting Derived Release Limits for Aquatic Emissions. In Proceedings of 
ECORAD-2001, International congress on the radioecology-ecotoxicology of continental and 
estuarine environments, Aix-en-Provence, France, September 2001. 

Chouhan, S.L. and P.A. Davis. 2001b. Testing the Atmospheric Dispersion Model of CSA 
N288.1 with Site-Specific Data. AECL Report, AECL-12099. 

Coughtrey, P.J., D. Jackson and M.C. Thome. 1985. Radionuclide Distribution and Transport in 
Terrestrial and Aquatic Ecosystems. Volume Six: A Compendium of Data. Commission of the 
European Community, A.A. Balkema Publishers, Rotterdam. 

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. AECL Report, AECL-10720, and 
COG Report, COG-93-l 0. 

Dolinar, G.M., J.H. Rowat, M.E. Stephens, B.E. Lange, R.W.D. Killey, D.S. Rattan, 
S.R. Wilkinson, J.R. Walker, R.P. Jategaonkar, M. Stephenson, F.E. Lane, S.L. Wickware and 
K.E. Philipose. 1996. Preliminary Safety Analysis Report (PSAR) of the Intrusion Resistant 
Underground Structure (IRUS). AECL Report, AECL-MISC-295, Revision 4. 

Eckerman, K.F. and R.W. Leggett. 1996. DCFPAC: Dose coefficient data file package for 
Sandia National Laboratories. Oak Ridge National Laboratories Report, ORNL/TM- 13347. 

EPA. 1997. Exposure Factors Handbook, Volumes I, II, and III. U.S. Environmental Protection 
Agency Report, EPA/600/P-95/002. 



52 

Frost, R.R. and R.A. Giffin. 1977. Effect of pH on Adsorption of Arsenic and Selenium from 
Landfill Leachate by Clay Minerals. Soil Science Society of America Journal 41, 53-57. 

Geigy. 198 1. Geigy Scientific Tables, Vol. 1, gth Edition. Units of Measurement, Body Fluids, 
Composition of the Body, Nutrition. Ciba-Geigy Ltd., Basel, Switzerland. 

Hakanson, L. 1985. Why are Kd’s Important? (Notes from a lecture at IUR summer school 
1985). Photocopy of presentation notes. 

Hart, D.R. 1998. Recommendations for Updating of - Guidelines for Calculating Derived 
Release Limits for Radioactive Material in Airborne and Liquid Effluents for Normal Operation 
of Nuclear Facilities. AECB, RSP-0064. 

Hart, D.R. 2001. Guidance for Calculation of Derived Release Limits for Radionuclides in 
Airborne and Liquid Effluents from Ontario Power Generation Nuclear Facilities. In 
preparation. This report is being prepared for Ontario Power Generation by Beak International 
Incorporated, KYMC Limited, ECOMATTERS, and Atomic Energy of Canada Limited. 

Health Canada. 1999. Recommendations on Dose Coefficients for Assessing Doses from 
Accidental Radionuclide Releases to the Environment. Health Protection Branch. 

IAEA. 1985. Sediment Kds and Concentration Factors for Radionuclides in the Marine 
Environment. Technical Report Series No. 247. 

IAEA (International Atomic Energy Agency). 1994. Handbook of Parameter Values for the 
Prediction of Radionuclide Transfer in Temperate Environments. IAEA, Technical Report 
Series No. 364. 

IAEA. 2000. Generic Models for Use in the Control of Radioactive Discharges into the 
Environment. Draft Revised Safety Series No. 57. 

Iman R.L. and M.J. Shortencarier. 1984. A FORTRAN 77 Program and User’s Guide for the 
Generation of Latin Hypercube and Random Samples for Use with Computer Models. 
NUREG/CR-3624, Sandia National Laboratories, Albuquerque, NM. 

Iman R.L., M.J. Shortencarier and J.D. Johnson J.D. 1985. A FORTRAN 77 Program and 
User’s Guide for the Calculation of Partial Correlation and Standardized Regression 
Coefficients. NUREG/CR-4122 (SAND85-0044), Sandia National Laboratories, Albuquerque, 
NM. 

ICRP (International Commission on Radiological Protection). 1996. Conversion Coefficients 
for Use in Radiological Protection against External Radiation. ICRP Publication 74, Pergamon 
Press. 

ICRP (International Commission on Radiological Protection). 1998. The ICRP Database of 
Dose Coefficients: Workers and Members of the Public. Version 1 .O, ISBN o-08-042-75 10. 



53 

Jacobs, L.W., J.K. Syers and D.R. Keeney. 1970. Arsenic Sorption by Soils. Soil Science 
Society of America Journal, Vol. 34, pp.750-754. 

Joshi, S.R. 1991. Radioactivity in the Great Lakes. The Science of the Total Environment, Vol. 
100, pp. 61-104. 

Joshi, S.R. and R.C. McCrea. 1992. Sources and Behaviour of Anthropogenic Radionuclides in 
the Ottawa River Waters. Water, Air and Soil Pollution, Vol. 62, pp. 167- 184. 

Misra, S.G. and R.C. Tiwari. 1963. Studies on Arsenite-Arsenate Adsorption on Soils. Indian J. 
Applied Chemistry, Vol. 26, pp. 117-121. 

NCRP (National Council on Radiation Protection and Measurements). 1996. Screening Models 
for Releases of Radionuclides to Atmosphere, Surface Water, and Ground. NCRP Report No. 
123 I. 

NCRP (National Council on Radiation Protection and Measurements). 1999. Recommended 
Screening Limits for Contaminated Surface Soil and Review of Factors Relevant to Site-Specific 
Studies. NCRP Report 129, Bethesda MD. 

NHW. 198 1. Tapwater Consumption in Canada. Report No. 82-EHD-80, Canadian Department 
of National Health and Welfare, Ottawa. 

NRCC (National Research Council Canada). 1993. Radioactivity in the Canadian Aquatic 
Environment. NRCC No. 19250, Associate Committee on Scientific Criteria for Environmental 
Quality. 

Onishi, Y., R.J. Seme, E.M. Arnold, C.E. Cowan and F.L. Thompson. 198 1. Critical Review: 
Radionuclide Transport, Sediment Transport, and Water Quality Mathematical Modeling; and 
Radionuclide Adsorption/Desorption Mechanisms. NUREG/CR-1322, PNL-2901. 

Osborne, R.V. 1966. Absorption of Tritiated Water Vapour by People. Health Physics. Vol. 
12, pp. 1527-1537. 

Peterson, S-R. 1998. Doses from Aquatic Pathways in CSA-N288.1: Deterministic and 
Stochastic Predictions Compared. COG-98-239-I. 

Peterson, S-R. and S.L. Chouhan. 2001. Draft - Interim Documentation of CHERPAC (Chalk 
River Environmental Research Pathways Analysis Code)“, to be published as an AECL report. 

Peterson, S-R. and P.A. Davis. 2001. Tritium Doses from Chronic Atmospheric Releases: A 
New Approach Proposed for Regulatory Compliance. In press in Health Physics Journal. 

Rowan, D.J. and J.B. Rasmussen. 1994. Bioaccumulation of Radiocesium by Fish: The 
Influence of Physico-Chemical Factors and Tropic Structure. Canadian Journal of Fisheries and 
Aquatic Sciences, Vol. 5 1, Number 11, pp. 2388-2410. 



54 

Schell, W.R. and T.H. Sibley, 1982. Distribution Coefficients for Radionuclides in Aquatic 
Environments. NUREG/CR-1869 RE. 

Sheppard, M.I. and D.H. Thibault. 1990. Default Soil Solid/Liquid Partition Coefficients, Kds, 
for Four Major Soil Types: A Compendium. Health Physics, Vol. 59, pp. 471-482. 

Spencer, F.S. 1983. Tritium Uptake and Desorption Kinetics in Tissue-Free Water Fractions of 
Tomato Plants - Final Report. Ontario Hydro Research Division, Report No. 83-33-K. 

Sundblad, E.B. 1991. Dynamics within Lakes Ecosystems. BIOMOVS, Technical Report 12, 
Scenario A5. 

Sutherland, J.K. 1996. Derived Emission Limits for Radionuclides in Airborne and Liquid 
Effluents. Pt. Lepreau Generating Station Reference Document, RD-01364-Ll Revision 2. 

Till, J.E. and H.R. Meyer. 1983. Radiological Assessment, A Textbook on Environmental Dose 
Analysis. NUREG/CR-3332,ORNL-5968. 

Woolson, E.A., J.H. Axley and P.C. Keamey. 1971. The Chemistry and Phytotoxicity of 
Arsenic in Soils: I. Contaminated Field Soils. Soil Sci. Sot. Am. Proc., 35, pp.938-943. 

Zach, R. and S.C. Sheppard. 1992. The Food-Chain and Dose Model, CALDOS, for Accessing 
Canada’s Nuclear Fuel Waste Management Concept. AECL- 10165, COG-91 - 195. 

Bibliowaphv for Development of Distributions 

Amett, M.W. and A.R. Mamatey. 1998. Savannah River Site Environmental Data for 1997. 
Westinghouse Savannah River Company, WSRC-TR-97-00324. 

Atlantic Nuclear Services Ltd. 1988. Cost-Effectiveness of Reduction of Off-Site Dose, AECB, 
INFO-0277. 

Audet, M.C. and J.C. Baker. 1998. Derived Release Limits for Airborne and Liquid Effluents 
from Chalk River Laboratories during Normal Operations. AECL, RC-173 1 (Rev.2). 

BEAK Consultants Limited. 1985. Derivation of Release Limits for a Typical Uranium Mining 
and Milling Facility. AECB, INFO-O 165. 

Blaylock, B.G., M.L. Frank and B.R. ONeal. 1993. Methodology for Estimating Radiation 
Dose Rates to Freshwater Biota Exposed to Radionuclides in the Environment. U.S. Department 
of Energy, ES/EIUTM-78. 

Burnham, P.R. 1984. Site Specific Survey for Darlington NGS. Ontario Hydro, SSD-IR-84-14. 



55 

Burnham, P.R. 1986. The Derived Emission Limits of Radionuclides in the Airborne and 
Liquid Effluents from Darlington Nuclear Generating Station A. Ontario Hydro, SSD-86-01. 

Chase, W.J. 1992 The Derived Emission Limits for Radionuclides in the Airborne and Liquid 
Effluents from Pickering Nuclear Generating Station A. Ontario Hydro, HSD-HP-91-06. 

Chase, W.J. 1992. The Derived Emission Limits for Radionuclides in the Airborne and Liquid 
Effluents from Pickering Nuclear Generating Station B. Ontario Hydro, HSD-HP-91-07. 

Dunford, W.E. 1982. Derived Release Limits for Radionuclides in Airborne and Liquid 
Effluents from AECL’s Kanata Isotope Processing Facility. AECL, WNRE-205. 

Gorman, D.J. 1986. The Basis for the Derived Limits for the Emission of Radionuclides in 
Airborne and Liquid Effluents from Ontario Hydro’s Nuclear Facilities. Ontario Hydro, 
SSD-86-3. 

IAEA (International Atomic Energy Agency). 1982. Generic Models and Parameters for 
Accessing the Environmental Transfer of Radionuclides from Routine Releases. IAEA, Safety 
Series No. 57. 

Irving, K. 1987 Site Specific Survey for the BNPD Site. Ontario Hydro, SSD-IR-87-7. 
Kim, B.W., B.K. Kim and J.H. Lee. 1985. Determination of Derived Release Limits by the 
Concentration Factor Method. Journal of the Korean Nuclear Society, Vol. 17, Number 4, pp. 
267-278. 

Lemire, A.E. 1989. Derived Release Limits for Radionuclides in Airborne and Liquid Effluents 
for the Whiteshell Nuclear Research Establishment. AECL-10028. 

Lupien, M. and R. Blagoeva. 1990. Limites Operationnelles Derivees pour les Effluents 
Aeriens et Liquides de la Centrale Nucleare Gentilly 2. Centrale Nucleaire Gentilly 2, Rapport 
Technique, G2-RT-89-14. 

MacLaren Atlantic Limited. 1977. Environmental Assessment for the Point Lepreau Generating 
Station. New Brunswick Electric Power Commission. 

Nason, J.C. 1991. Derived Emission Limits for Radionuclides in Airborne and Liquid Effluents. 
Point Lepreau Generating Station Reference Document”, RD-01364-Ll Revision 1. 

Neil, B.C.J. 1990. Pickering NGS-B: Analysis of the Pre- and Post-Operational Environmental 
Radiological Data. Ontario Hydro, HSD-TS-90-5. 

Neil, B.C. J. 1992. Cesium Bioaccumulation in Lake Ontario Fish Near Pickering NGS. Ontario 
Hydro, HSD-ST-92- 11. 

Neil, B.C.J. 1992. Emission Pathway Analysis: HT Emissions from the Darlington Tritium 
Removal Facility. Ontario Hydro, HSD-ST-92-17. 



56 

Nuclear Task Force. 1997. Inventory of Radionuclides for the Great Lakes. International Joint 
Commission, United States and Canada. 

Nutrition Canada. 1979. Food Consumption Patterns Report. Bureau of Nutritional Sciences, 
Health Protection Branch, Department of National Health and Welfare, pp. 247. 

Ophel, IL 1979. Radiation Effects in Contaminated Aquatic Ecosystems and Their Relation to 
Laboratory Studies. IAEA, Technical Report Series No. 190, IAEA-AG-134/9, pp. 2 11-216. 

Osborne, T. 1991. Site Specific Survey for Pickering NGS. Ontario Hydro, CPS-03481.21 l- 
0001. 

Palmer, J.F. 198 1. Derived Release Limits (DRL’s) for Airborne and Liquid Effluents from the 
Chalk River Nuclear Laboratories During Normal Operations. AECL-7243. 

Peterson, S-R. 1993. Testing CAN/CSA-N288.1-M87 (Air-to-Forage-to-Milk or -Beef 
Pathways for 1311 and 13’Cs and the Water-to-Fish and Sediment Pathways for 13’Cs) Against 
Post-Chernobyl Observations. AECL-10840, COG-93-18. 

Peterson, S-R. 1996. Recommended Food Chain Parameter Values and Distributions for Use 
Around CANDU Sites in Ontario. AECL-11529, COG-96-5-I. 

Sanchez, A.L., W.R. Schell and T.H. Sibley. 198 1. Distribution Coefficients for Radionuclides 
in Aquatic Environments. Adsorption and Desorption Studies of Plutonium and Americium. 
NUREGKR-1852, Vol.5. 

Vanderzwet, F.P. 1988. The Derived Emission Limits for Radionuclides in the Airborne and 
Liquid Effluents from -Bruce Nuclear Generating Station A. Ontario Hydro, SSD-88-01. 

Vanderzwet, F.P. 1988. The Derived Emission Limits for Radionuclides in the Airborne and 
Liquid Effluents from Bruce Nuclear Generating Station B. Ontario Hydro, SSD-88-02. 

Vanderzwet, F.P. 1988. The Derived Emission Limits for Radionuclides in the Airborne and 
Liquid Effluents from B.N.P.D. Radioactive Waste Operations Site 2 and the Central 
Maintenance Facility, Ontario Hydro. SSD-88-03. 

Veska, E., and B.L. Tracy. 1984. Levels of 3H in Drinking Water Following the Exceptional 
Releases of Reactor Water into Lake Huron in September 1983. Fifth annual Canadian radiation 
protection association conference, Banff, Alberta, pp. 366-367. 

Wilkinson, S.R. 1996. Biosphere Modelling for the IRUS Preliminary Safety Analysis Report. 
AECL, TR-645. 

Wong, KY. 1974. Basis for the Derived Limits for the Release of Radionuclides in Gaseous 
and Liquid Effluents from Ontario Hydro’s Nuclear Stations. Ontario Hydro, H.P.D.-73-6, 
Rev. 1. 



57 

Wuschke, D.M. and W.E. Dunford. 1982. Derived Release Limits for Radionuclides in 
Airborne and Liquid Effluents for the Whiteshell Nuclear Research Establishment. AECL, 
WNRE-406. 

Zach, R. 1982. Parameter Values for the Long-Term Nuclear Waste Management Food Chain 
Model LIMCAL. AECL-6828. 

Zach, R. and S.C. Sheppard. 1991. Food-Chain and Dose Model, CALDOS, for Accessing 
Canada’s Nuclear Fuel Waste Management Concept. Health Physics, Vol. 60, Number 5, pp. 
643-656. 



AECL-12134 

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: 

Information Centre, Information Management Branch 
AECL 
Chalk River, Ontario 
Canada KOJ 1 JO 

Fax: (613) 584-8144 Tel.: (613) 584-3311 ext. 4623 

Pour identifier les rapports individuels faisant partie de cette 
series, nous avons affect6 un numero AECL-a chacun d’eux. 

Veuillex indiquer le numero AECL-lorsque vous demandez 
d’autres exemplaires de ce rapport au: 

Service de Distribuition des Documents Officiels 
EACL 
Chalk River (Ontario) 
Canada KOJ 1 JO 

Fax: (613) 584-8144 Tel.: (613) 584-3311 poste 4623 

Copyright 0 Atomic Energy of Canada Limited, 2002 

r:T’ 


