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RÉSUMÉ 

On présente le sous-modèle de chaîne alimentaire et de dose (CALDOS) pour l'évaluation du concept canadien de 
gestion des déchets de combustible nucléaire (GDCN) pour le stockage permanent des déchets dans une enceinte 
construite à grande profondeur dans le Bouclier canadien. CALDOS ainsi que les sous-modèles d'eau superficielle, 
de sol et d'atmosphère sont intégrés dans un modèle de biosphère détaillé probabiliste pour l'évaluation après 
fermeture. Ce modèle est représentatif du Bouclier canadien en Ontario, et CALDOS est entièrement générique. 

La mise au point de CALDOS est basée sur des considérations de l'atmosphère, des incertitudes, des nonnes, des 
lignes directrice et des critères réglementaires pertinents. En outre, CALDOS est établi à partir des modèles 
d'évaluation d'installations nucléaires classiques, par deux évaluations provisoires du concept canadien de GDCN et 
de l'évaluation du concept. 

CALDOS calcule le transfer de radionucléides à travers l'environnement pour prédire les doses reçues par l'être 
humain. Il considère explicitement 68 radionucléides et tient compte de 28 autres produits de filiation à courte 
période dans les calculs de dose. En outre, il considère neuf éléments chimiques qui pourraient être toxiques 
chimiquement. CALDOS est du type à chaîne multiplicative pour la plupart des radionucléides, mais certains, 
comme l'3H, l'129I et le 222Rn, sont traités d'une façon particulière. Le modèle tient compte de toutes les voies 
d'exposition interne majeures, dont l'absorption par les racines, le dépôt sur les feuilles, l'eau d'abreuvement des 
animaux terrestres, l'ingestion de terre par les animaux terrestres, l'ingestion de chair de poissons d'eau douce, l'eau 
potable ingérée par l'être humain, l'ingestion de terre par l'être humain et l'inhalation par l'être humain de sub
stances contenues dans l'air. Il tient compte également de l'exposition externe par immersion dans l'air, l'immersion 
dans l'eau, le sol et les matériaux de construction. Les doses prédites sont basées sur les recommandation figurant 
dans les méthodes de la Commission internationale de protection radiologique (CIPR 26), l'homme de référence de 
la CIPR (CIPR 23) et le concept du groupe critique. CALDOS tient compte de l'apport de certains produits de 
filiation radioactifs, de la présence de radionucléides dans le sol, du recyclage et de l'appauvrissement. 

Le modèle comporte de nombreux paramètres de ce modèle et certains d'entre eux sont particuliers au type 
d'élément, de radionuclide ou de nourriture. On utilise les résultats d'une analyse de sensibilité pour évaluer 
l'importance des paramètres dans la prédiction des doses. L'importance de ces paramètres, les résultats de nos 
propres programme de recherche et des études bibliographiques approfondies servent à aider à déterminer les valeurs 
appropriées et les fonctions de densité de probabilité dans l'évaluation du concept. Pour certaines des distributions, 
on doit préciser les valeurs de troncature et la corrélation des paramètres. La plupart des distributions sont normales 
ou logarithmiques normales. 

On examine la question d'assurance qualité par l'intermédiaire de la bibliographie générale, des évaluations de 
modèles et de paramètres conçus particulièrement pour des modèles d'évaluation environnementale. Ces travaux 
comportent également des études de validation et de comparaison de programmes de calcul. 

EACL Recherche 
Laboratoires de Vhiteshell 
Pinawa (Manitoba) ROE 1L0 

1992 
AECL-10165 
COG-92-195 



THE FOOD-CHAIN AND DOSE SUBMODEL, CALDOS, 

FOR THE ASSESSMENT 

OF CANADA'S 

NUCLEAR FUEL WASTE MANAGEMENT CONCEPT 

by 

R. Zach and S.C. Sheppard 

ABSTRACT 

The food-chain and dose submodel, CALDOS, for assessing Canada's nuclear fuel waste management (NFVVM) 
concept of disposal in a vault deep in the Canadian Shield is presented. Together with the surface water, soil and 
atmosphere submodels, CALDOS is integrated into a comprehensive, probabilistic biosphere model for post-
closure assessment. This model is representative of the Canadian Shield in Ontario and CALDOS is fully 
generic. 

Development of CALDOS is based on considerations of the relevant biosphere, uncertainties, standards, guide
lines and regulatory criteria. It is then traced from models for assessing conventional nuclear power installa
tions, through two interim assessments of Canada's NFWM concept, to concept assessment. 

CALDOS calculates radionuclide transfer through the environment to make dose predictions for man. It consi
ders 68 radionuclides explicitly and takes into account another 28 short-lived daughters in the dose calculations. 
Nine potentially chemical toxic elements are also considered. CALDOS is of the multiplicative chain type for 
most of the radionuclides, but some, such as °H, , z v Iand" z Rn, are treated specially. The model accounts for 
all the major internal exposure pathways, including root uptake, leaf deposition, terrestrial animal's drinking 
water, terrestrial animal's soil ingestion, freshwater fish ingestion, man's drinking water, man's soil ingestion 
and man's inhalation. External exposure from air immersion, water immersion, ground and building materials 
are also considered. Dose predictions are based on the recommendations of the International Commission on 
Radiation Protection (ICRP 26) methodologies, ICRP reference man (ICRP 23) and the critical group concept. 
CALDOS considers ingrowth of some radioactive daughters, radionuclide availability in soil, recycling and 
depletion. 

The model has numerous parameters and some of them are element-, radionuclide- or food-type-specific. Results 
of a sensitivity analysis are used to assess parameter importance in dose prediction. Parameter importance, 
results from our own research programs and extensive literature reviews are used to help determine appropriate 
values and probability density functions for use in concept assessment. For some of the distributions, this 
involves specification of truncation values and parameter correlations. Most of the distributions specified are 
either normal or lognormal. 

Quality assurance is addressed through general literature, model and parameter evaluations, specifically designed 
for environmental assessment models. This also involves validation and code comparison studies. 
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1. INTRODUCTION 

1.1 CANADA'S NUCLEAR FUEL WASTE MANAGEMENT PROGRAM 

AECL Research has the responsibility for coordinating and managing the 
research and development program for immobilization and permanent disposal 
of Canada's nuclear fuel wastes (Boulton 1978, Rummery et al. 1983, Lyon 
1985, Dormuth and Nuttall 1987). Canada's Nuclear Fuel Waste Management 
(NFWM) Program has focused on deep underground disposal. Studies by the 
Geological Survey of Canada in the early 1970s led to the conclusion that 
stable, intrusive plutonic rock on the Canadian Shield might be an appro
priate geological host medium for disposal (Tammemagi 1976, Scott and 
Charlwood 1979). Consequently, attention has focused on plutons on the 
Shield (Figure 1), particularly in Ontario because this province is cur
rently the major user of nuclear-generated electricity in Canada. 

Canada's NFWM Program is currently in the concept assessment phase, 
designed to provide documentary evidence to demonstrate the technical feas
ibility and the overall acceptability of the disposal concept to a broad 
audience. This also involves the demonstration of environmental and safety 
assessment capabilities required for site selection. The concept is sub
ject to a detailed scientific and a more general public review according to 
the federal Environmental Assessment and Review Process (EARP) under the 
Federal Environmental Assessment Review Office (FEARO) with AECL Research 
as the proponent. In this, the guidelines for the preparation of an envi
ronmental impact statement (EIS) issued by the Federal Environmental 
Assessment Review Panel (FEARP 1992) and the criteria for nuclear fuel 
waste disposal established by the Atomic Energy Control Board (AECB 1987) 
play an important role. 

Concept assessment involves both preclosure and postclosure assessments. 
AECL is responsible for both of them, although Ontario Hydro is preparing 
the preclosure assessment. 

Disposal may involve either intact used-fuel bundles or fuel recycle wastes 
(Strathdee and Wikjord 1982). No decision has been made in Canada whether 
used fuel will be recycled, but concept assessment focuses mainly on the 
disposal of used fuel. In either case, Canada's NFWM concept involves 
natural geological barriers, supplemented by man-made barriers, to ensure 
the long-term safety of humans and the environment. However, it has long 
been recognized that containment of nuclear fuel wastes in an underground 
vault may not last indefinitely. The most likely breach of containment 
involves the dissolution of wastes by groundwater and the movement of 
radionuclides to the earth's surface (Figure 1; Wuschke et al. 1981, 
Goodwin et al. 1987). Thus, the safety of humans and the environment must 
be demonstrated with the help of assessment models, capable of tracing the 
potential movement of radionuclides to man (AECB 1987). Radiological 
effects on humans are of primary importance, although chemical toxicity of 
some elements must also be considered (Section 3.5.2; Wuschke et al. 1985a, 
Goodwin et al., in prep.). Radiological protection of the environment in 
general is assumed to occur through protection of humans (Section 3.5.1; 
ICRP 1977, 1991a; Zach and Mayoh 1986; Myers 1989; IAEA 1990; UNSCEAR 
1992), but we have also addressed environmental protection separately 
(Amiro 1992a, 1992b, 1992c). 



FIGURE 1: Schematic Representation of Canada's Nuclear Fuel Waste Manage
ment Concept. Shown are (1) engineered vault 500 to 1000 m 
underground with fuel wastes encased in containers and sur
rounded by backfill, (2) plutonic rock, (3) overburden partly 
covered by soil, (4) surface water with underlying sediments and 
(5) atmosphere. Inset focuses on biosphere, which, together 
with plants, animals and humans forms the basis for CALD0S. 

Much of the NFWM Program has been directed towards the development of 
appropriate methodologies for postclosure assessment (Lyon 1980, Rosinger 
et al. 1983). A systems variability analysis code (SYVAC) involving Monte 
Carlo simulation methods (Figure 2), has been implemented for carrying out 
probabilistic assessments (Dormuth and Sherman 1981). These assessments 
involve distinct, but closely integrated vault, geosphere and biosphere 
models (Figure 3), which trace the movement of radionuclides released from 
the vault to humans and other biota for radiological dose prediction. 
These doses are crucial for evaluating Canada's NFWM concept (AECB 1987). 

Because It is not possible to model the geosphere generically, concept 
assessment is largely based on a specific demonstration case for the 
Whiteshell Research Area (WRA) near the Whiteshell Laboratories (WL) 
(Whitaker 1987). The WRA is a representative Shield region. The 
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FIGURE 2: Principles of Monte Carlo Simulation. Shown are random para
meter value selection from a series of parameter probability 
density functions, calculation of individual dose estimates for 
each run, and compilation of these estimates into a probability 
density distribution or histogram for the combined runs. Not 
all the parameters need to be represented by distributions. In 
CALDOS, most of the probabilistic parameters are represented by 
normal or lognormal distributions and deterministic parameters 
by single average generic values. 

demonstration case involves intact used-fuel bundles placed in titanium 
containers, which are emplaced in boreholes filled with a clay-based buffer 
material, with the vault itself filled with a backfill consisting of mainly 
crushed rock and clay (Dormuth and Nuttall 1987). The main or central 
scenario of the demonstration case assumes dissolution of radionuclides by 
groundwater, followed by transport through the buffer, backfill and the 
geosphere, and entry into the biosphere. As discussed by Goodwin et al. 
(in prep.)v a number of alternative scenarios have been folded into this 
central scenario. 

The EIS is scheduled to be submitted to the Federal Environmental 
Assessment Review Panel in 1993. This final assessment has been preceded 
by tvo interim assessments, the first of which was completed in 1981 
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FIGURE 3: Schematic Representation of the Three Main Assessment Models 
(Vault, Geosphere and Biosphere), and of the Relationships 
Between the Four Submodels of the Biosphere Model (Surface 
Water, Soil, Atmosphere, and Food-Chain and Dose) with Each 
Other and with the Geosphere Model. Discharges from the geo
sphere to the biosphere model are: (1) aquatic, (2) terres
trial and (3) well. 

(Lyon et al. 1981, Johansen et al. 1981, Wuschke et al. 1981) and the 
second in 1985 (Gillespie et al. 1984, Johansen et al. 1985, Wuschke et al. 
1985a, 1985b). These interim assessments have proven valuable because they 
have helped to identify deficiencies, and critical radionuclides, pathways 
and processes for concept assessment (Zach 1985a). 

Right from the start, Canada's NFWM Program has been reviewed by a Techni
cal Advisory Committee (TAC), consisting of senior scientists nominated by 
Canadian professional societies. TAC has provided valuable independent 
input, particularly on program deficiencies, program directions, document 
review and the interim assessments (e.g., TAC 1991). 

1.2 THE BIOSPHERE AND THE BIOSPHERE MODEL 

The biosphere is usually defined as the portion of the earth that contains 
living organisms (Odum 1971). Thus, it includes the unconsolidated over
burden, or shallow groundwater region, surface waters, oceans, soils and 
the lower part of the atmosphere. In principle, it may also include por
tions of the geosphere and even the vault itself because of the possible 
presence of microbes (Section 3.4; Zach et al. 1987). However, for assess
ment purposes the vault and the geosphere represent fundamentally distinct 
regions from the biosphere (Figures 1 and 3). Although the shallow ground
water region is usually considered part of the biosphere (Zach 1985a), 
radionuclide transport in this region is included in the geosphere model 
for concept assessment, which treats transport up to the water table or, in 
the case of surface water bodies, up to the compacted layer of sediments 
(Bird et al. 1992). Thus, the geosphere model includes the lower layer of 
the lake sediments. 
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Because the demonstration case for concept assessment is based on the WRA, 
the WRA and its surroundings must be included in the biosphere for concept 
assessment. In defining the relevant biosphere, the AECB (1987) recom
mendation that risk, and thereby doses, be evaluated for an individual 
member of a critically exposed group, rather than for human populations 
spread over wide geographical areas, focuses interest on local regions. It 
is reasonable to assume that the critically exposed group will normally be 
located in the immediate discharge zone of the vault where radionuclides 
enter the biosphere (Section 1.3). 

Since radionuclides released from the vault may not reach the surface envi
ronment for a very long time, the biosphere cannot be assumed to remain 
static (Davis 1986). However, for concept assessment, the effects of long-
term changes, including glaciation, need not be fully considered because 
quantitative dose predictions need only be made up to 10 000 a (AECB 1987). 
Beyond this period, assurance must be given that radionuclide releases to 
the biosphere, and thereby doses to humans, will not suddenly and drama
tically increase. The AECB suggests that for up to 10 000 a the human 
environment will remain essentially the same as it is today, which are 
interglacial conditions. Short-term normal environmental fluctuation dur
ing this period can be readily accommodated by our probabilistic assessment 
approach. Modelling of glaciation would need special considerations (Davis 
1986) and we have developed the necessary database (Elson and Webber 1991) 
and applied it to the biosphere model as a whole (Davis et al., in 
preparation). 

The biosphere model for concept assessment is composed of fully integrated 
surface water (Bird et al. 1992), soil (Sheppard 1992), atmosphere 
(Amiro 1992d, Amiro and Davis 1991) and food-chain and dose submodels 
(Figure 3). Although concept assessment involves a specific demonstration 
case, the biosphere model is essentially generic and representative of the 
Shield in general (Davis et al., in preparation). It includes the WRA 
without specifically modelling it. The surface water submodel has some 
site-specific features because it interfaces with the site-specific geo-
sphere model. The food-chain and dose submodel is fully generic. Radio
nuclides are unlikely to reach the biosphere for a long time following 
closure of the disposal facility so that dose predictions apply to humans 
living far in the future (Wuschke et al. 1985a). The large uncertainties 
associated with these predictions make a broadly based generic model, which 
considers spatial variation, more appropriate than a site-specific model 
based on the WRA only. Current spatial variation on the Shield may well 
reflect long-term temporal variation at a given site. The food-chain and 
dose submodel is based on typical Shield regions in general, as outlined in 
Section 1.3. Since our food-chain and dose submodel is generic, it 
encompasses the three distinct geographical regions of the Shield in 
Ontario, defined in the generic preclosure assessment (Russell 1989). 

Of the four submodels of the biosphere model, the surface water and soil 
submodels are time-dependent because they involve slow radionuclide trans
port processes, whereas the atmosphere, and food-chain and dose submodels 
are equilibrium or steady-state models because of their relatively rapid 
turnover (Section 3.1.10). 
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An integral part of all the submodels of the biosphere model is the numer
ous and varied parameters (Mehta 1985, Davis et al., in preparation). 
Given a probabilistic assessment using SYVAC, parameters may be represented 
by probability density functions (PDFs) (Figure 2) to account for measure
ment error, spatial and temporal variability and, in some cases, lack of 
precise knowledge of parameter values. This necessitates careful speci
fication of distribution types, usually with a measure of central tendency, 
a measure of variation, and truncation values to avoid unreasonable extreme 
values (Zach and Mayoh 1984a, Stephens et al. 1989). The specified varia
tion must be in agreement with the time scale of the processes described by 
the parameters (Davis 1986). Parameter correlation must also be considered 
to avoid unreasonable combinations of values. Furthermore, the parameter 
values must be representative of regions on the Canadian Shield underlain 
by crystalline rock. 

The biosphere model with its four submodels must be able to handle a large 
number of radionuclides in and associated with the used fuel. The list 
of radionuclides to be considered was compiled by Mehta and Goodwin (in 
prep.), based on preliminary screening. Care was taken to include all the 
radionuclides that might be of any consequence. Many of the included 
radionuclides may in fact not contribute to the dose to humans. 

1.3 HUMAN EXPOSURE SITUATION AND THE CRITICAL GROUP 

Given an environmental and safety assessment that predicts far into the 
future, it is difficult to visualize the exact exposure situation for 
humans and other biota. A key factor in this is the AECB (1987) require
ment that risk, and thereby radiological doses, must apply to a represen
tative individual of a group of people that is assumed to live at the loca
tion of greatest exposure. Thus, dose estimates are to be made for a 
member of the critical group, a concept commonly employed when evaluating 
doses to the public from conventional nuclear power installations (ICRP 
1977, CSA 1987). No collective or population doses need to be calculated 
for the postclosure assessment at this stage, although such doses are help
ful for the preclosure assessment (Russell 1989; Davis et al., in 
preparation). 

A critical group consists of a relatively homogeneous group of people that 
is expected to receive the greatest exposure because of its location, life
style and habits. As indicated by the AECB (1987), for concept assessment 
the location of this group should not be influenced by national boundaries. 
Furthermore, the lifestyle and habits should be based on current inter-
glacial conditions using conservative, yet reasonable, assumptions. 

For concept assessment, we have assumed that the critical group, consisting 
of a number of successive households of variable size, is located in the 
immediate groundwater discharge zone associated with the vault. In this 
location effects of biosphere dilution and dispersion are likely minimal 
because of the close proximity to the source of radionuclides. This 
results in the highest radionuclide concentrations in the environment and, 
therefore, the highest doses to humans as stipulated by the critical group 
concept. The same applies for biota other than humans. 
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Since the food-chain and dose submodel for concept assessment i s generic 
(Section 1.2), the location of the c r i t i c a l group can be visualized as a 
typical Shield region consisting of rocky outcrops, bottom lands with 
pockets of so i l , marshes, bogs and lakes, and uplands with meadows, bush 
and forests . These features are assumed to prevail over time. Thus, we 
are not expl ic i t ly considering biosphere evolution (Section 1.2). However, 
we have considered smaller changes caused by ecological succession, such as 
the f i l l i ng in of some lakes and their change to dry land (Odum 1971). 

The c r i t i c a l group i s assumed to be to ta l ly se l f -suff ic ient , deriving a l l 
of i t s food, water and other needs that might impact on dose predictions 
from local sources. Members l ive their en t i re l ives in the immediate d is
charge zone associated with the vault. There is mixed farming, fishing and 
harvesting of various wild food crops. Stored foods are extensively used 
in winter and there is no import of food, such as saltwater fish, from 
outside the discharge zone. Water may be derived from a lake or a well. 
The dwellings are built from locally obtained timber or inorganic building 
materials. Thus, the c r i t i c a l group i s more self-suff icient than is cus
tomary today, but this i s conservative and essent ia l for satisfying the 
c r i t i c a l group concept. For concept assessment, we have assumed contemp
orary l i fes ty les and habits , and thus we are not considering future tech
nological advances. 

The critical group is assumed to have available a garden for raising var
ious plant foods, a forage field for providing feed or forage for farm and 
other food animals, a woodlot for satisfying needs for building material 
and fuel, and a peat deposit for supplying fuel. The garden may be irri
gated with well or lake water, but the forage field can be irrigated with 
lake water only. The sizes of these areas are unimportant in the food-
chain and dose submodel, but they are important in some of the other sub
models and the biosphere model for defining atmospheric dispersion, irri
gation water needs and mass balance of radionuclides (Davis et al., in 
preparation). Note that in defining resource needs, such as land and 
water, household size is an important factor in the biosphere model. The 
garden and forage field available to the critical group imply agriculture. 
However, these areas can also be visualized to support various wild foods, 
such as berries and venison (Section 3.1.6), which may be especially impor
tant for aboriginals. 

Application of the critical group concept eliminates the need for modelling 
large-scale biosphere dilution and dispersion of radionuclides. These 
processes tend to reduce individual dose predictions. However, they might 
be important for estimating population doses during future site screening 
and evaluation. 

For predicting doses, the critical group is represented by International 
Commission on Radiological Protection (ICRP) reference man (ICRP 1975). 
Reference man is an adult with both male and female characteristics rele
vant for dose calculation. Several models and many detailed anatomical and 
metabolic data are available to facilitate dose prediction for reference 
man (Table 1; Section 5.4). Reference man is commonly used as the basis 
for predicting doses to members of the public. Our dose conversion factors 
include risks for both sexes and all age groups (Section 5.4.1.4). 
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Male/Female 
Adull 
170 

70.0 
42.0 
5.5 
13.5 

: (20 to 
cm 
kg 
kg 
kg 
kg 

30 a) 

TABLE 1 

PERTINENT FEATURES AND ANATOMICAL VALUES FOR ICRP 

REFERENCE MAN 

Feature Value 

Sex 
Age 
Height 
Total weight 
Body water 
Blood 
Body fat 
Skeleton 10.0 kg 
Red and yellow marrow 3.0 kg 
Skeletal muscles 28.0 kg 

NOTE: ICRP (1975) reference man contains detailed anatomical values for 
all the tissues and organs, as well as detailed information on ele
mental content and physiology. 

The use of ICRP reference man for dose prediction relates partly to the 
availability of dose conversion factors. Much of the methodology for 
establishing such factors has concentrated on adults, assuming an exposure 
time of 50 a (Section 5.4). For concept assessment, factors considering 
exposure from fetus to old age might be more appropriate. Unfortunately, 
the database for such factors is incomplete. Dose conversion factors for 
separate age groups, such as infants, have been established (Johnson and 
Dunford 1983, ICRP 1989), but these factors are usually based on crude 
assumptions or are difficult to apply (Section 5.4). Thus, predicting 
doses for ICRP reference man is state of the art. 

For radioactive waste disposal, the AECB (1987) has established an indi
vidual risk limit of 1.0 x 10"6 serious health effects per year. These 
effects include lethal cancers and serious heritable, or genetic, effects 
over two generations. As shown in Section 5.4, given a dose estimate for 
reference man and a suitable risk conversion factor, compliance with the 
AECB risk limit can be readily evaluated. 

We have ignored biological and cultural evolution of humans for concept 
assessment. This means that organisms are assumed to remain as they are 
today, and that humans are assumed to live and interact with their environ
ment much as they do today. 

1.4 THE FOOD-CHAIN AND DOSE SUBMODEL 

The postclosure food-chain and dose submodel traces radionuclides from 
surface water, soil and atmosphere through a variety of internal exposure 
pathways to man for calculating radiation doses due to food, drinking water 
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and soil ingestion, and inhalation (Figure 4). Thus, the food-chain and 
dose submodel interfaces directly with the other three submodels of the 
biosphere model (Figure 3). It also interfaces with the geosphere model 
because wells drilled into bedrock, may supply drinking water (Davis et al., 
in preparation). 

The food-chain and dose submodel also includes a series of related pathways 
for calculating external doses for man from air immersion, water immersion 
and ground exposure, as well as from exposure to building materials 
(Figure 5). Inhalation doses are similar to ingestion doses because both 
involve internal deposition of radionuclides. In contrast, air immersion, 
water immersion, ground exposure or groundshine, and doses from building 
materials involve external radiation fields without intake of radio
nuclides. Regardless of the mode of exposure, the internal doses calcu
lated are 50-a committed effective dose equivalents for reference man fol
lowing ICRP 26 guidelines (Section 5.4; ICRP 26 (ICRP 1977)). Thus, all 

FIGURE 4: Internal Exposure Pathways Explicitly Included in CALDOS. Input 
values for water, soil and air are provided by the surface 
water, soil and atmosphere submodels, and also by the geosphere 
model (Figure 3). Pathways and processes shown are (1) man's 
inhalation, (2) atmospheric leaf deposition, (3) man's ingestion 
of plant food types, (4) animal's soil ingestion, (5) root 
uptake, (6) animal's feed or forage ingestion, (7) man's inges
tion of animal food types, (8) man's soil ingestion, (9) ani
mal's drinking water ingestion, (10) aerial sprinkler irriga
tion, (11) transfer to fish, (12) man's fish ingestion and 
(13) man's drinking water ingestion. TE PLANT and TE ANIMAL 
represent terrestrial plants and animals, and FW FISH freshwater 
fish (Section 3.1.6). Tritium is handled uniquely through a 
specific activity model based on water. 
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in water. For exposure to wooden building 

calculates radionuclide concentrations in wood 
and atmospheric leaf deposition. 

the calculated doses are fully additive, regardless of radionuclide, path
way or mode of exposure. The food-chain and dose submodel is suitable for 
quantitatively assessing the central scenario with its alternative scenar
ios included in concept assessment (Section 1.1). For convenience we have 
named our food-chain and dose submodel for concept assessment CALDOS 
(CALculation of DOSe). 

The general objective of this report is to document CALDOS, complete with 
parameter values and distributions, for postclosure assessment. Among 
other topics, this involves definition of exposure pathways in the context 
of NFWM, discussion of historical developments through the two interim 
assessments, mathematical description of exposure pathways, sensitivity 
analysis, recommendations of parameter values and PDFs, and quality assur
ance. Thus, the report addresses many of the issues related to the food-
chain and dose model for concept assessment, raised in the EIS guidelines 
(FEARP 1992). The report represents one of the main supporting documents 
for the biosphere model report (Davis et al., in preparation) (Figure 6). 
It also serves as a comprehensive and convenient guide to the voluminous 
literature leading up to concept assessment. Key aspects of CALDOS have 
been published by Zach and Sheppard (1991). 
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3 LITERATURE AT LARGE 

FIGURE 6: Schematic Representation of the Documentation of the Biosphere 
Model for Concept Assessment. Level 1 constitutes the biosphere 
model report; level 2 involves the surface water, soil, atmo
sphere, and food-chain and dose submodel reports; and level 3 
represents the literature at large, ranging from various AECL 
documents to journal publications. 

MODEL AND PARAMETER DEVELOPMENT 

Uncertainty is a very important aspect in the development of any mathemat
ical model because it relates directly to the accuracy of model predictions 
(O'Neill and Gardner 1979). In the case of environmental and safety 
assessment models for nuclear power installations, uncertainty has received 
much attention through a long history of model development. In the devel
opment of CALDOS, we have made extensive use of existing information and 
our own research data throughout the two interim assessments (Section 1.1). 
NFWM assessments completed in Sweden and Switzerland (SKBF 1983, NAGRA 
1985) and the vast amount of work done in the U.S. have also influenced 
development (Section 2.5). 

2.1 UNCERTAINTY IN ASSESSMENT MODELS 

Because of its influence on model prediction, evaluation of uncertainty is 
a major aspect in quality assurance and model evaluation (Section 6; 
Shaeffer 1980). O'Neill and Gardner (1979) recognized three major sources 
of uncertainty in ecological models, which are also relevant for radio
logical assessment models. The sources, which may interact, are: 

(1) bias from error in model structure; 
(2) measurement error of model parameters, including inadequate data; 

and 
(3) natural variability of the system modelled. 

These uncertainties, which can lead to inaccurate or imprecise model pre
dictions, can have statistical implications (Section 6.2.3). An inaccurate 
prediction deviates from the target value and, if the deviation is always 
in the same direction, there is bias. Imprecise predictions are scattered 
around the target value. Both inaccuracy and imprecision are serious but, 
in the case of probabilistic models, inaccuracy more so than imprecision. 
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Uncertainty associated with model structure is a result of constructing a 
simple or inappropriate matnematical model for a complex system. At best, 
a model can only be an abstraction of the real world or system 
(Section 6.2.1). Usually, assessment models are highly condensed and this 
may lead to the omission or inadequate representation of important pro
cesses or components. This can lead to inaccurate or imprecise predic
tions. In special situations, this type of uncertainty can be evaluated by 
comparing predictions based on independently developed models for the same 
system (Section 6.2.6). Depending on the exact circumstances, such models 
can be similar or very different. 

Error in model parameter values measured in various laboratory and field 
studies represents the second source of uncertainty. If the statistical 
distribution of these errors is known, their effect on model predictions 
can be readily evaluated using sensitivity analysis (Shaeffer 1980, Rose 
and Swartzman 1981, Helton and Iman 1982). Unfortunately, error distri
butions are usually not well known because they are often difficult to 
measure. Sound scientific methodologies reduce errors, which are often 
assumed to be randomly distributed. Such errors do not greatly influence 
average predictions, although they may affect precision. Systematic errors 
are usually most serious because they can greatly influence the accuracy of 
predictions (Section 6.2.3). 

The natural variability of the system modelled can cause uncertainty if not 
considered properly. For concept assessment, changes over time and space 
are particularly important (Davis 1986). Usually, uncertainty is intro
duced through assumptions during model development, e.g., that determin
istic parameters can represent variable processes, that the system is spat
ially homogeneous, or that biological evolution can be ignored. Unfortu
nately, this type of uncertainty is difficult to evaluate, although it Is 
sometimes possible to carry out validation studies (Shaeffer 1980, Schwarz 
and Dunning 1982, Cale et al. 1983). In such studies, a model developed 
for a given system is tested on another, independent system (Section 6.2.5). 
Uncertainty from natural variability of the system modelled can lead to 
inaccurate or imprecise predictions. 

In environmental assessments of conventional nuclear power installations, 
such as power plants, all three types of uncertainties may be reduced by 
making models and parameter values site-specific. Given that CALDOS is 
generic with predictions far into the future (Section 1.2), uncertainty 
cannot be addressed through site specificity, but there are other ways. 
They include the use of conservative assumptions for model development and 
parameter value selection, which lead to deliberate overestimation of dose 
predictions for man (Hoffman et al. 1978). Ideally, the degree of conserv
atism exactly balances uncertainties. Conservatism cannot be carried too 
far because it could lead to the rejection of a desirable alternative and 
the acceptance of a less desirable one (Shaeffer 1980). Uncertainty 
related to model parameters due to measurement error and natural systems 
variability can also be addressed through a probabilistic assessment 
approach in which some or all of the parameters are represented by PDFs 
rather than by single values (Figure 2). 

Although NFWM assessments involve predictions far into the future, CALDOS 
is representative of regions underlain by crystalline rock on the Shield as 
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they are today and assumed to persist over the next 10 000 a (Section 1.2). 
Thus, uncertainty due to natural systems variability is restricted to con
temporary spatial and temporal variability. It is reasonable to assume 
that this variability, which reflects conditions over the Shield today, 
approximates long-term variability at any given site if massive changes 
such as glaciation are ignored (Davis 1986). Variability can best be 
accounted for through parameter values, rather than model structure. Vari
ability is closely linked to the time scale associated with individual 
parameters (Davis 1986), e.g., man's energy need varies more on a daily 
than on an annual basis. 

Uncertainty and variability are closely related. Variability can usually 
be quantified and, as our understanding of variability increases, uncer
tainty decreases. In CALDOS it is sometimes difficult to distinguish 
between uncertainty and variability and, given our probabilistic approach, 
both are expressed in the same way, i.e., through a range of predictions 
(Figure 2). 

To handle uncertainty and variability, we have made CALDOS probabilistic 
using reasonable, conservative assumptions without trying to account for 
future changes. 

2.2 CONVENTIONAL MODELS 

Concern for human safety has given rise to a multitude of food-chain and 
dose models for tracing chronic radionuclide releases from conventional 
nuclear installations to man to allow dose predictions (Hoffman et al. 
1977, Kaye et al. 1982). These models are supported by a strong database 
(Section 6.1). One of the outstanding models is part of HERMES, a compre
hensive computer code for assessing regional radiological doses to man from 
the nuclear power industry in the central U.S. (Fletcher and Dotson 1971). 
Concepts used in HERMES are apparent in the work, by Bryant (1964), Rohwer 
et al. (1969) and Kaye and Rohwer (1969). The model from HERMES gave rise 
to a series of closely related and commonly used assessment models (Baker 
1977, Moore et al. 1979, Shaeffer and Ethnier 1979, Napier et al. 1980). 
Consensus extended to regulatory agencies, which also adopted or recom
mended similar models for chronic releases (ABG 1979; USNRC 1977, 1983a; 
IAEA 1982; NCRP 1984; CSA 1987). This has given rise to an ever-growing, 
common database for establishing model parameter values. This database has 
tended to discourage changes in modelling approach, and few alternative 
assessment models have been developed. 

Conventional models with generic parameter values tend to make conservative 
dose predictions. They commonly overestimate doses to man by two to six 
orders of magnitude (Vaughan et al. 1981), even though they do not take 
into account the buildup of radioactive daughters as a result of decay 
(Kirchner 1990). Overestimation is partly related to model structure, but 
mainly the use of very conservative parameter values. With probabilistic 
models, overestimation is less of a problem because conservatism can be 
expressed through both the average and the variation of parameters and 
predictions. 

Most of the commonly used food-chain and dose models for assessing chronic 
releases from conventional nuclear power installations assume equilibrium, 



or steady-state, conditions in recognition of the rapid transfer of radio
nuclides in food chains. Radioactive decay and ingrowth of radioactive 
daughters are time-dependent processes and are, therefore, difficult to 
incorporate in such models (Section 3.1.8). These transport models are 
usually of the multiplicative chain type (Shaeffer 1980), so that their 
predicted doses to humans are directly proportional to radionuclide concen
trations in the water, soil or atmosphere (Figures 4 and 5). 

Basically, dose estimates for man from internal and external exposure can 
be reduced to four basic factors: 

Do = C • Tf • U • Fd (1) 

where Do = dose to man, 
C = radionuclide concentration in an environmental medium, 
Tf = transfer factor, 
U = use factor by man, and 
Fd = dose conversion factor. 

For example, for man's fish ingestion pathway (Figure 4), C = concentration 
of a radionuclide in water, Tf = transfer factor from water to fish, 
U = man's ingestion rate of fish and Fd = ingestion dose conversion factor 
(Section 5.4). For some internal and for most external pathways, Tf is not 
required. Conventional models usually treat various exposure pathways 
independently and not as part of a closely integrated biosphere model. 

Certain radionuclides, such as 3H (tritium) and 1 4C, are sometimes modelled 
differently because their stable isotopes are ubiquitous in the environment 
and have a very rapid turnover so that they tend to move quickly from one 
compartment to the other (Section 3.1.4). Thus, a radionuclide and its 
stable isotope(s) become thoroughly mixed and can reach equilibrium within 
a very short period. This can be handled effectively through specific 
activity rather than transport models (Kaye and Nelson 1968, Till 1983, 
NCRP 1984). The specific activity is the ratio of the radionuclide concen
tration to the total concentration of the corresponding element. Such 
models assume uniform mixing and instantaneous equilibrium, so that the 
specific activity of a given radionuclide is constant throughout the envi
ronment. This means that radionuclide concentrations in an environmental 
medium can be directly translated into doses to man without detailed model
ling of internal exposure pathways. An important aspect in specific acti
vity models is the delineation of the size of the pool available for radio
nuclide dilution. Pools can range from local to worldwide. Specific acti
vity models for 1 4C are usually based on carbon dioxide (C02) (NCRP 1985a) 
and those for tritium on water (NCRP 1979). With an underground source of 
14C in NFWM, it is difficult to define a specific activity model based on 
C02 and, therefore, we have used a transport model. However, we have used 
specific activity models for 1 4C and 1 2 9I to define upper dose limits, 
based on geosphere releases of these radionuclides and their stable 
counterparts. 

There are also time-dependent, or dynamic, models for assessing food-chain 
transport of radionuclides (Booth et al. 1971, McDowell-Boyer et al. 1980, 
Simmonds and Linsley 1981, Koch and Tadmor 1986, Whicker and Kirchner 
1987). These models are more complex than equilibrium models, and they 
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have a relatively poorly developed database for deriving model parameter 
values. However, time-dependent models are appropriate for assessing acci
dental pulse releases of radionuclides in addition to chronic releases 
under equilibrium or steady-state conditions (Kaye et al. 1982). 

HERMES strongly focused attention on the numerous general, element- and 
radionuclide-specific parameters needed for assessing chronic releases. 
Much of the recent research has concentrated on determining appropriate 
site-specific and generic parameter values (e.g., Hoffman 1977, 1978; 
Heinemann and Vogt 1980; Miller 1980) rather than on developing new models. 
This was brought about by the recognition that uncertainties in dose pre
dictions are mainly related to parameter values and not the models as such. 
Large arrays of parameter values have accumulated (e.g., Ng et al. 1977, 
1982a; Hoffman and Baes 1979; Rupp et al. 1980; Coughtrey et al. 1983). 
Values for 90Sr, 13*l and 1 3 7Cs are particularly well known because of 
their importance in the operation of nuclear power plants (Garner 1971, 
Farmer and Beattie 1976, Whicker and Schultz 1982) and in radioactive fall
out from atmospheric bomb testing and the Chernobyl disaster (Klement 1965, 
Benson et al. 1983, Durham and Joshi 1984, Desmet et al. 1989). 

Most food-chain and dose models for conventional nuclear power install
ations are deterministic, using single conservative parameter values. Such 
deterministic assessments provide conservative dose estimates for humans 
without a measure of variability or precision. Parameter uncertainty can 
be readily handled in Monte Carlo simulations, in which parameter values 
are selected randomly from carefully specified PDFs (Poole 1974, Raeside 
1976, Dormuth and Sherman 1981). In such simulations, doses to man are 
based on many computer runs and are expressed as PDFs, which give a measure 
of variability (Figure 2). Several radiological studies involving Monte 
Carlo simulations have been published (Schwarz and Hoffman 1980, Dunning 
and Schwarz 1981, O'Neill et al. 1981, Matthies et al. 1981, Marivoet and 
Van Bosstraeten 1988), demonstrating the usefulness of this powerful 
assessment methodology chosen for Canada's NFWM postclosure assessment 
using SYVAC. 

2.3 CANADIAN STANDARDS 

The Canadian Standards Association (CSA) has developed guidelines for calc
ulating doses to man from radionuclide releases in atmospheric and liquid 
effluents from the normal operation of contemporary nuclear installations 
(CSA 1987). The CSA is a not-for-profit, nonstatutory, voluntary member
ship association engaged in standards development. The CSA (1987) standard 
was developed by a working group of experts under a committee on environ
mental radiation protection. The standard is not mandatory, but the AECB 
may approve of a particular application of it. 

The models and parameter values in the CSA standard reflect developments in 
conventional models, as indicated in Section 2.2. The CSA standard is 
relevant for concept assessment, particularly for preclosure (Russell 
1989). This is less true for postclosure, which involves entry of radio
nuclides into the biosphere from an underground source and dose predictions 
far into the future. In the development of CALDOS for concept assessment, 
we have considered the CSA standard, and pointed out the more important 
differences in Sections 3 and 5. Deviations from the CSA standard are 
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related to the unique situation in postclosure assessment, our probabilis
tic assessment approach, and our thorough up-to-date review of all the 
model parameters (Section 5). 

2.4 INTERIM ASSESSMENT MODELS 

In spite of their limitations, conventional food-chain and dose models and 
their parameter values for assessing chronic radionuclide releases can be 
readily adapted for NFWM. This is important because it allows the use of 
much of the pertinent information accumulated over the past few decades 
(Section 6.1). 

For the first interim assessment (Wuschke et al. 1981), we used FOOD III 
and NEPTUN (Zach 1978, 1980a), conventional terrestrial and aquatic food-
chain models. These deterministic models were not directly incorporated 
into the biosphere model in SYVAC. The linkage was accomplished by a 
series of radionuclide-specific dose/concentration ratios calculated by 
FOOD III and NEPTUN (Zach and Iverson 1979, Zach and Mayoh 1980). These 
ratios, which were part of the input to the biosphere model, expressed the 
dose to man per unit water, air and soil concentration for several exposure 
pathways (Figures 4 and 5). This very effective linkage kept the SYVAC 
code simple without the explicit inclusion of the two food-chain models. 
However, for the first interim assessment, food-chain transport of radio
nuclides was not handled probabilistically, and separate terrestrial and 
aquatic models were used. 

Many improvements were made for the second interim assessment (Wuschke et 
al. 1985a). Most importantly, LIMCAL, a comprehensive NF'JM food-chain 
model with combined terrestrial and aquatic pathways was implemented (Zach 
1982a, 1982b). To utilize the probabilistic nature of SYVAC, a stochastic 
version of LIMCAL was also developed (Zach and Sherman 1984) with suitable 
but preliminary parameter value PDFs (Zach 1982c). These were then used to 
calculate probabilistic dose/concentration ratios for input into the bio
sphere model in SYVAC (Zach and Mayoh 1984a). Unfortunately, use of these 
distributions did not allow consideration of several obvious parameter 
correlations (Zach 1982c). To allow for this, the stochastic version of 
LIMCAL was directly incorporated into SYVAC (Mehta 1985). This proved to 
be successful. However, not all the important exposure pathways may have 
been considered, and some pathways, processes or radionuclides were treated 
too simplistically. Some parameter values, such as man's food ingestion, 
drinking water ingestion, and inhalation rates, could not be correlated 
(Section 3.1.5). Furthermore, many parameters with low variability were 
unnecessarily treated probabilistically, and in many cases variability was 
based on an unreasonably short, often daily, time scale (Zach 1982c). 

Results from the second interim assessment showed that "Tc, i29j and, to a 
lesser extent, 242Pu are potentially the greatest dose contributors to man 
(Wuschke et al. 1985a). The database for deriving parameter values for 
iodine radionuclides is substantial because of the importance of 1 3 1I in 
the operation of nuclear power plants and in nuclear fallout. The data
bases for " T c and the actinides have recently been greatly increased be
cause of the general recognition of the importance of these radionuclides 
in the nuclear fuel cycle (Hoffman et al. 1982a, Whicker and Schultz 1982, 
Coughtrey et al. 1983, Desmet and Myttenaere 1986). Besides radionuclide 
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importance, the second in te r im assessment ind ica ted tha t man's d r ink ing 
water pathway was most s i g n i f i c a n t (Wuschke et a l . 1985a). However, t h i s 
may have been due to the very conservat ive bedrock-vei l model (Zach 1985a), 
which has now been g r e a t l y improved for concept assessment (Davis e t a l . , 
in p r e p a r a t i o n ) . 

2.5 NFWM ASSESSMENTS OUTSIDE CANADA 

Many count r ies have ongoing NFWM programs (IAEA 1988). In both Sweden and 
Switzerland continued operat ion of e x i s t i n g nuclear power p l a n t s , o r the 
s t a r t - u p of new ones, was made dependent on demonstrating the f e a s i b i l i t y 
of permanent safe management and f ina l d i sposa l of r ad ioac t ive was tes . In 
both of these coun t r i e s environmental and sa fe ty assessments for NFWM have 
been concluded (SKBF 1983, NAGRA 1985), r e ly ing on the model BIOPATH 
(Bergstrôm 1983) to s imula te t ransport of rad ionuc l ides through the b ios
phere . BIOPATH i s a d e t e r m i n i s t i c , time-dependent compartment model using 
f i r s t - o r d e r k i n e t i c s for c a l c u l a t i n g radionucl ide concent ra t ions in s o i l 
and surface water. However, food chain and r e l a t e d e x t e r n a l exposure pa th 
ways are handled s i m i l a r l y as in our f i r s t in ter im assessment (Section 2 . 4 ) . 

NFWM assessments have a l so been car r ied out in the U.S. , but cur ren t regu
l a t o r y requirements in that country do not d i r e c t l y involve dose c r i t e r i a 
for humans. Standards were f i r s t developed in 1982 by the U.S. Environmen
t a l Pro tec t ion Agency (USEPA) and then revised in 1985. These f i n a l s t a n 
da rds , promulgated in USEPA (1985) include p r o b a b i l i s t i c cumulative r e l e a s e 
l i m i t s of r ad ionuc l ides to the b iosphere over 10 O00 a following d i sposa l . 
These derived l i m i t s were ca lcu la ted by the USEPA with a food-chain and 
dose model (Smith et a l . 1985) based on AIRDOS-EPA (Moore et a l . 1979), a 
convent ional m u l t i p l i c a t i v e - c h a i n model. Thus, the model in USEPA (1985) 
i s c lose ly r e l a t e d to the t ranspor t models used by us in the two in te r im 
assessments . The U.S. Nuclear Regulatory Commission (USNRC) has developed 
r u l e s for l i c e n s i n g geo log ica l r e p o s i t o r i e s for h i g h - l e v e l waste (USNRC 
1983b). These ru l e s were developed before f i n a l i z a t i o n of the USEPA s t a n 
da rds , and they remain to be augmented to r e f l e c t these s t anda rds . Future 
NFWM assessments in the U.S. may have t o e x p l i c i t l y consider biosphere 
pathways for c a l c u l a t i n g doses for humans, as suggested by a na t iona l 
review group (DOE 1985, Malbrain and Les ter 1987). 

3 . THE CALDOS MODEL FOR CONCEPT ASSESSMENT 

The food-chain and dose model for concept assessment (Figures 4 and 5) i s 
s i m i l a r to tha t of the second in ter im assessment (Wuschke et a l . 1985a). 
However, we have made a number of improvements to reduce unce r t a in ty due to 
b i a s or e r r o r in model s t r u c t u r e (Section 2 . 1 ) . This w i l l i nc rease the 
accuracy of our p r e d i c t i o n s . We have introduced severa l new pathways tha t 
could s i g n i f i c a n t l y c o n t r i b u t e t o man's dose, and implemented s p e c i a l 
models for handl ing i n t e r n a l exposure t o 1 4 C, 3H and 1 2 9 I . Furthermore, 
man's food inges t ion , dr inking water inges t ion and i n h a l a t i o n r a t e s a re 
t r ea t ed in an in t eg ra t ed way, using a s p e c i a l l y developed model. We have 
r e t a ined the f ive genera l food types for man tha t had been used in the 
second in te r im assessment . We have a l so evaluated s eve ra l marginal expo
sure pathways and j u s t i f i e d t h e i r exc lus ion . Several of these ac t ions are 
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r e l a t e d to the d e t a i l e d scenar io ana lys i s c a r r i ed out by Goodwin et a l . 
(1992) for concept assessment. 

Overa l l , we have not followed the c r i t i c a l pathways approach, in which 
e f f o r t i s concentrated on a few major pathways (Vaughan e t a l . 1981). The 
reason for t h i s i s tha t only the assessment i t s e l f can determine the major 
pathways. Furthermore, r a d i o l o g i c a l doses are a d d i t i v e (Sect ion 5.A.1.4) 
so tha t a number of minor pathways together can become important . 

3.1 DESCRIPTION OF MODELS AND CONCEPTS 

3 .1 .1 Included Exposure Pathways 

CALDOS inc ludes a l l the commonly recognized i n t e r n a l and e x t e r n a l exposure 
pathways for humans. All these major pathways have a l so been considered in 
our in ter im assessments (Sect ion 2.4) and i n most commonly used food-chain 
and dose models (USNRC 1977, 1983a; IAEA 1982; NCRP 1984; CSA 1987). 

The major i n t e r n a l exposure pathways are root uptake by p l a n t s , atmospheric 
l ea f depos i t ion , t r an s f e r to t e r r e s t r i a l animals v ia feed or forage, t e r 
r e s t r i a l an imal ' s d r ink ing water , t r ans fe r to freshwater f i s h , man's dr ink
ing water and man's i n h a l a t i o n (Figure 4 ) . Contaminated p lan t and animal 
food products may then be ingested by man. The main e x t e r n a l exposure 
pathways for man a re immersion in a i r , immersion i n water and ground expo
sure (Figure 5 ) . 

In add i t ion to these major pathways, there are severa l minor ones tha t may, 
under c e r t a i n c i rcumstances , cont r ibu te s i g n i f i c a n t l y to man's dose . 
Screening of such pathways resu l ted in our q u a n t i t a t i v e eva lua t ion and 
i nc lu s ion of an imal ' s s o i l inges t ion (Zach and Mayoh 1984b) and i r r i g a t i o n 
pathways (Sheppard S.C. 1985), and in seve ra l o the r important a d d i t i o n s . 

Grazing animals , such as c a t t l e , may ingest considerable amounts of s o i l . 
This may occur inadver t en t ly with feed or forage o r in response to d i e t a r y 
mineral d e f i c i e n c i e s (Sect ion 5 . 7 . 3 ) . Unfortunately, few data a re a v a i l 
ab le on the t r ans fe r of r ad ionuc l ides from ingested s o i l to meat and milk. 
By assuming tha t the t r a n s f e r i s equivalent to tha t from ingested feed or 
forage, our study shows t h a t , for c e r t a i n e lements , p a r t i c u l a r l y the a c t i -
n i d e s , s o i l inges t ion can be a more important pathway than p lan t inges t ion 
by animals (Zach and Mayoh 1984b). Thus, t o ensure conserva t ive dose e s t i 
mates for man, we have included an imal ' s s o i l inges t ion pathway in CALDOS 
(Sect ion 3 . 2 . 3 ; Figure 4 ) . I t includes intake of a l l the s o i l whether by 
i nges t i on or i n h a l a t i o n (Sect ion 5 . 7 . 3 ) . 

Humans may c o i n c i d e n t a l l y ingest s o i l (Hawley 1985, LaGoy 1987). This can 
occur through t r a n s f e r from the hands and o the r ob j ec t s , and through food 
i nges t i on , p a r t i c u l a r l y consumption of vege tab le s . Small ch i ldren a re 
e s p e c i a l l y prone to s o i l inges t ion through hand-to-mouth t r a n s f e r . Vege
t a b l e s and o ther p l an t foods may contain cons iderable amounts of s o i l even 
a f t e r r ou t ine c lean ing (Section 3 . 1 . 7 ) . Several exposure pathways may lead 
to contamination of vege ta t ion by s o i l , such as atmospheric depos i t i on , 
r a i n s p l a s h , and mechanical ha rves t ing . Of these, r a i n s p l a s h , and ha rves t 
ing (Sect ion 3 .1 .2 ) a r e of p a r t i c u l a r i n t e r e s t here because they a re not 
considered in atmospheric deposi t ion and the leaf pathway (Sect ions 3 . 2 . 1 . 3 
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and 3.2.1.4). They are also excluded from the root pathway because concen
tration ratios that govern uptake from soil are usually based on cleaned 
plant material, devoid of any soil (Section 5.3.1). Thus, quite unrealis-
tically, soil adhering to root crops is also totally excluded. As in the 
case of animal's soil Ingestion, man's soil ingestion may be important for 
the actinides. To account for local soil suspension and soil adhering to 
root crops, we have included man's soil ingestion pathway for concept 
assessment (Section 3.2.6; Figure 4). Unlike animal's soil ingestion path
way, it does not include intake by inhalation, which is considered as part 
of man's inhalation pathway (Section 3.2.7). CSA (1987) does not consider 
soil ingestion by either animals or humans. 

Irrigation of gardens and fields may contribute to the contamination of 
terrestrial exposure pathways leading to humans. Irrigation was considered 
in the first (Uuschke et al. 1981) but not in the second interim assessment 
(Wuschke et al. 1985a). A reexamination of this pathway by Sheppard S.C. 
(1985) showed that many crops on the Shield could benefit from irrigation 
and therefore this pathway cannot be ignored, even though field irrigation 
is not widely practised today. However, garden crops are commonly irri
gated. Crops can be irrigated via surface or aerial sprinkler irrigation. 
In addition to soil contamination, the latter includes deposition of radio
nuclides to leaves, a very direct and important route of transfer to plants 
(Zach and Iverson 1979, Sheppard S.C. 1985). To ensure conservative dose 
estimates for man, we have included sprinkler irrigation in CALDOS 
(Sections 3.2.1.3 and 3.2.1.4; Figure 4), which may apply to the garden and 
the forage field of the critical group (Section 1.3; Davis et al., in 
preparation). 

In the second interim assessment, dose calculations for man were based on a 
single air concentration. For concept assessment, we have calculated sepa
rate indoor and outdoor air concentrations for most of the radionuclides 
(Amiro 1992d), so that inhalation and air immersion doses consist of two 
separate components (Section 3.2.7 and 3.2.10). This is important because 
some gaseous radionuclides, such as 1 4C, 1291 and radon, can accumulate 
indoors. Today's energy-efficient, airtight homes are particularly prone 
to accumulate indoor air pollutants. 

Unlike the second interim assessment, man's external exposure from building 
materials is considered in concept assessment (Section 3.2.10.4; Figure 5). 
For wood, this exposure pathway is closely related to plant uptake of 
radionuclides, which can be extended to the transfer of radionuclides to 
wood. For inorganic materials, radionuclide concentrations are based on 
soil concentrations in the forage field. Doses for both types of materials 
are calculated and the higher value is used for total dose estimation 
(Davis et al., in preparation). 

3.1.2 Excluded Exposure Pathways 

CALDOS is very comprehensive because it includes all the significant expo
sure pathways leading to humans. However, there are a few minor pathways 
that are not included (Figure 7). Usually, such pathways have attracted 
little attention and, therefore, few or no data are available. Thus, upon 
implementation of such pathways, uncertainties would far exceed potential 
effects on dose predictions, making it appropriate to ignore them. Our 
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FIGURE 7: Some of the Internal Exposure Pathways Evaluated and Subse
quently Excluded from CALDOS. These pathways are (1) animal's 
inhalation, (2) rainsplash onto plants, (3) harvesting contami
nation, (4) tobacco smoking, (5) animal's skin absorption and 
(6) man's skin absorption. Pathways 2 and 3 involve local atmo
spheric suspension, which is explicitly taken into account in 
animal's and man's soil ingestion pathways (Figure 4). Skin 
absorption for animals and man may be based on compartments 
other than water. 

generally conservative approach can be assumed to fully account for doses 
from these minor pathways. In some cases, it is possible to quantitatively 
evaluate such pathways by making broad assumptions to bridge gaps in data. 

CALDOS assumes that human foods are produced in conventional ways by farm
ing, animal husbandry, fishing, etc. (Section 3.1.6). There is a variety 
of specialized food production systems, such as greenhouses, hydroponics, 
game ranching and fish farming. Undoubtedly, there will be further devel
opments in these areas. CALDOS does not explicitly consider any of these 
specialized systems. However, thus far all of them are based on the same 
fundamental biological principles as more conventional methods. Therefore, 
they are, at least to some extent, implicitly included in our model. 

Radionuclides can reach terrestrial plants through root uptake and atmo
spheric deposition, as defined in Section 3.2.1. They may also reach them 
through rainsplash (Figure 7), which involves local suspension of soil 
particles by rain followed by deposition onto plant surfaces (Mclntyre 
1958, White et al. 1981, Dreicer et al. 1984). Radionuclides may then 
remain associated with deposited soil particles or become absorbed and 
translocated in the plant (Cataldo et al. 1976). Rainsplash can be rela
tively important for radionuclides such as the actinides, which are poorly 
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t r ans fe r r ed via root uptake (Hakonson e t a l . 1981, Arthur and Alldredge 
1982). Since r a insp lash is a very loca l phenomenon, i t has not been con
s idered in our atmosphere model (Amiro 1992d). We have not e x p l i c i t l y 
implemented r a insp lash in CALDOS because i t i s i m p l i c i t l y included in 
an ima l ' s and man's s o i l inges t ion pathways (Section 3 . 1 . 1 ) . We have a l so 
assumed tha t g ross s u r f i c i a l s o i l contamination caused by r a in sp l a sh i s 
removed from man's food during normal p repara t ion and process ing 
(Sect ion 3 . 1 . 7 ) . This i s a reasonable assumption (White et a l . 1981). 

Radionuclides may also surficially contaminate plants during mechanical 
harvesting, involving combining and threshing (Figure 7). During combin
ing, soil particles can become locally suspended because of physical 
disturbances and then settle on exposed plant parts (HcLeod et al. 1980). 
Threshing can then result in the transfer to grain (Adriano et al. 1982). 
Radionuclides associated with deposited soil particles are less likely to 
be adsorbed or translocated in the plant than in the case of rainsplash 
because plants are no longer growing. However, as in the case of rain
splash, the harvesting pathway can be significant for radionuclides not 
readily absorbed by plant roots. Because of its local nature, the harvest
ing pathway has not been considered in our atmosphere model (Amiro 1992d). 
We have excluded it from CALDOS because it is implicitly included in ani
mal's and man's soil ingestion pathways. As in the case of rainsplash, 
gross soil contamination due to harvesting can be assumed to be removed 
from man's food during preparation and processing. 

Radionuclides may reach plants or animals through uptake or ingestion of a 
variety of products, such as fertilizers, pesticides, herbicides, fungi
cides, feed supplements, and medicines. Some of these products, for 
example, sewage sludge used as fertilizer, can be environmentally detrimen
tal and jeopardize human health because of chemical toxicity (Webber 1984). 
Similarly, pesticides, herbicides and fungicides are usually much more 
chemically than radiologically hazardous. We have not explicitly consi
dered these types of products in CALDOS. Some of them, however, may be 
included in our transfer coefficients (Section 5.3) to the extent that the 
coefficients reflect practices involving their use. 

Data from the Chernobyl accident have shown that some radionuclides inhaled 
by cows may contaminate milk (Devell et al. 1986); however, few or no data 
are available on the importance of such transfer. We have quantitatively 
evaluated animal's inhalation pathway (Figure 7) by tracing inhaled radio
nuclides to cow's milk (Zach 1985b). To do so, we applied the ICRP lung 
model developed for reference man (Section 5.4.3) and demonstrated that, 
occasionally, animal's inhalation may be of similar importance to man's 
inhalation pathway (Section 3.2.7). However, results of the second interim 
assessment indicated very low inhalation doses for man compared with those 
from food and water ingestion (Wuschke et al. 1985a). Thus, animal's 
inhalation pathway need not be considered for concept assessment because of 
its negligible dose contribution. CSA (1987) has included animal's inhala
tion pathway using human metabolic data as applied by Simmonds et al. 
(1979). Predictions by this model are likely not very accurate because of 
inappropriate parameter values. 

For some radionuclides, skin absorption can be an important exposure path
way. For example for tritium, skin absorption of tritiated water vapour in 
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air by humans can be as important as inhalation (Osborne 1966). Tritium is 
exceptionally well absorbed through the skin and this is fully accounted 
for by our specific activity model for this radionuclide (Section 3.1.4). 
In general, moisture and fatty compounds promote cutaneous absorption, and 
this has been made use of in some therapeutic treatments for humans (Reeve 
et al. 1973). In the case of medical preparations containing mercury, this 
has lead to toxicity (Turk, and Baker 1968). Skin damage during accidents 
may increase cutaneous absorption (ICRP 1986a). Farm animals may also be 
subject to skin absorption, e.g., through the use of iodine preparation for 
disinfecting the udder. Because of its minor importance, we have not 
included skin absorption of radionuclides for terrestrial animals and 
humans in CALDOS; however, skin absorption has been fully considered for 
fish (Section 5.3.3). 

CALDOS calculates radionuclide concentrations in fish with a concentration 
ratio, as is the case in most assessment models (Section 5.3.3). This 
ratio is based on water concentration and it does not directly account for 
food-chain transfer of radionuclides from water or sediments. Few data are 
available on such transfer because effort has concentrated on obtaining 
more and better concentration ratio values. However, concentration ratios 
measured under realistic situations in which fish behave naturally include 
food-chain transfer and thus there is no need for explicit modelling. 

Some animals do a great deal of grooming by licking the skin. Cows may 
lick themselves or others, particularly their calves. This could result in 
the ingestion of externally deposited radionuclides. We have not explic
itly considered this in CALDOS because of its relative unimportance. To 
some degree transfer through licking is included in animals soil ingestion 
pathway, which has been fully considered (Section 3.1.1). 

Human exposure to inhaled radionuclides can be enhanced by tobacco smoking 
(Watson 1985). Tobacco may accumulate radionuclides through root uptake, 
atmospheric deposition and soil contamination. Some of these radio
nuclides, such as 2 1 0Po, become volatilized during burning, and others 
become adsorbed to smoke particles. Both of these processes can lead to 
absorption of radionuclides from the respiratory tract (Section 5.4.3). 
Smoking can also lead to chemical toxic effects from cadmium (Ryan et al. 
1982). Even though radiation exposure due to smoking can exceed exposure 
from normal inhalation and ingestion in some instances (Watson 1985), we 
have ignored this pathway for concept assessment. Non-radiological health 
effects from smoking far exceed those from radiation exposure. 

Unlike CSA (1987), we have not explicitly considered external doses from 
contaminated shoreline. These doses are included in those from ground 
exposure (Section 3.2.10.3). The reasons for this is that in the biosphere 
model for concept assessment, ground consists of soil and in some cases 
soil is derived from sediment (Davis et al., in preparation). We have 
allowed for this in recognition of the fact the biosphere is not static 
over time. Natural processes, such as erosion, sedimentation and plant 
growth, can cause the infilling of lakes, and the transformation of sedi
ments to soil. These soils can be very fertile and are, therefore, suit
able for growing crops. Because of this, humans have often enhanced this 
transformation through drainage. 
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3.1.3 Models for 1 2 9I and 1 4C 

Iodine-129 is very special because its radiological hazard is limited due 
to its low radioactivity and the limited uptake of iodine by the thyroid 
gland (Book 1977, NCRP 1983). As an essential element (Guthrie 1983), 
iodine is metabolically regulated in the body of humans and other verte
brates so that its level in the thyroid gland stays within narrow limits, 
regardless of intake. Because of its low radioactivity, a thyroid com
pletely saturated with 1 2 9I results in a relatively low dose of about 
38.6 mSv-a'1 (Appendix A, Section A.5; Book et al. 1977), which cannot be 
exceeded regardless of further *29l intake. At the same time, intake of 
radioactive iodine is always accompanied by intake of stable iodine, which 
occurs throughout the environment. Because stable iodine is ubiquitous in 
the environment, man's thyroid can never become saturated with 1 2 9 I , which 
has important dosimetric implications. 

For NFWM, it is safe to assume that man's intake of iodine involves both 
1 2 9I and stable 1 2 7 I , and that i29l is handled in the same way as ^2^l by 
the body. As indicated in Sections 3.2.8 and 5.4.4, we have taken this 
into account in the dosimetry of 1 2 9I by implementing a limited specific 
activity model based on the intake of 1 2 9I and stable 1 2 7 I . Also, we have 
introduced a limit to the thyroid dose predicted by this model, based on 
the i29i/i27i ratio in the groundwater discharging from the geosphere as 
discussed in Appendix A, Section A.6. 

Internal doses from 1 4C are calculated with the same transport model used 
for most of the other radionuclides. However, as in the case of 1 2 9 I , we 
have implemented a geosphere dose limit based on the 14C/stable C ratio in 
discharging groundwater (Appendix A, Section A.7). 

3.1.4 Specific Activity Model for 3H 

Because of its relatively short half-life of about 12.4 a, tritium was not 
included in the second interim assessment (Mehta 1982). For concept asses
sment, this radionuclide is likely unimportant, but preliminary screening 
by Mehta and Goodwin (in prep.) has shown that it cannot be totally ex
cluded. Therefore, we have included it in CALDOS with a specific activity 
model that accounts for the unique properties of tritium in the environ
ment, most notably, rapid and uniform mixing with the exchangeable hydro
gen already present in the environment (Section 2.2). Our tritium model 
applies to internal exposure (Section 3.2.9) and, indirectly, for external 
exposure from wooden building material (Section 3.2.10.4). 

In the environment, 3H behaves similarly to 1H, even though there is a 
substantial mass difference. Thus, tritium is a very useful tracer, par
ticularly for water movement. There is little evidence of isotopic frac
tionation in biological transfer under complete equilibrium (NCRP 1979, 
Moghissi et al. 1987, Brown 1988). Apparent evidence of fractionation 
usually relates to non-equilibrium situations with relatively rapid changes 
in environmental tritium concentrations, or simultaneous exposure to var
ious tritium sources (Evans 1969, Brown 1988). This can result in variable 
concentrations because tritium in organisms is associated with several 
pools, or compartments, that differ in biological half time. Organic 
tritium has a much longer biological half time than aqueous tritium and 
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this can lead to fractionation in non-equilibrium situations. Aqueous 
tritium is usually much more hazardous than gaseous tritium. 

Our tritium model is based on water because water is the main source of 
hydrogen for plants through root uptake, and for animals through drinking 
and, indirectly, through feed or forage. In principle, this is also true 
for humans. Tritium in the environment is usually associated with water as 
3HH0, and tritium released with hydrogen gas tends to be converted to 3HH0 
(McFarlane et al. 1978, NCRP 1979). Most of the existing models for asses
sing tritium assume equilibrium and are based on water (USNRC 1977, Till 
1983, NCRP 1984, CSA 1987). These models address airborne releases of 
tritium in water vapour, whereas for NFWM underground releases in ground
water are of main concern. Most of the models for tritium are based on the 
methodologies developed by Evans (1969). 

The size of the pool for diluting tritium releases to the biosphere is 
delineated in the surface water submodel (Bird et al. 1992) or in the geo-
sphere model for well water (Davis et al., in preparation). Our model then 
assumes that the specific activity of tritium in this water is reflected in 
the water of the soil and atmosphere. Furthermore, this specific activity 
is also reflected in plants, animals and man. This is reasonable because 
releases of tritium from the geosphere can be assumed to be very low and 
stable relative to the rapid turnover in the biosphere (Section 3.1.10). 
The biological half time of tritium in humans ranges from about 6 to 550 d 
(NCRP 1979). 

Our model assumes that the specific activity in surface water or well water 
can be directly used to predict doses to man without considering food-chain 
transfer. This requires a special dose conversion factor for internal 
exposure (Section 5.4.5) that accounts for all the internal exposure path
ways, including food ingestion, water ingestion, soil ingestion and inhal
ation, as well as skin absorption (Section 3.1.2). External doses are 
excluded and must be considered separately, but our specific activity model 
can be used to determine tritium concentration in wood for calculating 
external doses from building materials. 

Our model for tritium is likely very conservative because it does not take 
into account dilutions from outside the area occupied by the critical group 
(Section 1.3; Amiro 1992d). Unlike many conventional models, it does not 
involve reduction in activity due to reduced tritium transfer, defined by a 
labelling fraction with a value of less than unity (Till 1983, Murphy 
1984), e.g., between surface water and the atmosphere, or between aqueous 
and organic tritium in the body. 

Since tritium decays to stable helium, no radioactive daughters need to be 
considered. The doses predicted by our model for tritium are similar to 
those from other models (Section 6.2.6.1). 

3.1.5 Man's Food and Water Ingestion and Inhalation Rates 

Food ingestion, water ingestion and inhalation rates of humans are closely 
correlated (Figure 8; Zach and Barnard 1987). These rates represent some 
of the use factors needed to calculate radiation doses for man (Equation (1)). 
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FIGURE 8: Schematic Representation of the EWAM Model for Predicting Man's 
Food Ingestion, Drinking Water Ingestion and Inhalation Rates, 
as Implemented in CALDOS. The model considers five food types: 
TE PLANT, TE MILK, TE MEAT, TE BIRD and FU FISH (Section 3.1.6). 

Recently, Zach and Barnard (1987) have implemented a model (EWAM) for pre
dicting these rates for humans. This model allows definitions of diets 
ranging from purely vegetarian to mainly meat or fish. 

EWAM calculates energy needs of humans from, among other factors, body 
mass. It translates these needs into food ingestion rates, given a series 
of appropriately defined food types. These rates can then be used to pre
dict the corresponding water ingestion and inhalation rates. EWAM uses 
physical, chemical, physiological and nutritional relationships in combina
tion with activity time budgets, and mass and energy balances. A variety 
of physical activity levels and ambient temperatures can be used, and sex 
and age of humans are also considered to allow biologically meaningful 
predictions. 

EWAM is a relatively complex model that is difficult to incorporate into 
CALDOS. This is partly due to its great detail, but there is a more gen
eral problem. Although CALDOS is probabilistic, the dosimetry models for 
calculating dose conversion factors are not because they are based on ICRP 
reference man (Section 5.4.1.2; ICRP 1975, Johnson and Dunford 1983, 
Holford 1988). This imposes restraints on the variability of model para
meters, such as food ingestion, water ingestion and inhalation rates, 
because they are closely linked to the deterministic dose conversion fac
tors. To facilitate a meaningful linkage, we have based the variability of 
food and water ingestion and inhalation rates solely on ICRP reference man 
with a body mass of 70.0 kg (Table 1; ICRP 1975). This satisfies the 
probabilistic nature of CALDOS and the deterministic values of our dose 
conversion factors. 

To facilitate incorporation into CALDOS, we have derived simplified equa
tions from EWAM (Figure 8). This involves the direct input of man's total 
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energy need (Section 3.2.11), rather than calculating it from body mass and 
activity time budgets. This is an appropriate simplification given dose 
calculations for ICRP reference man with a constant body mass. We have 
also decoupled the specific dynamic action (SDA) energy component from 
carbohydrate, fat and protein ingestion and made allowance for it in other 
parameters (Section 5.8.1). The SDA component accounts for a general stim
ulation of metabolism as a result of food ingestion. Our approach based on 
EWAM concentrates on man's energy need and it assumes that an energetically 
adequate diet is also nutritionally adequate (Scrimshaw and Young 1976). 

3.1.6 Han's Food Types and Diet 

In the second interim assessment, five general food types were used (Hehta 
1985): 

. TE PLANT = terrestrial plant foods, 
TE MILK. = milk, and dairy products, 
TE MEAT = mammalian meats, 
TE BIRD = poultry and eggs, and 
FW FISH = freshwater fish. 

It is tempting to increase this limited number of food types (e.g., Zach 
1978, CSA 1987), but the database for deriving model parameter values, 
particularly for transfer coefficients (Section 5.3), does not justify such 
an increase (Zach 1980b). Furthermore, given dose calculations for a 
member of a critical group consuming local food only (Section 1.3), the 
number of food types alone does not influence dose predictions. Thus, we 
have included the same five food types in CALDOS. 

TE PLANT consists of terrestrial plant foods, such as grains, vegetables, 
and berries. Our transfer coefficient distributions selected for concept 
assessment are general enough to include all these food types (Section 5.3.1). 
TE MILK includes milk and dairy products derived from cattle, for which 
there is an extensive database. Although transfer coefficient values for 
goat's milk tend to be higher than for cow's milk, our distributions 
selected for TE MILK are also representative for goats (Section 5.3.2.1). 
TE MEAT includes mammalian meats, but, because the available transfer coef
ficient values are largely for cattle, it mainly applies to beef. However, 
our transfer coefficient distributions are very general so that they 
include pork, mutton and even venison, which tends to have higher radio
nuclide concentrations than meat from farm animals (Section 5.3.2.2; 
Mascanzoni 1987). Poultry and eggs are considered in TE BIRD. Transfer 
coefficient values for this food type are mainly based on data from 
chickens, but our distributions for TE BIRD can be assumed to include 
ducks, geese, turkeys, etc. (Section 5.3.2.3). FW FISH includes freshwater 
fish in general, and especially species from the Canadian Shield, such as 
lake trout (Salvelinus namaycush), lake white fish (Coregunus clupeaformis). 
and northern pike (Esox lucius) (Section 5.3.3). 

We have no special food type for mushrooms, which may sometimes accumulate 
substantial levels of radionuclides such as 121Cs (Eckl et al. 1986, 
Mascanzoni 1987, Mihok et al. 1989). It is reasonable to assume that mush
rooms are included in TE PLANT given probabilistic concentration ratio 
values (Section 5.3.1). The same is true for honey (Gilbert and Lisk 1978, 
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Bunzel and Kracke 1981), maple syrup and wild rice, which are not known to 
be exceptional radionuclide accumulators. TE PLANT is based on soil or 
sediments, (Section 3.2), and thus plants that grow in sediments, such as 
wild rice, are considered in concept assessment. 

Most of the animals used for food by humans are not predators or scaven
gers. The main exception are predacious fish, which are explicitly consi
dered in CALDOS (Section 5.3.3). The wolf (Canis lupus), red fox (Vulpes 
vulpes), and Yarious other çanids, mustelids and felines are normally not 
consumed. Such predators may accumulate higher levels of radionuclides 
than their prey (Section 3.3.1). The black bear (Ursus americana) is occa
sionally consumed by humans. Given our probabilistic approach to food-
chain transfer in CALDOS (Section 5.3.2), it is reasonable to assume that 
TE MEAT includes animals such as bears. 

The common snapping turtle (Chelydra serpentina) and various species of 
frogs that occur on the Shield are sometimes consumed by humans. Turtles 
likely resemble birds and frogs resemble fish in radionuclide transfer. 
Thus, we are assuming that these uncommonly used foods are included in TE 
BIRD and FW FISH. Our food types do not include invertebrates, such as 
shrimps and oysters, because they would have to come from outside the area 
occupied by the critical group (Section 1.3). However, freshwater mussels 
from the Shield are occasionally used as food. These bivalves can accumu
late environmental contaminants such as trace metals and radionuclides 
(Smith and Green 1975, Heit et al. 1980). We are assuming that any mussels 
that are consumed by the critical group are included in FW FISH, which can 
have very high concentration ratio values (Section 5.3.3). 

To broaden our food types, which are mainly restricted by the available 
data for the transfer coefficient values, all the transfer coefficients are 
treated probabilistically for concept assessment (Section 5.3). This is 
also true for many of the associated parameters, such as animal's food and 
water ingestion rates (Section 5.7). Thus, our five food types are very 
general. The diet of man is also handled probabilistically to include 
extremes of purely vegetarian, meat and fish diets (Sections 5.2.1 and 
5.8.4). 

In terms of the areas available to the critical group (Section 1.3; Davis 
et al., in preparation), TE PLANT is entirely based on the garden. This is 
also true for cereals, wild berries, etc., which are included in TE PLANT. 
TE MILK, TE MEAT and TE BIRD are based on the forage field. Thus, this is 
also true for venison. None of the foods for humans or animals are based 
on the woodlot. FW FISH is always based on lake rather than well water. 

Because our food types are very general, they represent a variety of plants 
and animals on the Shield. Thus, they can be used for assessing irradia
tion effects on the environment, i.e., organisms other than humans 
(Section 3.5.1; Amiro 1992c). 

3.1.7 Food Preparation and Processing 

Raw foods are usually prepared or processed before human consumption. This 
could affect dose predictions because food-chain and dose models usually 
deal with radionuclide transfer to raw foods, e.g., milk rather than 
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cheese, yogurt, butter, etc. (Section 5.3). Some models have included a 
translocation factor to account for changes in radionuclide concentrations 
from raw to processed and prepared foods. These factors are poorly docu
mented, but they usually decrease radioactivity. 

Radionuclides may be removed from food by washing, peeling, cooking, etc., 
but such losses are more likely for surficially contaminated plant foods 
than for meat and fish (Section 3.1.2; Peterson 1984a). Cooking drives off 
volatile radionuclides. In the case of mushrooms and pasta up to 90Z of 
the i^Cs is removed (Danfors 1986, Lofti et al. 1989). Food preparation 
and processing could also concentrate radionuclides (Buma and Meerstra 
1964). Unfortunately, few data are available on changes in radionuclide 
concentration from preparing and processing of food, but the Chernobyl 
accident has stimulated interest in this area. We have previously ignored 
these processes (Zach 1982a), and done the same for concept assessment. In 
essence we have assumed that gross surficial contamination, involving soil 
particles on plants from rainsplash, harvesting and direct exposure to soil 
of root crops (Section 3.1.2), is removed and furthermore, that food prepa
ration and processing neither dilute nor concentrate radionuclides. Any 
remaining soil is included in man's soil ingestion pathway (Sections 3.1.1 
and 3.2.6). This approach corresponds to a translocation factor value of 
1.0, a value used in several conventional food-chain models. 

3.1.8 Ingrowth of Radioactive Daughters 

Many radionuclides of concern in NFUM belong to four major and several 
minor decay series (Appendix A, Section A.l). Thus, there are many radio
active daughters. Most of the conventional food-chain and dose models 
assume equilibrium or steady-state conditions and treat all the radio
nuclides separately without considering ingrowth of daughters (Section 2.2). 
This is justified because daughters tend to be unimportant in the assessment 
of conventional nuclear installations. Although this is not the case in 
NFWM, we have followed this simple procedure in the food-chain and dose 
models for the two interim assessments (Section 2.4). Ingrowth of daughters 
can be very difficult to model. However, in NFWM, ingrowth of some 
daughters cannot be ignored because this could lead to underestimation of 
doses to humans. 

For example, a radionuclide and its daughter may be taken up directly by a 
plant from soil. While in the growing plant, decay of the parent will 
further contribute to the concentration of the daughter (Appendix A, 
Section A.2). Thus, the total concentration of the daughter in the plant is 
made up of two components, one for direct uptake and the other for ingrowth. 
This has recently been noted by Ibrahim and Whicker (1988) in a comparison 
of the uptake of various thorium radionuclides by plants. Ingrowth of 
daughters may also be important in organisms other than plants, and, 
therefore, for all of our food types (Section 3.1.6). It is also important 
in trees and, consequently, for wooden building material. 

Strict consideration of the ingrowth of daughters requires time-dependent 
models. The questions are then how to calculate ingrowth in our steady-
state model, and which daughters to consider. Ingrowth can be approximated 
by assuming secular equilibrium between parents and daughters. Under secu
lar equilibrium, the level of radioactivity of a daughter exactly equals 
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that of the parent because production and decay of the daughter are matched 
(Appendix A, Section A.2). Unlike in a true equilibrium situation, however, 
the daughter can never change back to the parent. The level of radioacti
vity of a daughter at secular equilibrium is at a maximum which depends on 
the level of radioactivity of the parent. The time to secular equilibrium 
increases with the half-life of the daughter. This means that consideration 
of ingrowth tends to be less important in long-lived daughters, especially 
because models such as CALDOS usually involve relatively short time spans 
(Section 3.1.10). 

Our calculations have shown that ingrowth could be important in many of the 
daughters with a radioactive half-life of less than 20 a (Appendix A, 
Section A.2). Time spans in CALDOS tend to be relatively short compared 
with a half-life of more than 20 a and, therefore, ingrowth of such daugh
ters is usually insignificant. Trees that may grow over very long periods 
of time (Section 5.5.9), and may be used for wooden building material, might 
be an exception. Since transfer of radionuclides with a half-life of less 
than 1 d is not explicitly modelled in CALDOS (Section 3.1.9), we have 
considered ingrowth for all the daughters with a half-life between 1 d and 
20 a. 

To facilitate this, we have provided appropriate equations in CALDOS for 
calculating doses to man from food ingestion and from exposure to wooden 
building material (Section 3.2). These equations consider separate uptake 
of some daughters and their ingrowth under secular equilibrium 
(Section 3.1.9). This is conservative because ingrowth cannot exceed the 
level of radioactivity at secular equilibrium (Appendix A, Section A.2). 
The use of secular equilibrium supposes that daughters behave physically, 
chemically and biologically in the same way as their parents. This may not 
always be the case because daughters change to a different element and 
radionuclide behaviour in food-chain transfer is strongly element-dependent. 

In our specific activity model for tritium, ingrowth of daughters does not 
represent a problem because tritium decay." directly to stable helium 
(Section 3.1.4). Furthermore, tritium is not produced as a daughter. The 
same is true for 14C and 1 2 9 I , which also involve specific activity consid
erations (Sections 3.1.3 and 3.1.4). 

As in our interim assessment models, CALDOS allows for radioactive decay 
during leaf deposition (Section 5.2.7), but only relatively short-lived 
radionuclides can decay appreciably. Such decay can also occur during 
holdup times to acknowledge delays in the use of products after their 
removal from contamination sources (Section 5.5). 

3.1.9 Classification of Radionuclides 

CALDOS assumes equilibrium or steady-state conditions, and considers radio
active decay and ingrowth of daughters in a simple conservative manner 
(Section 3.1.8; Appendix A, Section A.2). The food-chain and dose submodel 
receives input from the surface water, soil and atmosphere submodels, and 
propagates radionuclides through man's food chain for dose prediction 
(Section 3.2). The surface water and the soil submodels are time-
dependent, but the atmosphere submodel and CALDOS involve much shorter time 
spans and, therefore, assume steady state (Section 1.2). 
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Given the long delay of radionuclides in the transport from the vault to 
the biosphere (Uuschke et al. 1985a), only relatively long-lived radio
nuclides can reach the biosphere and humans. Short-lived radionuclides 
will simply decay away (Mehta and Goodwin, in prep.). However, long-lived 
radionuclides may give rise to daughters during transit and these daughters 
may reach humans irrespective of the length of their half-lives. Many of 
them will be in secular equilibrium with their parents, particularly those 
with relatively short half-lives (Section 3.1.8). Since at secular equi
librium daughters have the same level of radioactivity as their parents, 
they need not be modelled separately because concentrations and doses to 
man can be readily derived from those of the parents (Appendix A, 
Section A.2). This is convenient because it simplifies modelling and saves 
computer time. 

Based on these considerations, and those outlined in Section 3.1.8 and by 
Mehta and Goodwin (in prep.), we have classified radionuclides to 
facilitate treatment in the food-chain model in Table 2. 

Group 1 : Radionuclides that are not, or are not considered, daughters and 
have a relatively long half-life so that they have not decayed 
away by the time they might enter the biosphere. Some of these 
radionuclides include parent inventories in the vault (Mehta and 
Goodwin, in prep.). Group 1 radionuclides are considered 
separately for both internal and external exposure. 

Group 2; Radioactive daughters with a half-life exceeding 20 a. These 
radionuclides are considered separately for both internal and 
external exposure. As indicated in Section 3.1.8, this does not 
involve ingrowth. Thus, Group 1 and 2 radionuclides are handled 
similarly. 

Group 3: Radioactive daughters with a half-life between 1 d and 20 a. 
These radionuclides are considered separately for both internal 
and external exposure, but this includes ingrowth based on secu
lar equilibrium (Section 3.1.8; Appendix A, Section A.2). 

Group 4: Radioactive daughters with a half-life of less than 1 d. These 
radionuclides are not modelled separately. For internal expo
sure, they are considered through our dose conversion factors, 
which include in vivo produced daughters (Section 5.4.1.5). For 
external exposure, they are assumed to be in secular equilibrium 
with their parents in water, soil, air and building materials so 
that their dose conversion factor can be added to those of the 
parent (Section 5.4.1.6; Appendix A, Section A.4). 

For Group 3 radionuclides all the parents assigned are either Group 1, 2 or 
3 radionuclides. Intervening Group 4 radionuclides are not considered as 
parents because their transfer is not modelled explicitly. In some 
instances, complex decay series must be simplified because CALDOS assumes 
that there is only one parent and no branching. About 1.4% of the 223Ra is 
formed by the decay of 2 2 3Fr, a Group 4 radionuclide (Appendix A, 
Section A.l). We have ignored this for handling ingrowth and assumed that 
227Th is the only parent for 223Ra. About 77% of the 125Sb decays directly 
to stable 1 2 5Te, the rest forms first 1 2 5 mTe (Appendix A, Section A.l). 
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TABLE 2 

GROUP 1 TO 4 RADIONUCLIDES. SPECIAL RADIONUCLIDES AND 

ELEMENTS CONSIDERED FOR CONCEPT ASSESSMENT 

1 

39Ar 
10Be 

2 0 8 B i 

210agi 

1 4 C 

41Ca 
113i»Cc] 
135Cs 
182 Hf 

4 0 K 

8 1 K r 

8 5 K r 

93Mo 
94Nb 
5 9 N i 

6 3 N i 

20 5p D 

107p d 

23 8p u 

23 9p u 

24 0p u 

24 1 Pu 
24 2p u 

8 7Rb 

18 7Re 

l 25 Sb 

? 9Se 
32Si 

i 2 r S n 

9 0 S r 

99Tc 
232U 
93Zr 

Radionuclide Groups 

2 

241 

227 

237 

231 

210 

226 

229 

230 

23 2 

233 

234 

235 

236 

238 

Am 
Ac 
Np 
Pa 
Pb 
Ra 
Th 
Th 
Th 
U 
U 
U 
U 
U 

3 

2 2 5 A c 

2 i o B i 

93"Nb 
93"»Nb 
32p 

233p a 

210p o 

2 2 3 R a 

224Ra 
2 2 5 R a 

2 2 8 R a 

126sb 
18 2 T a 

125m1'e 
2 2 7 T h 

2 2 6Th 

2 2 8 T h 

2 3 1 T h 

2 3 4 T h 

90y 

(225 R a) 

(210pb) 

(93Mo) 
(93Zr) 
(32Si) 

(237Np) 
(210 B i) 

(227 Th) 
( 2 2 8 T h ) 

(229Th) 
(232 T n) 

( 1 26Sn) 

(182Hf) 
(125 Sb) 
(227 A c) 

(2 2 B R a ) 
(232U) 

(235U) 

(238U) 

(90Sr) 

4 

2 2 8 A c 

21'At 

2 H B i 
212 Bi 
2 1 3 B i 

2 1 4 B i 

2 2 1 F r 

223p r 

234p a 

2 3 4mp a 

2 09 Pb 

2 H p b 
2 12pb 

2 14pb 
2 1 i P o 

2 1 2 P o 

213p 0 

2 1 4 P o 

2 1 5 P o 

216p 0 

2 18p Q 

2i3Rn 

2 2"Rn 
126m Sb 

216^1 

2 0 7^1 
2 0 8^^ 

2 0 9^1 

Special 
Radionuclides 

3H 
129J 
22 2Rn 

Eleme 

Ac 
Am 
Ar 
Be 
Bi 
Br** 
C 
Ca 
Cd** 
Cr** 
Cs** 
H 
Hf 
I 
K 
Kr 
Mo** 
Nb 
Ni 
Np 
P 
Pa 
Pb 
Pd 
Po 
Pu 
Ra 
Rb 
Re 
Rn 
Sb** 
Se** 
Si 

n f- tfk 
n L S " 

Sm** 
Sn 
Sr 
Ta 
Tc** 
Te 
Th 
U 
Y 
Zr 

* 
** 

Excluding unique elements of Group 4 radionuclides. 
Potentially chemically toxic elements (Section 3.5.2) 

NOTE: Group 3 radionuclides are assumed to be in secular equilibrium with 
parents, given in brackets, to contribute to doses from food inges
tion and vooden building material (Section 3.1.8; Appendix A, 
Section A.2). 
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For concept assessment we have assumed that all the 1 2 5Sb decays first into 
125raTe. Thus, ingrowth can be readily handled. Tin-126 decays first to 
short-lived i26""Sb, a Group 4 radionuclide. Of it, about 862 decays then 
directly into stable i26Te and the rest forms first 1 2 6Sb (Appendix A, 
Section A.l). For ingrowth, we have assumed that all the 126Sn decays 
directly into 1 2 6Sb and then into stable 1 2 6Te. Niobium-93m is formed in 
two different decay chains, starting with 93Mo and 93Zr (Appendix A, 
Section A.l). Similarly, 228Th is formed by both 2 3 2U and by 22aRa via 
228Ac, a Group 4 radionuclide. This can be readily handled in SYVAC by 
considering the two chains separately and by adding the doses from 93mNb 
and from 228Th, as required. 

A few radionuclides are difficult to fit into any of the four groups 
because they are treated uniquely in CALDOS. This is true of tritium, 
which involves a specific activity model (Section 3.1.4). This model calc
ulates a single internal dose that accounts for all the internal exposure 
pathways. However, for external dose calculations, tritium is treated in 
the same way as Group 1 radionuclides. The situation for *29I is analogous 
to that for tritium, but 1 2 9I involves a more limited specific activity 
model (Section 3.1.3). 

For 222Rn (radon) and its a-emitting daughters (Section 5.4.3; Appendix A, 
Section A.l), CALDOS does not consider ingestion. Internal exposure is 
only considered through inhalation, which is much more significant than 
ingestion (UNSCEAR 1982). Food-chain transfer of radon, an inert gas, is 
relatively unimportant and is usually taken care of by including the parent 
226Ra. Milk and drinking water can contain radon (Magi and Lindell 1967), 
which upon ingestion can diffuse into body tissues. In the case of drink
ing water, studies have shown that humans receive a much higher dose from 
inhaling radon that diffuses from water into the air than from actually 
drinking the water (Kahlos and Asikainen 1980, Prichard and Gesell 1981). 
Transfer of radon from water to indoor air is fully considered in the atmo
sphere model for concept assessment (Amiro 1992d). Thus, ignoring radon 
ingestion is not unreasonable because we have taken into account inhala
tion. For air immersion, radon is treated as a Group 3 radionuclide, but, 
for the other external exposure pathways, it is handled as a Group 4 radio
nuclide and considered through 2 2 6Ra (Appendix A, Section A.4). Overall, 
it can be treated as a Group 3 radionuclide by setting certain model para
meter values related to ingestion to zero. 

Radionuclides belonging to inert gases other than radon, such as 39Ar, 81Kr 
and 85Kr, are also treated uniquely in CALDOS because they are considered 
solely on the basis of air immersion (ICRP 1979, CSA 1987). This is the 
dominant exposure mode because for inert gases there is no active food-
chain transfer. Inhalation is relatively unimportant because there are no 
a-emitting daughters, as is the case for radon. As inert gases, these 
radionuclides do not tend to accumulate in soil or.water, but move quickly 
to the atmosphere. Thus, all the external pathways, other than air immer
sion, are unimportant. Overall, these radionuclides can be included in 
Group 1 by setting certain parameters related to the excluded internal and 
external pathways to zero. 

The surface water, soil and atmosphere submodels provide input to CALDOS 
for all the Group 1, 2 and 3 radionuclides (Table 3; Section 5.1). This 
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input may be based on separate modelling or secular equilibrium. Group 4 
radionuclides are considered only in CALDOS. For convenience, all the 
radionuclides included in CALDOS for which input is required and for which 
doses are calculated are listed in Tables 2 to 4. 

Our classification of radionuclides is designed for predicting radiological 
doses to man rather than chemically toxic effects (Section 3.5.2). 

The postclosure assessment considers more radionuclides than the preclosure 
assessment (Russell 1989). Basically, both assessments are based on radio
nuclides from spent fuel (Mehta and Goodwin, in prep.). However, there is 
much less opportunity for radionuclide release during preclosure because 
the fuel can be expected to remain largely intact. For postclosure, the 
fuel is assumed to gradually dissolve in deep groundwater so that even 
radionuclides locked into the fuel can potentially reach the biosphere. 

3.1.10 Malor Assumptions 

CALDOS involves numerous assumptions. Throughout this report, we have 
attempted to identify all of them and evaluate effects on dose predictions. 
There are a few major assumptions that merit special attention. These 
include the assumptions of trace quantities of contaminants, equilibrium or 
steady state, and linear transfer of radionuclides to plants and animals. 

CALDOS assumes that radionuclides and chemical toxic elements from NFWM 
enter the biosphere in trace quantities only. This means that there are no 
radiological or chemical toxic effects on plants and animals that might 
interrupt food-chain transfer. This is a potentially conservative assump
tion because it allows for transfer at even unrealistically high contamin
ation levels, which, in the case of radionuclides, would inflate dose 
predictions. 

In common with many of the food-chain and dose models in cur ren t use 
(Sect ion 2.2 and 2 . 5 ) , CALDOS assumes steady s t a t e . A time-dependent model 
might handle r ad ioac t ive decay and ingrowth of r ad ioac t i ve daughters more 
r e a d i l y , but these processes mainly affect radionucl ide concent ra t ions in 
the environment on a shor t time sca l e . Unfortunately, time-dependent 
models tend to be complex and there i s a l so a lack of appropr ia te parameter 
values (Sect ion 2 . 2 ) . The reasons for implementing a s t e a d y - s t a t e model 
r e l a t e to the shor t time sca le of food-chain t r a n s f e r r e l a t i v e to geosphere 
processes . Radionuclide r e l ea se s from the geosphere can be expected to 
vary only very slowly over time on a s ca l e of hundreds or even thousands of 
y e a r s . This i s r e f l e c t e d in the input to CALDOS via the surface water , 
s o i l and atmosphere submodels, and the geosphere model. CALDOS usua l ly 
involves time spans of a year or l e s s , and dose p r ed i c t i ons are annual but 
wi th a 50-a commitment (Sect ion 3.2 and 5 . 4 . 1 . 4 ) . Thus, input can be 
regarded a s chronic and cons tan t , and, for such s i t u a t i o n s , simple s teady-
s t a t e models a re e n t i r e l y appropr i a t e . In add i t ion , such models have a 
much broader da tabase for e s t a b l i s h i n g parameter values than time-dependent 
models. 
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TABLE 3 

RADIONUCLIDE INPUT TO CALDOS FROM THE SURFACE WATER. SOIL AND 

ATMOSPHERE SUBMODELS OR THE GEOSPHERE MODEL. WITH N = NO INPUT REQUIRED 

Air 

Radionuclide Soil Water Deposition Indoor Outdoor Combined 
SDi CFWi di ACiB ACi0 AC£ 

2 5 A c 

2 7 A c 
41 Am 
39Ar 
1°Be 
o s B 1 

i°Bi 
Oi»Bi 
14C 
4 i C a 
3"Cd 
3 5CS 

*H 
82Hf 
2 9 I 

40K 

°iKr 
8 5 K r 

93MO 
3»Nb 
9<Nb 
5 9 N i 

63Ni 
37Np 
32p 
3 i P a 
3 3 p a 

0 5 p b 

10pb 
0 7 P d 

1 0 p o 

3 8 P u 

39PU 
4 0 PU 
4lp u 

4 2 P u 

23Ra 
2<Ra 
2 5Ra 

N 

N 
N 

N 

N 
N 

N 

N* 

N 

N 
N 

N 

N 

N 
N 

N 

N 

N 
N 

N 
N 
N 

N 
N 
N 
N 
N 
N 
N 
N 

N 
N 
N 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

continued.. . 
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TABLE 3 (concluded) 

Air 

Radionuclide Soil Water Deposition Indoor Outdoor Combined 
SDi CFWi di ACiB ACi0 ACA 

226Ra N 
22BRa N 
87Rb N 

187Re N 
222Rn N N N N 
125Sb N 
126Sb N 
79Se N 
3 2 Si N 

12 6 Sn N 
90Sr N 

182 T a N 

" T e N 
125mTe N 
227Th N 
228Th N 
229Th N 
230 T h N 
231Th N 
232Th N 
234 T h N 

232U N 

233U N 
23<U N 
23*U N 
236U N 

23BU N 

90 Y N 
93Zr N 

* Input for aerial sprinkler irrigation only. 

NOTE: SDi = Annual average soil concentration of radionuclide i 
(Bq.kg-^dry)), supplied by the soil submodel or jointly by 
the surface water submodel and the geosphere model 
(Section 5.1.1) 

CFWi = Annual average freshwater concentration of radionuclide i 
(Bq-L"1), supplied by the geosphere model or the surface 
water submodel (Section 5.1.2) 

dA = Atmospheric deposition rate of radionuclide i (Bq«nr2-d_1), 
supplied by atmosphere submodel or the soil submodel 
(Section 5.1.5) 

ACiB = Annual average indoor air concentration of radionuclide i 
(Bq.nr3), supplied by atmosphere submodel (Section 5.1.4) 

ACi0 = Annual average outdoor air concentration of radionuclide i 
(Bq.nr3), supplied by atmosphere submodel (Section 5.1.4) 

ACi = Annual average air concentration of radionuclide i (Bq.nr3), 
supplied by atmosphere submodel (Section 5.1.4). 
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TABLE 4 

INTERNAL AND EXTERNAL DOSES CALCULATED FOR EACH RADIONUCLIDE 

FOR CONCEPT ASSESSMENT WITH N DESIGNATING NO DOSE CALCULATION 

idionucli 

225 A c 

227 A c 

24iAm 
39Ar 
i°Be 

2oe B i 

2io B i 

210mgi 
14 C 

"Ca 
113mC(J 
135Cs 

3H 
182Hf 
129J 
40 K 

8 1 K r 

8 5 K r 
93Mo 

93»Nb 
94Nb 
59 N i 

63 N i 

237 N p 

32p 
231pa 

233 P a 

205pb 
210pb 
107P(J 
210po 

238pu 

239pu 

24 0pu 

241pu 

242 P u 

223Ra 
22 4Ra 

de Ingestion 

N 

N 

N 

N 
N 

Internal 

Inhalation 

N 

N 

N 

N 
N 

Combined 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

N 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

External 

Air Water Ground Building 
immersion immersion exposure exposure 

N N 

N 
N 

N 
N 

N 
N 

continued... 
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TABLE 4 (concluded) 

Internal External 

Radionuclide Ingestion Inhalation Combined Air Vater Ground Building 
immersion immersion exposure exposure 

2 2 5 R a 

2 2 6Ra 

2 2 8 R a 
87Rb 

187Re 
22 2Rn N 
1 2 5 S b 
126sb 
79Se 
32Si 

1 2 6 S n 

9 0 S r 

18 2 T a 

"Tc 
1 2 5m-pe 

2 2 7 T h 

2 2 8 T h 

2 2 9 T h 

2 3 0 T h 

2 3 1 T h 

2 3 2 T h 

2 3 4 T h 

232JJ 

233U 
234U 

235U 

236U 

238U 

90Y 
93Zr 

N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

NOTE: Doses are calculated in Sv^a-1. The doses included under each heading are: 

Ingestion: Food 
Water 
Soil 

Inhalation 
Combined: 129l 

3H 
Air immersion 
Water immersion 
Ground exposure 
Building exposure 

°e i j k 
DWj 

DSi 
Di. 
DI129 
DH3 
D&i 
Dv± 

Dgi 
Db. 

(Sections 3.2.1 to 3.2.4) 
(Section 3.2.5) 
(Section 3.2.6) 
(Section 3.2.7) 
(Section 3.2.8) 
(Section 3.2.9) 
(Section 3.2.10.1) 
(Section 3.2.10.2) 
(Section 3.2.10.3) 
(Section 3.2.10.4) 



In CALDOS, transfer of radionuclides from water and soil to various organ
isms is assumed to be linear, according to element-specific transfer coef
ficients (Figure 9). For example, radionuclide concentrations in plants 
increase linearly with soil concentrations, although there is a limit to 
this set by the radionuclide availability in the soil (Appendix A, 
Section A.3). Transfer coefficients are highly aggregated empirical para
meters that include a variety of physical, chemical and biological pro
cesses (Section 5.3). In many cases, these processes and their interac
tions are not clearly understood. As discussed in Section 3.3.1, transfer 
coefficients take full account of biomagnification. Transfer coefficient 
values can be readily determined in field and laboratory studies. Disag
gregation of these parameters would lead to a much more complex model. 

CONCENTRATION IN MEDIUM 

FIGURE 9: Linearity Assumption of Transfer Coefficients and Differential 
Radionuclide Transfer. Shown are radionuclide concentration in 
source compartment or medium (soil, water or air) versus con
centration in food type (TE PLANT, TE MILK, TE MEAT, TE BIRD or 
FW FISH). Lines 1, 2 and 3 are for three radionuclides or 
elements that differ in transfer coefficient values. Radio
nuclide 1 has a value of 1.0 because concentrations in medium 
and food type are the same. This may indicate passive absorp
tion. Radionuclide 2 has a value of less than 1.0, suggesting 
exclusion, and radionuclide 3 has a value exceeding 1.0, sug
gesting active uptake and bioconcentration. 
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This would increase uncertainty because of the lack of adequate data for 
the more detailed parameters that may not be readily measurable (Suter et 
al. 1985). Thus, the simplifying assumptions implied by these coefficients 
are reasonable and most conventional food-chain and dose models rely on 
them (USNRC 1977, 1983a; IAEA 1982; NCRP 1984; CSA 1987). 

3.2 EQUATIONS FOR PATHWAYS AND PROCESSES 

CALDOS can best be expressed as a series of separate equations. Typically, 
these equations start with a radionuclide concentration in water, soil or 
atmosphere, or an atmospheric deposition rate, which is then translated 
into a radiological dose to man (Figures 4 and 5). The equations represent 
individual internal and external exposure pathways, and they do not address 
the probabilistic nature of CALDOS. The equations are very general and in 
most cases neither element- nor radionuclide-specific, although some of 
them apply to certain groups or types of radionuclides only (Section 3.1.9). 
For convenience we have listed all the model parameters and their symbols 
in Appendix B, Section B.l. 

The input to CALDOS is mainly supplied by the other biosphere submodels 
(Figure 3). Water concentrations may be based on lake or well water, with 
the former supplied by the surface water submodel (Bird et al. 1992) and 
the latter by the biosphere model with geosphere model input. Normally, 
soil concentrations are supplied by the soil submodel, which considers four 
different soil types, namely, sand, loam, clay and organic (Sheppard 1992). 
However, soil concentrations may also be based on sediments, which are 
composed of two layers, and jointly determined by the geosphere model and 
the surface water submodel (Davis et al., in preparation). All the air 
concentrations are supplied by the atmosphere submodel (Amiro 1992d). 
Atmospheric deposition rates may be based on air concentrations or water 
concentrations in the case of sprinkler irrigation (Section 3.1.1). The 
former are supplied by the atmosphere submodel and the latter by the soil 
submodel, based on irrigation needs. The exact sources and nature of all 
these input concentrations are unimportant for CALDOS as long as the con
centrations are properly defined and calculated. The decisions concerning 
selection of soil or water concentrations are made in the biosphere model 
as a whole (Davis et al., in preparation). In Table 3 we have listed the 
input requirements for CALDOS for each radionuclide, and Table 4 provides 
the corresponding summary of the doses calculated. 

The output of CALDOS includes doses to man for comparison with the AECB 
(1987) criterion (Section 5.4.1.4), and radionuclide concentrations in 
various plant and animals. These concentrations are being used to assess 
radiological and chemical toxic effects on the environment (Section 3.5; 
Amiro 1992a, 1992b). 

CALDOS cannot only be considered in terms of separate equations and compu
ter runs because its main objective is to calculate probabilistic dose 
estimates for man. These estimates are based on a large number of runs 
(Figure 2; Davis et al., in preparation). For each run, the geosphere 
model and the other biosphere submodels calculate a different set of input 
values (Section 5.1). These values are probabilistic because they reflect 
variation in some of the underlying parameters. CALDOS also calculates a 
few parameter values during each run that reflect variation in some of the 
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underlying parameters (Section 5.2). Again, they are probabilistic because 
they vary between runs. Finally, in CALDOS, many parameter values are 
randomly selected from PDFs during each run (Sections 5.3 to 5.12). Varia
tion from all these sources, expressed through various parameters, is 
propagated through the many runs of CALDOS to arrive at probabilistic dose 
estimates. 

CALDOS in its entirety is implemented in the biosphere model, BIOTRAC 
(Davis et al., in preparation), as documented here. Thus, the model has 
not been simplified or changed otherwise for concept assessment. 

3.2.1 Terrestrial Plant/Animal Pathways 

These pathways include root uptake and atmospheric leaf deposition of 
radionuclides involving plants (Figure 4). Leaf deposition can occur 
through deposition of radionuclides from the air as such, or through aerial 
sprinkler irrigation (Section 3.1.1). The plants, or related plant pro
ducts, may then be directly consumed by man (TE PLANT), or be eaten by 
animals as feed or forage, resulting in radionuclide transfer to animal 
food types (TE MILK, TE MEAT and TE BIRD). 

3.2.1.1 Root Pathway Plant Food Type 

The dose to man from ingestion of TE PLANT contaminated by root uptake for 
Group 1 and 2 radionuclides (Table 2) is given by 

Deijk = [SDi • BVi . exp(-Xi • th)] . Uj • DFei (2) 

where Deijk = mar>'s ingestion dose from radionuclide i, food type j 
and pathway k. (Sv.a-1), 

SDA = annual average soil concentration of radionuclide i 
(Bq.kg-i(dry)) (Table 3), 

BVi = plant/soil concentration ratio for radionuclide i 
(Bq.kg-1(wet)/Bq•kg-i(dry)), 

î = radioactive decay constant of radionuclide i (d*1), 
th = holdup time for TE PLANT (d), 
Uj = man's ingestion rate of food type j (kg(wet)-a"1 or 

L-a'1) (Equation (25)), and 
DFei = ingestion dose conversion factor for radionuclide i 

(Sv-Bq-1). 

Soil concentration is based on the garden and may involve soil or sediments 
(Section 5.1.1). Throughout CALDOS, this duality and the four soil types 
considered in the soil submodel (Sheppard 1992) have little direct influ
ence on radionuclide transfer in CALDOS, except for radionuclide uptake by 
plants from soil (Section 5.3.1). In the biosphere model, SDi also varies 
in terms of the garden, forage field, woodlot and peat deposit available to 
the critical group (Section 1.3; Davis et al., in preparation). 

Equation (2) can be used to calculate the ingestion rate of i29j from 
TE PLANT and root uptake by not multiplying by the dose conversion factor, 
DFei. T n i s i s a l s 0 t r u e f o r Equations (4), (5), (7) to (12) and (14). As 
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indicated in Section 3.2.8, these rates are required for calculating man's 
total intake of 1 2 9I. 

For Group 3 daughter radionuclides (Table 2), the total dose from direct 
uptake and ingrowth in TE PLANT is given by 

Deijk = Dedjk + [(Depjk/DFep) . DFed] (3) 

where Deajk = man's ingestion dose from the daughter (Sv^a*1), as 
calculated by Equation (2), 

Depjk = man's ingestion dose from the parent (Sv»a
-1), as 

calculated by Equation (2), 
DFep = ingestion dose conversion factor for the parent 

(Sv.Bq-1), and 
DFed = ingestion dose conversion factor for the daughter 

(Sv.Bq-i). 

The first term in Equation (3) accounts for direct uptake of the radio
nuclide or daughter and the second for ingrowth, based on secular equilib
rium with the parent, represented by the first Group 1, 2 or 3 precursor 
(Section 3.1.8). Equation (3) is very general and it applies to all the 
other food ingestion pathways for Group 3 radionuclides, but with Dedjk and 
Dep;jk calculated by equations other than Equation (2). 

Concentration ratios, such as BvA, can lead to unrealistically high radio
nuclide concentrations in organisms. This is particularly true for plants 
that are stationary and can draw radionuclides from only a limited area or 
volume of soil. For some radionuclides, such as 14C and "Tc with 
relatively high Bvt values (Section 5.3.1), the use of BVi may result in an 
amount transferred to vegetation that exceeds that present in the soil. 
This is clearly unrealistic. We have made allowance for this in CALDOS, as 
outlined in Appendix A (Section A.3), so that the amount of a radionuclide 
transferred via root uptake cannot exceed that present in the soil. This 
has a bearing on Equations (2), (4) and (21), all concerned with root 
uptake. 

3.2.1.2 Root Pathway Animal Food Types 

The dose to man from ingestion of TE MILK, TE MEAT and TE BIRD contaminated 
by root uptake for Group 1 and 2 radionuclides is given by 

Deijk = [SDi • BVi • Fij . Qf3 • e x p ^ . thfj)] . Uj • DFei (4) 

where ¥i^ = terrestrial animal transfer coefficient for radionuclide i 
and food type j (d.L-1 or d.kg-x(wet)), 

Qfj = feed or forage ingestion rate for food type j 
(kg(wet)-d-1), and 

thfj = terrestrial animal feed or forage holdup time for food 
type j (d). 
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For Group 3 daughter radionuclides, the total dose from direct uptake and 
ingrowth in TE MILK, TE MEAT and TE BIRD is given by Equation (3), but with 
Dedjk and Depjk based on Equation (4), rather than Equation (2). 

In Equations (2) and (4), BvA values depend indirectly on soil type, as 
discussed in Section 5.3.1. Root uptake, as defined by Equation (4), may 
be limited (Appendix A, Section A.3) similarly as in Equations (2) and 
(21). For terrestrial animals, SDi is based on the forage field. 

3.2.1.3 Leaf Pathway Plant Food Type 

The dose to man from ingestion of TE PLANT contaminated by atmospheric leaf 
deposition for Group 1 and 2 radionuclides is given by 

D e i j k = (di . exp(-A i . th) . ( r 3 • (1 - exp(-XE i . t e j ) ) ) / ( Y j . AE i)} 

• Uj • DFei (5) 

where di = atmospheric deposition rate of radionuclide i 
(Bq.m-2.d-1) (Table 3), 

rj = plant interception fraction for food type j (unitless), 
>Ei = effective removal constant of radionuclide i from 

vegetation (d_1) (Equation (6)), 
tej = time of above-ground exposure for food type j during 

growing season, or return time for pasture (d), and 
Yj = plant yield for food type j (kg(vet)«nr2). 

The atmospheric deposition rate, dL, may be based on deposition from the 
atmosphere as such (Amiro 1992d) or on sprinkler irrigation (Section 5.1.5; 
Sheppard 1992). The garden of the critical group may be irrigated with 
lake or well water, but only lake water is used for the forage field (Davis 
et al., in preparation). 

The effective removal constant, A.Ei, which defines the loss of atmospheric 
deposits from vegetation due to radioactive decay and various environmental 
factors (Section 5.2.7) is given by 

XEi = Ai + (In 2/tp) (6) 

where In 2 = 0.693, and 
tp = plant environmental half time (d). 

Note that In 2/tp is sometimes designated by Xw, the environmental loss 
constant (Miller and Hoffman 1983). Unlike superficial radionuclide con
tamination involving soil particles from rainsplash and harvesting 
(Section 3.1.2), atmospherically deposited radionuclides are assumed to 
remain unaffected by food preparation and processing (Section 3.1.7). 

For Group 3 daughter radionuclides, the total dose, which accounts for 
direct uptake and ingrowth in TE PLANT is given by Equation (3), but with 
Dedjk and Depjk based on Equation (5). 

http://Bq.m-2.d-1
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3.2.1.4 Leaf Pathway Animal Food Types 

The dose to man from ingestion of TE MILK, TE MEAT and TE BIRD contaminated 
by atmospheric leaf deposition for Group 1 and 2 radionuclides is given by 

Deijk = {dA . F4j . Qfj • exp(-Ai . thf t) 

• <rj • (1 - exp(-XEi • tej)))/(Yj • ABi)} • Uj . DFei . 

(7) 

For Group 3 daughter radionuclides, the total dose from direct uptake and 
ingrowth in TE MILK, TE MEAT and TE BIRD is given by Equation (3), but with 
Ded;ik and Depjk based on Equation (7). 

Equations (5) to (7) apply to deposition from the air due to suspension 
from surface water and soil (Amiro 1992d), and deposition from aerial 
sprinkler irrigation (Section 5.5.8; Sheppard 1992). 

For 1 4C, deposition from the air is not modelled because it is fully inclu
ded in the plant/soil concentration ratio (Section 5.3.1.2). The case is 
similar for gaseous emissions of *29I from soil, but particulate deposition 
from soil, and particulate and gaseous deposition from surface water is 
explicitly considered. For both 14C and 1 2 9 I , aerial sprinkler irrigation 
is also explicitly considered. 

3.2.2 Terrestrial Animal's Drinking Water Pathway 

This pathway involves ingestion of radionuclides by animals via drinking 
water and radionuclide transfer to animal food types (Figure 4). The dose 
to man from the ingestion of contaminated TE MILK, TE MEAT and TE BIRD for 
Group 1 and 2 radionuclides is given by 

De i j k = [CFW£ • Pij • QdWj . exp(-Ai . thvj) ] • U3 . DFei (8) 

where CFWi = annual average freshwater concentration of radionuclide i 
(Bq-L-1) (Table 3), 

QdWj = animal drinking water ingestion rate for food type j 
(L-d-1), and 

thWj = terrestrial animal drinking water holdup time for food 
type j (d). 

The water concentration, CFW^ , may be based on the well in the geosphere 
model or the surface water submodel with its lake (Davis et al., in 
preparation). 

For Group 3 daughter radionuclides, the total dose from direct uptake and 
ingrowth in TE MILK, TE MEAT and TE BIRD is given by Equation (3), but with 
De d j k and Depjk based on Equation (8). 

Radionuclide transfer from drinking water and from ingestion of feed or 
forage (Equations (4) and (7)) are assumed to be equivalent and governed by 
pil-
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3.2.3 Terrestrial Animal's Soil Ingestion Pathway 

This pathway (Section 3.1.1) defines ingestion of radionuclides with soil 
and their transfer to animal food types (Figure 4). The dose to man from 
the ingestion of contaminated TE MILK, TE MEAT and TE BIRD for Group 1 and 
2 radionuclides is given by 

Deijk = [SDi . Fi3 . QSj . exp(-Xi.thSj)] . Uâ • DFei (9) 

where QSj = animal soil ingestion rate for food type j (kg(dry)«d-1), 
and 

thSj = terrestrial animal soil ingestion holdup time for food 
type j (d). 

For Group 3 daughter radionuclides, the total dose from direct uptake and 
ingrowth in TE MILK, TE MEAT and TE BIRD is given by Equation (3), but with 
Dedjk and Depjk based on Equation (9). 

As is the case of animal's drinking water (Equation (8)), transfer from 
soil ingestion and from ingestion of feed or forage (Equations (4) and (7)) 
are assumed to be the same and based on Fi.. For animals, SDi is based on 
the forage field. 

3.2.4 Aquatic Animal Pathway 

This pathway deals with the transfer of radionuclides from freshwater to 
fish (Figure 4). The dose to man from the ingestion of contaminated 
FW FISH for Group 1 and 2 radionuclides is given by 

D e i j k = [CFWi • B l â . exp(-A i . thp)] . Uj . DFe i (10) 

where Bi;j = aquatic concentration ratio for radionuclide i and food 
type j (L»kg-1(wet)), and 

thp = holdup time for FW FISH (d). 

For Group 3 daughter radionuclides, the total dose from direct uptake and 
ingrowth in FW FISH is given by Equation (3), but with Deajk and Depjk 

based on Equation (10). 

For the aquatic animal pathway, CFWi is always based on lake water (Bird 
et al. 1992). Fish are not assumed to be raised in well water. 

3.2.5 Man's Drinking Water Pathway 

The dose to man from the ingestion of contaminated drinking water for Group 
1, 2 and 3 radionuclides is given by 

DWi = [CFWi • exp(-Ai . thdw)] • Udw • DFei C11) 

where DwA = man's ingestion dose from radionuclide i in drinking water 
(Sv-a-1), 

thdw = holdup time for man's drinking water (d), and 
Udw = man's ingestion rate of drinking water (L-a-1) 

(Equation (27)). 
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CFWi may be based on lake or well water, as in the case of animal's drink
ing water (Section 3.2.2). 

In Equation (11) we have conservatively excluded the CSA (1987) removal 
factor for processes such as sedimentation and purification of water by 
treatment plants. 

In man's drinking water pathway, ingrowth of radioactive daughters is unim
portant because water is ingested without any time delay (Section 5.5.6). 
Ingrowth is considered in the surface water submodel for the water and, 
upon ingestion, in the human body (Section 5.A.1.5). 

3 .2 .6 Han's Soi l Inges t ion Pathway 

The dose to man from coincidental ingestion of soil (Section 3.1.1) for 
Group 1, 2 and 3 radionuclides is given by 

DSi = SD£ . Us • DFei (12) 

where DSi = man's s o i l inges t ion dose from rad ionuc l ide i (Sv -a" 1 ) , and 
Us = man's s o i l inges t ion r a t e (kg (d ry )^a ' 1 ) . 

This pathway includes the same DFet values as man's food and drinking water 
ingestion pathways. Thus, we assume that radionuclides associated with 
soil are absorbed from the gastrointestinal tract to the same degree as 
from food and water. SDi is based on the garden. 

The s o i l inges t ion r a t e involves one component for hand-to-mouth t r ans fe r 
and another for food i n g e s t i o n . The l a t t e r is l inked to the inges t ion r a t e 
of TE PLANT, the main food type involved in s o i l i n g e s t i o n . The s o i l 
i nges t ion r a t e i s given by 

Us = Hs + (Ps • Ux) (13) 

where Hs = soil ingestion rate from hands (kg(dry)«a*1), 
Ps = s o i l contamination of p lan ts (kg(dry) /kg(wet ) ) , and 
UJL = man's i nges t ion r a t e of TE PLANT ( k g ( w e t ) - a - 1 ) , a s ca lcu

l a t e d by Equation (25) . 

In Equation (13), we have not included any holdup times. A delay in soil 
ingestion might occur in the case of soil contamination of plants. 

3.2.7 Man's Inhalation Pathway 

The dose to man from inhaling Group 1, 2 and 3 radionuclides in indoor and 
outdoor air is given by 

Dii = [(AC i o • Og) + (ACiB • Ob)] • I i • DFii (14) 

where Dii = man's i nha la t ion dose from radionucl ide i ( S v - a " 1 ) , 
ACi0 = annual average outdoor air concentration cf radionuclide i 

(Bq.m-3), 
Og = ground occupancy factor (unitless), 
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ACiB = annual average indoor air concentration of radionuclide i 
(Bq-m-3), 

Ob = building occupancy factor (unitless), 
Ii = man's inhalation rate (m3.a-1) (Equation (28)), and 
DFii = inhalation dose conversion factor for radionuclide i 

(Sv-Bq-1). 

This equation applies for all the radionuclides for which inhalation is 
considered (Table 4). For 39Ar, 42Ar, 3H and 85Kr, no inhalation doses 
need to be calculated (Sections 3.1.4 and 3.1.9). Furthermore, these 
radionuclides have a single air concentration, kCi , because no distinction 
is made between indoor and outdoor air. All the air concentrations are 
calculated by the atmosphere submodel (Amiro 1992d). The sum of Og and Ob 
amounts to the air occupancy factor, which must have a value of 1.0 
(Section 5.6), but is not explicitly defined in CALDOS. 

Note that inhaled radionuclides may be cleared from the respiratory tract 
and swallowed. Our inhalation dose conversion factors, DFii, include 
radionuclide transfer from both the respiratory and gastrointestinal tract 
(Section 5.4.3). 

In the second interim assessment, we used a different parameterization for 
inhalation of radon gas than is shown in Equation (14) because the most 
important dose contributors from radon are its non-gaseous daughters. We 
have now reexamined radon inhalation (Section 5.4.3) and used a conserv
ative dose conversion factor, DFij, so that Equation (14) can be applied to 
radon. 

3.2.8 Model for 1 2 9I 

Man's total internal dose from i29I is given by 

Dii29 = D FH29 ' U(In I 1 2 9 • gb)/(InI + (InI129 • gb))] 

. (Thi/gb)}/Thm (15) 

where DI129 = man's total internal dose from i
29i (Sv-a-1), 

DFI129= internal dose conversion factor for 1 2 9I 
(Sv.a-VBq.kg-1), 

InI129= man's total intake of
 1 2 9I (Bq»a-1), 

gb = mass/radioactivity conversion factor for 1 2 9l (kg-Bq-1), 
Inx = total intake of stable iodine (kg-a-1), 
Thi = iodine content of thyroid (kg), and 
Thm = mass of thyroid (kg). 

DI129 includes all the ingestion doses and the inhalation dose because it 
is based on the total i29l intake, In I 1 2 9 (Section 5.2.5). Individual 
intakes from various pathways that need to be summed can be calculated with 
the help of Equations (2), (4), (5), (7) to (12) and (14), but without 
multiplying by the dose conversion factors. Equation (15) represents a 
limited specific activity model in which the ratio of 1 2 9I t 0 stable

 1 2 7I 
in the thyroid gland is the same as that in the intake. 

As discussed in Appendix A (Section A.6), there is a limit to the dose from 
1 2 9I calculated by Equation (15). This limit is based on considerations of 
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the 1 2 9I/ 1 2 7I ratio in groundwater from the geosphere and has been imple
mented for concept assessment, as outlined in Appendix A (Section A.6). 

3.2.9 Specific Activity Model for 3H 

Man's total internal dose from tritium is given by 

DH3 = DFH3 . (CFWH3/CFUH) . MCH (16) 

where DH3 = man's total internal dose from 3H (Sv-a*1), 

DFH3 = internal dose conversion factor for 3H (Sv-a^/Bq-kg-1), 
CFWH3 = annual average freshwater concentration of

 3H (Bq.L-1), 
CFWH = annual average hydrogen concentration of freshwater 

(g.L-1), and 
MCH = average hydrogen concentration in man (g-kg-1). 

Although DH3 is based on specific activity of tritium in water, it includes 
internal doses from tritium in the surface environment in general 
(Section 3.1.4). However, external doses have to be considered separately. 
The water concentration, CFWH3, is calculated by the biosphere model for 
the well (Davis et al., in preparation) or the surface water submodel for 
the lake (Bird et al. 1992). 

3.2.10 Han's External Doses 

External doses are concerned with man's immersion in air and water, ground 
exposure and exposure to building materials (Figure 5). These pathways do 
not involve radionuclide transfer to the body and, therefore, there is no 
dose commitment (Section 5.4.1.4). As indicated in Section 3.1.9, for 
external exposure, Group 4 daughter radionuclides are considered together 
with their parents. 

In CSA (1987), external doses from air immersion and ground exposure are 
calculated for outdoor conditions and modifying factors are then used to 
account for shielding while indoors. For concept assessment, we have con
servatively ignored any shielding for indoor exposure and, where necessary, 
calculated separate indoor and outdoor doses. 

3.2.10.1 Immersion in Air 

The external dose to man from immersion in air contaminated by radio
nuclides is given by 

D3i = [<ACi0 • Og) + (ACiB • Ob)] • DPai (17) 

where Dai = man's immersion dose in air from radionuclide i (Sv-a-1), 
and 

DFai = air immersion dose conversion factor for radionuclide i 
(Sv-a-VBq.m-3). 

This equation applies for all the radionuclides for which air immersion is 
considered (Table 4). Most of the radionuclides have separate indoor and 
outdoor air concentrations (Section 3.2.7). 
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3.2.10.2 Immersion in Water 

The external dose to man from swimming and bathing in water contaminated by 
Group 1, 2 and 3 (Table 2) radionuclides is given by 

Dhi = CFVi . (1000 L-m-3) . Oe • DFhi (18) 

where Dh^ = man's immersion dose in water from radionuclide i 
(Sv.a-i), 

Oe = water occupancy factor (unitless), and 
DFhi = water immersion dose conversion factor for radionuclide i 

(Sv-a-VBq.m-3). 

The water concentration, CFU^ , may be based on the bedrock well in the 
gecsphere model or the surface water submodel (Davis et al., in 
preparation). 

3.2.10.3 Ground Exposure 

The external dose to man from ground contaminated by Group 1, 2 and 3 
radionuclides is given by 

Dgi = SDi . dws • Og . DFgi (19) 

where DgA = man's ground exposure dose from radionuclide i (Sv-a-1), 
dws = dry/wet soil conversion factor (kg(dry)«kg"l(wet)), and 
DFgi = ground exposure dose conversion factor for radionuclide i 

(Sv.a-1/Bq.kg"1(wet)). 

In Equation (19) we have conservatively excluded radiation shielding 
effects of snow cover. It is reasonable to assume that snow, which usually 
does not originate locally, would be less contaminated with radionuclides 
released from the vault than local soil. As indicated in Section 3.1.2, 
Equation (19) also includes doses from contaminated shoreline because soil 
may consist of fresh sediment. SDi is based on the garden. 

3.2.10.4 Exposure to Building Material 

The external dose to man from building material contaminated by Group 1, 2 
and 3 radionuclides is given by 

Dbii = Bbii • Ob • DFbi (20) 

where ^ n = man's exposure dose from radionuclide i and building 
material 1 (Sv-a'1), 

Bbi! = annual average concentration of radionuclide i in building 
material 1 (Bq-kg-x(dry)) (Equations (21) to (24)), and 

DFbi = building material exposure dose conversion factor for 
radionuclide i (Sv-a^/Bq-kg-*(dry)). 

CALD0S considers wood and inorganic building material derived from soil 
(Section 3.1.1). During each run, doses for both materials are calculated, 
but only the higher value is used for calculating total doses 
(Section 3.2.12). In this, the highest DFbi value is used regardless of 
the type of building (Section 5.4.9). 
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For wooden building material, concentrations of Group 1 and 2 radio
nuclides, based on both root uptake and leaf deposition (Equations (2) and 
(5)), are given by 

Bb t l = {[SDi • BvA . exp(-Ai • t h b x ) ] + [di • exp(-Ai • thb x ) 

• ( rb . (1 - exp(-AE i • t eb ) ) ) / (Yb . A E i ) )} . wdw (21) 

where thbx = holdup time for building material 1 (d), 
rb = plant interception fraction for wooden building material 

(unitless), 
teb = time of above-ground exposure for wooden building 

material (d), 
Yb = plant yield for wooden building material (kg(wet).nr2), 

and 
wdw = wet/dry wood conversion factor (kg(wet)-kg-x(dry)). 

The first term in Equation (21) accounts for root uptake and the second 
term for leaf deposition. 

For Group 3 daughter radionuclides, the total concentration in wooden 
building material from direct uptake and ingrowth is given by 

Bbii = Bbdl + Bbpl (22) 

where Bbdl = annual average concentration of daughter in wooden 
building material (Bq-kg'1(dry)), calculated by 
Equation (21), and 

Bbpl = annual average concentration of parent in wooden building 
material (Bq-kg-1(dry)), calculated by Equation (21). 

The first term in Equation (22) accounts for direct uptake of the radio
nuclide or daughter and the second for ingrowth, assuming secular equili
brium with the parent, a Group 1, 2 or 3 radionuclide (Section 3.1.8). 

For all these radionuclides, transfer from soil to wood is assumed to be 
the same as for TE PLANT, and for feed or forage of animals (Section 3.2.1). 
Thus, root uptake, as defined by Equation (21), may also be restricted due 
to limited radionuclides in the soil (Appendix A, Section A.3), similarly 
as in Equations (2) and (4). In Equation (21), Sï)i is based on the 
woodlot. 

Concentration of tritium in wood, based on specific activity in lake or 
well water (Sections 3.1.4 and 3.2.9), is given by 

Bb„3o = (CFWH3/CFWH) . 0BH (23) 

where BbH3o = annual average concentration of 3H in wooden building 
material (Bq-kg-1(dry)), and 

0BH = average hydrogen concentration in wooden building 
material (g-kg-1(dry)). 

Because tritium has a relatively long half-life, we have excluded the decay 
term involving the holdup time, thbx (Equation (21)). This is conserva
tive. The annual average concentration of tritium Bb H 3 o, can be used in 
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Equation (20) for dose prediction. Equation (23) may be unimportant for 
concept assessment because external doses from tritium (Section 3.2.10) 
tend to be very low, with dose conversion factor values at, or near, zero 
(Section 5.4.6 to 5.4.9). 

For inorganic building material, such as clay, sand and gravel, radio
nuclide concentrations can be derived from soil concentrations in the 
forage field: 

Bbix = SDi . sbc . exp(-Ai • th^) (24) 

where sbc = inorganic building material/soil conversion factor 
(unitless). 

Equation (24) also applies to tritium and the soil submodel for concept 
assessment calculates appropriate SDj, values, based on specific activity in 
the soil water (Sheppard 1992). 

3.2.11 Manrs Ingestion and Inhalation Rates 

Man's food ingestion, Uj, drinking water ingestion, Udw, and inhalation 
rates, Ii, are calculated in an integrated way using simplified equations 
derived from the model EWAM (Figure 8; Sections 3.1.5). 

3.2.11.1 Man's Ingestion Rates of Food Types 

Man's ingestion rates of TE PLANT, TE MILK, TE MEAT, TE BIRD and FW FISH 
are given by 

Uj = [(En • Ycfj) • (365.25 d-a"1 ) ]/[ (Cyi^ • Cec) 

+ (Fynij • Fee) + (Pyuij • Pec)] (25) 

where En = man's total energy need (kJ-d-1), 
Ycfj = energy fraction of food type j (unitless), 
Cynij = carbohydrate content of food type j (g'kg-1(wet)), 
Cec = carbohydrate fuel value (kJ.g-1), 
Fynij = fat content of food type j (g-kg-1 (wet)), 
Fee = fat fuel value (kJ'g"1), 
Pym.. = protein content of food type j (g.kg"1 (wet)), and 
Pec = protein fuel value (kJ.g-1). 

Note that 

2 Ycf, = 1.0 (26) 
j = i 

where n = number of food types j. 

The numerator of Equation (25) defines the amount of energy derived by man 
per annum from food type j and the denominator converts this value to an 
ingestion rate, taking into account the energy derived from carbohydrate, 
fat and protein. The Ycfj values in Equation (25) must add up to unity 
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because man's entire diet is based on local food types (Section 1.3). In 
the case of TE MILK, it is assumed that the density of milk is 1.0 kg.L*1. 

3.2.11.2 Man's Drinking Water Ingestion Rate 

Man's drinking water ingestion rate is given by 

Udw = [En • (365.25 d-a"1) • ewe] - {[ 2 <U3 • Ywc.j)] 
j»x 

(27) 

n 
+ [ 2 Uj .((Cym^ • Cmw) + (Fym.j • Fmw) + (Pynij . Pmw))]} 

where ewe = water/energy conversion ratio (L-kJ"1), 
YwCj = water content of food type j (L-kg-1(wet)), 
Cmw = carbohydrate metabolic water yield (L-g"1), 
Fmw = fat metabolic water yield (L.g*1), and 
Pmw = protein metabolic water yield (L.g-1). 

The first term of Equation (27) defines man's annual water need and the 
second the indirect annual water input, made up by water ingested as part 
of the food and metabolic water from oxidation of ingested carbohydrate, 
fat and protein. Man's water need minus the indirect water input defines 
the drinking water need. If the indirect water input exceeds the water 
need, man's drinking water ingestion rate, Udw, can be set to zero. On an 
annual basis, this would be a very unlikely situation. 

3.2.11.3 Man's Inhalation Rate 

Man's inhalation rate, assuming standard temperature and pressure (STP), is 
given by 

I i = {[ 2 (Uj • ((Cynij . Co) + (Fynij . Fo) + (Pynij . Po ) ) ) ] 
j = i 

• oac • ov}/1000 L-m-3 (28) 

where Co = carbohydrate STP oxygen combustion value (L«g_1), 
Fo = fat STP oxygen combustion value (L-g"1), 
Po = protein STP oxygen combustion value (L-g*1), 
oac = air/oxygen conversion factor (unitless), and 
ov - man's oxygen utilization factor (unitless). 

The inhalation rate, Ii, conservatively assumes complete oxidation of the 
ingested carbohydrate, fat and protein. However, not all the 02 inhaled is 
utilized as indicated by ov (Section 5.12.6). 
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3.2.12 Total Doses to Man 

The total food ingestion dose to man from all the radionuclides, food types 
and pathways, Det (Sv-a"1), is given by 

Det = 1 2 2 Deiik (29) 
i = l j=l k=l 

where m = number of radionuclides i, and 
o = number of pathways k. 

Man's total drinking water dose, Dwt (Sv-a-1), is given by 

Dwt = 2 DWj . (30) 
i = l 

Man's total soil ingestion dose, Dst (Sv-a-1), is given by 

Dst = SDSi . (31) 
i = l 

Man's total inhalation dose, Dit (Sv-a-1), is given by 

Dit = 2 Dii . (32) 
i = l 

Man's total internal dose from food, water and soil ingestion, and 
inhalation, Dbt (Sv-a*1), is given by 

Dbt = Det + Dwt + Dst + Dit + DI129 + DH3 . (33) 

Note that our special models for 129I and tritium calculate single internal 
doses (Equations (15) and (16)), which are added in Equation (33). Thus, 
129I and tritium are not considered in the summations in Equations (29) to 
(32). The total internal doses for 14C and 129I may be subject to a 
geosphere dose limit, as discussed in Appendix A (Sections A.6 and A.7). 
Equations (29) to (33) apply directly to Group 1, 2 and 3 radionuclides. 
Group 4 radionuclides are accounted for indirectly in the dose conversion 
factors for internal exposure, which include in vivo produced daughters 
(Section 3.1.9). 

Man's total external dose from air and water immersion, ground exposure and 
exposure to building materials, Dot (Sv-a-1), is given by 

Dot = 1 (D3i + Dhi + Dgi + Dbii) . (34) 
i = l 

Equation (34) applies directly to Group 1, 2 and 3 radionuclides. As indi
cated in Section 3.1.9, Group 4 radionuclides are accounted for indirectly 
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by adding their dose conversion factors to those of the parents (Appendix A, 
Section A.4). The dose from exposure to building material, Dbilf is either 
from wood or inorganic material, whichever is higher (Section 3.2.10.4). 

Man's total internal and external dose from all the radionuclides, 
Dit (Sv.a-1), is given by 

Dtt = Dbt + Dot (35) 

3.3 BIOMAGNIFICATION, BIOTIC TRANSPORT AND RECYCLING 

These three processes are all potentially important in the food-chain 
transfer of contaminants. As discussed below, CALDOS takes into account 
biomagnification and two related processes. It also includes some biotic 
transport processes and considers recycling implicitly. 

3.3.1 Biomagnification 

Three terms, bioconcentration, bioaccumulation and biomagnification, appear 
in the literature to describe the ability of organisms to concentrate con
taminants from their environment. Since these terms are frequently con
fused, we are adopting here the terminology of Kneip and Lauer (1973) and 
Isensee (1973). 

Bioconcentration refers to the ability of an organism to concentrate a 
contaminant from its environment, e.g., water or soil. It is normally 
expressed as a concentration factor Cf = (Ce - Ce) • Cm, where Ce and Cc 
are the concentrations in the exposed and the control organisms respec
tively, and Cm the concentration in the medium. Bioaccumulation refers to 
the tendency of an organism to continue to bioconcentrate throughout its 
lifetime, i.e., Cf increases with time of exposure or the age of the orga
nism. Finally, biomagnification refers to the occurrence of a contaminant 
at successively higher concentrations with increasing trophic level in the 
food web. 

CALDOS explicitly considers bioconcentration through the use of transfer 
coefficients (Section 5.3) to predict radionuclide concentrations in biota 
at various trophic levels. Such coefficients are used to calculate radio
nuclide concentrations in fish as a function of their concentrations in 
water (Section 3.2.4). Similar coefficients are used to calculate radio
nuclide concentrations in terrestrial biota (Section 3.2.1 to 3.2.3). 

Bioaccumulation is not explicitly considered in CALDOS. However, since all 
the transfer coefficients are represented by broad distributions 
(Section 5.3), they reflect populations of organisms composed of individ
uals of various ages. For example, radionuclide concentrations in fish 
predicted by CALDOS can vary over several orders of magnitude with the 
higher concentrations corresponding to older fish. 

Biomagnification is explicitly considered in CALDOS through the use of 
pathway analysis. Thus, radionuclides may accumulate through the food-
chain, e.g., from soil to plants to terrestrial animals. As in the case of 
bioaccumulation, biomagnification in fish is implicitly considered through 
the broad distribution of transfer factors, i.e., the aquatic concentration 
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ratio, Bi;j (Section 5.3.3). Sometimes trophic transfer factors are used to 
help quantify biomagnification (Section 5.3.3). 

Of the three processes, biomagnification is most likely to result in con
taminant concentrations high enough to cause serious biological and ecolog
ical effects. This may also be so for humans. Biomagnification can be 
particularly serious for fat-soluble organic contaminants, such as DDT, 
PCBs and dioxins (Hoffman et al. 1990), or for inorganic contaminants that 
can form fat-soluble species, such as methyl mercury (Parks 1988). These 
types of contaminants can lead to serious effects, usually related to 
reproduction and survival (Section 3.5.2; Carson 1962, Ratcliffe 1967, 
Hickey and Anderson 1968). 

Radionuclides are not usually subject to biomagnification, mainly because 
they are typically present in inorganic form. Swanson (1985) found that 
uranium decay series radionuclides (Appendix A, Section A.l) in a northern 
Saskatchewan ecosystem tend not to biomagnify. Although transfer coeffi
cients at low trophic levels, from water to invertebrates, tend to be high, 
those from invertebrates to fish are generally less than unity. 

The most serious instances of biomagnification of radionuclides occur in 
nutrient-poor ecosystems with elements that are analogs of essential nut
rients. In terrestrial ecosystems, the transfer of 137Cs from soil to 
plants is enhanced when soil potassium concentrations are limiting 
(Section 3.4). Cesium-137 can also accumulate from prey to predators, 
e.g., wolves may have concentrations of up to a factor of six higher than 
their prey (Zach et al. 1989). In aquatic food chains, uptake of some 
radionuclides, such as 137Cs and 90Sr, by fish is greatly enhanced at low 
potassium or calcium levels in the water respectively. As indicated in 
Section 5.3.3, this is fully taken into account in CALDOS. 

3.3.2 Biotic Transport 

CALDOS does not account for biotic transport (Vaughan et al. 1981, Markham 
et al. 1988), which may be considered a special form of recycling. In this 
type of vector transport, small amounts of radionuclides, associated with 
organisms, are transported through the biosphere, e.g., from the aquatic to 
the terrestrial environment by emerging and dispersing adult aquatic in
sects. It is generally thought that biotic transport is relatively unim
portant compared with physical transport processes, such as aquatic and 
atmospheric dispersion. 

In the biosphere model for concept assessment, we have not entirely ignored 
biotic transport and we have taken it into account implicitly in the atmos
phere submodel (Amiro 1992d). For example, plant pollen contributes to the 
air concentration of radionuclides. Thus, pollen is a vector for transfer
ring radionuclides from plants to the atmosphere. 

3.3.3 Recycling 

Recycling of various substances through decomposers, such as fungi and 
bacteria, is a very basic attribute of food chains (Odum 1971). In common 
with most conventional models, CALDOS considers recycling of radionuclides 
implicitly (Figure 10). It also assumes that recycling does not redistrib
ute radionuclides among source compartments. 



FIGURE 10: Implicitly Included Recycling Processes in CALDOS. Processes 
shown return radionuclides from organisms back, to the appropri
ate source compartments (Figure 4), which are, therefore, not 
subject to depletion as a result of food-chain transfer. The 
only exception is root uptake (5), which involves 95% return to 
the soil of radionuclides transferred to plants. Recycling 
processes are assumed to not redistribute radionuclides among 
source compartments. The numbers correspond to those in 
Figure 4 although they indicate here reverse processes. 

CALDOS assumes an essentially closed system for the area occupied by the 
critical group so that radionuclides can only disappear through radioactive 
decay. Uptake and transfer does not cause reductions in concentrations or 
inventories of source compartments. For example, radionuclides transferred 
to terrestrial animals and fish are implicitly assumed to cycle back, to the 
soil or water through waste products and the decay of the organisms them
selves (Davis et al., in preparation). Thus, soil and water are not 
depleted in the first place as a result of radionuclide transfer to these 
animals. Similarly, radionuclides deposited onto plants from the atmo
sphere do not affect air or soil concentrations. The exception to complete 
recycling is root uptake by plants for which we have assumed that 95% of 
the radionuclides transferred are returned to the soil. The remainder is 
lost from the area occupied by the critical group through food export and 
dispersal of various wastes (Sheppard 1992). The biosphere model as a 
whole assumes a more open system than CALDOS, with losses due to lake 
flushing and atmospheric transport (Davis et al., in preparation). 

Implicit consideration of recycling is appropriate because radionuclide 
transfer processes in the food chain are relatively rapid compared with 
changes in the soil and surface water brought about by the discharge of 
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radionuclides from the geosphere (Section 3.1.10). This is also the reason 
why it is appropriate for CALDOS to assume steady-state conditions. 

3.4 MICROBIAL EFFECTS 

Microorganisms, such as bacteria, are or can be expected to be present in 
and around the vault, and in the geosphere (Champ 1984, West et al. 1985). 
These organisms may be native or introduced. In the biosphere, microbes 
are ubiquitous and include algae, bacteria, fungi, protozoans and other 
small organisms. The occurrence of microbes and the size of their popu
lations depend on physical and chemical environmental conditions and avail
ability of a suitable growth substrate for providing essential elements and 
energy (Loewen and Flett 1984, Stroes-Gascoyne 1989). Many factors can be 
limiting, but microbes are very tolerant to adverse environmental condit
ions and, as a group, have very diverse mechanisms for securing essential 
elements and energy. 

For NFUM, microbes are of interest because they may influence the behaviour 
and transport of radionuclides by changing their physical or chemical char
acteristics (Beijer and Jernelôv 1979, Loewen and Flett 1984). This can 
occur through a variety of direct and indirect mechanisms involving adsorp
tion or absorption of radionuclides by microbes, and interactions of radio
nuclides with microbially generated organic materials in the environment. 
Ultimately, microbes could either increase or decrease the dose to humans 
from NFWM. 

Research in NFWM concerning microbial effects has mainly focused on the 
vault and the geosphere because of the question of survival and importance 
of microbes in these regions (Champ 1984). In the biosphere, the effects 
of microbes in root uptake by plants and digestion by herbivores are 
ubiquitous (Harley and Scott Russell 1979, Maynard et al. 1979) and they 
have been implicitly considered in our models. In these often obligatory 
relationships, microbes may either increase or decrease absorption of 
certain elements. 

Of specific interest in the biosphere are redox transformations, methyla
tion and chelation, which can all be related to microbial activities 
(Beijer and Jernelôv 1979, Francis 1985). Microbes, like all living organ
isms, can change the oxidation state of various elements through metabolic 
activity. Such redox transformations can increase or decrease the mobility 
of elements in environments rich in microbial activity. Microbially 
induced methylation has been observed in soils and sediments. This process 
results in mobile organic compounds and, in the case of some elements such 
as mercury, drastic increases in chemical toxicity (Section 3.5.2). Radio
logical toxicity as such cannot be altered by microbial activity. Various 
microbially generated chelating agents may sequester immobile elements and 
form organic complexes that increase the transport and bioavailability of 
these elements. Little is known about the detailed processes of microbial 
redox transformation, methylation and chelation of radionuclides in the 
biosphere and food chains. 

Microbes could also be important in a different way, as demonstrated by the 
transfer of 137Cs in arctic food chains under heavy nuclear fallout (Hanson 
1967, 1982; Mattsson 1975). This transfer is mainly based on lichens, 
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which are formed by a symbiotic relationship of algae and fungi. Lichens 
are very efficient collectors of some atmospherically deposited radio
nuclides. Reindeer or caribou (Rangifer tarandus) frequently depend on 
lichens for winter food and nutrients, and this can lead to high flesh 
concentrations. These in turn may cause elevated doses to humans, particu
larly to native people who depend on these deer for food. Although lichens 
are common on the Shield, it is unlikely that this pathway will be of great 
significance for NFWM because atmospheric deposition rates can be expected 
to be low, given an underground source of radionuclides. 

Microbes are omnipresent in food chains and in many cases essential. 
Absence of microbes is a highly artificial condition that can only be 
brought about by deliberate sterilization. Virtually all of the field and 
laboratory studies in support of CALDOS have proceeded under natural con
ditions in the sense that microbes were allowed to thrive and function 
naturally. This means that microbial effects on the behaviour and trans
port of radionuclides have been implicitly taken into account. For 
example, our transfer coefficient distributions (Section 5.3) include vari
ation due to microbial effects. Thus, other than for studying detailed 
mechanisms, there is no need for separate consideration of microbes. 

3.5 OTHER TOXIC EFFECTS 

Dose predictions by CALDOS consider radiological effects on man only. 
However, there are other aspects related to the safety of the environment 
and humans. They include radiological effects on organisms other than 
humans, and chemically toxic effects on the environment and humans. These 
aspects cannot be ignored in concept assessment (FEARO 1992, AECB 1987). 
CALDOS can provide relevant information for assessing some of these 
effects, as discussed below. 

3.5.1 Radiological Doses to Plants and Animals 

For concept assessment, and in radiological protection in general, it is 
usually assumed that protection of humans also affords protection for popu
lations, but not necessarily individuals, of other organisms (Section 1.1; 
AECB 1987). This assumption has been made in ICRP 26 (ICRP 1977) and again 
in ICRP 60 (ICRP 1991a), in which radiation risk estimates for humans were 
updated (Section 5.4.1.8). The merits of this assumption have largely been 
confirmed by Myers (1989), the IAEA (1992) and UNSCEAR (1992) for a human 
exposure limit of 1 mSv-a"1. The human exposure limit of 0.05 mSv.a-1, 
established by the AECB (1987) for NFUM, would result in even lower doses 
to plants and animals and, therefore, ensure their protection. This would 
seem to eliminate the need for separately assessing radiological effects on 
these organisms. However, in order to explicitly demonstrate radiation 
protection of non-human biota, doses need to be calculated. 

To calculate such doses, target organisms that are part of a food-chain 
model must be defined. By making minor modifications, CALDOS could be used 
to help address environmental effects explicitly because it provides radio
nuclide concentrations in several organisms through the food types TE PLANT, 
TE MEAT, TE BIRD and FW FISH. As indicated in Section 3.1.6, radionuclide 
concentrations in these food types are based on several probabilistic para
meters and this makes the food type very general. It also makes them 
representative of a wide variety of organisms on the Shield. 
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There are limitations in using the food types as representative plant and 
animal species of the Shield. Estimates of radionuclide concentrations may 
not apply to the organisms as a whole because the transfer coefficients 
used are based on the edible parts of the organisms only (Section 5.3). 
TE PLANT is not representative of all the plant species, ranging from small 
annuals to long-lived perennial trees. Similarly, TE MEAT and TE BIRD are 
not representative of all the mammalian and avian species with their 
diverse sizes and habits. FW FISH is likely representative of most species 
of fishf but small minnows and long-lived species, such as the lake 
sturgeon (Acipense fulvescens), may be the exceptions. Furthermore, the 
animal food types do not fully cover reptiles, amphibians and the wide 
array of invertebrates. They also do not attempt to focus on potentially 
sensitive indicator species. In spite of these limitations, the use of our 
food types to help demonstrate environmental protection would seem to be 
appropriate, given the limited database for organisms unrelated to these 
food types. It is noteworthy that the IAEA (1992) relied on a food-chain 
model and food types to assess environmental effects. 

For concept assessment, we have developed a food chain model, closely 
related to CALDOS, with four generic target organisms based on TE PLANT, 
TE MEAT, TE BIRD AND FW FISH (Davis et al., in preparation). The model, 
which includes internal and external exposures, uses the dose conversion 
factors established by Amiro (1992c). 

Doses calculated for our target organisms cannot be related to risk in the 
same precise manner as those for humans (Section 5.4.1.4) because the data
base is far from complete. However, the predicted doses can be compared 
with observed doses from studies documenting radiation effects on, or 
sensitivities of, a variety of organisms (e.g., Amiro and Dugle 1985, Dugle 
and Hawkins 1985, Dugle 1986, Vaite et al. 1990, Zach et al. 1992) to draw 
conclusions regarding environmental radiation protection (Davis et al., in 
preparation). 

3.5.2 Chemical Toxicity 

Most radiological assessments do not consider chemical toxicity of elements 
because radiological toxicity is usually much more limiting (Goodwin et al. 
1987). Nevertheless, chemical toxicity can be important and, in some 
instances, more limiting. External exposure is unimportant in chemical 
toxicity because substances must usually enter the body to cause harm. 

Of all the elements, arsenic, cadmium, chromium, lead, mercury and selenium 
have been of greatest environmental concern. These metals may cause well-
known diseases or even death in humans. Some of them can also cause muta
tions, cancer and birth effects (Friberg et al. 1979). Thus, there can be 
close similarity between chemical and radiological toxicity. Chemical 
toxicity of metals is closely related to chemical form or oxidation state, 
and can involve a variety of mechanisms related to interactions with mole
cules, cells, tissues and organs. Essential elements can also cause toxic 
effects when intake is too low or too high. 

Human intake rates of radionuclides calculated by CALDOS can be readily 
translated into intake rates of the respective elements. However, this is 
of limited use because these rates cannot be readily translated into risk, 
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as is the case for radionuclides (Section 5.4.1.4). The necessary model 
and data are largely unavailable (Butler 1980). Thus, unlike radiological 
toxicity, exposure to chemicals is usually limited through guidelines or 
standards for various environmental media, such as water, soil and air 
(CCREM 1987, Goodwin et al. 1987). These are mainly based on animal 
studies. In essence, they represent derived criteria, which are akin to 
derived radiological criteria such as annual limits on Intake (ALI), 
derived air concentrations (DAC) or even water concentrations. Thus, 
assessment of chemical toxicity does not require calculation of intake 
rates by humans of various elements. Established guidelines and standards 
for various elements are usually designed to protect humans and they are 
also assumed to protect the environment in general. This is similar to the 
approach in radiation protection (Section 3.5.1). 

In Table 2, we have listed nine elements considered for chemical toxicity 
for concept assessment. This list is largely based on the study by Goodwin 
et al. (1987). For bromine, cadmium and samarium, there are no radio
nuclides considered for concept assessment. These elements, which are from 
other parts of the disposal system than the used fuel, must be included 
solely as chemically toxic elements. All the other toxic elements are 
related to Group 1, 2 or 3 radionuclides. Lead and antimony also involve 
short-lived Group 4 radionuclides. Because these radionuclides are not 
modelled explicitly (Section 3.1.9), they are not considered for chemical 
toxicity. However, chemical toxicity would be very limited because of the 
rapid change into other elements. Lead and antimony from sources other 
than Group 4 radionuclides are considered for chemical toxicity. 

For concept assessment, the nine potentially chemically toxic elements are 
included (Table 2) to determine well water, surface water, soil and air 
concentrations. These concentrations can then be compared with the appro
priate regulatory criteria. We have also established environmental base
line concentrations that can provide additional comparisons (Amiro 1992a, 
1992b). These evaluations allow us to draw conclusions regarding the pro
tection of both humans and the environment from chemical toxicity. Note 
that CALDOS is not needed for assessing chemical toxicity because food-
chain transfer need not be considered. 

4. SENSITIVITY ANALYSIS 

The basic objective of sensitivity analysis is to establish the influence 
of model parameter variability on model predictions. Results of sensitiv
ity analysis can be used in a variety of ways related to model development 
(Shaeffer 1980, Rose and Swartzman 1981). In the development of probabil
istic models, sensitivity analysis can be used for deciding whether a given 
parameter should be represented by a PDF or a single conservative value 
(Zach 1982c). Sensitivity analysis is particularly helpful in nonlinear 
models in which parameter variability cannot be readily related to 
predictions. 

Sensitivity analysis can be carried out analytically or numerically 
(Shaeffer 1980). Analytical procedures have limited applications. Thus, 
numerical procedures are more commonly used in which values of individual 
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or groups of parameters are systematically perturbed to appraise effects on 
predictions (Miller et al. 1978, Gardner et al. 1981, Rose and Swartzman 
1981). 

As shown in Equation (1), radiological dose calculations for internal and 
external exposures (Figures 4 and 5) can be reduced to four basic factors. 
Thus, no formal sensitivity analysis is required to relate parameter varia
bility to dose predictions because all the relationships are essentially 
linear so that predictions directly reflect parameter variability. Clear
ly, highly variable parameters, such as plant/soil concentration ratios, 
Bvf, terrestrial transfer coefficients, F^, and aquatic concentration 
ratios, Bi;j, must be represented by PDFs (Section 5.3; Zach 1982c). Para
meters with relatively low variability, such as holdup times, can be repre
sented by single conservative values because of their limited influence on 
the predictions (Section 5.5). Still other parameters fall between the two 
extremes and may or may not be handled probabilistically. 

Variability alone is not the only criterion for deciding whether parameters 
should be treated probabilistically for concept assessment. ICRP reference 
man's ingestion rates of food types, U^, are not very variable; neverthe
less, probabilistic treatment is desirable to account for the diverse diet
ary habits of humans (Section 3.1.5). Although considerable variability is 
associated with dose conversion factors (Cryer and Baverstock 1972, Hoenes 
and Soldat 1977, Dunning and Schwarz 1981, Schwarz and Dunning 1982), they 
cannot be readily treated probabilistically because they are based on 
deterministic dosimetry models for reference man (Section 5.4). There is 
also a lack of pertinent data. 

Sensitivity analysis is not only important in model development and para
meter value selection, but also in model and parameter evaluation 
(Section 6.2). 

5. MODEL PARAMETERS FOR CONCEPT ASSESSMENT 

For concept assessment, single values or PDFs must be specified for the 
model parameters introduced in Section 3.2 and summarized in Appendix B 
(Section B.l). These distributions have an area or integral of unity, 
which corresponds to a probability of 1.0. Important aspects of the 
distributions are uncertainty, time scale of variability, amount of 
variability, truncation, parameter correlation and conservatism (Section 
1.2; Stephens et al. 1989). 

Parameters of CALDOS must address uncertainties from measurement error, 
including inadequate data, and natural variability of the system modelled 
(Section 2.1). Given a generic biosphere for CALDOS (Section 1.2), 
measurement error can be assumed to be insignificant relative to the 
uncertainty from natural systems variability relating to time and space. 
Although NFWM involves predictions far into the future, parameter values 
and distributions of CALDOS are based on today's conditions and, in terms 
of space, on regions on the Canadian Shield underlain by crystalline rock, 
which are the relevant biosphere (Sections 1.2 and 1.3). In spite of this 
restriction, many data collected for assessing conventional nuclear power 
installations are relevant (Section 2.2). 
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Davis (1986) pointed out that parameter value distributions must reflect 
the time scale of the processes modelled. This was not fully appreciated 
in the interim assessments (Section 2.4). For CALDOS, variation based on a 
seasonal or annual scale is most appropriate, given a seasonal agricultural 
cycle and annual radiological dose estimates (Section 3.1.10). For exam
ple, in the case of man's total energy need, En, daily, weekly or seasonal 
variations are only of interest to the extent that they affect average 
annual values. Thus, variation is dampened to such an extent that a single 
value is more appropriate than a PDFi 

The amount of annual variation of various parameters of CALDOS differs 
dramatically (Zach 1982c). Sensitivity analysis shows that parameters with 
low variability have little influence on dose predictions (Sections A and 
6.2.4). This means that most of these parameters need not be treated prob
abilistically and can be represented by single values. Thus, several para
meters handled probabilistically in the second interim assessment 
(Section 2.4) are now represented by single values for concept assessment. 

Of the many types of distributions available, we have mainly specified 
normal and lognormal distributions (Figures 11 and 12). As the name 
implies, the latter can be transformed to the former through logarithmic 
transformation (Figure 12). This is important because the normal distri
bution is relatively simple and well-studied, and it also forms the basis 
for many parametric statistics. The most appropriate central tendency for 
the normal distribution is the arithmetic mean and for the untransformed 
lognormal distribution, which is positively skewed, the median (Sokal and 
Rohlf 1981). The standard deviation is an appropriate measure of variation 
for the normal and the transformed lognormal distribution (Figure 11). 

For normal distributions, we have given estimates of the arithmetic mean, 
H, and the standard deviation, a, and for lognormal distributions, esti
mates of the geometric mean, GM, and the geometric standard eviation, GSD. 
Note that GM = e^8 and GSD = e a e, where ne and ag are the arithmetic mean 
and the standard deviation of the log-transformed values. Furthermore, /i 
and a are population parameters and the corresponding statistical estimates 
are designated by x and SD. The GM and GSD have the same values irre
spective of the type of logarithmic transformation. In the lognormal dis
tribution the GM also equals the median of the untransformed distribution 
(Figure 12). For the normal and lognormal distributions, upper and lower 
confidence limits, which define a confidence range, can be used to get an 
appreciation of the degree of variation specified. It is customary to 
quote 95% confidence intervals in which the lower and upper confidence 
limits are about two standard deviations below and above the arithmetic 
mean respectively (Figure 11; Sokal and Rohlf 1981). The 95% confidence 
interval includes on average 95% of all the randomly selected values from a 
given distribution. 

In the literature, parameter values are often loosely termed "generic," 
"average" or "mean" without considering statistical implications. As indi
cated above, the arithmetic mean and the GM have strict statistical defi
nitions and their proper use in the literature has increased. The terms 
"generic," "average" or "mean" usually refer to the best available esti
mate, which may or may not have been statistically derived. "Generic" also 
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FIGURE 11: Normal Frequency Distribution with an Arithmetic Mean, /i, of 
0.0 anri a Standard Deviation, a, of 1.0. In the normal distri
bution, 63.3, 95.5 and 99.7% of randomly selected values fall 
within ±1, ±2 and ±3 a respectively. The 95% confidence inter
vals encompasses about ±2a. Note that log-transformed lognor-
mal distributions result in normal distributions (Figure 12), 
and that the frequency distribution is drawn as a continuous 
distribution. Most of the parameter distributions specified 
for concept assessment are either normal or lognormal. 

refers to broad applicability. We have used the arithmetic mean and GM 
whenever possible. We have also used the terms "average" and "generic" to 
designate best estimates and/or broad applicability in the same way as in 
the literature. To avoid confusion, we have avoided the term "mean." 

For some of the recommended PDFs, truncation values have to be specified. 
Such values are required to avoid unreasonable values that can occur at the 
extreme lower and/or upper tails of some probability distributions. For 
example, animal's feed or forage ingestion rate, Qf^ (Section 5.7.1), can
not be negative or zero over an entire year. Normal distributions may lead 
to unreasonable zero or negative values, but this is not so for lognormal 
distributions, which can only have values greater than zero. Thus, only 
the former are usually subject to truncation, but some lognormal distri
butions may have to be truncated at the upper end. Care must be taken to 
avoid unnecessary truncations because this can reduce the likelihood of 
extreme dose predictions that may be important. In SYVAC, truncated dis
tributions are automatically rescaled so that the integral continues to 
equal unity. 
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Lognormal Frequency Distribution and Corresponding Log-
Transformed Normal Distribution with an Arithmetic Mean, /i0 , of 
O.O and a Standard Deviation, ae, of O.2. The geometric mean, 
GM, is given by e^0 and the geometric standard deviation, GSD, 
by eoe. In the log-transformed distribution, all the central 
tendencies coincide so that M 0 represents the mode, median and 
arithmetic mean. In the untransformed distribution, the mode 
is followed by the median and then the arithmetic mean to the 
right, and given by e"e'ae2, e^° and e^0+%00 respectively. 
Note that the GM coincides with the median of the untransformed 
distribution, and that the frequency distributions are drawn as 
continuous distributions. 

Correlations must be implemented to avoid unreasonable combinations of 
parameter values selected randomly from PDFs. There are few important 
correlations in CALDOS (Zach 1982c). Those associated with man's food 
ingestion, drinking water ingestion, and inhalation rates have been 
accounted for by making use of equations derived from the EWAM model 
(Sections 3.1.5 and 3.2.11). Some parameters of CALDOS are correlated with 
parameters of the other biosphere submodels. Consideration of parameter 
correlations can both increase or decrease the likelihood of extreme dose 
predictions, depending on the exact relationships involved. 

The SYVAC code has special capabilities for implementing parameter correla
tions (Andres and Skeet 1987). This involves a method by Kleijnen (1974), 
which is restricted to normal and lognormal distributions. To implement a 
correlation between two parameters, their distributions and a correlation 
coefficient must be specified. SYVAC then samples one of the parameters 
and calculates appropriate values for the other to reflect the specified 
distributions and correlation coefficient. Truncation of parameter distri
butions can cause discrepancies when correlations are involved. 
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As a first step, Kleijnen's method involves random sampling of one of the 
parameters, X, and of a normal variate, Z, with n = O.O and a = 1.0. This 
is then followed by calculating the value for the second parameter, Y. 
Assume that X and Y are normally distributed with arithmetic means nx and 
/iY, and standard deviations ox and cry. With r designating the correlation 
coefficient, 

Y = (a • X) + b + u 

where a = r • aY/ax, b = % -(r • /ux . oY/ax) and u = oy . Z • (1 ~ r 2 ) 0 , 5 . 
The SYVAC code can handle several related parameters, all correlated to one 
of them, e.g., parameters X and Y both correlated to parameter V. This 
situation occurs with the various ingestion rates for terrestrial animals 
(Section 5.7). 

For concept assessment, we have defined parameter correlations in terms of 
the product-moment correlation coefficient, r, which can range in value 
from -1.0 to 1.0 (Sokal and Rohlf 1969). Usually, the database is insuf
ficient or too fragmentary to allow calculation of r. However, as shown by 
Zach (1982c), r can often be defined intuitively, using discrete values. 
If r = 0, two parameters are uncorrelated and no value needs to be speci
fied. Negative and positive values correspond to inverse and direct rela
tionships respectively. If r = |1.0|, two parameters are perfectly corre
lated, which is highly unlikely in environmental and biological data; 
r = |0.75| represents a strong, r = |0.5| a moderate, and r = |0.25| a weak 
correlation. In the absence of calculated r values, we have made use of 
this classification system to define parameter correlations for concept 
assessment. It is important to recognize that correlation does not imply 
causation (Sokal and Rohlf 1981). Thus, correlated parameters are of equal 
status and none is independent or dependent. 

Conservatism is an important principle in all aspects of parameter value 
and distribution selection (Section 2.1). We have made extensive use of 
this principle to account for uncertainty in values, distributions, trun
cations and correlations. Thus, we have ensured that doses to man are not 
underestimated. 

Parameters of CALDOS can be grouped in various ways, but three basic groups 
are self-evident, consisting of those calculated by the other biosphere 
submodels (Section 5.1), those calculated by CALDOS itself (Section 5.2) 
and those that must be supplied separately (Sections 5.3 to 5.13). A 
fourth group includes parameters that are not directly part of CALDOS, but 
are closely related to it and needed in the biosphere model as a whole 
(Section 5.14; Davis et al., in preparation). In the following sections, 
all the parameters are discussed and, if applicable, parameter values or 
distributions are specified for concept assessment. For the distributions, 
this includes appropriate truncation and correlation values. Through 
Section B.l, Appendix B, parameters can be traced back to the equations in 
Section 3.2 and elsewhere. 

5.1 PARAMETERS CALCULATED BY THE OTHER SUBMODELS 

Values for these parameters are mainly calculated by the surface water, 
soil and atmosphere submodels of the biosphere model for concept assess-
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ment, and are documented in detail in the appropriate submodel reports. 
During each run of the biosphere model a set of different probabilistic 
input values for CALDOS is calculated (Section 3.2). All these values 
reflect annual variation. We have summarized input requirements for each 
radionuclide in Table 3. None of these parameters involve separate trunca
tions or correlations in CALDOS. 

5.1.1 Soil concentration. SDj 
(Bq.kg-l(dry)) 

The soil concentration, SDi , is either based on soil or lake sediments 
(Section 3.2.1). In the biosphere model, SU± also varies for the garden, 
forage field, woodlot and peat deposit available to the critical group 
(Davis et al. 1992, in preparation; Section 1.3). All these probabilistic 
SDi values are supplied by the soil submodel (Sheppard 1992) or, in the 
case of sediments, jointly by the surface water submodel (Bird et al. 1992) 
and the geosphere model (Davis et al., in preparation). The soil submodel 
considers four soil types, including sand, loam, clay or organic, all with 
10 cm of leaf litter; soil derived from sediments is always organic and 
without litter. The SDi values calculated are annual averages and they 
correspond to a 0.30-m-deep rooting zone and represent total radionuclide 
concentrations, consisting of both sorbed and dissolved radionuclides. The 
rooting zone includes the litter layer. Radionuclides deposited from the 
atmosphere, including sprinkler irrigation, are assumed to leach down and 
concentrations are then based on the rooting zone. This allows proper 
application of plant/soil concentration ratios (Section 5.3.1) and inter
facing with all the exposure pathways involving SDi (Section 3.2). As 
indicated in Table 3, no SDi values need to be calculated for the inert gas 
radionuclides 39Ar, 81Kr, 85Kr and 222Rn. 

5.1.2 Freshwater Concentration. CFWj 
(Bq-L-i) 

This parameter is supplied by the surface water submodel with its lake 
(Bird et al. 1992) or the geosphere model with its well (Davis et al., in 
preparation). These models calculate probabilistic annual average CFW^ 
values. These values are broadly representative so that they can be 
readily used for all the exposure pathways involving waterborne radio
nuclides (Section 3.2). Through the soil submodel, C?V± is translated into 
atmospheric deposition rates (Section 5.1.5) to account for sprinkler irri
gation of crops. The garden of the critical group (Section 1.3) may be 
irrigated with well or lake water, but the forage field with lake water 
only (Davis et al., in preparation). CFWi values need not be calculated 
for any of the inert gas radionuclides (Table 3). 

5.1.3 Water Concentration of 3H. CFV,,3 
(Bq.L-i) 

This parameter is supplied by the surface water submodel (Bird et al. 1992) 
or the well model (Davis et al., in preparation), both of which calculate 
annual average CFWH3 values, similar to those for the other radionuclides 
(Section 5.1.2). Our CFWH3 values include tritium originating from the 
vault only. Various other anthropogenic and natural sources (UNSCEAR 1982) 
are excluded. CFWH3 is needed for the tritium specific activity model 
(Equations (16) and (23)). 
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5.1.4 Air Concentration. ACi0 and ACiB 

(Bq-m-3) 

The atmosphere submodel report discusses these parameters in detail (Amiro 
1992d). Air concentrations take into account particulate and gaseous sus
pension from a variety of sources. Thus, they include radionuclides adher
ing to soil particles. For most of the radionuclides, separate indoor, 
ACiB, and outdoor, ACi0 air concentrations are calculated (Table 3) because 
burning for energy indoors adds to the outdoor concentration. Carbon-14, 
1 2 9I and 222Rn are special because they also have separate indoor sources. 
A few radionuclides, such as tritium, B1Kr and 85Kr, have a single combined 
air concentration, ACA, which is representative for both indoors and out
doors. The atmosphere submodel calculates concentration values for 1.5 m 
above ground. These probabilistic values are broadly representative for 
about 1 to 2 m above ground to allow for proper interfacing with all the 
exposure pathways involving airborne radionuclides (Section 3.2). 

5.1.5 Atmospheric Deposition Rate, àL 

(Bq.nr^d-1) 

This parameter is discussed in detail in the atmosphere submodel report 
(Amiro 1992d). The atmosphere submodel calculates probabilistic dj values, 
which include both wet and dry deposition, for both particulate and gaseous 
radionuclides. These values are based on outdoor air concentration, ACi0. 
Separate values are calculated for deposition onto ground and vegetation. 
The latter is of primary concern to CALDOS (Sections 3.2.1 and 3.2.10.4). 
As indicated in Section 5.9, all the radionuclides deposited to vegetation 
are assumed to be initially retained by plants. In the case of aerial 
sprinkler irrigation (Section 3.1.1), d± values used in the biosphere model 
are based on CFWi (Section 5.1.2) and irrigation need is calculated by the 
soil submodel (Section 5.5.8; Sheppard 1992). For sprinkler irrigation, 
only a fraction of the radionuclides deposited onto vegetation is initially 
retained (Section 5.9.1). Our dA values reflect annual or seasonal varia
tion and they can be readily used in the appropriate exposure pathways of 
CALDOS. No dA values need to be calculated for any of the inert gas radio
nuclides and a few other radionuclides that involve special models or 
treatments (Table 3; Sections 3.1.4 and 5.3.1.2). 

5.2 PARAMETERS CALCULATED BY CALDOS 

Values for these parameters are calculated during each run of CALDOS itself 
and are then used in various exposure pathways for predicting radiological 
doses to man (Section 3.2). Calculation of correlated parameter values of 
man's food ingestion, drinking water ingestion, and inhalation rates are 
discussed and quantified in detail in Sections 3.1.5 and 3.2.11. Man's 
soil ingestion rate is indirectly related to food ingestion (Equation (13)). 
Because parameters in this section have derived values, no separate values 
or PDFs need to be specified. However, all the parameters are probabilis
tic because they reflect variation in some of the underlying parameters. 
All these parameters can be applied without considering separate truncation 
values or correlations. 
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5.2.1 Han's Ingestion Rate of Food. Uj 
(kg(wet)-a-1 or L.a"1) 

As indicated in Section 3.1.5, IL values for concept assessment are calcu
lated with the help of a simplified equation derived from the EWAM model 
(Figure 8; Zach and Barnard 1987). This approach allows calculation of 
correlated food ingestion, drinking water ingestion, and inhalation rates 
of man. Man's ingestion rate of food type j , Uj, thus becomes a function 
of man's energy need and various diet parameters (Equation (25)). The 
calculated Uj values are for ICRP reference man (Section 3.1.5), and they 
reflect annual average variation in energy fraction of food type j, Ycf j 
(Section 5.8.4). The resulting probabilistic Uj values can be readily used 
in dose calculations of the exposure pathways involving food ingestion 
(Section 3.2). The value for TE PLANT, Ux, is also used for calculating 
man's soil ingestion rate, Us (Equation (13); Section 5.2.4). Average Uj 
value, based on CALDOS, are shown in Appendix A (Section A.10) to allow 
comparisons with literature values. 

5.2.2 Han's Ingestion Rate of Drinking Water. Udw 
(L.a-i) 

As in the case of Uj (Section 5.2.1), Udw values are calculated in CALDOS 
with the help of a simplified equation derived from EVAM (Figure 8; 
Section 3.1.5). Thus, man's ingestion rate of drinking water, Udw, becomes 
mainly a function of man's energy need and various parameters related to 
diet (Equation (27)). The calculated Udw values are for ICRP reference 
man, and they reflect annual average variation in man's food ingestion 
rates (Section 5.2.1). The Udw values can be readily used for calculating 
man's ingestion dose from drinking water (Section 3.2.5). Udw has a value 
of zero when water contained in ingested food and metabolic water are 
sufficient to cover need so that no drinking water is required (Zach and 
Barnard 1987). As indicated in Section 3.2.11.2, such conditions are 
unlikely to apply over an entire year, the basis of variation considered 
for dose predictions. A comparison of average Hdw values, based on CALDOS, 
with literature values is presented in Appendix A (Section A.10). 

5.2.3 Han's Inhalation Rate. Ii 
(m3.a-i) 

As in the case of Uj and Udw (Sections 5.2.1 and 5.2.2), Ii values are 
calculated with the help of a simplified equation derived from EWAM 
(Figure 8; Section 3.1.5). This makes man's inhalation rate, Ii, a func
tion of various parameters related to diet and respiration (Equation (23)). 
The calculated Ii values are for ICRP reference man, and they reflect 
annual average variation in man's ingestion rate of food type j, Uj 
(Section 5.2.1). The Ii values can be readily used for calculating man's 
inhalation dose (Section 3.2.7). A comparison of average Ii values is 
presented in Appendix A (Section A.10). 

5.2.4 Han's Soil Ingestion Rate, Us 
(kg(dry).a-1) 

Han's soil ingestion pathway has been ignored in conventional food-chain 
models even though it can be a potentially important dose contributor for 
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certain radionuclides (Section 3.1.1). This parameter defines man's total 
soil ingestion rate, which involves two distinct components (Equation (13)). 
The first quantifies hand-to-mouth transfer (Section 5.8.8), and the second 
considers coincidental intake with food (Section 5.8.9). The second compo
nent is linked to the ingestion rate of TE PLANT, which is calculated by 
CALDOS (Section 5.2.1). Our Us values are for ICRP reference man and they 
reflect annual average variation in Uj values. The probabilistic Us values 
can be readily used in man's soil ingestion pathway (Section 3.2.6) without 
considering any separate truncation values or parameter correlations. An 
average Us value, based on CALDOS, is given in Appendix A (Section A.10). 

5.2.5 Man's Total Intake of 1 2 9 I . InIi:,s 
(Bq.a-1) 

This parameter defines the total 1291 intake of man from all the ingestion 
pathways and inhalation. The total intake, In I 1 2 9, is needed to calculate 
the internal dose for man with a special model (Equation (15)). As indi
cated in Section 3.2.8, In I 1 2 9 can be calculated with the help of several 
equations concerned with the calculation of ingestion and inhalation doses 
for man. Thus, In I 1 2 9 reflects the variation in several of the underlying 
parameters. 

5.2.6 Concentration in Building Material. Bb^ and BbH3o 

(Bq.kg-1 (dry)) 

These parameters represent radionuclide concentrations in wooden or inor
ganic building materials. Bbpl and Bbdl are the same as BbiX but they are 
values for parents and radioactive daughters respectively (Equation (22)). 
Calculation of radionuclide concentrations in wood of boreal coniferous and 
deciduous species of trees, used for building today, considers both root 
uptake and leaf deposition (Equation (21)). Thus, B b ^ values are a func
tion of many parameters and values reflect the annual average variation of 
several of them. Concentration values for inorganic building material, 
such as sand, gravel and brick, are mainly a function of soil concentra
tion, SDi (Equation (24)), and Bb^ values reflect the annual variation in 
SD± (Section 5.1.1). Calculated probabilistic Bbix values for wooden and 
inorganic building materials can be readily used for predicting external 
radiation doses to man from living in buildings (Equation (20)). 

CALDOS calculates separate 3H concentrations, Bb H 3 o, for wooden building 
material (Equation (23)). This involves a specific activity model, which 
is based on annual variation in the water concentration, CFWH3 

(Section 5.1.3). The resulting probabilistic BbH3o values can be used for 
dose calculation in the same way as Bb^ values. Doses may be insignifi
cant because external dose conversion factors for 3H tend to be very low or 
zero (Holford 1989). 

5.2.7 Effective Removal Constant. XEi 

(d-i) 

This radionuclide-specific parameter defines the loss of atmospherically 
deposited radionuclides from plant leaves from radioactive decay and vari
ous environmental factors (Equation (6)). In most food-chain models, 
losses from vegetation are thus combined (Zach 1982a). The effective 
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removal constant of radionuclide i from vegetation, \ E i , is a function of 
the radioactive decay constant, Xt (Section 5.4.10), and the plant environ
mental half time, tp (Section 5.5.10). Since tp is represented by a PDF 
for concept assessment, \Ei is also treated probabilistically. 

5.3 TRANSFER COEFFICIENTS 

Transfer coefficients are among the most basic parameters of CALDOS, and of 
food-chain and dose models in general (Section 2.2). Concentration ratios, 
based on two concentration values, represent the simplest transfer coeffi
cients. Transfer coefficients are element-specific, highly aggregated 
empirical parameters that quantify the transfer of radionuclides through 
the food chain in a holistic way (Section 3.1.10), accounting for diverse 
physical, chemical and biological processes. Typically, values of indi
vidual transfer coefficients are highly variable (Zach 1980c), reflecting 
uncertainty resulting from differences in biological systems and measure
ment technique. Transfer coefficients can strongly influence dose predic
tions (Zach 1982c), for which they represent a major source of uncertainty 
(Vaughan et al. 1981). Most environmental and safety assessments of 
nuclear installations have used average generic transfer coefficient 
values. 

Transfer coefficient values vary widely among elements (Ng et al. 1977, 
Baes et al. 1984). The reasons for this are not always clear. Elements 
with a biological function tend to have higher values than those without. 
Some elements with no such function are analogs of essential elements and 
may, therefore, have relatively high values, e.g., cesium is an analog of 
potassium and thus the two elements have similar transfer coefficient 
values (Zach et al. 1989). Elements with a high chemical toxicity are 
often poorly assimilated by organisms, resulting in low transfer coeffi
cient values. The actinides, such as plutonium, have very low values in 
most cases. Certain groups of elements tend to behave similarly because of 
shared physical and chemical properties. These include the alkaline earth 
metals calcium, radium and strontium, which tend to accumulate in bone 
(Whicker and Schultz 1982). Group similarities can be used to assist in 
the determination of transfer coefficient values when data are inadequate 
(Baes et al. 1984). 

Element-specific transfer coefficients assume that all the isotopes of a 
given element behave identically in the environment. There are several 
reasons why this may not be the case (Zach 1980c). Most importantly, iso
topes of a given element vary in mass. Effects due to mass differences are 
thought to be most significant in the lighter elements and negligible in 
the heavier ones in which the percent difference in mass is very small 
(Tkacik et al. 1979). Most of the radionuclides that could significantly 
contribute to man's dose due to NFWM have a substantial mass (Section 2.4; 
Wuschke et al. 1985a; Mehta and Goodwin, in prep.). 

There have also been suggestions that the rate of emission of radiation per 
unit mass of radionuclides can influence transfer coefficient values (Ennis 
et al. 1988a). Thus, transfer coefficients might be radionuclide- rather 
than element-specific. The evidence for this, however, is not very strong 
and, if true, effects would likely be small. 
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Uptake of a given element by organisms, and therefore transfer coeffi
cients, may be influenced by the presence of other elements. High levels 
of available potassium tend to reduce uptake of 137Cs by plants (Nishita et 
al. 1960, Evans and Dekker 1967). In mammals, calcium and manganese may 
reduce uptake of cadmium and lead (Barton et al. 1978, Van Barneveld and 
Van Den Hamer 1985). These types of interactions are not well understood, 
but they likely relate to competitive processes associated with absorption. 
Our transfer coefficients for concept assessment do not explicitly consider 
such interactions, although for most elements they do reflect typical envi
ronmental concentrations of the other elements (Section 5.3.3). 

Linear transfer of radionuclides to organisms is an important assumption of 
all the transfer coefficients (Figure 9; Section 3.1.10). For NFWM, this 
assumption is not unreasonable because the trace quantities of radio
nuclides involved (Wuschke et al. 1985a) are unlikely to cause saturation 
or toxic effects and thereby non-linear transfer. Some elements, such as 
calcium, chlorine, manganese, phosphorus, potassium and sodium, are regu
lated by organisms to nearly constant concentrations, which do not reflect 
concentrations in the environment at large. Obviously, for such elements, 
transfer coefficients must be applied with caution (Ward and Johnson 1986). 
The fact that an element is essential does not invalidate the use of trans
fer coefficients, e.g., dietary increases in iodine are reflected in simi
lar increases in milk (Underwood 1977). Some authors have advocated the 
use of simple, specific activity models for all the essential elements and 
their analogs (Uirth et al. 1985). Such models involve many assumptions, 
as discussed for our 3H specific activity model (Section 3.1.4). Sheppard 
and Evenden (1988) demonstrated deviations from linearity in the root 
uptake by plants of some elements; however, the error caused by this is 
small compared with the large uncertainties associated with transfer coef
ficient values. Transfer coefficients can be assumed to be valid for most 
of the elements involved in NFWM (Table 2). 

Concentration ratios can lead to unrealistically high radionuclide levels 
in organisms (Section 3.2.1; Appendix A, Section A.3). This is particu
larly true for plants that are stationary and can, therefore, draw radio
nuclides from a limited soil volume or area only. The amount of a radio
nuclide transferred may, under certain circumstances, exceed that present 
in the soil, which is unrealistic. In fish this type of limit to uptake is 
of lesser importance because fish are mobile and may draw radionuclides 
from a relatively large volume of water. This problem and its solution are 
discussed in Appendix A (Section A.3). 

There are few specific data from the Canadian Shield for deriving transfer 
coefficient values. The distributions selected by us are representative of 
today's agricultural practices and conditions, including those on the 
Shield, and they are consistent with the broad definitions of our five food 
types (Section 3.1.6). The CSA-recommended values (CSA 1987) are based to 
a large extent on the same data as our distributions. 

Determination of transfer coefficient values remains an active field of 
research. In most instances, new studies tend to confirm existing values, 
but many new details are being added. Revisions of transfer coefficient 
values are usually downward as high conservative values, based on limited 
data or inferences, are replaced by measured values. 
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For concept assessment, all the transfer coefficients are represented by 
lognormal PDFs (Figure 12). It is well known that transfer coefficients 
tend to be lognormally distributed (Hoffman and Baes 1979, Ng 1982, 
Sheppard and Thibault 1983, Hoffman and Gardner 1983, Zach et al. 1989). 
This relates to the fact that concentrations tend to be lognormally distri
buted too. It is unclear why this should be so, but Ott (1990a) suggested 
that lognormality is caused by a series of independent random dilutions 
that invariably occur in the environment. 

Almost all of our adopted distributions can be used without applying trun
cation values. Only the plant/soil concentration ratio, Bvif involves a 
parameter correlation. For convenience, we have summarized our transfer 
coefficient specifications for concept assessment in Tables 5 and 6. 

In the context of the biosphere model, transfer coefficient values are 
selected for elements rather than for individual radionuclides. During 
each run, a value is randomly selected from the specified distributions for 
each of the coefficients and elements. In each instance, this value 
applies for all the radionuclides of a given element. 

5.3.1 Plant/Soil Concentration Ratio, Bvi 
(Bq.kg-^wetJ/Bq-kg-^dry)) 

This element-specific parameter quantifies the transfer of radionuclides 
from soil to plants under equilibrium or steady-state conditions, or at the 
time of harvest. Plants or plant parts may then be directly used as food 
by man (TE PLANT) or by terrestrial animals as feed or forage (Equations (2) 

TABLE 5 

SUMMARY OF SPECIFICATIONS OF TRANSFER 

COEFFICIENT VALUES FOR CONCEPT ASSESSMENT 

Geometric 
Standard 

Transfer Distribution Geometric Deviation Parameter 
Coefficient Type Mean (GM) (GSD) Correlation (r) 

Plant/soil (Bv^ lognormal Table 6 10.0 -0.7 with soil Kd 

Terrest. animal (Fi3) 
TE MILK lognormal Table 6 3.2 
TE MEAT lognormal Table 6 3.2 
TE BIRD lognormal Table 6 3.2 

FW FISH (B^) lognormal Table 6 12.0 

NOTE: Units of transfer coefficients as indicated in Table 6. For docu
mentation of distributions see Section 5.3. 
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TABLE 6 

ELEMENT-SPECIFIC GEOMETRIC MEANS CGM) OF THE LOGNORMAL 

PROBABILITY DENSITY FUNCTIONS FOR THE CONCENTRATION RATIO 

(BVj) AND TRANSFER COEFFICIENTS (F^ AND B i i ) FOR CONCEPT ASSESSMENT 

B V i Fi;j B i â 

Element Plant/Soil TE MILK TE MEAT TE BIRD FW FISH 

Ac 
Am 
At 
Be 
Bi 
Br 
C 
Ca 
Cd 
Cr 
Cs 
H*** 
Hf 
I 
K 
Kr 
Mo 
Nb 
Ni 
Np 
P 
Pa 
Pb 
Pd 
Po 
Pu 
Ra 
Rb 
Re 
Rn 
Sb 
Se 
Si 
Sm 
Sn 
Sr 
Ta 
Tc 

8.8 
1.4 
0.0 
2.5 
8.8 
3.8 
5.5 
8.8 
1.4 
1.9 
2.0 

8.8 
3.8 
2.5 
0.0 
6.3 
5.0 
1.5 
2.5 
8.8 
6.3 
1.1 
3.8 
6.3 
1.1 
3.3 
3.8 
3.8 
0.0 
5.0 
6.3 
8.8 
2.5 
7.5 
6.3 
2.5 
2.4 

X 
X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 

10" "« 
io-3 

io- 3 

10-3 

io-i 
10° ** 
10- l 

10-! 
lu"3 

10-2 

10" 4 

10-2**** 

10- X 

lO- 2 

lu-3 

lu"2 

lu"2 

io-i 
1 0 - 4 

10-2 
10-2 
10-4 

lO-4 

io-3 

lO- 2 

1 0 - X 

lO-2 

lu"3 

lO-2 

io-3 

lO- 3 

10-! 
10-3 

10° 

2.0 
4.1 
0.0 
9.1 
5.0 
2.0 
1.5 
1.1 
1.5 
1.1 
7.1 

5.0 
9.9 
7.2 
0.0 
1.4 
2.0 
1.0 
5.0 
1.6 
5.0 
2.6 
1.0 
3.4 
1.0 
4.0 
1.2 
1.3 
0.0 
1.1 
4.0 
2.5 
2.0 
1.2 
1.4 
2.8 
9.9 

X 
X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
x : 
X 
X ', 

X 
X 
X 
X '. 

X 
X ' 
X ' 
X 
X 

X 
X ', 

X ' 
X 
X 
x : 
X '. 

X 1 

IO- 5 

LO-' 

lO-' 
L0-4 
LO-2 

LO-2 

LO-2 

L0-3 
LO-3 

LO-3 

LO-6 

LO-3 

LO-3 

LO-3 

L0- 2 

LO-3 

L0- 6 

L0- 2 

LO-6 

L0- 4 

L0- 2 

L0- 4 

LO-7 

L0- 4 

L0- 2 

L0- 3 

L0- 4 

LO-3 

LO-5 

LO-5 

LO-3 

L0- 3 

L0- 6 

LO-4 

2.5 
3.5 
0.0 
1.0 
4.0 
2.5 
6.4 
1.6 
3.5 
9.2 
2.6 

1.0 
7.0 
1.8 
0.0 
6.8 
2.5 
2.0 
5.5 
4.9 
1.0 
4.0 
4.0 
4.5 
2.0 
9.0 
1.1 
8.0 
0.0 
1.0 
1.5 
4.0 
5.0 
8.0 
8.1 
6.0 
8.5 

X 
X ] 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X ] 
X ] 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X ' 
X '. 

X 
X 1 

10-5 

L0- 6 

LO-3 

LO-4 

LO-2 

lu"2 
LO-3 

L0-" 
LO-3 

L0- 2 

lO-3 

LO-3 

lO-2 

LO-3 

L0- 1 

LO-3 

LO-5 

LO-2 

LO-5 

LO-4 

LO-3 

LO-3 

L0- 6 

L0- 4 

L0- 2 

L0- 3 

L0- 3 

LO-2 

o-5 

L0- 3 

L0- 2 

0-4 

L0- 4 

L0- 3 

2.5 
8.5 
0.0 
1.0 
4.0 
2.5 
6.4 
4.4 
8.4 
9.2 
4.4 

1.0 
2.8 
1.8 
0.0 
5.0 
3.0 
2.0 
5.5 
4.9 
1.0 
4.0 
4.0 
4.5 
7.6 
9.0 
1.1 
8.0 
0.0 
1.0 
9.3 
4.0 
5.0 
8.0 
3.0 
6.0 
1.9 

x : 
X '. 

X 
X ] 
X 
X 
X 
X 
X 
X ] 

X ] 

X 
X 

X 
X 
X 
X ] 
X 
X 
x ; 
X 
X 
X 
X ] 
X 
X 

X 
X 
X 
X 
X '. 

X 
X 
X 

LO- 3* 
LO-3 

L 0 - 1 * 
LO- 2* 
L0°* 
L0°* 
L0- 1 

L0- 1 

L 0 - 1 * 
L0° 

I O - 1 * 
L0° 
10°* 

L0-1 

LO-3 

L0"1* 
LO'3* 
10° * 
LO"3* 
LO-2* 
L0-1* 
L0'1* 
LO-3 

L0- 2* 
L0°* 
L0-1* 

L0"1* 
L0° 
LO"3* 
L0"1* 
L0°* 
L0-1 

LO-2* 
10° 

2.5 
1.0 
0.0 
2.0 
1.5 
4.2 
5.0 
4.0 
2.0 
2.0 
1.0 

3.3 
5.0 
1.0 
0.0 
1.0 
1.0 
1.0 
2.5 
6.7 
1.1 
3.0 
1.0 
5.0 
2.5 
5.0 
2.0 
1.2 
0.0 
2.0 
1.7 
2.5 
3.0 
3.0 
1.0 
3.0 
1.5 

x : 
X ] 

X ] 
X ] 
X 
X 
X 1 
X ] 
X 
X ] 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X ] 
X 
X 
X 
X 
X 
X 1 

X 
X 1 
X 
X 
X 
X 
X 
X 

LO1 

LO2 

10° 
LO1 

lO2 

LO4 

LO1 

LO2 

LO2 

LO4 

L0° 
LO1 

LO3 

LO1 

LO2 

LO2 

LO3 

LO4 

LO1 

LO2 

LO1 

LO2 

LO2 

LO1 

LO3 

LO2 

LO2 

LO2 

L0° 
LO1 

LO3 

LO2 

LO4 

LO1 

continued... 
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TABLE 6 (concluded) 

BVi F^ BAj 

Element Plant/Soil TE MILK TE MEAT TE BIRD FW FISH 

Te 6.3 x 10"3 2.0 x 10"4 1.5 x 10'2 1.5x10°* 4.0 x 102 

Th 2.1 x 10'4 5.0 x 10-6 6.0 x 10"fi 6.0 x 10*4* 1.0 x 103 

U 2.1 x 10-3 3.7 x 10-4 2.0 x 10"4 1.2 x 10° 5.0 x 101 

Y 3.8 x 10-3 2.0 x 10-5 3.0 x 10"4 3.0 x 10"2* 1.0 x 102 

Zr 5.0 x 10-4 3.0 x 10"5 2.0 x 10"2 2.0 x 10°* 2.0 x 102 

* Value set at 100 times the corresponding Fi;j value for TE MEAT. 

** Includes atmospheric deposition from all sources, but not from 
aerial sprinkler irrigation (Section 5.3.1.2). 

*** No transfer coefficients required because of specific activity 
model (Section 3.2.9) 

**** Includes atmospheric deposition from soil as a gas, but not from 
soil as a particulate, from other sources than soil as a gas or 
particulate, and from aerial sprinkler irrigation (Section 5.3.1.2), 

NOTE: Units are as follows: for BVi, Bq.kg-1(wet)/Bq.kg-1(dry); for ?±i, 
d-L'1 or d»kg'1(wet); and for B ^ , L-kg-1(wet). For other aspects 
of specification, see Table 5. For documentation of values, see 
Sections 5.3.1 to 5.3.3. 

and (4)). Bvi values are also required to determine radionuclide concen
trations in wooden building material (Equation (21)). Bvt values are 
usually defined as the ratio of the radionuclide concentration in plant to 
that in soil, but concentration can also be expressed in terms of mass. To 
convert BVi values based on dry plant weight, we have assumed a plant mois
ture content of 75% (Ng et al. 1968, Garten 1978). This is a reasonable 
value for animal feed or forage (Baes and Orton 1979, Maynard et al. 1979), 
and plant foods consumed by humans (Section 5.8.5). Because the distribu
tion of radionuclides within plants can vary considerably, concentrations 
used for determining BVi values must be based on the plant parts actually 
used by man or animals. When determining Bvi values, plant material is 
typically thoroughly cleaned in the laboratory to eliminate all the exter
nal soil particles. Cleaning is usually much less thorough during routine 
food preparation and processing (Section 3.1.7). Traditionally, Bvt values 
are based on the total radionuclide concentration in soil, consisting of 
both the sorbed and dissolved portions (Section 5.1.1). 

Absorption of elements by plants from soil is a complex phenomenon, highly 
dependent on a variety of plant, soil and other environmental factors 
(Mengel and Kirkby 1978, Lisk 1972, Nishita et al. 1978). Plant roots 
absorb elements dissolved in soil water. Dissolved elements are drawn with 
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soil water to roots because plants absorb and transpire water. Uptake is 
then influenced by many factors. The amount of an element dissolved in 
soil water depends on the total amount present and its interactions with 
the soil solids. Sorption onto soil solids decreases the amount available 
for uptake, but sorption may not be irreversible. The flow of water to 
roots is influenced by plant type and various soil and atmospheric factors. 

Further complications arise because the distribution and solubility of 
elements, and the distribution of roots, may vary with soil depth. Essen
tial elements drawn to the root surface may be absorbed actively to meet 
the plant's needs. Elements that are analogs of essential elements may 
also be absorbed in this way. Elements can also enter plants by passive 
diffusion, but plants can actively exclude certain elements. Once in the 
plant, elements are differentially translocated to various parts (Cline and 
Klepper 1975, Wildung et al. 1977). This is a highly plant-specific pro
cess. Decay of plant material, which may be preceded by consumption, even
tually returns elements to the soil (Section 3.3.3). 

Plants can also absorb atmospherically deposited radionuclides from exposed 
parts, such as leaves (Figure 4; Cataldo and Vaughan 1980, Nakamura and 
Ohmomo 1980, Joshi 1982). For concept assessment, foliar absorption is 
implicitly considered in our plant environmental half-time values 
(Section 5.5.10). For some volatile radionuclides, such as 14C and 1 2 9 I , 
Bvt values may include atmospheric deposition from local suspension. 

Numerous data are available for establishing BvL values, but most of them 
reported in the literature are based on agricultural systems. In spite of 
this, plant soil concentration ratios are very variable, mainly because of 
differences in plant and soil types, measurement techniques and climatic 
variation. Ng et al. (1968) provided the first compendium of generic BvL 

values, based on unpaired global average elemental soil and plant concen
trations considered broadly representative. While these values were used 
in environmental and safety assessments, research was under way to obtain 
better values based on paired data. Various techniques were employed and 
some of them, such as solution culture, resulted in invalid BVi values, 

which have now been purged from most databases. It also became evident 
that most BvL values from pot-culture experiments are higher than those 
measured under more realistic field conditions (Hoffman et al. 1982a). The 
most reliable data come from long-term experiments in outdoor settings, 
involving experimental or accidental soil contaminations that have reached 
equilibrium or steady-state conditions. The International Union of Radio-
ecologists (IUR) has established a program to measure radionuclide uptakes 
by plants under such settings (Frissel and Koster 1988). 

Even in realistic outdoor settings, experimental differences can be impor
tant. For example, technetium reacts very slowly with soil and sorption 
continues for several months before reaching equilibrium. Plants grown 
immediately following contamination can essentially absorb most of the 
technetium in the soil (Sheppard et al. 1983), suggesting that BVi values 
are very high. However, plants grown later on, when steady state has been 
reached, can only absorb a small portion of the technetium, which corre
sponds to a lower Bv^, value (Garten et al. 1984). Such values are more 
representative for use in concept assessment. 
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The existence of a strong relationship between plant and soil concentra
tions is obvious. However, with heterogeneous data sets the correlation is 
not always statistically significant (Amiro and Sheppard 1987, Zach et al. 
1989). Sheppard and Evenden (1990) surveyed 23 elements in blueberry 
plants (Vaccinium angustifolia) and their associated soils over much of the 
species range in Canada. In only about a third of the elements were plant 
and soil concentrations significantly positively correlated. Apparently, 
various extraneous environmental factors lessened the importance of soil 
concentration in determining plant concentration. 

5.3.1.1 Selection of Values for Concept Assessment 

CSA (1987) recommended separate Bv± values for forage grasses and vege
tables. The major difference between the two sets of values is that the 
former are based on dry and the latter on wet weight. The CSA values were 
taken from a variety of sources, most of them dating back to 1979. Thus, 
these values are not current. Several major compendia of average generic 
BvL values for use in environmental and safety assessments have recently 
been published (Ng et al. 1982a, Baes et al. 1984, IUR 1984, Coughtrey 
et al. 1985). Given a partially shared database, it is not surprising that 
the values in these compendia are very similar. 

The compendium by Baes et al. (1984) is outstanding for several reasons. 
It contains Bvi values for most elements and separate values for vegetative 
and reproductive plant parts. To provide such a complete set of values, 
they used physical, chemical and biological similarities to support ques
tionable values and to predict missing ones. Fortunately, most of the Bvt 

values for radionuclides important in NFWM are well supported. Baes et al. 
(1984) used a stringent protocol for accepting data to compute Bvi values, 
which closely meet our requirements. Briefly, they (1) accepted data from 
realistic studies only, except when there were insufficient data; (2) used 
interpolation only when there were insufficient data; (3) used computations 
without undue bias toward conservative values; and (4) computed GMs ex
pressed on a dry-plant basis. We have adopted the Bvi values for vegeta
tive plant parts by Baes et al. (1984) for concept assessment after con
verting them to wet-plant weight. These converted values are taken as the 
GMs of our element-specific, lognormal PDFs (Table 6). The values for 
vegetative, as opposed to reproductive, plant parts are conservative be
cause they are slightly higher. Although the values by Baes et al. (1984) 
are mainly based on agricultural crops, they are probably also appropriate 
for wild plant species on the Shield (Zach et al. 1989). Baes et al. (1984) 
did not list a Bvi value for carbon. Therefore, we have adopted the value 
from USNRC (1977), which is based on specific activity considerations. 

We have good evidence that BvL values tend to be lognormally distributed. 
This is true for natural uranium uptake by several native plant species on 
the Shield (Sheppard and Thibault 1983). The BVi values for 29 elements 
measured by Sheppard and Evenden (1990) were also lognormally distributed. 
Furthermore, in a study of the transfer of 137Cs and 40K in a boreal envi
ronment, most of the Bvt values for several soil types and plant species 
were lognormally distributed (Zach et al. 1989). 

Variation of Bvt values has not been extensively reported. Ng et al. 
(1982a), Baes et al. (1984) and IUR (1984) have reported variation for some 
elements, and we have done so in our blueberry study (Sheppard and Evenden 



1990). The estimates of the variation for the elements common to these 
four studies are not closely correlated. Variation is also not 
consistently related to the arithmetic or geometric means, or to various 
physical and chemical properties. Variation seems to be mainly a function 
of the range of conditions under which the BvL values have been measured. 
There seems to be no justification for defining element-specific GSD 
values. The arithmetic means of the GSDs reported by Ng et al. (1982a), 
Baes et al. (1984), IUR (1984) and Sheppard and Evenden (1990) are 42.1, 
9.0, 8.4 and 2.3 respectively, but individual values ranged from 1.5 to 
1995.2. The GSD is very sensitive to sample size and small sample sizes 
tend to inflate it. In our study of the transfer of radionuclides in a 
natural food chain, GSDs for six soil types and seven plant species were 
not very variable and ranged from 1.96 to 5.16 for cesium and from 1.45 to 
3.61 for potassium (Zach et al. 1989). For concept assessment, we have 
adopted a GSD of 10.0 for all the BVi values (Table 5). This means that 
the 95£ confidence intervals span about four orders of magnitude 
(Figure 11). Values in the extreme upper tail could lead to high dose 
predictions. 

Although BVi values are based on the total soil concentration, plants can 
only absorb radionuclides from soil solution. Thus, BvL values and solu
bility of radionuclides in soil are usually closely correlated (Sheppard 
1986, Sheppard and Evenden 1990). A measure of solubility is the soil 
partition coefficient, Kd (L-lcg-

1 (dry) ), defined as the ratio of the con
centration in the soil solids to that in the soil water. The Kd is an 
important parameter in the soil submodel, where it is used to describe the 
mobility and retardation of radionuclides in the soil profile (Sheppard 
1992). Similar to our BvL values, Kd values are element-specific and log-
normally distributed. In the soil submodel they are also soil-type-
specific (Section 5.1.1). Since radionuclide uptake by plants is crucially 
dependent on soil solubility, it follows that Bv± values cannot be selected 
independently of Kd values. Because of the definition of the soil 
partition coefficient, the correlation of the Kd and Bv± is negative. 

Sheppard (1986) explored the effects of correlation on predicting Bvk from 
Ka values. Without correlation, the full PDF of Bvi values applies for any 
Kd value. As the correlation is increased, the variation of the predicted 
Bv± values becomes increasingly restricted. Thus, the effect of soil solu
bility on plant uptake of radionuclides is expressed by a decrease in the 
variability of the predicted Bvi values for any selected Kd value. Since 
Kd values in the soil submodel for concept assessment are classified 
according to soil type (Sheppard 1992), implementation of the negative 
correlation between Kd and BvL values also assures categorization of the 
BVi values according to soil type. Overall, this means more realistic 
modelling of root uptake by plants. 

The correlation between Kd and BVi values has been reported only infre
quently. Baes (1982) and Sheppard M.I. (1985) reported correlation coef
ficients ranging from -0.75 to -0.82 for log-transformed data. Sheppard 
(1986) derived an estimate of -0.88, based on comparisons of compendia of 
Kd and BVi values. For a series of stable elements on the Canadian Shield, 
correlations ranged from -0.47 to -0.66 (Sheppard 1986). Published data 
are not numerous enough for estimating element-specific correlation coef
ficients. Thus, for concept assessment, we have chosen a value of -0.7 
(Table 5) for all the elements (Table 2). The implementation of correla
tions in SYVAC is discussed at the beginning of Section 5. 
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Since plants can only absorb radionuclides from soil solution, it is impor
tant to know whether acid rain can influence plant uptake. Acid rain can 
depress soil pH, which can influence uptake of some radionuclides. This 
can increase plant uptake and doses to humans from radionuclides, such as 
137Cs and 226Ra (Sheppard and Sheppard 1988). Our Bv£ values do not ex
plicitly take into account effects of acid rain, but the selected distribu
tions include values representative of acid rain conditions. This is also 
true for the Kd values in the soil submodel (Sheppard 1992). It is impor
tant to recognize that acid rain caused by the combustion of nonrenewable 
fossil fuels is a relatively short-lived phenomenon compared with the long 
time spans involved in NFWM. 

5.3.1.2 Special Cases of 1 4C and 1 2 9I 

Our BVi value for carbon (Table 6) is from USNRC (1977) and it is based on 
specific activity considerations. As discussed by Sheppard (1992) and 
Sheppard et al. (1991), this value is unique because it accounts for both 
root uptake and leaf deposition. The latter is very important because 
plants absorb most of the carbon required for photosynthesis from the 
atmosphere. 

Carbon is volatile and thus it may be emitted from soil during recycling, 
as a result of respiratory activity, and immerse the vegetation above. The 
USNRC value recognizes this by assuming that the specific activity of 14C 
in the soil is reflected in the air and vegetation. The value assumes that 
dry organic matter (OM) is 50% carbon and that soil contains 4% OM by dry 
weight. By assuming a constant specific activity, root uptake and leaf 
deposition become combined, and the BvL value accounts for both of them. 
Thus, given our Bvi value, separate modelling of the leaf pathway would be 
appropriate because the soil is the primary source of 1 4C and not the atmo
sphere. However, this is not so in the case of aerial sprinkler 
irrigation, which must be explicitly modelled. 

With a constant carbon content of plants of 50% of OM by dry weight, the 
variation of our Bvi values depends on the OM content of the soil. To 
determine this variation, we have carried out a simulation, taking into 
account the frequency of occurrence and the OM contents of the four soil 
types considered for concept assessment (Sheppard 1992). The frequencies 
of occurrence for sand, loam, clay and organic soils are 57, 5, 24 and 14% 
respectively. Ue have assumed that the OM content in the four soil types 
is loguniformly distributed with ranges from 0.1 to 10% for sand, 1 to 20% 
for loam, 1 to 30% for clay and 30 to 100% for organic soils. The combined 
distribution, based on 500 runs, generated by the simulation was bimodal 
with a GM of 5.5, and extreme values of 0.07 and 219; the GSD was 9.7 
(Sheppard 1992). Note that the GM value is identical to our Bv± value of 
5.5 from USNRC (1977), and the GSD value close to the value of 10.0, speci
fied for concept assessment (Table 5). Based on these results, we have 
established a lognormal distribution for the BvL values of carbon, with a 
GM of 5.5 and a GSD of 10.0 (Tables 5 and 6). Uniquely, the distribution 
has lower and upper truncation values of 0.07 and 220 respectively, which 
correspond to extremes in the 0M content of soils. Bvi and soils Kd values 
for carbon are correlated in the same manner as for all the other elements 
(Table 5). 
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Iodine is another important volatile element, but our Bvi value is based on 
radionuclide concentrations in soils and plants (Baes et al. 1984). How
ever, studies designed for determining root uptake of iodine invariably 
fail to discriminate between uptake and leaf deposition as a result of 
gaseous iodine emission from soil. Thus, BvL values usually account for 
both. This is particularly so when the soil is the primary source of 
radionuclides. Iodine-129 may also be suspended from soil as a 
particulate, and gaseous and particulate suspension from other sources may 
result in deposition to vegetation (Amiro 1992d). For concept assessment, 
we have considered such depositions explicitly and not as part of the BvL 

value. This treatment differs from that of 14C because the Bvt value for 
1 4C is based on specific activity considerations. For aerial sprinkler 
irrigation, the atmosphere is the primary source and, therefore, we have 
explicitly considered this pathway for all the relevant radionuclides, 
including 1 2 9ï (Table 3). 

5.3.1.3 Summary 

Bvi distributions for concept assessment are element-specific and lognormal 
with GM values corresponding to those calculated by Baes et al. (1984) for 
"vegetative plant parts (Table 6). The exception is the value for carbon, 
tfhich is based on USNRC (1977). All the distributions have a GSD of 10.0, 
and the correlation coefficient between log-transformed soil Kd and Bvi 

values is -0.7 in all cases (Table 5). None of the distributions is 
truncated except that for carbon. Although our distributions are mainly 
based on data from agricultural crops, we have also employed them for 
calculating radionuclide concentrations in wooden building material. 

5.3.2 Terrestrial Animal Transfer Coefficient. Ftj 
(d-L-1 or d-kg-^wet)) 

This parameter quantifies the transfer of radionuclides to the terrestrial 
animal food types TE MILK, TE MEAT and TE BIRD from feed or forage, soil 
and drinking water under equilibrium or steady-state conditions, or at the 
time of slaughter (Section 3.2). For milk, Fi3 is defined as the portion 
of an element ingested daily that is secreted per litre of milk. For the 
other two coefficients, FL^ refers to the portion of an element ingested 
daily that is incorporated into one kilogram of meat (TE MEAT and TE BIRD), 
or one kilogram of the edible parts of eggs (TE BIRD). Terrestrial animal 
transfer coefficients are concentration ratios weighted by the daily 
ingestion rate of feed or forage, e.g., for milk Fi;j = Cin/(CiT • Ir), 
where CiM is the radionuclide concentration in milk., CiF the radionuclide 
concentration in feed or forage and Ir the daily ingestion rate of feed or 
forage, 

Although the uptake and metabolism of elements in mammals and birds are 
complex and element-specific, they can be described in g*r.tval terms (Ekman 
1967, Reichle et al. 1970, Stara et al. 1971, Camner et al. 1979). In
gested elements are actively or passively absorbed from the gastrointesti
nal tract. Unabsorbed elements are eliminated through feces. Absorbed 
elements may enter a mobile phase and pass into the body fluids from which 
they can reach various compartments, such as tissues, organs and organ 
systems. They can also enter a more stationary pool in the mucosa of the 
gastrointestinal tract, from where they may pass into the mobile pool or 
back into the gastrointestinal tract for potential resorption. From the 
soluble pool, elements can also pass back into the gastrointestinal tract 
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via the liver and bile, again for potential resorption. All these 
processes associated with absorption may involve complex physical, chemical 
and biological changes, such as the formation of enzymes, carrier proteins 
and complexes. Concentrations in the various compartments are element-
specific, e.g., strontium as an analog of calcium concentrates in bone and 
iodine concentrates in the thyroid gland (Whicker and Schultz 1982). 
Elements in the body can become redistributed according to need, but they 
do not build up indefinitely because of excretion. Excretion occurs 
primarily via the kidney and urinary products. Milk, eggs, hair, etc., 
also contribute to loss, as does radioactive decay. Loss of many elements 
can be described by one or more negative exponential terms, which may 
correspond to different compartments (Van Bruwaene et al. 1984). The 
degree of retention varies greatly between elements, compartments and 
organisms. Equilibrium or steady-state concentrations of elements in the 
body are mainly a function of ingestion, absorption and excretion rates 
(Whicker and Schultz 1982). 

Techniques for determining Fi;j values are varied. In the 1960s, F^ values 
were mainly calculated from unassociated elemental concentrations. These 
techniques were then replaced and supplemented by single and chronic-dose 
experiments involving tracers (Ng 1982). More recently, field and exper
imental studies from Chernobyl have also contributed data for a few radio
nuclides (Voigt et al. 1989). Transfer coefficients to milk and eggs can 
be readily determined because animals need not be sacrificed, as must be 
done for determining transfer coefficients to meat and poultry. Because 
determination of FAj values can be very expensive, physical, chemical and 
biological similarities of elements have been extensively used to 
supplement missing data. This has also involved extrapolation between 
species (Ng and Hoffman 1983), making the database for terrestrial animal 
transfer coefficients broadly representative. 

It is well known that Fij values are inherently less variable than BVi 
values (Ng et al. 1982a, Zach et al. 1989). The reason for this is that 
Fi:j values do not directly involve the high variability resulting from 
different soil and plant types. Furthermore, homeostatic mechanisms in 
mammals and birds tend to reduce variability by holding many body 
parameters within narrow bounds. In spite of this, F^ values have 
considerable variation. 

Variation in F^ values derived from different studies is a consequence of 
both experimental techniques and natural processes. Ng (1982) and Ng and 
Hoffman (1983) identified several general sources of variation, including 
(1) chemical and physical form of elements, (2) level of stable elements in 
the animal's diet, (3) type of feed or forage, and (4) experimental design. 
Terrestrial animal transfer coefficient values also reflect variation in 
feed or forage ingestion rate. Generally speaking, ingestion rate per unit 
body mass is negatively correlated with body size (Section 5.7.1) so that 
small animals tend to have higher F^ values than larger ones (Ennis et al. 
1988b). The effects of body size on FL^ values has not been investigated 
in detail and has, therefore, not been considered explicitly for concept 
assessment. 
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Chemical form is an important factor in the uptake of many, but not all 
elements. It is well known that organically bound mercury is much more 
readily absorbed and retained by animals than inorganic mercury (Clarkson 
1979, Ng 1982). However, all of the chemical forms of iodine seem to be 
transferred to milk to the same degree (Bretthauer et al. 1972). The diet
ary level of stable elements can influence the uptake of biological 
analogs, e.g., strontium uptake is affected by dietary calcium (Ng and 
Hoffman 1983). Fi;. values for an element incorporated into feed and forage 
may differ from those determined in more artificial isotope studies, e.g., 
technetium as pertechnetate is more readily absorbed by birds than 
technetium incorporated into feed (Ng et al. 1982b). Fi;j values must be 
representative of steady-state conditions. This may not always be the case 
when they are determined opportunistically from short-term observations (Ng 
1982). In such cases, it may also be necessary to estimate feed or forage 
intake by animals to derive Fi- values. This can represent another source 
of variability (Section 5.7.1). 

For concept assessment, we have assumed that radionuclides ingested with 
feed or forage, drinking water and soil are all absorbed by animals to the 
same extent (Section 3.2). This is a conservative assumption because Fi;i 
values have typically been based on uptake from feed or forage, with bio
logically assimilated radionuclides. Such radionuclides tend to be more 
readily absorbed than those in water and soil. 

Ng et al. (1968) published the first comprehensive compendium of 
terrestrial animal transfer coefficient values. These generic values were 
mainly based on unpaired elemental concentrations, and many different 
interpolation techniques were used to make up for missing data and to 
provide a full complement of values. Experimental isotope techniques where 
then used to refine FL^ values, and many compendia of generic values are 
now in existence (e.g., Ng et al. 1977, 1982b; USNRC 1977, 1983a; Baes et 
al. 1984; NCRP 1984; CSA 1987). As in the case of BVi values 
(Section 5.3.1), most of the values in these compendia are closely 
correlated because they are largely based on the same data. Over the past 
few years, research into transfer coefficients for terrestrial animals has 
slowed down, but the Chernobyl accident has increased interest in 137Cs and 
1 3 1 I . The compendia published in the late 1970s and early 1980s represent 
state of the art. Our specifications for terrestrial animal transfer 
coefficients for concept assessment are summarized in Tables 5 and 6. 

5.3.2.1 TE MILK 

Four tracer techniques are now mainly used for determining transfer coef
ficients for milk (Ng et al. 1977). They are (1) integration of the con
centration in milk following intake of a single dose of an isotope, 
(2) division of the total amount of an isotope recovered in milk following 
a single dose by the average milk secretion rate, (3) division of the 
equilibrium concentration in milk after chronic intake of an isotope by the 
daily intake, and (4) division of the equilibrium concentration in milk 
following chronic intake of an isotope by the product of the concentration 
in feed or forage and the food ingestion rate. Studies involving these 
techniques have resulted in a wealth of data. More data are available for 
deriving Fi;j values for milk than for any of the other terrestrial animal 
transfer coefficients. 
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Most of the available data pertain to cow's milk. Transfer coefficients 
for goat's and sheep's milk tend to be higher than for cow's milk (USNRC 
1977, Voigt et al. 1989). For iodine, technetium and several other 
radionuclides, the difference is about an order of magnitude (Hoffman 
1979a, Johnson et al. 1988). Such differences reflect the relative volumes 
of milk produced (Peterson 1984a). In terms of dose predictions, the 
difference between cows and goats is much less, or even absent, because 
goats take in proportionately less radionuclides because of their lower 
feed or forage, drinking water and soil ingestion rates (Section 5.7). 

We have previously noted (Section 5.3.1) the outstanding compendium of BvA 
values established by Baes et al. (1984). Rather than establishing their 
own list of F^ values for milk, Baes et al. (1984) have adopted most of 
the values from the extensive review by Ng et al. (1977). This is also 
true of CSA (1987). These average generic values are based on a thorough 
literature review and a stringent protocol for accepting data for computing 
Fij values for cow's milk, similar to that employed by Baes et al. (1984) 
for BVi values. Some of the 1977 values were later revised by Ng (1982) to 
take into account new information. 

Fj. values for milk can be assumed to be lognormally distributed (Ng and 
Hoffman 1983), and this has been statistically demonstrated for cesium, 
iodine and strontium (Hoffman 1979a). We have adopted the generic FL^ 
values by Ng et al. (1977) for concept assessment as the GMs of our 
element-specific, lognormal probability distributions (Table 6). In this, 
we have taken into account subsequent revisions by Ng (1982), which 
affected values for over half of the relevant elements. Furthermore, we 
have used a separate value for technetium. 

The Fi;j value for technetium has usually been set to that for iodine, 
reasoning that these elements behave metabolically in the same way. How
ever, recent studies have shown that this analogy may be inappropriate and 
that technetium is much less readily transferred to milk (Wiechen et al. 
1983, Bondietti and Garten 1986). Experimentally determined Fi5 values for 
technetium are two to three orders of magnitude below those for iodine, or 
about 1.0 x 10"5 d-L"1 (Wiechen et al. 1983, Voigt et al. 1987, Johnson 
et al. 1988). To be conservative, we have adopted a GM value of 
9.9 x 10"4 d.L"1, which is an order of magnitude lower than the commonly 
accepted iodine value (Table 6). 

Variation for F±^ values for milk has not been extensively reported. 
Hoffman (1979a) calculated GSDs of 1.8, 1.7 and 1.7 for cesium, iodine and 
strontium respectively. For goat's milk, iodine has a GSD of 2.1 (Hoffman 
1979a). For several technetium and other radionuclides, 95% confidence 
intervals of F^ values for cow's and goat's milk ranged from one to three 
orders of magnitude (Johnson et al. 1988). For concept assessment, we have 
adopted a GSD of 3.2 for all the transfer coefficients to milk (Table 5). 
This means the 95% confidence intervals span about two orders of magnitude. 

Data from Chernobyl can be used to test some of our Fi:j values for milk. 
Typical Chernobyl values for cesium and iodine are 7.0 x 10"3 and 
2.6 x 10-3 d.L-1 (Nielsen 1990). The corresponding CALD0S values are simi
lar and slightly more conservative at 7.1 x 10"3 and 9.7 x 10"3 d>L_1 

(Table 6). Such tests with independent data increase confidence in the 
values chosen by us for concept assessment. 
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5.3.2.2 TE MEAT 

Transfer coefficients to meat can be estimated by the following tracer 
techniques (Ng et al. 1982b): (1) division of the equilibrium concentration 
of an isotope in meat by the daily intake, (2) integration of the concen
tration in meat from groups of animals sacrificed at intervals following a 
single dose of an isotope, (3) division of the ratio of the total isotope 
content in muscle and the daily intake by the muscle mass, and (4) division 
of the ratio of the equilibrium concentration of an isotope in meat to that 
in feed or forage by the food ingestion rate. The database for FAj values 
for meat is limited and not fully documented, and it involves data from a 
variety of mammalian species (MCRP 1984). 

Most of the database for transfer coefficients to meat pertains to domestic 
mammals, particularly cattle. CSA (1987) has presented some values for 
pork, and Ng (1982) published some for pork and lamb. Most of these values 
are slightly higher than those for beef, but for some elements the 
situation is reversed. In practice, the slightly higher values for pork 
and lamb have little influence on dose predictions because they are 
compensated for by lower radionuclide intakes with feed or forage, drinking 
water and soil relative to cattle. Generally speaking, F^ values decrease 
with increasing body mass and increase with increasing age of animals 
(Ennis et al. 1988b, Zach et al. 1989). However, meat Fi:j values for cows 
and goats are not consistently related for various radionuclides (Johnson 
et al. 1988). 

The database for the transfer of radionuclides to venison is limited. 
Venison can be an important source of meat, particularly in remote areas on 
the Shield and for native people. The transfer coefficient for cesium for 
coastal black-tailed deer (Odocoilus hemionus') is 0.07 d-kg-1(wet), or 
about three times the value of beef (Table 6). Moose (Alces alces), beaver 
(Castor canadensis) and other wild mammal species feeding on woody plants 
on the Shield have also relatively high values for cesium (Zach et al. 
1989) and radium (MacLaren Plansearch Inc. 1987, Clulow 1988). For 
example, the radium F^ value for beaver is about 0.008 d-kg*1(wet) (Clulow 
et al. 1991), or about an order of magnitude higher than that for beef 
(Table 6). For bone, the difference would even be larger. In Sweden a 
value of 0.03 d-kg'1 was determined for moose for fallout 137Cs from 
Chernobyl (Von Bothmer and Johanson 1990). This value is close to that for 
beef cattle. Reindeer and caribou feeding on lichen can have cesium values 
exceeding 1.0 d.kg_1(wet) (Ng et al. 1982b). These exceptionally high 
values likely relate to the limited availability of potassium, a biological 
and chemical analog of cesium, in the arctic (Section 3.4). Generally, 
reindeer and caribou have slightly higher transfer coefficient values to 
meat than cattle. As in the case of pigs and sheep, these values are 
compensated for by lower radionuclide intakes relative to cattle. 

Few data are available to decide on the type of PDF for Fi;j values for 
meat. With data by Ward and Johnson (1965), Little (1979) showed that 
values for cesium appear to be lognormally distributed. Fi;j values for 
moose for cesium and for potassium are in most instances lognormally 
distributed (Zach et al. 1989). The values for other wild mammals indicate 
also lognormality. Taking into account the data for the transfer 
coefficient for milk, it is reasonable to assume that Fi;j values for meat 
are lognormally distributed. 
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Baes et al. (1984), the source of our Bv£ values (Section 5.3.1.1), took 
FLi values for meat for most elements from the reviews by Ng. However, 
they did not consider the extensive review by Ng et al. (1982b). For 
concept assessment, we have adopted the compendium values listed by Baes 
et al. (1984) as the GMs of our element-specific, lognormal PDFS (Table 6). 
However, for about a third of the relevant elements, ve have chosen the 
more recent, revised values of Ng et al. (1982b). The revisions made were 
usually minor and involved the taking into account of conservative physio
logical maxima. The value for carbon was taken from CSA (1987), which is 
about twice the USNRC (1977) value. Baes et al. (1984) based their values 
for the elements with an atomic number exceeding 82 on systematic trends in 
the periodic table for the plant/soil concentration ratio and the milk 
transfer coefficient. This was thought to be preferable to reliance on 
incomplete experimental data. As noted by Baes et al. (1984), many of the 
values tabulated by Ng are very conservative when considered in terms of 
feed or forage consumption and efficiency of transfer. Many of the CSA 
(1987) values are similar to ours because of common sources and selection 
procedures. 

Data have become more numerous for evaluating the variation of Fi;j values 
for meat. Little (1979) calculated GSDs of 2.2, 2.6, 2.4 and 3.0 for ces
ium, copper, iron and molybdenum respectively. A separate cesium value for 
black-tailed deer, based on the data by Book et al. (1972), was 1.5. GSDs 
of Fi:j values for meat, based on stable elemental concentrations and 
unassociated feed or forage, ranged from 1.3 to 3.8 (Ng et al. 1982b). For 
the transfer of aged plutonium to cattle grazing in a contaminated environ
ment, Gilbert et al. (1988) determined GSD values of 2.9 and 2.1 for adult 
and growing animals respectively. The latter animals were initially 
exposed in utero. Depending on the exact circumstances and our methodology 
for determining ¥ii values for cesium, GSD values for moose range from 1.6 
to 2.3 (Zach et al. 1989). The GSD value for radium uptake by moose muscle 
tissue is about 1.2 (MacLaren Plansearch Inc. 1987). Values for some other 
wild mammal species may be higher. For concept assessment, we have adopted 
a GSD of 3.2 for all the transfer coefficients to meat. This is the same 
value as was selected for milk (Table 5). 

Although wild mammals such as moose have comparatively high Fij values, our 
distributions for concept assessment tend to take this into account. The 95% 
confidence interval for TE MEAT for radium of 0.00009 to 0.009 d-kg-^wet) 
includes that for moose, which is about 0.003 to 0.006 d-kg-1(wet) (MacLaren 
Plansearch Inc. 1987). Similarly, the 95Z confidence interval for TE MEAT 
for cesium is 0.0025 to 0.27 d«kg_1(wet) and it almost fully includes that 
for moose, which is about 0.03 to 0.4 d-kg-^wet) (Zach et al. 1989). 

5.3.2.3 TE BIRD 

The tracer techniques developed for determining transfer coefficient values 
for milk and meat can also be used for determining F^ values for eggs and 
poultry. Surprisingly, the database for these transfer coefficients is not 
extensive (Ng et al. 1982b), although there are several compendia of large
ly undocumented generic values (e.g., Fletcher and Dotson 1971, Baker 1977, 
USNRC 1977, CSA 1987). In some cases, values for eggs and poultry are 
combined, as we have done for concept assessment (Section 3.1.6), in others 
they are lumped with the Fi;j values for meat, so that meat, poultry and 
eggs represent a single food type. Most of the database involves chickens. 
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Transfer coefficients for eggs tend to be one to two orders of magnitude 
higher than those for poultry. Egg F^ values are usually about one to two 
orders of magnitude higher than those for cow's milk. Thus, values for 
poultry and cow's milk tend to be similar. Furthermore, poultry values are 
several orders of magnitude higher than beef values. These generalizations 
are based on parallel studies by Ennis et al. (1988b) and Johnson et al. 
(1988) involving cows, goats and chickens, and radionuclides of the 
elements barium, iodine, niobium, molybdenum, tellurium, technetium and 
zirconium. 

Few data are available on wild bird species. Clulov (1988) determined 
concentration ratios for 226Ra uptake from food by ruffed grouse (Bonasa 
umbellus). By assuming a food intake of 0.1 kg-d-1(wet), a transfer coef
ficient value of 0.3 d-kg_1(wet) can be derived for muscle tissue. Lowe 
and Horrill (1986) studied a variety of radionuclides in waterfowl, but 
only 134Cs and 137Cs were readily detectable. The cesium F£j value for the 
greylag goose (Anser anser) was 0.59 d>kg_1(wet) and for the widgeon (Anas 
penolepe') 0.57 d«kg-1(wet), based on breast muscle. These and the value 
for ruffed grouse are lower than the value of chickens (Table 7). 

The type of PDF for the ?i^j values of poultry and eggs has not been statis
tically documented for any element. However, it is reasonable to assume 
that all the terrestrial transfer coefficients have similar distributions 
because of common underlying physical, chemical and biological processes. 
Thus, given lognormal distributions for milk and meat, we have assumed 
lognormal distributions for TE BIRD for concept assessment. 

TABLE 7 

COMPARISON OF TRANSFER COEFFICIENT VALUES FOR 

BEEF. CHICKEN AND EGGS 

Transfer Coefficient (d-kg-1(wet)) Ratio 

Element 

Ca 
Cs 
I 
Mn 
Mo 
Nb 
Tc 
Te 
Sr 
Zr 

Beef 

1.6 x 10-3 
2.6 x 10-2 
7.0 x 10-3 
5.0 x 10-" 
6.8 x 10-3 
2.5 x 10-i 
8.5 x 10-3 
1.5 x 10-2 
8.1 x 10-4 
2.0 x 10-2 

Chicken 

4.4 x 10-2 
4.4 x 10° 
1.1 x 10-2 
5.1 x 10-2 
1.8 x 10-1 

3.0 x 10-" 
3.3 x 10-2 
6.0 x 10-1 

3.5 x 10-2 
6.0 x 10-5 

Egg 

4.4 x 10-1 

4.9 x 10-1 

3.2 x 10° 
6.5 x 10-2 
8.7 x 10-1 

1.0 x 10-3 
3.0 x 10° 
5.1 x 10° 
3.0 x 10-1 

3.0 x 10-4 

Chicken/Beef 

28 
169 
2 

102 
27 
0 
4 
40 
43 
0 

Egg/B* 

275 
19 

457 
130 
128 
0 

353 
340 
370 
0 

NOTE: Data mainly from Ng (1982b) and Ennis et al. (1988b). 
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Baes et al. (1984) did not address transfer coefficient values for poultry 
and eggs. However, Ng et al. (1982b) carried out a detailed, systematic 
review using a rigorous protocol for accepting data. Unfortunately, the 
resulting generic compendium contains values for only about a third of the 
relevant elements. To establish TE BIRD values for concept assessment, we 
used Ng's generic values, choosing the higher, or more conservative, values 
if there was a choice between poultry and eggs. The values thus selected 
represent the GMs of the element specific, lognormal PDFs for concept 
assessment (Table 6). To establish missing values, one could use values 
from several of the existing compendia. Rather than accepting these undoc
umented values, we scaled transfer coefficient values for TE MEAT to pro
vide Fij values for TE BIRD. An appropriate scaling factor is difficult to 
establish, but from the few elements with transfer coefficient values for 
beef, poultry and eggs, it appears that values for TE BIRD are about two 
orders of magnitudes higher than Fi;j values for meat (Table 7). Similar 
evidence is available from many other elements with less complete sets of 
transfer coefficient values (Table 6). Therefore, for the elements with 
missing values, we have increased the Fi;j values for TE MEAT by two orders 
of magnitude to establish GM values for use in concept assessment 
(Table 6). The CSA (1987) values for eggs and poultry are mainly from Ng 
et al. (1982b) and thus they broadly overlap with our values. 

Data for poultry and eggs are too limited to firmly establish variation of 
the Fi;j values for TE BIRD. For the transfer to eggs, Ng et al. (1982b) 
reported GSDs of 1.1 and 1.4 for strontium and iodine respectively. For 
poultry and eggs, F^ values for a given element range over about one to 
two orders of magnitude (Ennis et al. 1988b). We have adopted a GSD of 3.2 
for all the elements (Table 5). This value is identical to that adopted 
for transfer coefficients to milk, and meat and, therefore, there is some 
indirect statistical support for our choice. 

5.3.3 Aquatic Concentration Ratio. BL ̂  
(L-kg-Mvet)) 

This parameter quantifies the transfer of radionuclides to freshwater fish 
(Equation (10)). It is defined as the ratio of the concentration of an 
element in freshwater to that in the edible portion of fish, under equili
brium or steady-state conditions. Unlike the F^ values for terrestrial 
animals (Section 5.3.2), Bi;j values do not directly involve ingestion. 
Thus, Bij values are concentration ratios, similar to the Bv^ values for 
plants (Section 5.3.1). 

Radionuclide uptake by freshwater fish is a complex phenomenon because 
elements can be directly absorbed from water and also through food inges
tion via the gastrointestinal tract (Ophel and Judd 1967, Thomann 1981, 
Swanson 1985). Absorption through the gastrointestinal tract is similar to 
that in terrestrial animals (Section 5.3.2). Dissolved elements in water 
can actively or passively enter fish through the skin, particularly through 
the gills and membranes in the mouth. Actually, freshwater tends to con
tinuously invade the more saline body of fish and large amounts of water 
must be eliminated through the kidneys while preserving essential elements, 
such as chlorine, potassium and sodium. Contaminants in the water are part 
of this exchange, so that concentrations in the body tend to reflect those 
in the water. Obviously, direct uptake from water is closely linked to 
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water chemistry, e.g., cesium uptake decreases with increasing potassium 
concentration (Vanderploeg et al. 1975). The relative importance of food 
ingestion and direct uptake from water seems to be element-specific 
(Thomann 1981). In benthic fish, which may feed on invertebrates from 
relatively highly contaminated sediments (Hesslein and Slavicek 1984), the 
food ingestion pathway can greatly enhance radionuclide concentrations 
(Swanson 1983, 1985). This has sometimes been taken into account by com
puting trophic transfer factors (TTF) in which the radionuclide concentra
tion in sediments or food organisms of fish is substituted for concentra
tion in water (Eyman and Trabalka 1980). Unfortunately, the database for 
TTF values is very limited. Freshwater fish do not drink water and thereby 
ingest radionuclides. Steady-state concentrations of elements in the body 
are mainly a function of absorption, ingestion and excretion rates, and 
time of exposure, which corresponds to the age of fish. 

Techniques for determining Bt. values are varied. Some years ago, they 
involved mainly loosely paired water and fish elemental concentrations 
(Freke 1967, Thompson et al. 1972). Later, these data were supplemented by 
tracer studies. However, results of such studies must be interpreted with 
caution because they may not be representative of normal, environmental 
conditions. Better data can be obtained from releases of radionuclides 
into natural systems (e.g., Emery et al. 1981; Dunford et al. 1985; Swanson 
1983, 1985). 

The variability of Bi^ values is more akin to that of the plant/soil con
centration ratio, Bvit than to terrestrial animal transfer coefficients, 
Fij. The reasons for this is that Bi;j values directly involve the high 
variability resulting from differences in water chemistry, which is analog
ous to the variability of Bvi values from differences in soil chemistry 
(Section 5.3.1). The high variability of Bi;j values also reflects the 
diverse processes by which radionuclides can reach fish. 

Variation in B ^ values relates to both experimental technique and natural 
processes. NCRP (1984) discussed several sources of variation, including 
(1) analytical and sampling errors, (2) filtered and unfiltered water, 
(3) distribution in the body, (4) chemical form, (5) chemical water compo
sition and (6) fish species specificity. Analytical error is seldom 
reported, but it could be considerable. Closely related are errors assoc
iated with converting from dry to wet weight when tissue concentrations are 
given on a dry-weight basis. Because fish are mobile, proper sampling can 
be a difficult challenge, particularly when contamination in water is het
erogeneous. To ensure valid Bi^ values, fish and water concentrations must 
be appropriately paired (Cohen 1985a). Reported aquatic concentration 
ratio values are based on either filtered or unfiltered water. Since a 
significant fraction of some elements in water may be associated with sus
pended particulates, BL^ values based on filtered water may be much greater 
than those based on unfiltered water. Up to 92% of the cesium in water may 
be in the suspended phase (Vanderploeg et al. 1975). Thus, filtering of 
water would lead to high Bi^ values. Aquatic concentration ratios apply to 
the edible portion of fish, but in some studies other portions are 
included. This may raise or lower B ^ values, depending on the exact tis
sue distribution of an element in the body, e.g., radium, strontium and 
uranium accumulate in bone rather than muscle and, therefore, whole-body 
Bi:j values tend to be high for these elements (Swanson 1983, NCRP 1984). 
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Elements and radionuclides exist in a wide variety of chemical forms in 
freshwater and, as in the use of terrestrial transfer coefficients 
(Section 5.3.2), this can influence the degree of uptake. The chemical 
composition of water can profoundly affect uptake of elements by fish. CSA 
(1987) recommends the use of different Bi;j values for many elements for 
water with high and low mineral contents. B ^ values of water with low 
mineral content are usually higher. Concentration ratio values for 
strontium and cesium decrease strongly with increasing calcium or potassium 
water concentration respectively (Vanderploeg et al. 1975, CSA 1987). 
Aquatic concentration ratios can vary between different species of fish 
because of habitat and feeding preferences, and differences in size and age 
(Emery et al. 1981, Dunford et al. 1983, Swanson 1985). 

The type of PDF for B ^ values for fish has not been extensively inves
tigated. Hoffman and Baes (1979) reviewed the available data and found 
approximately lognormal distributions for cesium, iodine and strontium. 
Swanson and Richert (1987) investigated the distribution of Bi;j values for 
lead, polonium, radium, thorium and uranium for a variety of large fish 
species from northern Saskatchewan. For all the radionuclides of these 
elements distributions were lognormal, except for uranium, which remained 
right-skewed even after logarithmic transformation. We have assumed log-
normal distributions (Table 5) for all the elements for concept assessment. 

Baes et al. (1984) did not address aquatic concentration ratios. The aver
age generic B ^ values listed by Thompson et al. (1972) remain the most 
important and heavily relied on assessment values (Blaylock. 1982, NCRP 
1984). The limited CSA (1987) compendium is largely undocumented, but it 
does represent a useful source of values for Canadian conditions. 
Recently, Poston and Klopfer (1986) have thoroughly reviewed the uptake of 
26 elements by fish and established generic concentration ratio values for 
environmental assessments. For some elements, separate values are given to 
account for fish with different feeding habits. Even though this review is 
very thorough and includes much of the recent literature, most of the 
recommended Bi^ values are similar, or identical, to previously established 
values. 

For concept assessment, we have used the Bij values from Poston and Klopfer 
(1986) to represent the GMs of our lognormal PDFs (Table 6). Missing val
ues were then taken from CSA (1987) and finally from Thompson et al. 
(1972). Whenever given a choice between values for fish with different 
feeding habits, or for water with different mineral contents, we have used 
the higher, or more conservative, values in all cases. For cesium and 
strontium, CSA (1987) gives graphs for establishing values in relation to 
potassium and calcium water concentrations respectively. Potassium concen
trations of Shield lakes range from about 0.1 to 6.0 mg.L*1 and 0.5 mg-L.-1 

is a reasonable average value; calcium concentrations range from about 0.3 
to 30 mg.L"1, with 4.0 mg.L"1 as a reasonable average value (Armstrong and 
Schindler 1971, USEPA 1986, Kelso et al. 1986, Stephenson and Mackie 1988). 
In both instances, low concentrations enhance radionuclide uptake. We have 
used the average potassium and calcium values to establish the Bi:j values 
for cesium and strontium in Table 6. 

The degree of conservatism in the use of the values by Thompson et al. 
(1972) has been addressed by Feldt (lT^O). Actual concentrations of 3H, 
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1 4C, 60Co and 137Cs in the flesh of fish captured near the outfall of a 
nuclear power plant were about half those estimated from the use of B ^ 
values. A similar comparison is possible for 2 1 0Pb, 226Ra and U in lake 
whitefish, white sucker (Catostomus commersoni) and lake trout caught in 
waters contaminated by uranium mill effluents in northern Saskatchewan 
(Swanson 1983). In all cases, estimated Bi^ values from field data are 
similar, or lower, than our GM values (Table 6). Hence our choice of val
ues, although limited by the available database, appears to be appropriate. 

Few studies have quantified the variation of aquatic concentration ratios 
for fish. Bij values for cesium, iodine and strontium have GSDs of 14.9, 
10.0 and 6.0 respectively (Hoffman 1979b). GSD values for lead, polonium, 
radium, thorium and uranium for fish from northern Saskatchewan ranged from 
1.7 to 7.8 (Swanson and Richert 1987). For concept assessment, we have 
adopted a GSD of 12.0 for all the aquatic concentration ratios (Table 5). 
Thus, the 95% confidence intervals span about four orders of magnitude 
(Figure 11). 

5.4 DOSE CONVERSION FACTORS AND DECAY CONSTANT 

5.4.1 General Aspects 

Radiation protection and the calculation of dose conversion factors are 
related and closely linked to the ICRP and in the U.S. to the National 
Council on Radiation Protection and Measurement (NCRP). The ICRP, dedi
cated to the radiation protection of humans, has been in existence since 
1928, and exerted its influence through a number of generally accepted 
recommendations. These recommendations are largely based on the scientific 
evidence compiled by the United Nations Scientific Committee on the Effects 
of Atomic Radiation (e.g., UNSCEAR 1977, 1982) and on the findings of the 
Committee on the Biological Effects of Ionizing Radiation (BEIR) under the 
National Academy of Sciences and the National Research Council (e.g., BEIR 
1980). Many of the ICRP recommendations refer to dose calculations or 
calculations of derived dose criteria, such as ALIs or DACs, rather than 
dose conversion factors as such. However, all these radionuclide-specific 
quantities are closely related. A dose conversion factor is simply a dose 
per unit radiation from internal or external exposures used to predict 
radiological doses for humans (Section 3.2). Dose conversion factors con
sider radiation dose alone and do not include chemical toxicity 
(Section 3.5.2). Dose conversion factors strongly influence dose predic
tions (Zach 1982c). 

Our dose conversion factors are based on ICRP 26 (ICRP 1977) recommenda
tions. These recommendations have been formally accepted, or used, by many 
countries and the U.S. has accepted them in principle (NCRP 1987). ICRP 26 
has been applied in ICRP 30 (ICRP 1979) to calculate ALI and DAC values for 
radiation workers using suitable models, metabolic data and dosimetric 
factors. ICRP 30 has been issued in several parts to present metabolic 
data, and ALI and DAC values (Appendix A, Section A.8). Supplements to 
these parts contain detailed information on the dosimetric factors. There 
are also addenda, which take into account new information. Part I of 
ICRP 30 (ICRP 1979) includes the main text with a summary of the models 
used. In principle, ICRP recommendations for radiation workers can be 
extended to the general public (Johnson and Dunford 1983). Except for a 
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few radionuclides involving inert gases, ICRP 30 is concerned only with 
internal dose conversion factors for ingestion and inhalation of 
radionuclides. 

We have calculated our own dose conversion factors for concept assessment 
and for other applications in Canada because ICRP 30 values are incomplete 
and have been made available very slowly. The ICRP has also been very slow 
in responding to its own recommendations for changes in metabolic data and 
dosimetric factors. To respond more rapidly, we have implemented the 
necessary models and databases. Our methodologies for calculating dose 
conversion factors are very similar to those used in ICRP 30. 

5.4.1.1 Interaction of Radiation with Biological Tissues 

The calculation of dose conversion factors is very complex. Differential 
sensitivity to radiation of various human tissues and organs must be taken 
into account. In the case of internal exposure from ingestion and inhal
ation, the uptake, distribution and turnover of radionuclides in the body 
are important. As in the case of terrestrial animal transfer coefficients 
(Section 5.3.2), these processes are element-specific. In external dose 
conversion factors, the spatial distribution of radionuclides in the envi
ronment must be considered. 

Internal and external dose conversion factors are radionuclide-specific 
because radionuclide decay involves characteristic decay constants 
(Section 5.4.10) and radiation emissions. Basically, alpha (a), beta (0), 
gamma (y) and neutron ionizing radiation can be emitted, each at various 
energy levels. Alpha-radiation consists of helium nuclei, ̂ -radiation of 
negative or positive electrons, and 7-radiation of photons, which are non-
particulate. Photons may include both 7-radiation and X-rays. Neutron 
radiation consists of particles that resemble uncharged protons. Most 
decays involve a complex mixture of radiation emissions (ICRP 1983). 
Neutron radiation is relatively unimportant in NFWM. 

Upon absorption by living tissue, radiation can ionize atoms and molecules 
and thereby cause damage (Upton 1982). It may be caused by directly break
ing up molecules or indirectly through reactive free radicals. Some of the 
damage may be repaired by the body, but the capacity for repair is limited. 
At high exposure levels cells are outright killed and this leads to a dis
tinct immediate symptomatology, which depends on the exact exposure level 
(Anno et al. 1989). For NFUM low exposure levels at or below the natural 
background are of interest, which include induction of lethal cancers and 
genetic, or hereditable effects (ICRP 1977, UNSCEAR 1988, Myers 1989, BEIR 
1990). These serious health effects are delayed, often by many years, and 
they are caused by damage to the genetic material (DNA). In order to be 
heritable, this damage has to occur in the reproductive cells. In humans 
hereditable effects are far less important than cancer induction, which 
remains the main concern (BEIR 1990). 

Interactions of ionizing radiation with biological tissue are strongly 
dependent on the amount of energy absorbed by a tissue, but, for the same 
amount absorbed, biological damage can vary. This is related to the linear 
energy transfer (LET), the density of energy loss as the radiation pene
trates tissue. LET is a purely physical measure. At a given energy level, 
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a-particles, which do not penetrate deeply, have much higher LET values 
than deeply penetrating -y-radiation and the concentrated damage by 
a-particles is biologically more severe. Thus, or-radiation has a higher 
relative biological effectiveness (RBE) than p- and 7-radiation, but RBE is 
not simply a function of LET. RBE is a biological measure that varies with 
endpoint, such as cancer induction and mutation rate (Myers 1989). Inter
actions of radiation with biological tissue are similar for internal and 
external exposures, but because of its limited penetrability, a-radiation 
is unimportant in external dose conversion factors (Kocher 1983a). Radio
biological effects in the context of NFWM are discussed in detail by Myers 
(1989). 

5.4.1.2 ICRP Reference Man 

In a series of recommendations, ICRP has developed the concept of reference 
man as a dose recipient to help standardize dose calculations (ICRP 1975). 
Reference man is a typical European or American individual, about 20 to 
30 years of age, 170 cm high and weighing 70 kg (Table 1). These physical 
attributes are reasonable for Canadian adult males (Nutrition Canada 1977). 
However, for dose calculation, reference man contains both male and female 
features. Specifications for reference man include detailed accounts of 
anatomical features, elemental contents of tissues and organs, and meta
bolic process. To help calculate dose conversion factors, reference man 
has been described mathematically as a phantom of appropriate size and 
shape, and with appropriate tissues and organs (Poston 1983). Our dose 
conversion factors are based on reference man and, therefore, our dose 
estimates pertain to reference man (Section 1.3). We have deviated only 
slightly from this concept by using probabilistic food and water ingestion, 
and inhalation rates (Section 3.1.5). The concept of reference man is 
closely related to the gastrointestinal tract, lung and organ models used 
to calculate dose conversion factors for ingested and inhaled radionuclides 
(Johnson and Carver 1981, Poston 1983, Johnson 1985). This involves a 
series of tissues and organs that may accumulate radionuclides and/or 
become exposed to radiation. ICRP reference man is not probabilistic and, 
therefore, our dose conversion factors for concept assessment are repre
sented by single values rather than by PDFs. Thus, no truncation values or 
separate parameter correlations need to be considered. At this time the 
database is inadequate for defining probabilistic dose conversion factors. 

5.4.1.3 Stochastic and Non-Stochastic Effects 

ICRP 26 (ICRP 1977) recognizes two basic effects of radiation on humans, as 
summarized by Beninson (1987). Stochastic effects are those for which the 
probability of an effect occurring, rather than its severity, is regarded 
as a function of dose, without a threshold. Non-stochastic effects are 
those for which the severity of the effect varies with the dose, and for 
which a threshold may occur. Radiation-induced cancers and genetic effects 
are stochastic effects; radiation-induced cataracts and non-malignant skin 
damage are examples of non-stochastic effects. Stochastic effects can 
result from damage to single cells, whereas non-stochastic effects result 
from the cumulative damage to many cells and, hence, there is a threshold 
(Hulse and Mole 1982, Field and Upton 1985). Regulatory limits are set to 
minimize stochastic and to avoid non-stochastic effects. Non-stochastic 
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limits apply to individual tissues and organs and these limits are sub
stantially higher than the stochastic limit, which applies to the body as a 
whole. For some exposure situations non-stochastic effects can be limiting 
(CSA 1987). This is particularly true for occupational exposure which 
involves a relatively high stochastic limit. If the stochastic limit is 
very low, as is the case in NFWM, non-stochastic effects cannot be limit
ing. Therefore, concept assessment focuses on stochastic effects only 
(AECB 1987). 

Our calculated doses (Section 3.2) can be used to estimate health risks 
from stochastic effects. The probability of fatal cancers in exposed indi
viduals, and serious hereditary effects in two generations of progeny is 
approximately 0.02 S v 1 (ICRP 1977, 1985), which represents the risk factor 
established for radioactive waste disposal by the AECB (1987). With this 
risk factor a background dose of 2 mSv.a-1 would result in an individual 
risk of 4.0 x 10"5 a-1, or about four serious health effects in 10 000 
exposed individuals per year. Given man's total internal and external 
dose, Dtt (Equation (35)), compliance with the AECB (1987) risk limit of 
1.0 x 10"6 serious health effects per year can be readily evaluated. 

5.4.1.4 Committed Effective Dose Equivalent 

The basic dosimetric unit is the absorbed dose, D (Gy), defined as the 
quantity of energy absorbed from radiation in medium or a mass of material, 
such as air or human tissue (ICRP 1977). This dose is mainly a function of 
the rate of decay of a radionuclide and the amount of energy deposited per 
decay. Since the dose in tissue does not fully define the occurrence of 
stochastic health effects, the dose equivalent, H (Sv), has been introduced 
for radiation protection. This dose equivalent is given by H = D . Q . N, 
where Q is a quality factor for radiation type and N the product of all the 
other modifying factors. At present, N has a value of unity. In the past, 
factors such as N have been used to account for the heterogeneous distri
bution of some radionuclides in tissues such as bone (NCRP 1985b). ICRP 26 
has largely eliminated this problem by considering numerous tissue and 
organs. For a-, p- and 7-radiation, Q has values of 20, 1 and 1 respec
tively. Q is a dimensionless factor, which is a function of LET, and it 
accounts for differences in biological effectiveness of different types of 
radiation, as indicated by RBE. The established Q values apply to the 
doses normally encountered in radiation protection and, although Q is 
assumed to be independent of end point, at low doses it is applicable to 
cancer induction and serious genetic effects. Expert opinion has played an 
important role in establishing the currently used Q values. 

The dose equivalent, H, pertains to individual tissues and organs and a key 
assumption is that H is linearly related to stochastic effects. Although 
the dose-effect curve is not linear over its entire range, it can be 
assumed to be so in the region below 0.5 Sv (Peterson 1984b). Given the 
stringent AECB (1987) criteria, doses from NFWM would have to fall well 
within this linear region. For any tissue or organ the linear assumption 
allows summation of doses from all the radionuclides and pathways. How
ever, total tissue and organ doses cannot be summed directly because of 
variable radiosensitivity and risk. This gave rise to the concept of the 
critical organ, and separate dose limits for individual tissues and organs, 
commonly used before ICRP 26 (Ward and Blue 1980). 
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ICRP 26 (ICRP 1977) introduced additivity of tissue and organ doses through 
the effective dose equivalent, HE (Sv). This quantity is given by 
HE = n , • HT, where WT is a weighting factor, proportional to the stoch
astic risk from tissue or organ T to the total risk with the whole body 
uniformly irradiated, and HT is the dose equivalent for tissue T. Thus, WT 

values are based on risk factors (Table 8). Numerous tissues or organs may 
be considered, but only six of them must always be included. The others 
are considered through the "remainder," consisting of the five remaining 
tissues or organs with the highest HE values, each with a WT value of 0.06 
to give 2 VT a value of 1.00 (Table 8). The WT values represent averages 
for a whole population of both sexes and all ages. The gonads have a high 
WT value of 0.25 because of the possibility of induction of hereditary 
effects rather than cancer. Breast values are quite different for males 
and females (Gouvras and Goodard 1981) and the adopted value is inter
mediate between the low value for males and the high value for females. 
The WT values and the underlying risk factors have recently come under 
intense scrutiny, following a review of the Japanese bomb survivor data 
(Section 5.A.1.8). These data are very important for establishing cancer 
risk factors. Risk factors for hereditary effects depend mainly on data 
from animal studies because human studies have thus far failed to demon
strate such effects. The underlying data for establishing the risk factors 
for the WT values also form the basis for the overall risk factor of 
0.02 S v 1 stipulated by the AECB (1987). This factor includes risk from 
lethal cancers and heritable effects over two generations. It does so for 
both sexes and all age groups. Note that the sum of the separate risk 
factors in Table 8 is slightly lower than the total risk factor of 
0.02 S v 1 adopted by the AECB. 

TABLE 8 

ICRP 26 WEIGHTING FACTORS (WT) AND RISK FACTORS 

Tissue or organ WT Value Risk Factor (Sv 1) 

Gonads 
Breast 
Red bone marrow 
Lung 
Thyroid 
Bone surface 
Remainder* 

0.25 
0.15 
0.12 
0.12 
0. 
0. 
0. 

03 
03 
30 

0.0040 
0.0025 
0.0020 
0.0020 
0.0005 
.0005 
.0050 

0. 
0. 

Total 1.00 0.0165 

* Consists of the five remaining target organs with the highest HE values, 
each with a WT value of 0.06. 

NOTE: The risk factors apply to serious health effects, as discussed in 
Section 5.4-1.4. 
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In conjunction with the indiv idual r i s k l i m i t of 1.0 x 10 ' 6 a"1 e s t ab l i shed 
by the AECB (Sec t ion 1.3), the r i s k f a c t o r of 0.O2 S v 1 corresponds t o a 
dose of 0.05 mSv-a"1 (AECB 1987). This dose is about 2.5% of the back
ground and i t corresponds to one se r ious heal th e f f ec t per year in a 
mi l l ion of exposed people . The dose of 0.05 mSv.a -1 can be i n t e rp r e t ed as 
"de minimis" because i t is very small in r e l a t i o n to the v a r i a t i o n in the 
n a t u r a l background dose (NCRP 1987, Myers 1989). 

The ICRP did not intend that the skin be included in the remainder, but 
suggested tha t i t may be a l l o t t e d a WT of 0.O1 (ICRP 1978, Barnard and 
D'Arcy 1986). The dose to the skin can be important in ex t e rna l exposure 
and thus the 2 WT may assume a value of 1.01 ra ther than 1.00. 

To deal with internal exposure, which involves incorporation of radio
nuclides into the human body, the effective dose equivalent, HE, has to be 
extended in time to yield the committed effective dose equivalent. 

It accounts for the fact that radionuclides may persist in the body for a 
very long time. Thus, limits on the annual intake of radionuclides can be 
established that take into account effects in subsequent years. Usually, a 
time period of 50 a is specified, as originally defined for the occu
pational safety of radiation workers, with 50 a approximating the working 
life span or adult life of humans (ICRP 1979). We have followed this prac
tice for NFWM (Section 1.3), although a time period of 70 a or more, cor
responding to the current life expectancy in North America, might be more 
appropriate. A period of 70 a or more is difficult to implement because it 
would include all the life stages of humans from infancy to old age. At 
this time, the anatomic and metabolic databases are inadequate for defining 
fully age-dependent dose conversion factors for most radionuclides. 

Radionuclides with a relatively short effective half time in the human body 
reach the 50-a committed dose equivalent rapidly because intake is quickly 
balanced by excretion and radioactive decay. For radionuclides with an 
effective half time of about three months, this occurs in about a year 
(NCRP 1987). For some radionuclides with a very long effective half time, 
the full committed dose equivalent may not be reached during a lifetime and 
this could lead to underestimation of doses. 

Ryan and Dunning (1981) have compared dose conversion factors based on 50-
and 70-a commitments. Since most radionuclides have a relatively short 
effective half time, the two types of dose conversion factor values were 
identical. However, for some, such as calcium, radium and strontium, which 
are incorporated into bone, values based on the 70-a commitment were sig
nificantly higher. For such radionuclides, our internal dose conversion 
factors could result in underestimation of doses. However, the comparison 
by Ryan and Dunning (1981) may not be valid because it did not take into 
account age dependence in commitments exceeding 50 a. Based on reasonable 
assumptions about age dependence, Johnson (1982a) concluded that our dose 
conversion factors lead to conservative dose estimates. 

Johnson and Dunford (1983) have calculated internal dose conversion factors 
for infants by changing parameter values for the adult gastrointestinal 
tract, lung and organ models. They also assumed that infancy persists for 
the entire commitment of 50 a. The infant factors are crude, but they may 
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not be unreasonable. We have compared dose predictions for infants and 
adults by calculating probabilistic dose/concentration ratios (Zach and 
Mayoh 1984a). These ratios represent the dose per unit contamination in the 
environment (Section 2.4). Results for 57 radionuclides indicated that the 
ratios for infants and adults are similar. For example, the arithmetic mean 
dose/concentration ratios for terrestrial foods for infants and adults were 
2.28 x 10-4 and 2.24 x lCr4 Sv-a" VBq.kg"1 (dry soil), and the corresponding 
values for drinking water were 1.26 x 10-3 and 1.02 x 10"3 Sv.a-VBq.L-1 

respectively. These results suggest that our dose calculations for ICRP 
reference man are also representative for infants. 

Recently, ICRP 56 (ICRP 1989) has recommended internal age-dependent dose 
conversion factors for a limited number of radionuclides. Some of these 
factors take into account anatomic and metabolic changes from infancy to 
adulthood. Furthermore, all the values are based on a 70-a commitment. 
The values were primarily calculated to assess accidental exposure to radi
ation, such as happened during the Chernobyl accident. The values cannot 
be readily applied for concept assessment, which involves chronic exposure. 
In the light of ICRP 60 (ICRP 1991a) (Section 5.4.1.8), the values also 
need to be recalculated. Nevertheless, we have contrasted in Appendix A 
(Section A.8) some of the dose conversion factors adopted in CALDOS with 
those from ICRP 56 to assess possible effects on dose predictions by 
CALDOS. 

The committed effective dose equivalent also refers to HT, which, with a 
50-a commitment, becomes H T > 5 0. ICRP 26 (ICRP 1977) defined H T 5 0 as the 
dose equivalent of a tissue'or organ that will be accumulated over 50 a 
following a single intake of radioactive material, I0. This definition is 
suitable for occupational safety needs. Following a single intake, the 
annual dose equivalent decreases continuously because of radioactive decay 
and excretion of radionuclides from the body. The s;.»m of the 50 annual 
dose equivalents represents HT 50. Ingrowth of radioactive daughters and 
their decay in the body must also be taken into account. In spite of this 
complication, the committed effective dose equivalent, H E 5 0 , can be 
readily calculated. However, it does not seem to be a useful quantity for 
NFWM, which would most likely involve chronic, low-level intake of 
radionuclides (Wuschke et al. 1985a). 

Fortunately, HT 5 0, as first defined by the ICRP, is mathematically the 
same as the dosé equivalent received in the 50th year, following uniform 
intake of radioactive material, I0, in the preceding 50 a, provided body 
changes with age are ignored (Healy 1981; Johnson 1982b, 1985; NCRP 1985b). 
Thus, the extensive information available for HT 50 can be readily used for 
calculating dose conversion factors to predict 50-a committed effective 
dose equivalents, H E 5 0 , or simply doses (Section 3.2). The ICRP (1979) 
has also used this equivalency for deriving ALI and DAC values for radia
tion workers. Our internal dose conversion factors assume constant, 
chronic intake of radionuclides for 50 a. 

Note that doses from external exposure are not committed doses because 
there is no intake of radioactive material. Nevertheless, expressed on an 
annual basis, all of our dose estimates are additive (Section 3.2.12). 
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Although ICRP 26 (ICRP 1977) represents a new philosophy in dose calcula
tion, which allows calculation of a single dose from various sources, much 
greater changes have resulted from improved knowledge of radioactive decay 
and the uptake, retention and elimination of radionuclides from tissues and 
organs (Vennart 1981, Johnson and Dunford 1983). This gain in knowledge is 
continuing so that methodologies and values have to be periodically updated 
(Johnson 1985). 

5.A.1.5 Internal Dose Conversion Factors 

Radionuclides that enter the human body through ingestion or inhalation 
(Figure 4) may be absorbed and distributed to various tissues and organs 
from which they are eventually excreted (Camner et al. 1979). During these 
element-specific processes (Section 5.3.2), radioactive decay continues, 
and thereby causes internal irradiation, which can be quantified by appro
priate dose conversion factors. Since these factors can normally not be 
measured directly, they must be predicted with the help of mathematical 
models that consider physical and biological processes. Radioactive decay 
may also produce radioactive daughters (Sections 3.1.8 and 5.4.10). Our 
dose conversion factors include effects from the decay of in vivo produced 
daughters, which are assumed to stay with, and behave metabolically in the 
same way as the parents, even though they invariably belong to different 
elements (ICRP 1979, Johnson et al. 1979, Johnson and Carver 1981). 
Because effects of daughters are considered, Group 4 radionuclides 
(Table 2), with a half-life of less than one day, need not be modelled 
separately. In fact, separate internal dose conversion factors for such 
short-lived radionuclides are usually unavailable. 

There are standard, commonly accepted gastrointestinal tract and lung 
models (Figures 13 to 15) to help predict the absorption of ingested and 
inhaled radionuclides (ICRP 1979). These models can be coupled with each 
other and with a standard organ model (Johnson and Dunford 1983) for pre
dicting 50-a integrated radionuclide concentrations in tissues and organs 
for a unit intake in the first year (Killough and Eckerman 1983). These 
concentrations can be readily transformed into the total number of decays 
or transformations over 50 a. The relevant daughters are handled similarly 
to the parents. All the models are based on ICRP (1975) reference man and 
involve a variety of metabolic data on the distribution and turnover of 
radionuclides in the body. We have treated some radionuclides with special 
models in recognition of their unique biological properties. This is 
particularly t rue for tritium and ^^9j (Sections 3.1.3 and 3.1.4). This 
has important consequences for calculating internal dose conversion factors 
(Sections 5.4.4 and 5.4.5). Our models for predicting absorption, distri
bution and turnover of radionuclides in the human body are similar to those 
used for metals in general (Camner et al. 1979). These models can be 
directly validated through human autopsy data. 

Given the total number of transformations, absorbed doses, D, for tissue 
and organs can be calculated, but it is very complex. For each radio
nuclide, the total absorbed radiation energy must be quantified for the 
radiation emitted from a given tissue or organ itself and from other nearby 
tissues. This is particularly important for penetrating -y-radiation. 
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FIGURE 13: Schematic Representation of the Integration of the Standard 
Gastrointestinal Tract (Figure 14), Lung (Figure 15) and Organ 
Models Used to Calculate Internal Dose Conversion Factors. The 
organ model includes various organs and tissues each involving 
one or more compartments. The transfer compartment represents 
body fluids. 

First, source and target organs must be defined. A source organ contains a 
radionuclide, which emits radiation. This radiation is absorbed by the 
source organ itself, but nearby tissue and organs may also absorb some of 
it and, therefore, become target organs. Normally, source organs are also 
target organs, but there are exceptions. The contents of the gastrointes
tinal tract and the bladder are sources only. For bone, the bone marrow 
and bone surface are the important targets, but they are not necessarily 
considered sources. For external exposure there are only target organs 
because there is no radionuclide intake. 

In most cases, ICRP 30 (ICRP 1979) assumes that all the a- and ^-radiation 
is absorbed by the source organs themselves, but this is not so for 
7-radiation. ICRP 23 (1975) lists specific absorbed fraction (SAF) values 
for reference man, which define the fraction of 7-radiation absorbed per 
gram of various target organs for different source organs. These fractions 
are energy-specific because high-energy 7-radiation is more penetrating. 
SAF values assume uniform distribution of radionuclides in source organs. 
Most SAF values are obtained through Monte Carlo simulation techniques, 
which consider scattering and absorption of radiation in the phantom of 
reference man (Killough and Eckerman 1983). Our internal dose conversion 
factors are based on the same SAF values as those used in ICRP 30 
(ICRP 1979). 

In ICRP 30, SAF values are combined with radioactive decay data to form 
specific effective energy (SEE) factors. These radionuclide-specific dosi
metric factors express the absorbed dose per gram of target organ as a 
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FIGURE 14: Standard Gastrointestinal-Tract Model Used for Calculating 
Ingestion Dose Conversion Factors, DFei. Most of the radio
nuclides pass to the transfer compartment from the small 
intestine exclusively. Integration of the gastrointestinal-
tract model with the other dosimetric models is shown in 
Figure 13. For some radionuclides special models were used. 

result of radioactive decay in a source organ. Detailed decay data that 
specify the type and energy of all the emitted radiations are given in 
ICRP 38 (ICRP 1983). Because radiation emission from most radionuclides 
are complex, SEE factors include quality factors, Q. Our internal dose 
conversion factors are based on ICRP 30 SEE factors. 

By considering all the potentially important source and target organs for a 
given radionuclide, by calculating concentrations in target organs and by 
applying SEE factors, doses, D, for various tissues and organs can be cal
culated. These can then be translated to dose conversion factors by apply
ing appropriate weighting factors, WT, and by summing. Figure 16 gives a 
schematic representation of the calculation of internal dose conversion 
factors. 

Our internal dose conversion factors for concept assessment were mainly 
calculated by Johnson and Dunford (1983). Missing values were supplied by 
Linauskas (1992a, 1992b, 1992c), using the same, or similar, models and 
databases as Johnson and Dunford (1983). Comparison of our dose conversion 
factors with ICRP 30 values indicate close agreement (Appendix A, 
Section A.8). 
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FIGURE 15: Standard Lung Model Used for Calculating Inhalation Dose Con
version Factors, DFii. Each of the four regions of the respir
atory tract consists of two or more compartments. Cleared 
material passes into the gastrointestinal tract (Figure 14). 
Integration of the lung model with the other dosimetric models 
is shown in Figure 13. For some radionuclides special models 
were used. 

5.4.1.6 External Dose Conversion Factors 

Radionuclides in the soil, surface water and building materials can irrad
iate humans from the outside and thereby increase radiation exposure 
(Figure 5). As in the case of internal exposure, external dose conversion 
factors must be predicted with the help of mathematical models because 
direct measurements are usually impossible (Kocher 1983a, 1983b). To a 
limited extent, these models can be validated through occupational exposure 
data. In external exposure, there is no intake of radionuclides and, 
therefore, tissue and organ concentrations and in vivo production of radio
active daughters need not be considered. Even short-lived daughters must 
be modelled separately and appropriate dose conversion factors are readily 
available. For concept assessment, we have added external dose conversion 
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FIGURE 16: Schematic Representation of the Calculation of Typical Internal 
Dose Conversion Factors. The SAF values define the fractions 
of 7-radiation absorbed by various target organs from a given 
source organ. For a- and ^-radiations, SAF values have a value 
of 1.0 when source and target organs are the same, and a value 
of 0.0 for all the other potential target organs. SAF values 
are transformed to SEE values by applying radioactive decay 
data. SEE values give the amount of energy absorbed per gram 
of target organ per radiological transformation, properly 
adjusted with Q values to account for the biological effective
ness of various types of radiations. In transformation A, the 
50-a integrated concentration of a radionuclide in a source 
organ per becquerel intake is changed to the total numbers of 
disintegrations. Transformation B involves multiplication with 
SEE values and change of energy units to radiological dose 
units. The weighting values (WT) account for the radiosensi-
tivity of various target organs. Finally, summing of the 
weighted dose equivalents of target organs yields the dose 
conversion factors. Radioactive daughters are included in 
these calculations starting with 50-a integrated concentrations 
in the same source organs as the parent. 

factors of Group 4 radionuclides, with a half-life of less than a day, to 
those of the appropriate parents, as shown in Section 3.1.9 and Appendix A 
(Section A.4). 

Because of its very limited penetration, a-radiation is usually ignored in 
external dose conversion factors, and only p- and 7-radiation are consi
dered (Kocher 1983a, Barnard and D'Arcy 1986). Even 0-radiation can only 
affect tissues or organs at, or near, the body surface and the skin is 
normally the only target organ considered. The contributions of p- and 
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7-radiation to external dose conversion factors are usually estimated in 
different ways. Shielding by clothing is ignored when calculating external 
dose conversion factors. 

The calculation of external dose conversion factors involves two parts, 
calculation of the absorbed dose in the medium, such as air, and trans
lation of this dose into absorbed doses, D, for various target organs. For 
calculating the absorbed dose in the medium, the geometric relationship of 
the exposed individual to the medium is important. Usually, contamination 
is assumed to be uniform and semi-infinite or infinite in space. These are 
reasonable assumptions for concept assessment. Attenuation of radiation 
through the exposing medium must then be calculated. For this, reference 
man is usually assumed to be represented by a single point. For 
/3-radiation, the absorbed dose, D, in skin is directly calculated from the 
absorbed dose in the medium. This involves dividing of the dose by two to 
account for self-shielding by the body. For photons, the absorbed dose in 
the medium is used to calculate the absorbed dose in tissue equivalent 
material at the body surface. This material is simply a very small volume 
of human tissue. Doses, D, for target organs are then determined with the 
help of organ- and energy-specific shielding factors that take into account 
shielding by overlaying tissues. These shielding factors are similar to 
the SAF factors for internal exposure. Absorbed 0- and 7-radiation doses 
by the target organs can then be transformed to dose conversion factors by 
applying appropriate quality factors, Q, and weighting factors, WT (ICRP 
1977, 1978). 

Monte Carlo simulation techniques, based on the phantom of reference man, 
are usually used to determine scattering and absorption of radiation in the 
human body (Kocher 1983a). Such studies have provided the shielding fac
tors needed for calculating external dose conversion factors (Kocher 1983a, 
Barnard and D'Arcy 1986, Holford 1988). Our external dose conversion fac
tors are based on the shielding factors reviewed and compiled by Barnard 
and D'Arcy (1986). 

Our external dose conversion factors for concept assessment were calculated 
by Holford (1988, 1989). The values for air and water immersion are sim
ilar to those of Barnard and D'Arcy (1986), which were used for the second 
interim assessment. Holford (1988) recalculated the factors for air and 
water immersion using up-to-date information, and also added factors for 
ground exposure and exposure to building materials. The calculations were 
repeated by Holford (1989) using a more extensive database, which was also 
consistent with ICRP 38 (ICRP 1983) values. Thus, our internal and exter
nal dose conversion factors are based on the same radioactive decay data. 
Because of similar models and dosimetric data, our external dose conversion 
factor values are similar to those of Kocher (1983b), as demonstrated in 
Appendix A (Section A.9). All of our external dose conversion factor 
values are from Holford (1989), except the values for 2 0 8Bi. They are from 
Holford (1988) because this radionuclide was not part of the database used 
for the 1989 update. 

Our external dose conversion factor values are based on many conservative 
assumptions. Thus, it is safe to assume that they include minor exposures 
from such sources as contaminated food, household goods, clothing, creams, 
and lotions. 
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5.4.1.7 Data and Variability of Dose Conversion Factors 

Data for determining dose conversion factors come from a wide variety of 
sources (ICRP 1975, 1979). They include studies on the uptake, distri
bution and excretion of radionuclides by laboratory animals, and deliber
ately and accidentally contaminated humans. Data on human anatomy and 
metabolic processes, and on animals, organs, tissues and cells exposed to 
ionizing radiation are also relevant. Such information is also available 
for humans (BEIR 1980, UNSCEAR 1982). The availability of human data is 
important because it helps to interpret the numerous data from animal 
studies. 

Little is known about the variability of internal and external dose conver
sion factors. A study by Dunning and Schwarz (1981) on the variability of 
the human thyroid gland and dose estimates from ingestion of 1 3 1I suggests 
that dose conversion factors for adults are lognormally distributed. It 
also indicates that anatomical and physiological differences can be assumed 
to cause a variability of about one order of magnitude or less. Although 
reference man does not explicitly include variations, various anatomical 
features of adult males commonly vary by a factor of two or less (ICRP 
1975). Metabolic data are likely more variable (ICRP 1979). Cuddihy 
et al. (1979) suggested that individual variability of human adults could 
result in doses about five times the average. An analysis by Hoffman 
et al. (1982b) suggested that the ingestion dose conversion factor for 90Sr 
is lognormally distributed, and that the 95% confidence interval spans 
about half an order of magnitude. Kendall et al. (1990) varied metabolic 
parameters in Monte Carlo simulations to determine variability of ingestion 
dose conversion factors for 239Pu. Arithmetic mean values varied between 
age groups, but for each group the 95% confidence interval spanned about an 
order of magnitude. 

Clearly, dose conversion factors are not constants, even though they are 
treated as such in CALDOS. We have attempted to compensate for variability 
by consistently choosing high conservative dose conversion factors. Some 
of the differences between the dose conversion factors in CALDOS and other 
published sets of values (Appendix A, Sections A.8 and A.9) are related to 
data variability. 

5.A.1.8 Recent Developments 

The risk from radiation exposure is under constant review and recently 
radiation levels and projected health effects for the Japanese bomb sur
vivors have been revised (UNSCEAR 1988, BEIR 1990). Even more recently, 
these changes have been translated into recommendations in ICRP 60 (1991a). 
A key feature of this is that the risk factor of 0.02 S v 1 has increased, 
which in turn affects the WT values. Furthermore, more target tissues or 
organs are considered than in ICRP 26 (ICRP 1977). These changes can 
affect dose conversion factor values, and revised ALIs for internal expo
sure have been issued (ICRP 1991b). 

The dose conversion factors that can be derived from these ALIs are not 
identical to our values, which are based on ICRP 26 (ICRP 1977). However, 
as indicated in Appendix A (Section A.8), differences between CALDOS, 
ICRP 26 and ICRP 60 values are small, especially when compared with the 
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large uncertainties in model predictions. On the whole, values adopted for 
CALDOS are higher and, therefore, more conservative than the new values 
derived from ICRP 61. This is particularly so for inhalation. 

There are no external dose conversion factors based on ICRP 60 (ICRP 1991a) 
at this time, so no comparison can be made. However, as in the case of the 
internal factors, differences would likely be small and the CALDOS values 
may well be higher than the new values. 

As indicated above, the risk factor of 0.02 Sv1 has increased and this 
could affect AECB (1987), the regulatory document that calls for a risk 
limit of 1.0 x 10*6 serious health effects per year for NFWM. Already a 
consultative document has been issued by the AECB (1991) that proposes new 
occupational and public radiation dose limits in the light of ICRP 60 
(ICRP 1991a). 

There have been several important recent changes in risk and dose conver
sion factors. These include age-dependent dose conversion factors with a 
70-a commitment (Section 5.4.1.4; ICRP 1989) for the public, and ICRP 60 
(ICRP 1991a). Most of these changes would have a relative minor influence 
on dose predictions by CALDOS compared with the large variability, uncer
tainty and conservatism in these predictions. Once changes in risk and 
dose conversion factors have become firmly established, CALDOS can readily 
adopt a new set of dose conversion factor values. Perhaps, they will 
follow both ICRP 56 and ICRP 60. For now, it is best to use our values, 
which are all based on ICRP 26 (ICRP 1977), bearing in mind the comparisons 
presented in Appendix A (Section A.8). 

5.4.2 Ingestion Dose Conversion Factor, DFe^ 
(Sv-Bq-1) 

This radionuclide-specific parameter converts radionuclides ingested by man 
with food, drinking water and soil into radiological doses (Sections 3.2.1 
to 3.2.6). DFep and DFed are the same as BFei, but they designate values 
for parents and radioactive daughters respectively (Equation (3)). Most of 
the DFei values for concept assessment (Table 9) are from Johnson and 
Dunford (1983). However, values for americium, neptunium, plutonium and 
thorium radionuclides were taken from Johnson (1992a). These DFei values 
were revised because of new metabolic information on absorption from the 
gastrointestinal tract (ICRP 1986a, Johnson and Lamothe 1989). Johnson and 
Dunford (1983) did not include values for 10Be, 2 0 8Bi, "°»Bi, 1 8 2Hf, 40K, 
93mNb, 3 2P, 87Rb, 187Re and 32Si, and these values were calculated by 
Linauskas (1992a, 1992c) using the same methodology. The CSA (1987) values 
are also based on Johnson and Dunford (1983), but they do not take into 
account subsequent revisions. All these DFe± values were calculated with 
integrated gastrointestinal tract and organ models (Figure 13) to calculate 
radionuclide concentrations in various source organs for an ingestion of 
1.0 Bq (Johnson and Carver 1981). 

The gastrointestinal tract model used by Johnson and Dunford (1983), the 
same as that used by the ICRP (1979), is based on a review by Eve (1966). 



RADIOACTIVE HALF-LIVES. AND INGESTION AND 

INHALATION DOSE CONVERSION FACTOR VALUES FOR 

CONCEPT ASSESSMENT 

Radionuclide Half-Life, t% Ingestion, DFe± Inhalation , DFii 
(a) (Sv-Bq-1) (Sv-Bq-1) 

2 2 5Ac 2.74 x 10-2 3.1 x 10-» 2.7 x 10-6 

2 2 7Ac 2.18 x 101 3.8 x 10"6 1.6 x 10"3 

241Am 4.32 x 102 1.2 x 10"6 1.3 x 10-4 

3 9Ar 2.69 x 102 0 .0 0.0 
10Be 1.60 x 106 1.3 x 10"9 6.1 x 10 ' 9 

2 0 8 Bi 3.68 x 105 1.4 x 10"9 6.2 x 10"9 

2 1 0 Bi 1.37 x 10-2 1.7 x 10-9 6.3 x 10"8 

2 1 0 m Bi 3.00 x 106 2.6 x 10-8 2.1 x 10"6 

1 4C 5.73 x 103 5.2 x 10- 1 0 5.2 x 10"1 2 

41Ca 1.40 x 105 3.6 x 1 0 ' 1 0 3.3 x 10- 1 0 

113mCd 1.36 x 101 6.9 x 10 ' 7 3.7 x 10"7 

1 3 5 Cs 2.30 x 106 1.9 x 10-9 9.4 x 10"1 0 

3H 1.24 x 101 2.9 x 10-8 * 
1 8 2Hf 9.00 x 106 7.5 x 10-1 0 3.9 x 10"8 

1 2 9 I 1.57 x 107 9.7 x 10-9 * 
40K 1.28 x 109 5.0 x 10-9 3.3 x 10"9 

8 1Kr 2.10 x 105 0 0 
85Kr 1.07 x 101 0 0 
93Mo 3.50 x 103 3.8 x l O ' 1 0 8.4 x 10"9 

9 3 aNb 1.36 x 101 3.8 x l O ' 1 0 7.9 x 10 ' 9 

94Nb 2.03 x 104 1.3 x 10"8 1.3 x 10-7 

5 9Ni 7.50 x 104 3.5 x 10" 1 1 2 .0 x 10- 1 0 

6 3Ni 9.60 x 101 1.1 x 10- 1 0 5.2 x 10"1 0 

237Np 2.14 x 106 1.1 x 10-6 1.2 x 10-4 

3 2 P 3.91 x 10-2 2 .3 x 10-9 4 .4 x 10"9 

2 3 1 Pa 3.28 x 104 2.9 x 10 ' 6 3.2 x 10"4 

2 3 3 Pa 7.39 x 10-2 9.4 x 10- 1 0 2 .9 x 10-9 

2 0 5 Pb 1.43 x 107 4.7 x 10- 1 0 9.8 x 1 0 ' 1 0 

2 1 0 Pb 2.23 x 101 1.6 x 10-6 3.5 x 10-6 

1 0 7Pd 6.50 x 106 4 .1 x lO" 1 1 4 .2 x 10-9 

2 1 0 Po 3.79 x 10-1 5.3 x 10 ' 7 2 .5 x 10"6 

2 3 8 Pu 8.77 x 101 1.0 x 10-6 1.2 x 10-4 

2 3 9 Pu 2.41 x 104 1.2 x lO"6 1.3 x 10-4 

2 4 0 Pu 6.54 x 103 1.2 x 10-6 1.3 x 10"4 

2 4 1 Pu 1.44 x 101 2.1 x 10-8 2 .3 x 10-6 

2 4 2Pu 3.76 x 105 1.1 x 10-6 1.4 x 10" 4 

2 2 3Ra 3.13 x 10-2 1.5 x 10"7 2 .5 x 10-6 

2 2 4Ra 1.00 x 10-2 9.3 x 10-8 9.9 x 10"7 

2 2 5Ra 4.05 x 10-2 5.0 x 10"8 2 .5 x 10-6 

continued.. . 
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TABLE 9 (concluded) 

Radionuclide Hal f -Li fe , X>h Inges t ion , DFei Inha la t ion , DFii 
(a) (Sv-Bq-1) (Sv-Bq-1) 

2 2 6Ra 
2 2 8 R a 

87Rb 
1 8 7 Re 
2 2 2 R n 
i 2 5 S b 
1 2 6 S b 

7 9 Se 
3 2 S i 

126Sn 
9 0 S r 

1 8 2 T a 

" T c 
1 2 5 n f e 

2 2 7 T h 

2 2 8 T h 

2 2 9 T h 

2 3 0 T h 

2 3 1 T n 

2 3 2 T h 

2 3 4 T h 

2 3 2 0 

2 3 3 U 

2341J 
2 3 5 U 
2 3 6 U 
2 3 8 U 

9 0 y 
9 3 Zr 

1.60 
5.75 
4.70 
5.00 
1.05 
2.77 
3.40 
6.50 
4.50 
1.00 
2.9 
3.15 
2.13 
1.59 
5.12 
1.91 
7.34 
7.70 
2.91 
1.41 
6.60 
7.20 
1.59 
2.45 
7.04 
2.34 
4.47 
7.31 
1.53 

X 
X ] 
X 
X 
X '. 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 1 

X j 

X 
X 1 

X 
X 
X 

X 
X 
X 

103 

10° 
1 0 1 0 

LO10 

LU"2 

L0° 
1 0 - 2 

LO4 

102 

105 

LO1 

LO-3-
LO5 

LO-1 

lu"2 

10° 
LO3 

LO4 

1 0 - 3 

LO10 

LO-2 

LO1 

LO5 

LO5 

108 

LO? 
LO9 

LO-3 

106 

3.2 
2.6 
1.1 
2.6 
0 
8.2 
2.3 
2.3 
7.5 
9.1 
3.4 
4.5 
6.5 
2.6 
7.9 
2.5 
2.4 
3.5 
3.6 
1.9 
2.8 
4.1 
8.7 
8.5 
7.9 
8.1 
7.5 
2.9 
4.5 

X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

10-7 
io-7 

lu"9 

i o - 1 2 

XO-io 
10-9 
10-9 
1 0 - i o 

1 0 - i o 

io-8 

10-9 
1 0 - i o 

lu"9 

io-8 

io-6 

lu"5 

io-6 

i o - 1 0 

10-5 
lu"9 

io- 7 

io-8 

io-8 

io-8 

io-8 

io-8 

lu"9 

1 0 - i o 

2.6 
1.3 
7 .0 
1.5 
1.4 
4 .9 
3.2 
2 .5 
3.6 
5.3 
4.2 
1.4 
2.7 
2 .1 
5.1 
1.1 
5.6 
8.1 
2.2 
4 .1 
8.4 
2.1 
4 .4 
4 .3 
4 .0 
4 .1 
3.8 
2 .1 
7.7 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 

LO-6 
LO-6 

LO- 1 0 

LO- 1 1 

1 0 - a 

[ O - 9 

LO-9 

LO-9 

lu"9 

LO-9 

LO-7 

LO-8 

LO-9 

LO-9 

LO-6 

LO-4 

LO-4 

LO-5 

LO- 1 0 

LO-4 

LO-9 

LO-4 

LO-5 

LO-5 

LO-5 

LO-5 

lu"5 

LU"9 

io-8 

* Internal dose conversion factors, DFH3 and DF I 1 2 9 (Sv.a-VBq.kg-1 ), 
account for both ingestion and inhalation (Section 5.4.4 and 5.4.5). 

NOTE: For documentation of values see Sections 5.4.2 to 5.4.5. Values of 
0 designate doses not calculated, as indicated in Table 4. 

In this model, the gastrointestinal tract is divided into four compartments 
corresponding to the stomach, small intestine, upper large intestine and 
lower large intestine (Figure 14). Radionuclides are assumed to be trans
ferred down the track by first-order kinetics and without feedback. Resi
dence times for the four compartments vary from 1 to 14 h. Radionuclides 
can pass from the small intestine or, in special circumstances, from the 
stomach to the body fluids. The latter constitute a transfer compartment. 
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Absorption is defined by f x , the fraction of a unit amount ingested that 
enters the transfer compartment, ignoring radioactive decay. Values for fx 
can range from 0 to 1 and they are element-specific. They depend on the 
chemical form of the ingested radionuclides and can be quite variable 
(Johnson 1985). An ix value of 1.0 is used for radionuclides that are 
readily absorbed even from the stomach. High i1 values tend to lead to 
high dose predictions. Unabsorbed radioactive material passes out with the 
feces. 

From the transfer compartment, radionuclides can reach various tissues and 
organs included in the organ model. This transfer occurs by first-order 
kinetics. The standard organ model includes tissues and organs, such as 
bone, liver, and kidneys, each modelled as one or more compartments. 
Transfer is again governed by first-order kinetics and each compartment has 
a characteristic rate constant for urinary excretion. Thus, upon excretion 
from tissues and organs, there is no feedback to the transfer compartment 
for subsequent redistribution and excretion. In many cases, fractions must 
be used to replace rate constants because the available metabolic data are 
not always in the right form. Physical, chemical and biological similari
ties are also used to determine missing values or to support values based 
on inadequate data (Johnson and Dunford 1983). The main drawback of the 
organ model is the lack of recycling of radionuclides, but this usually 
does not introduce much uncertainty (Johnson 1985). 

Dose conversion factors for most radionuclides can be calculated with the 
standard gastrointestinal tract and organ models. However, Johnson and 
Dunford (1983) have used separate models, or procedures, to account for 
unique properties, or recent gains in knowledge, for some radionuclides. 

Johnson (1983) modified the ICRP 20 (ICRP 1973) organ model for the alkali 
earth elements to handle recycling and bone retention more realistically, 
and to incorporate age dependence. The revised organ model, involving 
first-order kinetics, is linked to the standard gastrointestinal tract 
model. Thus, radioactive material passes into the transfer compartment, as 
specified by fx . Thence, it can pass to three bone compartments, repre
senting bone surface, compact bone and cancellous bone, and a soft tissue 
compartment. There is recycling to the transfer compartment from which 
urinary excretion occurs. Thus, full feedback is considered to account for 
resorption of elements incorporated into bone. In the development of the 
revised organ model, Johnson (1983) matched model results first to calcium 
data and then extended the model to strontium and radium. Our DFei values 
for all the calcium, radium and strontium radionuclides are based on the 
revised model. Radium-226 gives rise to gaseous 222Rn (radon). The 
revised model assumes that all the radon gas is exhaled, except for that 
produced in the cortical and cancellous compartments, where it and all its 
radioactive daughters are assumed to remain in situ. 

Johnson and Dunford (1983) also developed a revised organ model for tech
netium. Basically, their model is the same as the standard organ model, 
but it uses a special technetium retention function for the thyroid gland. 
This function allows for longer residence times than indicated in ICRP 30. 
These longer residence times are consistent with recent data from animal 
and human studies (Johnson 1982b). The revised organ model leads to 
slightly higher, and more conservative, DFei values than those from ICRP 30 
(Johnson 1982b). 



While radionuclides reside in the gastrointestinal tract and the various 
source organs, they decay and irradiate one or more target organs. To 
calculate absorbed tissue and organ doses, D, Johnson and Dunford (1983) 
used dosimetric factors derived from ICRP 30 and then applied ICRP 26 
(ICRP 1977) methodologies to compute DFei values. For some radionuclides, 
they calculated more than one value, using different fa values for defining 
transfer from the gastrointestinal tract to the transfer compartment. This 
can account for different chemical forms of ingested radionuclides. In 
such instances, we have adopted the highest and most conservative DFeA 
value for use in CALDOS. 

Recently, Heinrichs et al. (1989) tested the ICRP models for estimating 
ingestion dose conversion factors for 134Cs and 137Cs using ten volunteers 
consuming venison contaminated from Chernobyl. They found that the models 
are reasonable approximations for both adult males and feiaales, and the 
ICRP 30 dose conversion factor values tended to be conservative. However, 
there was variation of up to a factor of three in the values of the indi
vidual volunteers. 

5.4.3 Inhalation Dose Conversion Factor. DFij 
(Sv.Bq-1) 

This radionuclide-specific parameter converts radionuclides inhaled by man 
into radiological doses (Section 3.2.7). We have adopted the DFii values 
of Johnson and Dunford (1983) for concept assessment (Table 9), which were 
calculated with integrated lung, gastrointestinal tract and organ models 
(Figure 13) for establishing radionuclide concentrations in various source 
organs for an intake of 1.0 Bq. Missing values were calculated by 
Linauskas (1992a, 1992b, 1992c). 

Usually, radionuclides in the air are attached to aerosol particles, but 
there are also gaseous radionuclides such as 1 4C and 1 2 9 I . Deposition of 
inhaled particles in the respiratory tract depends on the physical attri
butes of the aerosol, the anatomy of the respiratory tract and the air flow 
patterns in the lung airways (Yeh et al. 1976). Mechanisms of deposition 
involve impaction, sedimentation and diffusion. Impaction and sedimen
tation are more important for large particles in the upper part of the 
respiratory tract. Diffusion is dependent on particle size and it occurs 
mainly in the lower part of the tract (Stuart 1976). Deposited particles 
may be cleared from the tract through ciliary movement of mucus and through 
endocytosis involving macrophages (Stuart 1976). Both of these clearance 
mechanisms result in the transfer of inhaled particles to the gastro
intestinal tract through swallowing. Inhaled mnterial may also be cleared 
into the blood or the lymphatic system deep within the lungs. This is 
particularly important in the uptake and transfer of radionuclides. The 
time of clearance can be very variable depending mainly on the physical and 
chemical characteristics of the inhaled material. Small soluble particles 
tend to be cleared most rapidly. Models have played an important role in 
describing and understanding the behaviour of inhaled material in the 
respiratory tract (ICRP 1966, Stuart 1976, Yeh et al. 1976). Camner et al. 
(1979) have provided an excellent summary of the fate of pollutants in the 
respiratory tract. 
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Johnson and Dunford (1983) used the lung model developed by the ICRP's task 
group on lung dynamics (ICRP 1966). This model, designed for reference 
man, has undergone several modifications and there will undoubtedly be more 
changes as new data become available (NCRP 1985b). For deposition and 
clearance of radioactive material, the model considers the naso-pharyngeal 
(NP), tracheo-bronchial (TB) and pulmonary (P) regions, each consisting of 
two or more compartments to account for various clearance pathways 
(Figure 15). Deposition of radioactive material, and, therefore, dose 
depends mainly on particle size and density. The model assumes a lognormal 
distribution for particle size with an activity median aerodynamic diameter 
(AMAD) ranging from 0.1 to 1.0 /itn and a GSD between 1.0 to 4.0. The depo
sitions used were 10%, QZ and 30Z of the total intake for the NP, TB and P 
regions respectively. Among other factors, clearance from the lung depends 
on solubility of the inhaled particles, which is a function of physical and 
chemical properties. The ICRP lung model considers three pulmonary clear
ance classes for inhaled material. These classes, defined in terms of half 
time, are D (days) - cleared in less than 10 d, W (weeks) - cleared in 10 
to 100 d, and Y (years) - cleared in more than 100 d. Usually, slow clear
ance leads to high concentrations and dose predictions. The ICRP lung 
model makes many simplifying assumptions, but it is a very useful and 
generally accepted dosimetric tool (Johnson 1985). 

Radioactive material deposited in the respiratory tract can be absorbed 
into body fluids, a transfer compartment, and can then pass into various 
tissues and organs of the body. These are represented by the standard 
organ model. From the pulmonary region, radioactive material can also pass 
into pulmonary lymph nodes, represented by two compartments, which are 
linked to the transfer compartment. The lung model does not involve feed
back and transfer follows first-order kinetics. 

Radioactive material not deposited in the throe regions of the lung model 
is assumed to be cleared and then swallowed. Thus, the lung and the gas
trointestinal tract models are closely linked (Figure 13). Radionuclides 
cleared into the gastrointestinal tract from the respiratory tract are 
handled in the same way as ingested ones (Section 5.4.2). 

Dose conversion factors for most radionuclides can be calculated with the 
standard lung and organ models. However, as in the case of ingested radio
nuclides, there are exceptions. 

Johnson and Dunford (1983) linked the standard lung model to the revised 
organ model, discussed in Section 5.4.2 for the alkali earth elements. For 
technetium radionuclides, they used the standard lung model linked up to 
the revised organ model. 

Johnson and Dunford (1983) did not calculate a DFii value for radon. 
Although radon gas is inert and does not bind to body tissues, this gas is 
important in inhalation because it gives rise to a series of short-lived 
daughters (radon daughters) before forming into stable 210Pb (Appendix A, 
Section A.l). These a-emitting radon daughters include 2 1 8Po, 2 1 4Pb, 2 1 4Bi 
and 2 1 4Po. Compared with these daughters, the dose contribution from radon 
itself is negligible (ICRP 1986b). 
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Radon daughters are mainly positively charged ions and, unlike radon, 
highly reactive. Radon daughters tend to attach to various surfaces and to 
aerosol particles, but they may form ion completes or recombine to form 
neutral atoms before or after attachment. Attachment and particle size are 
important in terms of deposition and clearance from the respiratory tract, 
and thereby dose prediction. Unattached radon daughters tend to become 
completely deposited in the respiratory tract. On average, 5 to \0Z of the 
radon daughters are unattached indoors (Vanmarcke et al. 1989). Typically, 
radon daughters in the air are not in equilibrium with each other and with 
radon because of attachment, ventilation and dilution (UNSCEAR 1982). 
Radon can accumulate indoors and thus ventilation can reduce exposure con
siderably. Because of the difficulty of measuring the short-lived radon 
daughters separately, the air concentration of radon and its daughters has 
usually been considered in terms of total potential a-radiation, expressed 
in Working Levels (WL) where 1 WL corresponds to 3.7 Bq-L'1 air. The cor
responding exposure unit is the Working Level Month (WLM), which corre
sponds to 170 h of exposure to 1 WL. The WLM cannot be readily translated 
into a committed effective dose equivalent (Walsh 1979), but it corresponds 
to a dose of about 10 mSv. Much of this dosimetric work has been developed 
in response to the needs of uranium and other mine workers. The WLM con
cept is not useful for concept assessment, which relies on additivity of 
doses and risk. For this a suitable dose conversion factor for radon is 
required. 

Our DFii value for radon is based on ICRP 50 (ICRP 1986b), which presents 
separate indoor and outdoor values. These values are incompatible with our 
parameterization of the inhalation pathway (Section 3.2.7), because they 
include breathing rates and assumptions about indoor and outdoor occupancy. 
Linauskas (1992b) has recalculated the ICRP 50 values for combined indoor 
and outdoor exposure, factoring out breathing rates and occupancy factors. 
The computed value of 1.4 x 10"8 Sv.Bq-1 has been chosen for concept 
assessment. It compares favourably with the indoor value of 1 mSv per 
20 Bq.nr3 of air adopted in the United Kingdom (James et al. 1988). This 
value converts to 6.25 x 10~9 Sv-Bq-1, using an inhalation rate of 
8000 n^.a-1. 

Our value is based on several assumptions, which are also true for the 
ICRP 50 (ICRP 1986b) values. Nonequilibrium between radon and its daugh
ters is accounted for by the concept of equilibrium equivalent concentra
tion (EEC). It allows transformation of nonequilibrium mixtures of radon 
daughters to an equivalent radon concentration in complete equilibrium with 
its daughters. Air concentrations of radon can be converted to EEC values 
by multiplying with the equilibrium factor, F. An F value of 1.0 corre
sponds to complete equilibrium, but the ICRP 50 indoor and outdoor F values 
are about 0.45 and 0.7. In addition, our DFii value for radon is based on 
an unattached fraction of radon daughters, f, of 0.03 (Linauskas 1992b). 
Doses from radon inhalation tend to increase with increasing F and f 
values, but these two parameters tend to be negatively correlated. Parti
cle size and dose are also negatively correlated. 

While radionuclides reside in the body, they decay and irradiate various 
target tissues and organs. Our dose conversion factors are based on dosi
metric factors from ICRP 30 to calculate tissue and organ doses, D, and on 
ICRP 26 (1977) quality factors, Q, and weighting factors, WT. For some 
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radionuclides, Johnson and Dunford (1983) have calculated DFii values for 
more than one pulmonary clearance class. In all such cases, we have 
adopted the highest and most conservative value for concept assessment. 

5.4.4 Internal Dose Conversion Factor for 1 2 9 I . DFj. 129 

(Sv-a-i/Bq-kg-1) 

This conversion factor is used for predicting man's internal dose from 1 2 9 I . 
Our special limited specific activity model for i29I involves a single inter
nal dose conversion factor that accounts for both ingestion and inhalation 
(Sections 3.1.3 and 3.2.8). Our value of 9.7 x 10'9 Sv-a^/Bq-kg- *• thyroid 
tissue (Table 9) was calculated as shown in Appendix A (Section A.5), with 
the thyroid as the only source and target organ. Because our DF I 1 2 9 value 
is based on 1.0 Bq-kg"1 of 1 2 9I in the thyroid gland, there is no need for 
employing the gastrointestinal tract, lung and organ models to calculate a 
concentration per unit intake. Calculations are further simplified because 
1 2 9I has no radioactive daughters. 

5.4.5 Internal Dose Conversion Factor for 3H. DFn3 

(Sv.a-i/Bq.kg-1) 

This dose conversion factor is used for predicting man's internal dose from 
tritium. Because this radionuclide is handled by a specific activity model 
in CALDOS (Sections 3.1.4 and 3.2.9), there is only one internal dose con
version factor that accounts for both ingestion and inhalation. Our value 
of 2.9 x 10-8 Sv-a-VBq.kg-1 soft tissue (Table 9) was calculated by 
Johnson (1992b) in the same way as our value for *29l (Appendix A, 
Section A.5). 

Our tritium model assumes equilibrium conditions so that the specific ac
tivity in human tissue is the same as in surface water or well water 
(Section 3.1.4). In tritium dosimetry, hydrogen is assumed to be uniformly 
distributed and the concentration can be set to 1.0 Bq.kg*1 soft tissue for 
calculating DFH3. This is similar to the case of 1 2 9I (Section 5.4.4). 
Tritium has yS-decay, which means a Q value of 1.0, and all the emitted 
radiation is absorbed by the soft tissue. There are no separate source or 
target organs and the dose is uniform for soft tissue, which means a WT 
value of 1.0. There are no radioactive daughters and the absorbed dose, D, 
represents DFH3. 

5.4.6 Air Immersion Dose Conversion Factor. DFaj 
(Sv-a^/Bq-nr3) 

This radionuclide-specific parameter is used to predict radiological doses 
from immersion in contaminated air (Equation (17)). Our DFai values for 
concept assessment (Table 10) were calculated by Holford (1988, 1989), but 
the detailed documentation of the similar values by Barnard and D'Arcy 
(1986) and Kocher (1981) are also relevant. 

For calculating DFai values, reference man (ICRP 1975) is assumed to stand 
in an infinite volume of uniformly contaminated air at 1.0 Bq-nr3. The 
body centroid, or point of immersion, is assumed to be 1.0 m above the 
ground surface, which coincides with the major body organs. The ground is 
assumed to be uncontaminated. This is appropriate because ground exposure 



TABLE 10 

AIR IMMERSION (DFai ~). WATER IMMERSION (DFhj ). GROUND EXPOSURE (DFgj 1 

AND BUILDING MATERIAL EXPOSURE (DFbi) DOSE CONVERSION 

FACTOR VALUES FOR CONCEPT ASSESSMENT 

Air Water Ground Building 
Radionuclide Immersion Immersion Exposure Exposure 

DFai DFhi DFgi DFbi 

225Ac* 3.4 x 10-7 5.5 x 10-10 3.9 x 10-7 7.7 x 10"7 
227Ac* 1.3 x 10-9 2.3 x 10-12 9.6 x ÎO"10 2.3 x 10"9 
241Am 2.8 x 10"8 5.5 x 10'11 7.9 x 10"9 5.9 x 10"8 
39Ar 3.3 x 10-9 0 0 0 
10Be 4.0 x 10-9 4.4 x 10"12 3.8 x 10"10 0 

208Bi 4.4 x 10-6 7.0 x 10"9 5.6 x 10"6 1.1 x 10"5 
210Bi 5.4 x 10"9 5.9 x 10"12 9.4 x 10*10 6.2 x 10"10 

2ion>Bi* 3.8 x 10-7 6.4 x 10-io 4,5 x 10-7 9.2 x 10'
7 

14C 6.0 x 10-11 6.5 x 10-14 2.3 x 10"13 0 
41Ca 1.3 x 10-12 1.5 x 10-15 0 0 

113mCd 2.6 x 10-9 2.8 x 10"12 2.2 x ÎO"10 0 
135Cs 2.5 x 10-10 2.7 x 10-13 3.6 x 10"12 0 

3H 0 0 0 0 
182Hf 3.4 x 10-7 5.9 x 10-10 4.1 x 10"7 8.3 x 10-7 
129I 1.3 x 10-8 2.8 x 10-11 2.2 x ÎO"9 2.8 x 10"8 
40K 2.4 x 10-7 3.9 x 10-10 3.0 x 10"7 6.0 x 10'7 
81Kr 8.4 x 10-9 0 0 0 
85Kr 7.2 x 10-9 0 0 0 
93Mo 1.6 x 10-9 2.7 x 10-12 2.1 x ÎO'10 2.2 x 10"9 

93»Nb 2.7 x 10-10 4.8 x IO-13 3.6 x 10"11 3.9 x 10-1° 
94Nb 2.3 x 10-6 3.9 x ÎO'9 3.0 x ÎO'6 5.9 x 10"6 
59Ni 8.1 x 10-11 9.5 x 10-14 2.7 x 10"12 3.8 x 10"12 
63Ni 0 0 0 0 

237Np 3.4 x 10-8 6.3 x 10-11 2.2 x 10'8 6.6 x 10-8 
32P 1.4 x 10-8 1.6 x 10"11 4.4 x ÎO-9 7.7 x ÎO-9 

231Pa 5.3 x 10-8 9.1 x 10"11 6.2 x 10'8 1.2 x ÎO'7 
233Pa 2.8 x ÎO-7 4.9 x 10"10 3.3 x 10"7 6.6 x 10"7 
205Pb 1.7 x 10-10 2.4 x 10-13 1.5 x 10'11 1.0 x 10"10 
210Pb 2.1 x ÎO-9 4.4 x 10-12 4.3 x 10"10 4.4 x ÎO"9 
107Pd 0 0 0 0 
210Po 1.2 x 10-11 2.1 x 10-14 1.6 x 10-11 3.2 x 10-11 
238Pu 2.8 x 10-10 5.0 x 10-13 4.7 x 10'11 4.1 x 10-10 
239Pu 1.8 x 10-10 3.2 x 10-13 9.2 x 10"11 2.9 x 10-10 
240Pu 2.7 x 10"10 4.8 x 10-13 4.5 x 10'11 4.0 x 10"10 
241Pu 2.4 x 10-12 4.3 x 10-15 1.8 x 10"12 4.6 x 10"12 
242Pu 2.3 x 10-10 4.0 x 10-13 3.9 x 10'11 3.4 x 10-10 
223Ra* 4.3 x ÎO-7 7.3 x 10"10 4.7 x 10"7 9.4 x 10"7 
224Ra* 2.5 x 10-6 4.1 x 10"9 3.1 x 10'6 6.2 x 10-6 

continued... 
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TABLE 10 (concluded) 

R a d i o n u c l i d e 

2 2 5Ra 
2 2 6 R a * 
2 2 8 R a * 

8 7 Rb 
1 8 7 R e 

2 2 2 R n * 

" s s b 
1 2 « S b 

" S e 
3 2 S 1 

1 2 6 S n * 
9 0 S r 

1 8 2 T a 

" T c 
1 2 5 m T e 

2 2 7 T h 
2 2 8 T h 
2 2 9 T h 

2 3 0 T h 
2 3 1 T h 
2 3 2 T h 

2 3 4 X h * 
2 3 2 U 
2 3 3 U 
2 3 4 U 
2 3 5 ( j 
2 3 6 U 

2 3 8 U 

9 0 y 

93Zr 

Air 
Immersion 

DFaA 

1.0 
9 .7 
1.4 
9 .1 
0 
2 . 7 
6 . 0 
4 . 1 
9 . 3 
2 . 3 
2 . 3 
2 . 8 
1.9 
8 . 0 
1.6 
1.5 
3 . 0 
1.2 
6 . 4 
1.8 
3 . 6 
7 . 4 
5 . 9 
5 . 8 
3 . 6 
2 . 2 
2 . 7 
2 . 0 
2 . 0 
0 

X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X ] 

X ] 

X 
X 
X 
X 
X 
X 
X 
X 
X ] 

X 
X 

X 
X 

X 
X 
X ] 

i o - 8 

10-9 
t o - 6 

lO-io 

LO-6 

10-7 
io-6 

I O - 1 1 

[O-io 
LO"6 

LO'9 

LO-6 

[O-io 
L0-8 

LO"7 

LO-9 
LO-7 

[O-io 
io-8 

lO-io 
LO"8 

[O-io 
lO-io 
[O-io 
t o - 7 

[0- io 
[O-io 
L0-8 

Water 
Immersion 

DFhi 

2 .1 
4 . 4 
2 .4 
9 .9 
0 
O 
1.0 
6 .9 
1.0 
2 .4 
3 .4 
3 .1 
3 .2 
8.6 
3 .4 
2 .6 
5 .4 
2 .2 
1.2 
3 .4 
6 .6 
1.2 
1.1 
1.0 
6 .5 
3 .9 
4 . 8 
3.6 
2 .2 
0 

X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 

1 0 - 1 1 

lO"9 

lO"9 

i o - 1 3 

l O ' 9 

lO" 9 

i o - 1 3 

10-13 
lO"9 

i o - 1 2 

lO"9 

i o - 1 3 

1 0 - 1 1 

lO-io 
i o - i 2 

lO-io 
1 0 - 1 2 

1 0 - 1 1 

10-13 
l 0 - i o 
i o - i 2 

i o - 1 2 

i o - 1 3 

lO- io 
i o - 1 3 

10-13 
1 0 - H 

Ground 
Exposu re 

DFg 

1.8 
3 . 3 
1.8 
2 . 8 
0 
0 
7 . 5 
5 . 2 
4 . 4 
3 .4 
2 . 4 
2 . 4 
2 . 4 
2 . 6 
2 . 9 
1.7 
2 . 4 
9 . 5 
3 . 3 
9 . 5 
1.4 
6 .9 
2 . 7 
4 . 4 
1.2 
2 . 5 
6 .4 
3 . 0 
7 . 3 
0 

X 
X 
X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

i 

10-9 
lO"6 

i o - 6 

l O - i i 

10 - 7 

10-« 
1 0 - 1 3 
10-1 2 

lO"6 

lO-io 
10- 6 

l O - i i 
l O ' 9 

i o - 7 

10-9 
10-« 
lO-io 
10-9 
lO-io 
l O ' 8 

lO-io 
lO-io 
lO-io 
i o - 7 

l O - i i 
l O - i i 
10-9 

B u i l d i n g 
Exposure 

DFbi 

2 .1 
6 .8 
3 .6 
0 
0 
0 
1.5 
1.0 
0 
0 
5 .0 
0 
4 .7 
0 
7 .5 
3 .4 
5 .6 
2 .4 
1.2 
3 .5 
6.4 
1.5 
1.0 
1.0 
5 .8 
5 .0 
4 . 1 
3 .0 
1.5 
0 

X 
X 
X 

X 
X 

X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 

X 
X 
X 

l O ' 8 

i o - 6 

i o - 6 

10"6 

i o - 5 

i o - 6 

io - 6 

lO" 8 

i o - 7 

lO"9 

i o - 7 

lO" 9 

lO" 8 

lO- io 
i o - 7 

lO" 9 

lO" 9 

lO- io 
i o - 7 

lO- io 
lO- io 
l O ' 8 

* Parent radionuclides include one or more Group 4 daughters, as indicated 
in Appendix A (Section A.4). 

NOTE: Units are as follows: for DFai and DFhi, Sv.a"i/Bq.nr3; for DFgi, 
Sv.a-i/Bq.kg-i(wet); and for DFbi, Sv-a" i/Bq.kg-i(dry). For docu
mentation of values see Sections 5.4.6 to 5.4.9. Values of 0.0 
designate insignificantly low values of less than 10"1S or doses not 
calculated, as indicated in Table 4. 
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is considered separately (Section 5.4.8). All these assumptions are 
reasonable for concept assessment. 

Several steps are involved in the calculation of DFai values. In principle 
they apply to both p- and 7-radiation, and to all the external exposure 
pathways. The absorbed dose rate in air at the point of immersion is cal
culated for 1.0 Bq.nr3. This rate is then multiplied by the ratio of the 
absorption coefficients for body tissue and medium to give the dose to a 
small amount of tissue-equivalent material at the same point. Prom it, 
dose conversion factors can then be calculated. 

Since energy is conserved, the energy absorbed and emitted per unit volume 
of medium must balance. This leads immediately to a precise value for the 
absorbed dose rate in the interior of an infinite medium such as air. The 
dose rate at a plane boundary between contaminated and uncontaminated 
medium is, from symmetry, exactly half that in the interior. For air 
immersion, the ground surface represents such a boundary in spite of the 
obvious differences in composition of air and ground (Dillman 1974). Since 
the penetration of 7-radiation in air tends to go far beyond the height of 
man, one can estimate the absorbed dose rate by using the value at the 
ground surface. For each target organ, self-shielding by the overlaying 
tissues is then taken into account. Beta radiation is much less pene
trating, so that it is appropriate to use the dose rate in the interior of 
the medium, but it is also appropriate to use half the dose rate to allow 
for self-shielding by the body. This is the approach taken by Kocher 
(1981), but Barnard and D'Arcy (1986) recognized that this may lead to 
underestimation of doses for low-energy 7-radiation. 

To overcome this problem, Barnard and D'Arcy (1986) introduced an alterna
tive method for 7-radiation, which uses an algebraic expression for calcu
lating the absorbed dose rate at the point of immersion. In it, the dose 
rate due to an isotropic point source at a general position in the medium 
is integrated over the entire medium. Included in the expression is an 
empirical function, called a buildup factor, to allow for the fact that 
part of the 7-dose is delivered by scattered photons. However, in the 
limit of infinite depth of the medium, the expression did not fully satisfy 
the energy conservation principle. Holford (1988) followed Barnard and 
D'Arcy (1986), but recalculated the parameters used for the buildup factor 
with up-to-date data. He also applied a normalizing factor to ensure that 
the expression for the point source satisfies the energy conservation prin
ciple in all cases. 

Given the absorbed dose in air at the point of immersion, doses for target 
organs can be readily calculated for fi- and 7-radiation by applying approp
riate Q and WT values. In this Holford (1988) also introduced an improved 
interpolation routine for estimating skin doses. Summing of target-organ 
doses yields then DFai values. 

5.4.7 Water Immersion Dose Conversion Factor. DFh£ 
(Sv-a-VBq.m-3) 

Radionuclide-specific dose conversion factors, DFhx are used to predict 
radiological doses from immersion in contaminated water (Equation (18)). 
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Our DFhi va lues for concept assessment (Table 10) were ca lcu la ted by 
Holford (1988, 1989) s imi l a r ly to those e s t ab l i shed by Barnard and D'Arcy 
(1986). 

For calculating DFhi values, reference man is assumed to be lying totally 
immersed in an infinite volume of uniformly contaminated water with a con
centration of 1.0 Bq-nr3. The body centroid is 0.1 m below the surface, 
which corresponds to swimming or bathing. Since the water is infinitely 
deep, there is no ground exposure. The air above the water surface is 
assumed to be uncontaminated. This is appropriate because air immersion is 
considered separately (Section 5.4.6). The assumptions for water immersion 
are conservative and appropriate for concept assessment. 

Dose conversion factors for water immersion are calculated similarly to 
those for air immersion (Section 5.4.6). An important difference is that 
water is much denser than air and thus more efficient at absorbing radiat
ion. For water, 1.0 Bq.nr3 is equivalent to about 1.0 x 10~3 Bq-kg-1 and 
for air to about 1.2 Bq-kg"1. This means that dose conversion factors for 
water immersion are about three orders of magnitude lower than the corre
sponding values for air (Holford 1988). 

5.4.8 Ground Exposure Dose Conversion Factor, DFgi 
(Sv.a-1/Bq.kg"1(wet)) 

This parameter is needed to calculate radiological doses from standing on 
contaminated ground (Equation (19)). Our DFgi values for concept assess
ment (Table 10) were calculated by Holford (1988, 1989), who provided two 
sets of values: one based on surface contamination, and the other on uni
form contamination down from the ground surface. We used the latter set of 
values because NFWM involves an underground rather than an atmospheric 
source of radionuclides so that the entire soil profile may be contaminated 
(Sheppard 1992). 

Dose conversion factors for surface contamination are available from the 
literature (Kocher 1983b), but this is not so for uniform soil contamina
tion. One of the problems is that soil material is very heterogeneous and 
few data are available on the attenuation of radiation in soil. The 
closest material for which data are available is concrete and these data 
were used by Holford (1988) to calculate our DFgi values. This is not an 
unreasonable approximation, and density differences between soil and con
crete are unimportant. 

For calculating DFgi values, reference man is assumed to stand on semi-
infinite uniformly contaminated soil with a concentration of 1.0 Bq.kg_1(wet). 
The air above the ground is uncontaminated, but we have considered air 
immersion separately (Section 5.4.6). The spatial configurations of man 
for air immersion and ground exposure are basically similar. However, 
there are differences which relate to the fact that in ground exposure the 
body centroid and the source of radiation are not in immediate contact. 
This separation tends to reduce doses, particularly for ^-radiation, which 
is not very penetrating, even in air. 

Our soil concentrations, SDi, are based on a soil depth of 30 cm 
(Section 5.1.1). The material below would likely contain radionuclides as 
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well, but not necessarily at the same level as above. This may conflict 
with the uniform contamination assumed for calculating the D?gL values. 
However, this has likely little effect on dose predictions because the 
influence of radionuclides in the ground on doses decreases rapidly from 
the surface down because of increased shielding. 

To be conservative, our DFgi values assume that the body centroid, or point 
of immersion, is only 0.8 m above the ground surface for 7-radiation. For 
/3-radiation, there is no single immersion point and doses are integrated 
over a body height of 1.6 m as outlined by Holford (1988). In this way, 
^-radiation can have an impact on our DFgi values. In most other respects, 
these values were calculated in much the same way as those for air 
immersion by converting 7-radiation doses in air at the point of immersion 
to tissue-equivalent doses, to target organs doses, and finally to dose 
conversion factors using ICRP 26 (ICRP 1977) methodologies. 

5.4.9 Building Exposure Dose Conversion Factor, DFbj 
(Sv.a-VBq-kg-^dry)) 

These dose conversion factors are used to determine radiological doses from 
exposure to building materials (Equation (20)). DFbi values are not 
readily available from the literature and Holford (1988, 1989) calculated 
three sets of values which all use the same basic approach but involve 
concrete, log or frame construction. For concept assessment, we have 
conservatively chosen the highest of the three values for each radionuclide 
(Table 10). We have applied these values irrespective of building 
material. Thus, wood and inorganic building materials derived from soil 
(Section 3.2.10.4) are not distinguished when it comes to calculating 
actual doses to man. 

For calculating DFbi values, reference man is assumed to be at the centre 
of a spherical shell with a 2.0-m radius. Although this does not exactly 
coincide with the shape of a room, the shell has the volume of an average 
room. The shell is composed of building material uniformly contaminated at 
1.0 Bq-kg"1(dry). It accounts for the walls, ceiling and floor of an 
ordinary room, and thus ground exposure (Section 5.4.8) need not be 
considered in conjunction with exposure to contaminated building material. 
For concrete, the shell has an infinite thickness. This does not unduly 
inflate doses inside because concrete has a high power for stopping 
radiation, but the assumption is conservative. Assuming an infinite shell 
thickness is inappropriate for wooden building material. Thus, Holford 
(1988) chose wall thicknesses of 30 cm and 10 cm for log and frame 
construction respectively. Log construction does not involve any wall 
finishes, but frame construction does and this is assumed to completely 
block ^-radiation. Frame construction is conservatively assumed to consist 
of solid 10-cm-thick wooden walls. None of the three cases considers 
radiation exposure from adjoining rooms. This would mainly be relevant for 
wooden building materials and y-radiation-emitting radionuclides. 

The body centroid, or point of immersion, is assumed to be at the centre of 
the shell so that the configuration is highly symmetrical. This greatly 
facilitates dose calculations, which are similar to those for ground 
exposure (Section 5.4.8) because the point of immersion is in both 
instances separated from the source of contamination. 
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5.4.10 Radioactive Decay Constant, A£ 
(d-i) 

By definition, radionuclides undergo constant spontaneous disintegration 
and thereby release radiation (Whicker and Schultz 1982). Ultimately, 
decay results in stable daughters, but some radionuclides are part of decay 
chains and thus give rise to a series of radioactive daughters (Appendix A, 
Section A-1 ; Eisenbud 1987). Radioactive decay is important in CALDOS in 
deciding which and how radionuclides need to be modelled (Section 3.1.9). 
Decay plays a role in quantifying reduction in radioactivity during holdup 
times (Section 5.5), in defining leaf deposition (Sections 5.5.8 and 5.5.9) 
and in establishing dose conversion factors (Section 5.4). Radioactive 
decay follows first-order kinetics and it can be quantified in terms of the 
radioactive half-life, the amount of time required for the radioactivity of 
a radionuclide to decrease by one half. Radioactive decay is radionuclide-
specific and half-life varies from fraction.'? of seconds to millions of 
years. A stable isotope has an infinitely long half-life. Although on an 
atomic scale radioactive decay is a stochastic phenomenon, half-lives can 
be regarded as constants. Note that the half-life is an incomplete measure 
of the potential hazard of a radionuclide. Biomobility, and the types and 
energies of radiations emitted are also important (Sections 5.3 and 5.4). 
Furthermore, the amount of radioactivity per unit mass of a radionuclide is 
generally higher for short- than for long-lived radionuclides. 

The radioactive decay constants can be derived from the half-life of a 
radionuclide using the equation \L = 0.693/half-life, where 0.693 is the 
natural logarithm of 2. Radioactive decay constants quantify the fraction 
of a radionuclide decaying per unit time. Thus, low XL values correspond 
to long half-lives. Time parameters (Section 5.5) of CALDOS interact with 
AA by allowing decay of short-lived radionuclides and accumulation of long-
lived ones (Zach 1982c). For concept assessment, we have adopted the 
generally accepted radioactive half-lives listed in Table 9. These values 
are from ICRP 38 (ICRP 1983). 

5.5 HOLDUP TIMES AND OTHER TIME PARAMETERS 

CALDOS involves several time parameters, consisting of holdup times, times 
of exposure and environmental half times (Section 3.2). 

Holdup times define the period from removal of a product from its contamin
ation source to its actual use by humans, e.g., the time from catching a 
fish and removing it from contaminating surface water (Equation (10)) to 
eating it. This may involve delays due to canning. Note that, upon 
removal from the contamination source, we assume that no additional 
radionuclide transfer occurs. Holdup times allow for radioactive decay 
before human use, which can be significant for short-lived radionuclides. 
Decay of short-lived daughters during holdup times is compensated for by 
our internal dose conversion factors, which fully consider radioactive 
daughters (Sections 5.4.2 and 5.4.3). 

Holdup times have received little attention in model parameter reviews and 
few data are available. CSA (1987) does not consider holdup times, 
although for some food types, simple factors are used to account for decay 
of short-lived radionuclides. In general, short holdup times lead to 
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conservative dose estimates. For most radionuclides, dose predictions are 
not strongly influenced by holdup times (Zach 1982c). Thus, they need not 
be represented by PDFs for concept assessment, and no truncations and 
correlations need to be considered. To allow for some variation, we have 
implemented product-specific holdup-time values. For convenience, we have 
summarized all the holdup-time values adopted for concept assessment in 
Table 11. 

Time of exposure is the period during which crops are exposed to aerially 
deposited radionuclides from the atmosphere or from sprinkler irrigation. 
Radionuclides are assumed to accumulate on the exposed plant parts, taking 
into account removal as defined by the effective removal constant 
(Section 5.2.7). Time of exposure, can significantly affect dose 
predictions for long-lived radionuclides, which do not rapidly decay as 
they accumulate (Zach 1982c). In general, long times of exposure lead to 
conservative dose predictions because accumulation is increased. 

TABLE 11 

SUMMARY OF HOLDUP TIME VALUES FOR CONCEPT ASSESSMENT 

Holdup Time Duration (d) 

TE PLANT (th) 1 

Terrestrial animal feed (thf^) 

TE MILK 1 
TE MEAT 5 
TE BIRD 1 

Terrestrial animal water (thwj) 
TE MILK. 0 
TE MEAT 4 
TE BIRD 0 

Terrestrial animal soil (ths^) 
TE MILK 0 
TE MEAT 4 
TE BIRD 0 

Ftf FISH (thp) 0.5 

Man's drinking water (thdw) 0 

Building material (thbx) 

Wood 180 
Inorganic 30 

NOTE: For documentation of values see Section 5.5.1 to 5.5.7. 
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Variability of this parameter is limited (Zach 1982b) and thus it can be 
represented by single conservative values. Some variability can be taken 
into account by using product-specific values. A summary of the time of 
exposure values adopted for concept assessment is presented in Table 12. 

TABLE 12 

SUMMARY OF TIME OF EXPOSURE VALUES 

FOR CONCEPT ASSESSMENT 

Time of Exposure Duration (d) 

Terrestrial food (te,) 
TE PLANT 100 
TE MILK 50 
TE MEAT 50 
TE EIRD 100 

Wooden building material (teb) 36 325 

NOTE: For documentation of values see Sections 5.5.8 and 5.5.9. 

The plant environmental half time is used to define losses of atmospher
ically deposited radionuclides from exposed plant parts (Section 5.5.10). 
Unlike the other time parameters, plant environmental half time can be 
quite variable (Miller and Hoffman 1979), making probabilistic treatment 
for concept assessment appropriate. 

5.5.1 Holdup Time for TE PLANT, th 

(d) 

This parameter defines the annual average time from removal of terrestrial 
plants (TE PLANT) from fields and gardens to their consumption by man in 
raw or processed forms (Equations (2) and (5)). Thus, th can include 
delays due to harvesting, processing, storage and transportation before 
actual consumption. In some instances, such as the consumption of local 
vegetables and wild berries, the delay can be very short. However, in 
today's commercial food production, storage and distribution system delays 
are frequently much longer. Clearly, th is variable. 

USNRC (1977) recommended a holdup time of 14 d for commercial vegetables 
and produce. For local fresh and local stored vegetables, it recommended 
values of 1 and 60 d respectively. Based on a review of U.S. data, Rupp 
(1979) reported average th values of 3.5 and 7.0 d for commercial perish
able and other produce, respectively, and a value of 1.0 d for local fresh 
produce. For concept assessment, we have adopted a conservative th value 
of 1 d for TE PLANT. 
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5.5.2 Terrestrial Animal Feed Holdup Time, thfj 
(d) 

This holdup time defines the annual average period from removal of feed or 
forage by farm animals or humans to the consumption of animal food types 
(TE MILK, TE MEAT and TE BIRD) by man (Equations (A) and (7)). Thus, thfj 
has two components, one for feed or forage and the other for the food type 
as such. These components are additive. For grazing, the first component 
can be set to zero, but when farm animals consume stored feed, such as hay, 
this component can amount to more than a year. The component for the ani
mal food type is usually several days, as in the case of beef, which 
involves delays caused by slaughter. However, local milk, and eggs are 
sometimes consumed with little delay. 

USNRC (1977) recommended delays of 0 and 90 d for pasture and stored animal 
feed, and 4 and 10 d for milk transportation and slaughter respectively. 
In the U.S., commercial milk, beef or pork, and poultry have average delays 
of 3.0, 12.5 and 10.0 d respectively (Rupp 1979). The corresponding local 
values are 1.0, 12.5 and 1.0 d. All these values do not include delays 
associated with feed or forage. For concept assessment, we have adopted 
conservative thf, values of 1, 5 and 1 d for TE MILK, TE MEAT and TE BIRD 
respectively (Table 11). These values are based on a holdup time of 1 d 
for feed or forage. In terms of our assumption that dairy and beef cattle 
are given a mixed diet of stored feed and forage, and chickens mainly grain 
(Section 5.7.1), this value is very conservative. Our holdup times assume 
that man consumes fresh milk, eggs and poultry, but that meat is slightly 
aged before consumption. 

5.5.3 Terrestrial Animal Drinking Water Holdup Time. thWj 
(d) 

This holdup time specifies the annual average period from water ingestion 
by farm animals to the consumption of animal food types (TE MILK, TE MEAT 
and TE BIRD) by man (Equation (8)). Similar to the terrestrial animal feed 
holdup time (Section 5.5.2), thWj values consist of two components, the 
holdup time for the drinking vater and the holdup time for the food type as 
such. Values of the latter are identical for thfj and thw^. With farm 
animals drinking directly from lakes or streams, the first component has a 
value of zero. However, commercial drinking water can involve delays of 
several days because of transport, treatment and storage (USNRC 1977, Rupp 
1979). For concept assessment, we have assumed that drinking water compo
nent is zero, so that overall thw, values for TE MILK, TE MEAT and TE BIRD 
are 0, 4 and 0 d respectively (Table 11). 

5.5.4 Terrestrial Animal Soil Ingestion Holdup Time, thSj 
(d) 

This parameter defines the annual average time from soil ingestion by farm 
animals to the consumption of animal food types (TE MILK, TE MEAT and TE 
BIRD) by man (Equation (9)). Terrestrial animal soil ingestion holdup time 
has two components, similar to thf^ and thw^ (Sections 5.5.2 and 5.5.3). 
Further, thSj and thfj are identical if it is assumed that soil is solely 
ingested with feed or forage. This is a reasonable assumption for grazing, 
but animals may ingest soil separately and deliberately to meet nutritional 
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needs (Zach and Mayoh 1984b). To take this into account, we have assumed 
no holdup time for the soil component. Thus, thSj values for concept 
assessment are 0, 4 and 0 d for TE MILK, TE MEAT and TE BIRD respectively 
(Table 11). These values are identical to those for terrestrial animal 
drinking water (Section 5.5.3) and based solely on delays associated with 
the food type as such. 

5.5.5 Holdup Time for FW FISH, thp 

(d) 

This holdup time defines the annual average period from capturing fresh
water fish to eating them (Equation (10)). Delays for fish can be very 
short, particularly in the case of sport fish, but commercial frozen fish 
can involve prolonged storage. Clearly, thp values can be very variable. 

USNRC (1977) recommended thp values of 7 and 10 d for sport and commercial 
fish respectively. Rupp (1979) determined average U.S. values of 1.0 d and 
8.3 d for local and commercial fish respectively. For concept assessment, 
we have adopted a conservative thp value of 0.5 d. 

5.5.6 Holdup Time for Man's Drinking Water, thdw 
(d) 

This parameter represents the annual average delay between the isolation of 
drinking water supplies from their sources, such as lakes and wells, and 
the actual consumption by man (Equation (11)). Holdup times for drinking 
water can range over several days and zero values are possible 
(Section 5.5.3). For the U.S., Rupp (1979) determined average values of 
0.5 and 1.0 d for local and commercial drinking water respectively. For 
concept assessment, we have conservatively assumed that drinking water has 
no holdup time by applying a thdw value of 0 d. 

5.5.7 Holdup Time for Building Material, thb1 
(d) 

This parameter represents the annual average period from removal of raw 
building materials from their contamination sources to the human occupation 
of dwellings made from the finished materials (Equations (21) and (24)). 
For concept assessment, wooden and inorganic building materials derived 
from trees and soil, respectively, are considered (Section 3.2.10.4) We 
have few data on tht^ values, but they can clearly be quite variable. 

For concept assessment, we have assumed normal commercial practices. Thus, 
trees are assumed to be felled in one season and the resulting dwellings 
occupied in the next with a delay of about half a year to allow for har
vesting, processing, transporting, storing and building. Inorganic 
materials, such as clay, sand and gravel, are assumed to be handled more 
rapidly by allowing about a month for digging, processing, transporting, 
storing and building. For concept assessment, we have adopted thbj, values 
of 180 and 30 d for wooden and inorganic building materials respectively. 
These values are conservative because they do not take into account 
reduction in radioactivity following completion of dwellings. In 
established communities, most people do not live in new houses. 
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5.5.8 Time of Exposure for Terrestrial Food, te^ 

(d) 

For most crops, time of exposure is the period from emergence to 
harvesting, so that te^ is related to the length of growing season 
(Equations (5) and (7)). In the case of grazing, tej is defined as the 
return time, the period between successive grazings of a given pasture area 
(Fletcher and Dotson 1971). Some crops, such as asparagus, have tej values 
of only a few days. More common crops, such as radishes and tomatoes, 
range in values from about 20 to 100 d. Many types of crops can be grown 
on the Canadian Shield. The return time for cattle is usually much less 
than 30 d and largely determined by management practices. Poor pasture 
conditions correspond to short te^ values. 

We have few data on te^ values. Most conventional food-chain models use 
values of 30 and 60 d for grass and all the other plant crops respectively 
(Hoffman et al. 1984). These values are also used by USNRC (1977) and CSA 
(1987). Fruit growing is greatly limited on the Shield, but 60 d is an 
appropriate value for berries. For concept assessment, we have adopted 
conservative values of 100, 50, 50 and 100 d for TE PLANT, TE MILK, TE MEAT 
and TE BIRD respectively (Table 12). These values assume that cattle have 
a mixed diet consisting of stored feed and forage, whereas chickens feed 
mainly on grain (Section 5.7.1). 

Our values apply to both continuous deposition from the atmosphere as such 
and to sprinkler irrigation. In the biosphere model, irrigation needs are 
determined by the soil submodel (Sheppard 1992). This submodel maintains 
the soil moisture content at field capacity by making up water losses with 
sprinkler irrigation. CALD0S assumes that the annual deficit in soil water 
is made up by sprinkler irrigation spread evenly over the period defined by 
te^ Thus, even though irrigation is usually a sporadic process, in CALD0S 
it is continuous. Furthermore, irrigation influences only plant 
concentrations; effects on soil concentration are handled separately in the 
soil submodel. 

5.5.9 Time of Exposure for Wooden Building Material, teb 
(d) 

Of the two basic building materials considered for concept assessment 
(Section 3.2.10.4), this parameter applies only to wood (Equation (21)). 
It does not apply to tritium, which involves a specific activity model 
(Equation (23)). Time of exposure for building material refers to the time 
of emergence of a seedling tree to its harvest for timber many years later. 
Thus, it coincides with the age of harvested trees. 

Black spruce (Picea mariana), jack pine (Pinus banksiana), white pine 
(P. strobus). red pine (P. resinosa), trembling aspen (Populus tremuloides), 
white birch (Betula papyrifera) and some tolerant hardwood species are 
common on the Canadian Shield (Rowe 1972). All these species are of at 
least some commercial interest for building materials, such as plywood, 
joists and studs (Panshin and de Zeeuw 1980, Plonski 1981). Many factors 
influence time of harvesting such as species, site productivity and method 
of harvesting. On a rotational basis, approximate harvesting ages in 
Ontario are 70 to 90 a for black spruce, 50 to 70 a for jack pine, 50 to 
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60 a for red pine, 40 to 60 a for trembling aspen and 40 to 60 a for white 
birch (Section 5.9.4). In Ontario, white pine and tolerant hardwoods are 
usually harvested selectively, with trees frequently exceeding 100 a of 
age. 

The age of trees on the Shield is limited by the regular occurrence of 
forest fires, so that stands rarely exceed 100 a (McKee and Rowsell 1984, 
Amiro 1992d). Most of the trees harvested are between about 40 to 100 a 
old (McKee and Rowsell 1984). 

For concept assessment, we have chosen a conservative teb value of 
36 525 d, which corresponds to 100 a (Table 12). Clearly, concentrations 
from aerially deposited radionuclides on exposed plant parts usually reach 
equilibrium well before this period, because of removal by radioactive 
decay and various environmental factors (Section 5.2.7). The selected teb 
value corresponds to the yield value for wood specified in Section 5.9.4. 

5.5.10 Plant Environmental Half Time, tp 
(d) 

This parameter defines the period during which half of the initial amount 
of an atmospherically deposited radionuclide disappears from exposed plant 
parts through causes other than radioactive decay (Equation (6)). Some
times tp is directly expressed as the environmental loss constant, Aw, but 
for concept assessment, tp is considered together with the radioactive 
decay constant (Section 5.4.10) to calculate the effective removal con
stant, AEi (Section 5.2.7). Plant environmental half time is important for 
long-lived radionuclides, which do not decay away as they accumulate (Zach 
1982c). This is especially true for radionuclides subject to limited root 
uptake (Section 5.3.1). High tp values lead to conservative dose estimates. 

Several factors can cause the removal of radionuclides deposited on exposed 
plant parts, including wind, water, grazing, growth, and foliar absorption 
(Chamberlain 1970, Miller and Hoffman 1983). Although it is often diffi
cult to distinguish between these processes, numerous studies have been 
dedicated to them (e.g., Russell 1965, Arkhipov and Fevraleva 1980, Cataldo 
and Vaughan 1980, Myttenaere et al. 1980). Foliar absorption, followed by 
translocation, is of particular interest because radionuclides removed from 
surfaces are not eliminated from the plant as such (Section 5.3.1). In 
most studies, investigating atmospheric deposition of radionuclides on 
plants, absorbed and translocated radionuclides are indistinguishable from 
those remaining on surfaces. Thus, foliar absorption is fully taken into 
account in plant environmental half-time values. The general consensus is 
that 14 d is an appropriate tp value (USNRC 1977, Hoffman et al. 1984, 
CSA 1987). 

Plant environmental half times tend to vary with such factors as plant 
growth habits, leaf morphology, meteorological conditions and particle size 
(Romney et al. 1963, Witherspoon and Taylor 1970, Garten 1978). Some vari
ability also relates to the method of measurement, which may be based on 
mass or area (Miller and Hoffman 1.983). Grasses tend to lose radionuclides 
slowly because of reduced wind action and entrapment in the grass mat 
(Peters and Witherspoon 1972). Arctic lichens are noted for their 
extremely long tp values (Section 3-4; Hanson 1967). Large particles are 
more effectively retained than small ones (Witherspoon and Taylor 1970, 
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1971; Cataldo and Vaughn 1980). With the possible exception of iodine, tp 
does not appear to be element-specific (Chamberlain 1970). Plant 
environmental half time may be positively correlated with plant yield 
(Section 5.9). 

Plant environmental half time values can be assumed to be lognormally dis
tributed (Miller and Hoffman 1979). Miller and Hoffman (1983) provided a 
detailed analysis of the available data, which, overall, ranged from 2.8 to 
50.0 d. Values for herbaceous vegetation ranged from 2.8 to 34.0 d, with a 
GM and a GSD of 10.0 d and 1.7 respectively. Values for other vegetation 
types yielded similar results, but there was a suggestion of slightly 
greater tp values for woody vegetation. Values for gaseous I, on herba
ceous vegetation ranged from 4.5 to 14.0 d and had GM and GSD values of 
7.2 d and 1.4 respectively. 

For concept assessment, we have adopted a lognormal distribution of tp 
values with a conservative GM of 12.0 d and a GSD of 2.0. Thus, the lover 
and upper 95% confidence limits are 3.0 and 48.0 d respectively (Figure 11). 
The distribution can be used without applying truncation values or consi
dering parameter correlations. It applies to all the relevant radio
nuclides, vegetation types, and deposition from the atmosphere as such as 
well as from sprinkler irrigation. 

5.6 OCCUPANCY FACTORS FOR MAN 

Occupancy factors define the fractions of time humans are exposed to vari
ous environmental media through water and air immersion, by standing on 
ground, and by occupying buildings (Section 3.2.10). These factors are 
required for calculating radiological doses from external exposure. The 
various factors are very general because they are not activity-specific, 
e.g., the building occupancy factor includes all the indoor activities, 
such as work, recreation, and sleeping. Occupancy factors have received 
little attention in model parameter reviews and few data seem to be avail
able. This probably relates to the fact that internal exposure is usually 
far more important than external exposure. However, it is self-evident 
that these factors are not very variable, compared with some of the other 
parameters, so that they need not be treated probabilistically for concept 
assessment. Thus, no truncations and correlations need to be considered. 
The various factors are not necessarily independent because they may be 
either mutually exclusive or overlapping. We have not defined a separate 
air occupancy factor because it is given by the sum of the ground and 
building occupancy factors. We have also not defined an occupancy factor 
for standing on ice, which can be considerable for some Canadians involved 
in winter sports. However, it is reasonable to assume that standing on ice 
is included in the water or ground occupancy factor. The way the external 
dose conversion factors are calculated is important for some occupancy 
factors (Sections 5.4.6 to 5.4.9). We have attempted to select conserva
tive occupancy factor values and resolve their interrelationships in a 
similar manner. The values adopted for concept assessment are summarized 
in Table 13. 
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TABLE 13 

SUMMARY OF OCCUPANCY FACTOR VALUES FOR HAN 

FOR CONCEPT ASSESSMENT 

Occupancy Factor Value 

Water (Oe) 0.02 
Ground (Og) 0.2 
Building (Ob) 0.8 

NOTE: The occupancy factor for air is given by Og + Ob = 1.0, as docu
mented in Section 5.6. 

5.6.1 Water Occupancy Factor, Oe 
(unitless) 

This parameter is the annual average fraction of time man spends immersed 
in water during bathing and swimming, and thereby externally exposed to 
radionuclides dissolved or suspended in water (Equation (18)). On average, 
humans on the Canadian Shield spend little time immersed in water because 
swimming is often seasonally restricted. Thus, bathing and showering may 
be more important. CSA (1987) has recommended an Oe value of 0.01. For 
concept assessment, we have adopted an Oe value of 0.02, which corresponds 
to about 0.5 h-d-1. Since water immersion is usually incomplete, we have 
assumed that it occurs simultaneously with air immersion (Equation (17)). 
Simultaneous exposure to air and water is also a reasonable representation 
of showering. 

5.6.2 Ground Occupancy Factor. Og 
(unitless) 

This factor represents the annual average fraction of time that man is 
outdoors and exposed to radionuclide contaminated ground (Equation (19)). 
Og is also required for inhalation and air immersion for radionuclides with 
separate indoor and outdoor air concentrations (Equations (14) and (17)). 
Similarly to CSA (1987), we have assumed that man is either outdoors or 
indoors so that the occupancy factors Og and 0b (Section 5.6.3) must add to 
1.0. Ground exposure is related to radionuclide concentration in soil, 
without taking into account radiological shielding provided by snow cover 
during winter. In Canada, humans on average spend surprisingly little time 
outdoors as indicated by the CSA-recommended Og value of 0.2 (CSA 1987), 
which corresponds to about 4.8 h-d-1. We have adopted the CSA value for 
concept assessment. Neither high nor low values are consistently 
conservative; it depends on the exact circumstances. 

5.6.3 Building Occupancy Factor, 0b 
(unitless) 

This exposure factor represents the annual average fraction of time man 
spends indoors and, therefore, is subjected to external exposure from 
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radionuclides in building materials (Equation (20)). Similar to Og, Ob is 
also required for inhalation and air immersion for radionuclides with sep
arate indoor and outdoor air concentrations (Equations (14) and (17)). 
Given an Og value of 0.2 (Section 5.6.2), the Ob value for concept assess
ment is fixed at 0.8, which corresponds to about 19.2 h.d-1. This value 
coincides with CSA (1987) recommendations. As in the case of the ground 
exposure occupancy factor, conservatism depends on the exact circumstances. 

5.7 INGESTION RATES FOR TERRESTRIAL ANIMALS 

Daily food or forage, drinking water and soil ingestion rates for terres
trial animals are required to predict radiological doses to man from con
suming TE MILK, TE MEAT and TE BIRD (Sections 3.2.1 to 3.2.3). These 
ingestion rates can be quite variable, depending, among other factors, on 
body size (Section 5.8.1) and the productivity of the animals involved. 
Some of the variability can be accounted for by using food-type-specific 
ingestion rates. In view of the variability and potentially strong influ
ence of ingestion rates on dose predictions (Zach 1980b), probabilistic 
treatment for concept assessment is appropriate. Although our ingestion 
rates are expressed on a daily basis, they reflect seasonal or annual vari
ation (Section 3.1.10). High ingestion rates are conservative because they 
lead to high dose predictions. 

The various ingestion rates of a terrestrial animal are interrelated 
because of common underlying factors, such as body size and productivity. 
For humans, we have developed the model EWAM (Figure 8; Section 3.1.5) to 
predict meaningfully related food and water ingestion rates. In principle, 
similar models could be derived for animals, but this would be more dif
ficult because growth and productivity would have to be included. For con
cept assessment, we have considered feed or forage, drinking water and soil 
ingestion rates separately and then linked them using appropriate corre
lation coefficients. The SYVAC code has special capabilities for imple
menting correlations, as discussed at the beginning of Section 5. Our 
ingestion rate specifications for terrestrial animals for concept assess
ment are summarized in Table 14. 

5.7.1 Feed or Forage Ingestion Rate, Qfj 
(kg(wet).d-i) 

This parameter defines the daily feed or forage ingestion rates of dairy 
and beef cattle, and of chickens to allow dose calculations for man's con
sumption of TE MILK, TE MEAT and TE BIRD (Equations (4) and (7)). For 
concept assessment, we have assumed that dairy and beef cattle are fed a 
mixed diet of stored feed and fresh forage, and chickens a diet of mainly 
grain. This agrees with current management practices on the Canadian 
Shield, with reliance on stored feed during the winter. Actually, for our 
Qfj values, this is not very important because dry-matter intake can be 
readily converted to a fresh weight by applying a plant moisture content of 
75Z (Section 5.3.1). Unless otherwise indicated, all the values quoted in 
this section are on a dry-weight basis. 

Much of the variability in food ingestion rates of animals can be readily 
explained. The energy supplied by food must sustain growth, and maintain 
body functions and physical activity (Blaxter 1950). Various studies have 
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TABLE 14 

SUMMARY OF SPECIFICATIONS OF INGESTION RATES (kJ-a-M 

FOR TERRESTRIAL ANIMALS FOR CONCEPT ASSESSMENT 

Ingestion Rate 
Distribution Arithmetic Standard 

Type Mean Deviation 
Parameter 

Correlation (r) 

Feed (Qfj, kg(wet).d'1) 
TE MILK 
TE MEAT 
TE BIRD 

Water (QdWj, L-d"1) 
TE MILK 
TE MEAT 
TE BIRD 

Soil (QSj, kgCdryJ.d"1) 
TE MILK 
TE MEAT 
TE BIRD 

normal 
normal 
normal 

normal 
normal 
normal 

normal 
normal 
normal 

60.0 
50.0 
0.4 

60.0 
40.0 
0.4 

1.0 
0.8 
0.006 

15.0 
12.5 
0.1 

15.0 
10.0 
0.1 

0.25 
0.20 

0. 
0. 
0, 

0.0015 

,75 with Qdwj and 
,75 with QdWj and 
,75 with QdWj and 

0.75 with Qfj 
0.75 with Qfj 
0.75 with Qfj 

0.75 with Qfj 
0.75 with Qf, 
0.75 with Qfj 

Qs, 
Qs 
Q s ; 

NOTE: For documentation of distributions see Section 5.7. 

explored the relationship of these and similar factors on energy need 
(e.g., Kleiber 1960, Heady et al. 1964, Comar 1966, Hooven et al. 1968, 
Jones 1972). Growth, reproduction, high activity levels and lactation 
strongly increase energy needs (Campling 1966, Seeherman et al. 1981). 
Energy needs of birds and mammals increase with body mass in a predictable 
way (Section 5.8.1; Lasiewski and Dawson 1967, Kleiber 1975). In farm 
animals, feed or forage ingestion rates are also affected by breed, manage
ment practice and food quality (Garner 1963, Koranda 1965, Conrad 1966, 
Bull et al. 1976, Shor and Fields 1979). In dairy cattle, milk yield is 
one of the most important factors (Shor and Fields 1980). Feed or forage 
ingestion rate may be related to plant yield (Section 5.9). 

Dry-matter intake of dairy cows ranges from about 8.0 to 11.0 kg-d"1 

(Garner 1963). Koranda (1965) indicated a combined range for dairy and 
beef cattle from 9.1 to 13.6 kg.d'1, but Comar (1966) estimated the intake 
of dairy cows at 15.0 kg-d-1 and of beef cattle from 8.0 to 18.0 kg-d-1. 
In a similar review of data from numerous experimental studies of cattle, 
intake averaged from 8.8 to 26.2 kg.d"1, with a grand average of 
16.5 kg-d"1 (Shor and Fields 1980). The lowest value of 8.8 kg-d"1 was for 
beef cattle and it is representative of a typical family cow, maintained 
for milk and beef production. Hoffman et al. (1984) computed GM values of 
11.0 and 8.3 kg«d_1 for dairy and beef cattle respectively. Although our 
food types of TE MILK and TE MEAT are both based on cattle (Section 3.1.6), 
it is interesting to note that on a dry-matter basis, goats consume about 
2.0 kg.d"1 (USNRC 1977, Shor and Fields 1979), sheep from 1.1 to 2.5 kg.d"1 
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(Crampton 1957, Blaxter et al. 1961, Comar 1966) and pigs from about 2.8 to 
3.4 kg-d-1 (Comar 1966). 

In most conventional food-chain models, dairy cattle and beef cattle are 
assumed to ingest between 10.0 to 16.0 kg«d-1 and 10.0 to 15.6 kg.d-1 

respectively (Hoffman et al. 1984). The CSA (1987) value for cattle in 
general is 10.0 kg.d"1. An ingestion rate of 12.3 kg.d_1 is sometimes used 
to help derive transfer coefficient values for milk and beef from concen
tration ratios (Section 5.3.2; Baes et al. 1984). 

In the FOOD model (Napier et al. 1980), chickens are assumed to consume 
0.12 kg.d"1 of dry feed and the CSA (1987) value is 0.1 kg-d'1. These 
ingestion rates are representative of rapidly growing broilers 
(Section 5.14.1; Hill and Dansky 1954, Perry 1981) and of laying adult hens 
(Bolton 1958). 

Few studies have statistically investigated the distribution and variation 
of Qfj values. In the case of dairy cattle, values are approximately 
normally distributed with an arithmetic mean of 16.0 kg-d-1 and a SD of 
2.6 kg.d'1 (Shor and Fields 1979). These findings are mainly based on 
highly productive dairy herds and the SD applies to variation between 
herds. Variation between animals would likely be higher. 

For concept assessment, we have assumed normal distributions (Figure 11) of 
Qfj values for all the food types with arithmetic means of 60.0, 50.0 and 
0.4 kgCwet)^"1 for TE MILK, TE MEAT and TE BIRD respectively (Table 14). 
The corresponding SDs are 15.0, 12.5 and 0.1 kg(wet)«d"1. This means that 
the 95Z confidence intervals for TE MILK, TE MEAT and TE BIRD are 30.0 to 
90.0 kg-d"1, 25.0 to 75.0 kg-d"1 and 0.2 to 0.6 kg.d"1 respectively. Our 
adopted distributions need to be truncated because extremely low values are 
insufficient for animals to survive. In all cases, the truncation value is 
three SDs below the arithmetic mean, or 15.0, 12.5 and 0.1 kg.d"1 for'TE 
MILK, TE MEAT and TE BIRD respectively. No truncation is required in the 
upper tails of the distributions. 

Since food and drinking water ingestion rates of terrestrial animals are 
functionally related (Section 3.1.5; Winchester and Morris 1956, Cizek and 
Nocenti 1965), we have assumed a strong correlation of 0.75 between our Qfj 
and QdWj (Section 5.7.2) values. Similarly, food and soil ingestion rates 
are closely related (Section 5.7.3; Zach and Mayoh 1984b), as defined by 
our correlation coefficient of 0.75 between the Qfj and QSj values. Ignor
ing these relationships would not be conservative, e.g., the combination of 
high Qfj, QdWj and QSj values would be entirely left to chance and, there
fore, become less likely. 

5.7.2 Drinking Uater Ingestion Rate. QdWj 
(L-d 1) 

This parameter represents the daily drinking water ingestion rates of dairy 
and beef cattle, and chickens, needed for calculating doses to man from 
eating TE MILK, TE MEAT and TE BIRD (Equation (8)). Few data seem to be 
available on water ingestion rates of farm animals, presumably because 
water is usually not a limiting resource, but ingestion rates can vary 
substantially. 
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Water requirements of animals are related to homeostatic mechanisms that 
maintain body salt concentrations within narrow limits (Wessells 1968, 
Robinson 1970). Ingested food can supply substantial amounts of water, but 
this depends on its water content. Although water is also gained from 
oxidation of the ingested carbohydrate, fat and protein (Section 5.8.6; 
Maynard et al. 1979), most mammals and birds must drink, regularly to meet 
their needs. Water losses occur through urine, feces, sweat, diffusion, 
transpiration, lactation and growth (Wolf 1958). In general, water 
requirements increase with increasing body size and ambient temperature 
(Harbin et al. 1958, Wolf 1958, Richmond et al. 1962, Black et al. 1964). 

Garner (1963) estimated a water ingestion rate of 80.0 L.d"1 for dairy 
cattle. Ranges from 50.0 to 100.0 L.d"1 for dairy and from 30.0 to 
60.0 L.d-1 for beef cattle were indicated by Comar (1966). In a study by 
Campling (1966), pregnant and control cows had water ingestion rates of 
37.6 and 39.4 L>d_1, respectively, whereas lactating cows consumed about 
60.0 L-d"1. On average, lactating beef cows need about 60.0 L«d_1, but 
lactating dairy cows require about 90.0 L-d'1 (Maynard et al. 1979). 
Unfortunately, it is not always clear whether published values exclude 
water ingested with food and oxidative water. The data provided by Black 
et al. (1964) can be used to calculate the water need of cattle. Assuming 
that animals are 75% water by weight, average values for dairy cows, steers 
and calves were 82.0, 37.1 and 12.0 L-d*1 respectively. For sheep, water 
ingestion rates range from about 3.0 to 6.0 L-d-1 (Comar 1966, Maynard et 
al. 1979). This range is probably also representative for goats. Pigs 
require from about 4.0 to 14.0 L.d_1 (Comar 1966, Maynard et al. 1979) and 
chickens need up to 0.5 L-d-1 (Maynard et al. 1979). 

In HERMES (Fletcher and Dotson 1971), the water ingestion rate of dairy 
cows was varied seasonally from 30.0 to 75.0 L.d-1, depending on the type 
of food consumed. The average values for dairy and beef cattle were 60.4 
and 50.0 L-d-1 respectively. In FOOD (Napier et al. 1980), the correspond
ing values are 60.0 and 50.0 L.d-1, values also recommended by the USNRC 
(1977). CSA (1987) recommended 80.0 and 50.0 L-d'1 for dairy and beef 
cattle respectively. Most conventional food-chain models use a water 
ingestion rate of 0.3 L-d-1 for chickens. 

There are no statistical studies investigating the distribution and varia
tion of QdWj values; however, results from feed or forage ingestion rates 
(Section 5.7.1) can be used as a guide for concept assessment. Thus, we 
have assumed normal distributions (Figure 11) of Qdv^ values for all the 
food types. For TE MILK, TE MEAT and TE BIRD, we have adopted arithmetic 
means of 60.0, 40.0 and 0.4 L-d-1 respectively (Table 14). The correspond
ing SDs are 15.0, 10.0 and 0.1 L.d-1. Therefore, the 95% confidence inter
vals for TE MILK, TE MEAT and TE BIRD are 30.0 to 90.0 L-d"1, 20.0 to 
60.0 L-d"1 and 0.2 to 0.6 L'd-1 respectively. Our distributions are con
servatively high, especially because, for concept assessment, animal's food 
ingestion is considered in terms of wet weight (Section 5.7.1), so that 
substantial amounts of water are ingested with feed or forage. 

As in the case of feed or forage ingestion rates, the distributions for 
drinking water need to be truncated to avoid unreasonably low values. The 
truncation values for TE MILK., TE MEAT and TE BIRD are 15.0, 10.0 and 
0.1 L-d'1, respectively, which corresponds to three SDs below the arithmetic 
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mean. No truncation is required in the upper tails of the distributions. 
Our QdWj values are strongly correlated with feed or forage and soil inges
tion rates for terrestrial animals, as discussed in Section 5.7.1. 

5.7.3 Soil Ingestion Rate. Qs, 
(kg(dry).d-1) 

This parameter defines the daily soil ingestion rates of dairy and beef 
cattle, and chickens for calculating doses for man's ingestion of TE MILK, 
TE MEAT and TE BIRD (Equation (9)). The soil ingestion pathway has been 
ignored in many conventional food-chain models even though it can be an 
important dose contributor to humans (Section 3.1.1; Blincoe et al. 1981, 
Zach and Mayoh 1984b). All the soil ingestion rates quoted here are on a 
dry-weight basis. 

Soil may be ingested involuntarily while grazing (Healy 1968, Mayland et 
al. 1977) or with stored feed. Soil particles may adhere to ingested roots 
and to exposed plant parts from atmospheric deposition, and surficial 
contamination caused by rainsplash and harvesting (Section 3.1.2). Invol
untary intake leads to a strong correlation between soil and feed or forage 
ingestion (Section 5.7.1). Domestic and wild animals may also ingest soil 
voluntarily, perhaps to meet dietary mineral deficiencies (Healy et al. 
1970, Maynard et al. 1979, Fraser et al. 1980). Birds, such as chickens, 
may ingest soil with feed or with grit used for grinding food in the 
gizzard. 

Soil ingestion is usually quantified indirectly by analysing feces for a 
trace element. Some of the ingested soil may come from inhalation, the 
clearing of the respiratory tract followed by swallowing. Depending on the 
exact circumstances, soil ingestion by grazing dairy cattle normally ranges 
from about 0.5 to 1.2 kg-d"1, with values up to 2.2 kg.d-1 on poor range 
(Healy 1968). Under semiarid conditions, soil ingestion of beef cattle is 
similar with a range of about 0.1 to 1.5 kg-d-1 and a median value of 
0.5 kg.d"1 (Mayland et al. 1975). On more mesic pasture, average values 
can range from 0.1 to 2.4 kg-d"1 (Mayland et al. 1977, Thornton and 
Abrahams 1981). Even under confined conditions with little or no grazing, 
cattle can ingest a limited amount of soil (Fries et al. 1982). Soil 
ingestion has also been documented in sheep (Healy 1967), but no data are 
readily available for chickens. 

The distribution and variation of QSj values have not been studied statis
tically, but it is reasonable to assume that soil ingestion reflects feed 
or forage ingestion (Section 5.7.1). Thus, for concept assessment, we have 
assumed normal distributions (Figure 11) of QSj values for all the food 
types. Zach and Mayoh (1984b) recommended the use of 4% soil ingestion by 
weight of the dry-matter intake of feed or forage, but some studies have 
indicated values of up to 7% (Green and Dodd 1988). We have adopted values 
between 6 to 7%. Accordingly, we have established arithmetic mean soil 
ingestion rates of 1.0, 0.8 and 0.006 kg-d"1 for TE MILK, TE MEAT and TE 
BIRD respectively (Table 14). With corresponding SDs of 0.25, 0.2 and 
0.0015 kg-d-1, the 95% confidence intervals are 0.5 to 1.5 kg-d"1, 0.4 to 
1.2 kg-d-1 and 0.003 to 0.009 kg-g'1 respectively. 



- 129 -

Soil ingestion rates cannot be less than zero, and thus our distributions 
need to be truncated in the lower tails. To keep consistent with feed or 
forage and drinking water ingestion rates (Section 5.7.1 and 5.7.2), we 
have adopted truncation values three SDs below the arithmetic mean, or 
0.25, 0.2 and 0.0015 kg-d"1 for TE MILK, TE MEAT and TE BIRD respectively. 
Our QSj values are strongly correlated with feed or forage and drinking 
water ingestion rates for terrestrial animals, as defined in Section 5.7.1. 

Given Qfj (Section 5.7.1) and Qs^ values, the soil contamination of vegeta
tion can be estimated. This is in fact one of the input parameters for 
calculating soil ingestion by man (Section 5.8.9). For example, the feed 
or forage ingestion rate for TE MILK and the corresponding soil ingestion 
rate have arithmetic means of 60 kg(wet).d_1 and 1.0 kg(dry).d*1 respec
tively (Table 14). Thus, per kilogram of food intake, about 0.017 kg of 
dry soil is ingested. Assuming that vegetation contains 75% water 
(Section 5.3.1), this value converts to 0.067 kg, or 67 mg of dry soil per 
gram of dry vegetation. This is a reasonable average value (Section 5.8.9; 
Pinder and McLeod 1989). 

5.8 ENERGY AND FOOD PARAMETERS FOR MAN 

Most of these parameters are required to calculate man's food ingestion, 
drinking water ingestion and inhalation rates (Section 5.2). Thus, they 
are related to the EWAM model (Zach and Barnard 1987), implemented for 
concept assessment by means of simplified equations (Figure 8; 
Section 3.2.11), to ensure energetically adequate diets, and meaningfully 
related food and water ingestion and inhalation rates (Section 3.1.5). 
None of these parameters has been used in conventional food-chain models. 
This is also true for the two soil ingestion parameters for man, included 
in this section. 

Dose predictions are linearly related to ingestion and inhalation rates 
(Equation (1)), making them potentially important parameters. However, 
compared with some of the other parameters of CALD0S, these rates are not 
very variable. Consequently, most of the parameters used for calculating 
them can be represented by single conservative values rather than by PDFs. 

5.8.1 Man's Total Energy Need. En 
(kJ.d-1) 

This parameter defines man's daily energy need, based on annual average 
values, to help calculate ingestion rates of food types, Uj (Equation (25); 
Section 5.2.1). Most conventional food-chain and dose models do not use 
this parameter, which can lead to underestimation of food intake and dose 
predictions (Zach and Mayoh 1983). High En values lead to conservative 
dose estimates. 

Man's total energy need is determined by many factors. This can be con
veniently expressed by a series of components so that 

En = BMR + Pae + Ge + Pe + Le + Te + SDA 

where BMR is the basic metabolic rate, Pae the physical activity allowance, 
Ge the growth allowance, Pe the pregnancy allowance, Le the lactation 
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allowance, Te the temperature allowance and SDA the specific dynamic action 
(Guthrie 1983, Zach and Barnard 1987). Given dose predictions for ICRP 
reference man (Table 1; Section 1.3), several of these components are not 
relevant for concept assessment. 

The BMR is the minimal amount of energy required for vital body functions 
under thermoneutral conditions (Guthrie 1983). Note that BMR = K . Bmc, 
where K is a constant Bm the body mass (kg) and c the BMR exponent. Using 
the commonly accepted values of 290 and 0.75 for K and c respectively 
(Kleiber 1975), the BMR for ICRP reference man with a body mass of 70.0 kg 
amounts to about 7000 kJ-d-1. 

The physical activity allowance accounts for work and recreation and, 
except for the BMR, it is usually the largest component (Durnin and 
Passmore 1967). Its exact size depends on the level and duration of physi
cal activity (ICRP 1975, NAS 1980). The growth, pregnancy and lactation 
allowances can be considerable, but they usually apply for a limited time 
only in terms of the 50-a commitment considered in our dose predictions 
(Section 5.4.1.4). The temperature allowance, which considers energy needs 
at excessively low and high ambient temperatures, is usually small, even 
under severe winter conditions, because humans tend to avoid exposure by 
going indoors or by wearing appropriate clothing. Finally, the SDA, which 
represents a stimulatory effect of food ingestion, amounts to about 10% of 
En (Zach and Barnard 1987). For concept assessment, this component is 
directly included in En and not calculated separately. 

Age, sex and racial differences in energy requirements of humans are 
largely related to body size and composition (Table 15). The decrease in 
energy need with age relates to reduced physical activity (Guthrie 1983). 

Many data are available on human energy requirements from surveys, experi
ments and theoretical studies (Zach and Barnard 1987). These data have 
been reviewed by several agencies to define dietary recommendations. 
According to the World Health Organization (WHO 1973), adult males with a 
body mass of 65.0 kg require about 11 300, 12 500 or 14 600 kJ-d"1 while 
doing light, moderate or heavy physical work respectively. ICRP reference 
man is assumed to expend 12 600 kJ-d"1 (ICRP 1975) and NAS (1980) recom
mended for adult males an average intake of 11 300 kJ-d-1, with a range 
from 9600 to 13 000 kJ-d'1. In Canada, adult males consume between about 
5300 to 14 100 kJ-d"1 (Table 15), but U.S. values are slightly lower (Yang 
and Nelson 1986, Vein et al. 1991). For concept assessment, we have 
adopted a conservatively high En value of 14 600 kJ-d-1, which corresponds 
to about 3500 kcal'd"1. This value is sufficient to cover pregnant or 
lactating women. 

5.8.2 Nutrient Contents of Food, Cym^, Fym^ and Pym^ 
(g-kg"1) 

This parameter defines the carbohydrate, Cym^, fat, Fym^, and protein, Pynu 
contents of our food types (Section 3.1.6) to help calculate man's food and 
drinking water ingestion and inhalation rates (Section 3.2.11). It is also 
needed for determining the food-type energy fraction values, Ycfj, pre
sented in Section 5.8.4. In terms of food ingestion, low nutrient content 
values are conservative because they result in high ingestion rates 



- 131 -

TABLE 15 

FOOD ENERGY CONSUMPTION RATES fkJ-d-M OF CANADIANS IN 

RELATION TO RACE. AGE AND SEX FROM NUTRITION CANADA 

(1977) DIET SURVEY 

Age (a) 

<1 
1-4 
5-11 
12-19 
20-39 
40-64* 

;>65* 
Pregnant 

Caucasian 

Male Infant 

3 870 
6 970 
9 620 

13 600 
14 120 
11 180 
8 600 

Female 

9 380 
8 370 
7 220 
6 400 
9 450 

Indian 

Male Infant 

7 020 
8 470 

10 810 
12 100 
10 330 
7 860 

Female 

8 910 
8 240 
6 790 
6 400 
7 950 

Inuit 

Male Infant 

4 280 
7 160 

11 220 
9 660 
9 420 
5 310 

Female 

9 380 
5 790 
4 400 
3 650 
7 410 

* For Indians and Inuits these age classes are 40-54 and ^55, respectively. 

NOTE: 4.184 J = 1 cal = 0.001 kcal or dietary calories. 
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(Section 3.1.6), taking in 
the Canadian Shield. We c 
content values fully compa 
means to derive Cym^ , Fynij 

s are based on the extensive tabulations by Watt 
include all of the common and most of the uncom-
n the U.S. From these data, we selected all the 
sified them according to our food types 
to account current production and availability on 
. icentrated on raw foods to make our nutrient 
tible with CALDOS. We then calculated arithmetic 
and Pynij values for our food types (Table 16). 

The nutrient content values define total carbohydrate, fat and protein 
contents, even though not all may be available to humans because of differ
ential digestibility and other physiological restraints. Reduced avail
ability is taken into account by our nutrient fuel values (Section 5.8.3) 
according to the Atwater System, as outlined in Watt and Merrill (1963). 
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TABLE 16 

NUTRIENT CONTENTS. WATER CONTENT AND ENERGY 

CONTENT OF FOOD TYPES FOR CONCEPT ASSESSMENT 

Food 
Type 

TE PLANT 
TE MILK 
TE MEAT 
TE BIRD 
FW FISH 

N* 

84 
9 
15 
14 
26 

Nutrient 

Carboh. 
Cymj 

168.8 
32.0 
5.4 
3.2 
0.0 

Content 

Fat 
Fynij 

25.6 
191.1 
203.4 
43.9 
62.6 

(g*kg"1(wet 

Protein 
Pynij 

49.4 
113.9 
170.0 
197.8 
177.6 

)) 

Content 
YwCj 

(L.kg-^wet)) 

0.744 
0.644 
0.611 
0.745 
0.751 

Energy 
Content 

(kJ.kg-^wet)) 

4 542 
9 628 
10 595 
5 010 
5 326 

* N = sample size. 

NOTE: Nutrient and water contents are based on data by Watt and Merrill 
(1963) as outlined in Sections 5.8.2 and 5.8.5. Energy contents 
were calculated with the help of the nutrient fuel values in 
Table 17 (Section 5.8.3). Nutrient and water content values do not 
add up to 1000 g because ash content is excluded. 

Nutrient 

Carbohydrate 
Fat 
Protein 

TABLE 17 

NUTRIENT FUEL VALUES. METABOLIC WATER YIELDS AND 

OXYGEN COMBUSTION VALUES FOR CARBOHYDRATE, 

FAT AND PROTEIN FOR CONCEPT ASSESSMENT 

Nutrient Metabolic 
Fuel Value Water Yield 
(kJ-g-1) (L-g-1) 

16.3 (Cec)* 6.00 x 10"4 (Cmw) 
37.7 (Fee) 1.07 x 10"3 (Fmw) 
16.7 (Pec) A.20 x 10"4 (Pmw) 

Oxygen 
Comb. Value 

(L-g"1) 

0.82 (Co) 
2.03 (Fo) 
0.97 (Po) 

* Parameter symbols shown in brackets. 

NOTE: Nutrient fuel values, metabolic water yields and oxygen combustion 
values are documented in Sections 5.8.3, 5.8.6 and 5.8.7 
respectively. 
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5.8.3 Nutrient Fuel Values. Cec, Fee and Pec 
(kJ-g-1) 

This parameter represents the fuel values for carbohydrate, Cec, fat, Fee, 
and protein, Pec, for calculating man's food ingestion rates, Uj 
(Equation (25); Section 5.2.1). They are also needed for determining food-
type energy fraction values, Ycfj (Section 5.8.4). Low fuel values are 
conservative because they lead to high Uj values and, hence, high dose 
predictions from food ingestion. However, high Uj values may also lead to 
low drinking water ingestion rates (Equation (27)) and low dose predictions 
from drinking. The difficulty of a priori establishing conservative nutri
ent fuel values is not serious, because these values are not very variable 
(Zach and Barnard 1985). Single values can be used for concept assessment. 

Fuel values are related to heats of combustion, which, for mixed carbohy
drates, fats and proteins in the U.S. diet, are about 17.2, 39.5 and 
23.6 kJ-g"1 respectively (Guthrie 1983). However, our fuel values are 
concerned with the energy available to humans to satisfy the energy need, 
En (Section 5.8.1). Thus, they correspond to the Atwater System (Watt and 
Merrill 1963) and are equivalent to the difference between heats of combus
tion of food and of feces and urine. Depending on the exact food, fuel 
values can range from 5.6 to 17.4 kJ-kg"1 for carbohydrate, from 35.0 to 
37.7 kJ-g-1 for fat and from 3.8 to 18.2 kJ.g"1 for protein (Watt and 
Merrill 1963). Much of this variability is caused by a few unusual foods, 
and it is customary to use average values of 16.3, 37.7 and 16.7 kJ.g-1 for 
carbohydrate, fat and protein respectively (Davidson et al. 1979, Guthrie 
1983). We have adopted these values for concept assessment (Table 17). 

5.8.4 Food-Type Energy Fraction, Ycfj 
(unitless) 

The energy fraction of a food type, Ycfj, is the proportion of energy con
tributed by a food type to man's total energy need, En (Section 5.8.1), 
averaged over one year. As shown in Equation (26), Ycfj values must sum to 
unity so that they can be translated into Uj values, defining man's inges
tion rates of food types (Section 5.2.1). Before scaling, Ycfj values can 
be thought of as weighting factors. 

Sensitivity analysis has demonstrated the importance of Uj values and, 
therefore, Ycfj values in dose prediction (Zach 1980b). This, combined 
with the recognition that this parameter can be quite variable, suggests 
that Ycfj values must be treated probabilistically for concept assessment, 
to allow for variously mixed and extreme diets consisting of largely plant 
or animal foods. 

To establish Ycfj values for concept assessment, relevant dietary data and 
energy contents of our food types must be known (Zach and Mayoh 1983). 

Dietary data, in the form of ingestion rates of various foods, are readily 
available from the literature. Energy contents for our food types can be 
calculated from nutrient contents (Section 5.8.2) and fuel values 
(Section 5.8.3), as summarized in Table 16. 
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Food ingestion rates can be estimated directly through consumer surveys or 
indirectly using food production and population data (Rupp 1980a, 1980b). 
Direct survey methods may involve 24-h recall in response to an interviewer 
(Nutrition Canada 1977) or 7-d surveys involving record sheets (Nelson and 
Yang 1984, Yang and Nelson 1986, Wein et al. 1991). All these methods have 
various advantages and disadvantages related to completeness and represen
tativeness for longer time periods (Guthrie 1983). Since surveys involve a 
variety of foods, adjustments must be made when classifying ingestion rates 
according to our food types (Section 3.1.6). 

The diet of humans can vary greatly, depending on culture, custom, food 
availability, technological development, economic conditions and a host of 
other factors, including age and sex (Zach 1982b, Guthrie 1983, Yang and 
Nelson 1986, Wein et al. 1991). Dietary habits can also shift substan
tially over time as short as decades (Rupp 1980a), e.g., there is now a 
swing away from beef, pork, eggs and dairy products. Rupp (1979, 1980a, 
1980b) and Yang and Nelson (1986) have reviewed food ingestion rates of 
U.S. adults. Similar data are available from Nutrition Canada (1977), and 
both USNRC (1977) and CSA (1987) have recommended generic food ingestion 
rates to be used in the absence of site-specific data. All these values, 
together with derived Ycfj values, are summarized in Table 18. Values for 
the U.S. and Canada are similar. Generally speaking, aboriginals rely 
heavily on meat and fish. Furthermore, results from the Nutrition Canada 
(1977) survey show little regional and racial differences in the diet of 
Canadians. However, consumption of fish can vary substantially and thus 
CSA (1987) has not recommended any value for generic use. A comparison of 
average Uj values, based on CALD0S, and literature values is presented in 
Appendix A (Section A.10). 

TABLE 18 

FOOD INGESTION RATES (kg.a'1) AND FOOD-TYPE ENERGY FRACTIONS (Ycfj) 

FROM U.S. AND CANADIAN DIET SURVEYS AND REGULATORY GUIDES 

Food 
Type 

Rupp Yang and Nutrition USNRC CSA** 
(1980a) Nelson (1986) Canada (1977) (1977) (1987) 

TE PLANT 203.1 (0.30)* 176.3 (0.31) 
TE MILK 111.8 (0.35) 112.7 (0.43) 
TE MEAT 90.6 (0.31) 51.5 (0.21) 
TE BIRD 24.5 (0.04) 21.2 (0.04) 
FW FISH 0.5 (0.00) 5.4 (0.01) 

376.8 (0.37) 
153.4 (0.32) 
134.2 (0.31) 95.0 (0.34) 

6.9 (0.01) 

190.0 (0.29) 277.0 (0.33) 
110.0 (0.36) 174.0 (0.44) 

71.0 (0.19) 
30.0 (0.04) 

* Food-type energy fractions (Section 5.8.4) are shown in brackets. 
** CSA assumes site-specific values for fish consumption. 

NOTE: Ingestion rates were transformed to energy values using the energy 
content values in Table 16. The energy values were then summed and 
scaled to a value of 1.0 to .obtain the energy fraction values. 
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Little is known about the exact statistical distribution of food ingestion 
rates. Values for milk are approximately lognormally distributed (Rupp 
1979). Although ingestion rates of fish and shellfish are skewed to the 
right, they are not lognormally distributed (Rupp et al. 1980). Yang and 
Nelson (1986) assumed normal distributions, as suggested by their use of 
parametric statistics, but we have adopted lognormal distributions for the 
Ycfj values of all of our food types, recognizing that most people consume 
moderate, and some disproportionately large, amounts of the common foods 
represented by our food types. In Table 19 we have listed suitable GMs for 
our lognormal distributions (Figure 12) for concept assessment. These 
values are based on the data presented in Table 18. 

Food 
Type 

TE PLANT 
TE MILK 
TE MEAT 
TE BIRD 
FW FISH 

TABLE 19 

SUMMARY OF SPECIFICATIONS OF 

FRACTION VALUES 

Distribution 
Type 

lognormal 
lognormal 
lognormal 
lognormal 
lognormal 

FOOD-TYPE ENERGY 

(Ycfj) FOR CONCEPT ASSESSMENT 

Geometric 
Mean 
(GM) 

0.32 
0.36 
0.26 
0.05 
0.01 

Geometric 
Standard 
Deviation 
(GSD) 

1.65 
1.35 
1.65 
1.65 
4.48 

95% Confidence 
Interval* 

0.12-0.87 
0.20-0.66 
0.10-0.71 
0.02-0.14 
0.00-0.20 

* Intervals expressed in terms of untransformed values (Figures 11 and 12), 
For documentation and distributions see Section 5.8.4. 

Reported measures of variation of dietary data are difficult to interpret 
because they usually do not reflect annual variation or variation based on 
individuals (Rupp 1979). Daily milk consumption in adults can range from 
0.00 to 3.47 L, and other foods show similar extreme ranges (Nutrition 
Canada 1977, Rupp 1980a). Annual averages would likely be less extreme, 
but annual consumption of freshwater fish in the U.S. can range from 0.0 to 
118.0 kg, with many individuals eating little or no fish at all (Rupp 
et al. 1980). Generally speaking, aboriginals rely heavily on meat and 
fish (Vein et al. 1991). Furthermore, some groups of people, such as 
vegetarians, refrain from eating certain foods altogether. Clearly, vari
ation of Ycfj values can be substantial, even on an annual basis. 

Based on these considerations, we have adopted the GSDs in Table 19 for our 
lognormal distributions. Also included in Table 19 are the 95% confidence 
intervals. Our distributions can be applied without considering truncation 
and parameter correlations. 
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Since Ycfj values must add up to unity (Equation (26)) for each set of 
randomly selected values during each run of CALDOS, scaling may be required 
in the biosphere model incorporated into SYVAC. Scaled values are given by 
Ycfj = Ycfr^/2 Ycfr^, where Ycfr^ values are unsealed. Studies have shown 
that scaling does not greatly distort our statistical distributions speci
fied for concept assessment, because, on average, up and down scaling are 
equally likely. 

5.8.5 Water Content of Food. Yvc, 
(L-kg-^wet)) 

This parameter represents the water content of our food types. It is 
required for determining man's indirect water intake from food ingestion 
and thereby the drinking water ingestion rate, Udw (Equation (27); Section 
5.2.2). Low water content values are conservative because they correspond 
to high Udw values and high dose predictions. The water content of food 
can be quite variable (Watt and Merrill 1963), but we have taken this into 
account by using food-type-specific YWCJ values, making probabilistic 
treatment for concept assessment unnecessary. Our water content values 
were determined in conjunction with the nutrient content values for the 
food types (Section 5.8.2). Thus, our YWCJ values for concept assessment 
are arithmetic means of foods that are currently produced and available on 
the Canadian Shield (Table 16). 

5.8.6 Metabolic Water Yields. Cmw, Fmw and Pmw 
(L-g-1) 

This parameter defines metabolic water yields from the oxidation of inges
ted carbohydrate, Cmw, fat, Fmw, and protein, Pmw. Metabolic water contri
butes to the indirect water input and is, therefore, needed for calculating 
man's drinking water ingestion rate, Udw (Equation (27); Section 5.2.2). 
Low metabolic water yield values are conservative because they correspond 
to high Udw values and dose predictions. However, metabolic water yield 
values can be assumed to be constants (Zach and Barnard 1985). The values 
adopted for concept assessment (Table 17) were taken from Davidson et al. 
(1979) and Guthrie (1983); these values may be slightly high because not 
all of the ingested food may be completely oxidized (Section 5.8.3). 

5.8.7 Oxygen Combustion Values. Co. Fo and Po 
(L-g-1) 

This parameter defines the volume of oxygen (02) required at STP for oxi
dizing a gram of carbohydrate, Co, fat, Fo, or protein, Po, for calculating 
man's inhalation rate, Ii (Equation (28); Section 5.2.3). High oxygen 
combustion values are conservative because they lead to high Ii values and 
doses. Oxygen combustion values can be assumed to be constants and the 
customarily used values (Schmidt-Nielsen 1979), adopted for concept assess
ment, are shown in Table 17. As in the case of metabolic water yield 
(Section 5.8.6), our oxygen combustion values are slightly too high because 
they assume complete oxidation of all the ingested food. 
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5.8.8 Soil Ingestion Rate from Hands. Hs 
(kg(dry).a-i) 

This parameter defines the annual average soil ingestion rate from oral 
contact with the hands and other objects. It is required for calculating 
man's soil ingestion rate, Us (Equation (13); Section 5.2.4) and man's dose 
from soil ingestion (Equation (12)). Since man's soil ingestion pathway 
has been generally ignored, there is little information available. High Hs 
values are conservative because they lead to correspondingly high doses. 
All the values quoted in this section are on a dry-weight basis. 

Here, we are mainly concerned with involuntary intake of soil through cas
ual contacts involving licking and manipulation of objects with the mouth. 
Intake through inhalation and food ingestion are considered separately 
(Sections 3.2.7 and 5.8.9). Voluntary intake of soil, termed pica, which 
is usually related to serious nutritional deficiencies, is not considered 
for concept assessment. Soil ingestion from hand-to-mouth transfer is 
particularly important in small children and it has been of concern in 
conjunction with lead intake (Ter Harr and Aronow 1974). Soil ingestion 
rates from hands tend to be higher outdoors than indoors, and they are 
greatly reduced in winter by frost and snow cover (Hawley 1985). 

Hawley (1985) established values for soil ingestion via hand-to-mouth trans
fer. Depending on the exact conditions, average values for 2.5-year-olds 
ranged f rom 25.0 to 90.0 mg.d'1, for 6-year-olds from 3.0 to 25.0 mg.d"1 and 
for adults from 0.56 to 57 mg-d-1. These values are weighted by season, 
time spent indoors and outdoors, and a reduced level of contamination 
indoors. Using our building occupancy factor, 0b, of 0.8 (Section 5.6.3), 
a weighted value of about 83 mg.d"1 can be calculated for adults. On aver
age, LaGoy (1987) estimated adult soil ingestion rates through hand-to-
mouth transfer at 25 to 50 mg-d"1, with a maximum of 100 mg.d-1. However, 
values can range as high as 5000 mg-d-1 for individuals who habitually 
ingest non-food items. Typical total soil ingestion rates for children 
range from 40 to 100 mg-d*1 and after one year tend to decrease with age 
(Van Wijnen et al. 1990). For concept assessment we have assumed an inges
tion rate of 100 mg.d-1, which translates to about 0.04 kg(dry)«a'1. This 
value is likely very conservative because it does not consider reduced soil 
intake during winter. 

5.8.9 Soil Contamination of Plants, Ps 
(kg(dry)/kg(wet)) 

This parameter specifies soil contamination of plant foods for man. 
Jointly with Hs (Section 5.8.8), it is required for predicting man's dose 
from soil ingestion (Equations (12) and (13)). Little information is 
available on Ps, but high values are conservative. Unless otherwise noted, 
ingested soil is quoted in dry weight. 

As indicated in Section 3.1.1, man's soil ingestion pathway is primarily 
concerned with soil contamination from local suspension caused by rain-
splash and mechanical harvesting. Also of concern are soil particles 
adhering to root crops. However, Ps values assume that gross soil 
contamination is removed during routine food processing and preparation 
(Section 3.1.7). Although this will eliminate most of the soil from plant 
foods, some will remain and be ingested. Crops such as lettuce and 
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unpeeled carrots are particularly vulnerable to soil contamination, but 
others such as peas may be shielded by an inedible shell. 

Pinder and McLeod (1989) have studied soil contamination of a variety of 
plant crops. The mass of soil varied from 1.7 mg-g-1 for corn to 
260 mg-g"1 for lettuce. Soil contamination varied over more than two 
orders of magnitude depending on crop type, but soil type had little 
influence. In general, soil contamination is less than 100 mg.g"1, but it 
may exceed 200 mg-g-1 for vegetation growing close to the ground. It is 
important to recognize that none of these values takes into account losses 
due to food processing and preparation. Such losses can be expected to be 
high. 

For concept assessment, we have assumed that soil contamination is 
10 mg.g-1(dry) sensu Pinder and McLeod (1989). Assuming that there is an 
80% loss of soil during food processing and preparation, and that vegeta
tion is 75% water by mass (Section 5.3.1), a value of 0.5 mg.g-1(wet), or 
0.0005 kg'kg-x(wet), can be calculated. We have adopted this value for 
concept assessment. This Ps value and an average ingestion rate of 
375.7 kg(wet)-a-x for TE PLANT (Appendix A, Section A.10), results in a 
soil ingestion rate of about 0.2 kg(dry).a_1. This value is about five 
times that for hand-to-mouth transfer (Section 5.8.8). 

5.9 PLANT INTERCEPTION FRACTIONS AND YIELDS 

Plant interception fraction and plant yield values are required for pre
dicting radiological doses to man from leaf pathways and external exposure 
from wooden building material (Sections 3.2.1 and 3.2.10.4). 

The interception fraction defines the proportion of aerially deposited 
radionuclides initially retained on exposed plant parts from atmospheric 
deposition or from sprinkler irrigation. For atmospheric deposition no 
distinction is usually made between wet and dry deposition (Slinn 1978). 
Interception fractions are required because the atmospheric deposition 
rate, dif is frequently based on ground area without considering the area 
of vegetation cover (Section 5.1.5). Interception fraction values tend to 
be positively correlated with plant yield because increasing yield values 
mean denser vegetation cover and less exposed bare ground (Chamberlain 
1970, Miller 1980, NCRP 1984). This relationship has been documented for 
grasses, and this has led to the use of interception fraction to yield 
ratios (Miller 1980, Baes et al. 1984, Hoffman et al. 1984). It is unclear 
whether this relationship holds for high yield values and for vegetation 
other than grasses. There are also various filtration models for predict
ing interception fractions from yield (Chamberlain 1970, Pinder et al. 
1988). 

The plant interception fraction is also related to the deposition velocity, 
Vd, defined as the ratio of the total rate of deposition of a radionuclide 
per unit ground area to the concentration per unit air volume (Zach 1982b). 
In the atmosphere submodel, Vd values are used for calculating deposition 
rates of radionuclides, dit for use in CALD0S (Section 5.1.5; Amiro 1992d). 
However, Vd values are only used for calculating dt values for atmospheric 
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deposition as such and not for sprinkler irrigation. Note that the atmo
sphere submodel calculates separate dL values for deposition onto ground and 
vegetation, but only the latter values are used in CALDOS (Section 5.1.5). 

Once deposited on exposed plant parts, radionuclides in CALDOS are subject 
to radioactive decay and losses due to various environmental factors, as 
defined by the effective removal constant, XEi (Section 5.2.7). Radio
nuclides that reach the ground do not increase the soil concentration, SDi, 
because suspension does not decrease it in the first place (Section 3.3.3). 

Given a reasonable plant yield, interception fractions are not very vari
able compared with some of the other parameters of CALDOS. Thus, their 
influence on dose prediction is limited (Zach 1980b), so they need not be 
represented by PDFs for concept assessment. This also eliminates the need 
for explicitly considering the positive correlation between plant intercep
tion fraction and yield. High interception fraction values are conserva
tive because they lead to high dose predictions. 

Plant yield defines the mass of a crop harvested per unit area. It is an 
important parameter in the leaf pathway because it specifies the recipient 
plant mass for aerially deposited radionuclides. Thus, yield and radio
nuclide concentration are inversely correlated, and low yield values are 
conservative. Plant yield is usually defined in terms of usable product, 
such as hay, lettuce leaves, and potato tubers, so that it does not neces
sarily relate directly to plant parts exposed to deposition. CALDOS con
servatively assumes that all the deposited radionuclides retained by 
exposed plant parts are directed to the usable product defined by the 
yield. For example, for potatoes, it assumes that all the retained radio
nuclides are translocated from the foliage and stems to the tubers. 

In addition to the correlation with interception fraction, yield may 
also be positively correlated with plant environmental half time, tp 
(Section 5.5.10), and with feed or forage ingestion rate, Qf^ 
(Section 5.7.1). These relationships have not been quantitatively investi
gated (Baes and Orton 1979) and we have ignored them for concept assess
ment. The same is true for the possible relationships between plant yield 
and irrigation, and between plant yield and the number of persons per 
household (Section 5.14.3). Irrigation usually increases yield, and low 
yield values may be insufficient to support large households. This would 
be reflected in unrealistically large garden or forage field sizes, calcu
lated in the biosphere model (Davis et al., in preparation). 

For agricultural crops, yield can vary substantially, necessitating prob
abilistic treatments for concept assessment, as summarized in Table 20. 

Given high plant interception fraction values (Sections 5.9.1 and 5.9.2), 
the failure to explicitly consider the positive correlation between inter
ception fraction and yield tends to increase rather than decrease dose 
predictions and is, therefore, conservative. Yield values for wood appear 
to be less variable and thus can be represented by a single value. 
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TABLE 20 

SUMMARY OF SPECIFICATIONS OF PLANT YIELD VALUES FOR FOOD 

YjfkgfveU-m-2), FOR CONCEPT ASSESSMENT 

Food 
Type 

TE PLANT 
TE MILK 
TE MEAT 
TE BIRD 

Distribution 
Type 

normal 
normal 
normal 
normal 

Arithmetic 
Mean 

0.8 
0.8 
1.0 
1.2 

Standard 
Deviation 

0.27 
0.27 
0.33 
0.40 

95% Confidence 
Interval 

0.26-1.34 
0.26-1.34 
0.33-1.67 
0.40-2.00 

Truncation 
Value 

0.10 
0.10 
0.15 
0.17 

NOTE: For documentation and distributions see Section 5.9.3. 

5.9.1 Plant Interception Fraction for Food, r̂  
(unitless) 

This parameter defines the fraction of aerially deposited radionuclides 
initially retained on exposed plant parts consumed by humans (TE PLANT) or 
animals (TE MILK, TE MEAT and TE BIRD) (Equations (5) and (7)). Deposition 
may be from the atmosphere (Amiro 1992d) or from sprinkler irrigation 
(Sheppard 1992). Usually, Tj values increase over the course of the grow
ing season with vegetation density and thus average values are appropriate 
for use in assessments. However, it is customary to use conservatively 
high values that occur at, or near, harvest. 

A review by Miller (1980) showed that interception fraction values can 
range from 0.02 to l.O. Several studies have demonstrated the relation
ships between interception fraction and particle size, vegetation density 
or yield, and meteorological conditions (Garten 1978; Miller 1979, 1980; 
Cataldo and Vaughan 1980). Small particles are more readily intercepted 
than large ones (Witherspoon and Taylor 1970, 1971). Gaseous radionuclides 
immerse exposed plant parts and may, therefore, be almost completely inter
cepted. Growth habits and foliage structure of various plant types can 
also affect interception (Uitherspoon and Taylor 1970). In general, large 
foliage surfaces and prostrate or bushy growth form, lead to high r̂  values 
(Romney et al. 1963). However, values for grasses and other types of vege
tation are similar and range from 0.02 to 0.82 and 0.06 to 1.0 respectively 
(Miller 1980). Wind action can reduce the initial level of contamination 
of plants by fallout (Romney et al. 1963), and interception of gaseous 
iodine radionuclides is greatly increased under humid conditions (Barry and 
Chamberlain 1963). 

For grasses and corn, interception fraction values for particulates can be 
readily predicted from yield (Chamberlain 1970, Pinder et al. 1988). Baes 
et al. (1984) developed a detailed theoretical approach involving planting 
geometry and plant growth for predicting average interception fraction 
values for vegetation other than grasses. Such an approach could help to 
overcome the lack of data, particularly for vegetation other than grasses 
(Miller 1979, 1980). 
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Interception fraction values used in various food-chain models are in close 
agreement (Zach 1982b, Hoffman et al. 1984). For atmospheric deposition as 
such, USNRC (1977) recommended a value of 0.2, but for iodine a value of 
1.0 was deemed more appropriate because iodine radionuclides are mainly 
gaseous and not associated with particulates. For sprinkler irrigation, 
USNRC recommended a value of 0.25 in all cases. CSA (1987) implicitly 
assumed r̂  values of 1.0 for atmospheric deposition and recommended a value 
of 0.05 for sprinkler irrigation. This latter value is more realistic than 
the overly conservative USNRC value of 0.25. 

Use of interception fraction values of less than 1.0 may be inappropriate 
because of restraints imposed by deposition velocity values (Miller 1980). 
Although deposition velocity is concerned with the total ground deposition, 
reported Vd values are frequently based on only the fraction intercepted by 
plants, ignoring any deposition onto the ground. Clearly, use of such Vd 
values precludes r̂  values of less than 1.0 (Miller 1980, Heinemann and 
Vogt 1980, NCRP 1984). In the atmosphere model for concept assessment, Vd 
values reflect conditions ranging from bare ground to dense vegetation 
(Amiro 1992d). For concept assessment, we have adopted for all the food 
types a conservative r̂  value of 1.0 for atmospheric deposition. For 
sprinkler irrigation, we have adopted the CSA (1987) value of 0.05 in all 
cases. This lower value is appropriate because di values for sprinkler 
irrigation are not based on deposition velocity. Furthermore, irrigation 
is primarily directed towards increasing the soil moisture content 
(Sheppard 1992) and, after initial wetting, little additional water is 
retained by the exposed plant parts. 

5.9.2 Plant Interception Fraction for Wood, rb 
(unitless) 

This parameter represents the fraction of aerially deposited radionuclides 
initially retained on exposed parts of trees used for lumber on the Canadian 
Shield (Equation (21)). The lumber is then used to build dwellings and can 
thereby lead to an external radiation dose to man (Equation (20)). This 
interception fraction accounts for atmospheric deposition as such, but 
unlike r^ (Section 5.9.1), rb does not involve sprinkler irrigation because 
the woodlot of the critical group (Section 1.3) is assumed to remain unirri-
gated. In all the other aspects rb is entirely analogous to r̂  and for 
concept assessment we have adopted a conservative value of 1.0. This value 
accounts for seasonal changes in canopy cover and changes from seedling to 
harvesting many years after. 

5.9.3 Plant Yield for Food. Yj 
(kg(wet)-nr2 ) 

This parameter refers to the wet weight of plant crops harvested per unit 
area for consumption by man (TE PLANT) or animals (TE MILK, TE MEAT and 
TE BIRD) (Equations (5) and (7)). Values are usually based on a single 
year or growing season, as specified by the time of exposure, tej 
(Section 5.5.8). Dry-yield values can be readily converted to wet weight 
by assuming a plant moisture content of 75% (Section 5.3.1). Most food-
chain models require actual yield values, but, because such data are not 
always available, related measures of productivity, such as standing-crop 
biomass, are also used (Garten 1978, Baes and Orton 1979). For grasses, 
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these two measures of productivity are very similar, but for plants such as 
corn there can be a appreciable difference because yield applies to grain 
only, whereas standing-crop biomass also includes stalks and leaves. Yield 
varies greatly because of plant and soil type, climate, season and agri
cultural practice (Archer and Decker 1977, Balasko 1977, Frank et al. 1977, 
Kroth et al. 1977, Mock and Erbach 1977). Unless otherwise noted, all the 
values quoted here are on a wet-weight basis. 

Standing-crop biomass on agricultural land ranges from about 0.4 to 
12.0 kg.nr2, with an average value of about 1.0 kg-nr2 (Uhittaker 1970). 
Variation in dry forage crop yield in the U.S. has been reviewed by Koranda 
(1965) and, by converting to wet weight, a range of about 0.7 to 4.5 kg-nr2 

is indicated, with an average of about 1.5 kg-nr2 (Garten 1978). For 
stunted and overgrown pastures, yield ranges from about 0.11 to 0.56 kg.nr2 

(Comar 1966, Garten 1978). An extensive" review by Baes and Orton (1979) 
indicated ranges of productivity of about 0.30 to 15.87 kg-nr2 and 0.01 to 
5.56 kg.nr2 for feed and forage, and a variety of plant crops for humans 
respectively. However, yields of potatoes can range up to 9.4 kg.nr2 

(Evans and Neild 1981). These and similar literature values have been used 
to establish Yj values for food-chain models. 

There are several Canadian agencies that compile crop production data, 
which can be used for establishing Yj values. For concept assessment, 
values from Ontario are most relevant, as published by the Ontario Economic 
and Policy Coordination Branch (0EPCB 1987). These values are based on 
agricultural production statistics, censuses and various administrative 
sources. Representative values for various plant crops for 1985 are shown 
in Table 21. These arithmetic mean values apply to the province as a 
whole. There is some indication of systematic variation with region, and 
values tend to be lower in the north, but usually by a factor of less than 
two. Variation between crop years is about of the same magnitude 
(Tables 21 and 22). The 0EPCB (1987) values are based on commercial data, 
but it is likely that well-managed household gardens achieve similar or 
even higher yields. 

Variation in yield between various plant crops can be substantial 
(Table 22). For grains, yield values range from about 0.09 to 0.65, for 
fruit from 0.33 to 1.74, for berries from 0.18 to 0.77, and for vegetables 
from 0.14 to 6.3 kg-nr2 (0EPCB 1987). Fodder corn has values as high as 
2.86 and hay as high as 0.76 kg.nr2. 

Baes and Orton (1979) carried out an extensive statistical analysis of U.S. 
crop production data. Unfortunately, their results are difficult to inter
pret because they are based on the reciprocal of yield. All the published 
0EPCB (1987) values are arithmetic means and they cannot be used to estab
lish statistical distributions and variation within a given crop or class 
of crops. A limited analysis by 0EPCB showed that distributions tend to be 
normal (McGee 1992) and have considerable variation (Table 22). 

Most food-chain models rely on crop-specific yield values to be supplied by 
the user, e.g., in AIRD0S-EPA the value for forage grasses is about 
1.12 kg«nr2, and those for leafy and non-leafy vegetables are 1.90 and 
0.57 kg-nr2 respectively (Moore et al. 1979). USNRC (1977) recommended 
values of 0.7 and 2.0 kg.nr2 for pasture forage and plant products consumed 
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TABLE 21 

ARITHMETIC MEAN YIELDS (kg-nvM OF VARIOUS PLANT 

CROPS IN ONTARIO IN 1985 

Crop Yield Crop Yield 

Winter wheat 
Oats 
Barley 
Rye 
Soya beans 
Grain corn 
Apples 
Sweet cherries 
Plums and prunes 
Blueberries 
Raspberries 
Strawberries 
Fodder corn 
Hay 
Tomatoes 

* 1986 value. 

0.45 
0.26 
0.36 
0.25 
0.25 
0.64 
1.74 
0.37 
0.44 
0.27* 
0.18 
0.77 
2.84 
0.68 
2.37 

Asparagus 
Green beans 
Lima beans 
Beets 
Broccoli 
Brussel sprouts 
Cabbage 
Carrots 
Celery 
Sweet corn 
Potatoes 
Cucumbers 
Lettuce 
Onions 
Parsnips 

0.13 
0.63 
0.18 
3.21 
0.85 
1.05 
3.87 
5.81 
6.28 
1.14 
2.41 
2.07 
2.20 
2.06 
1.86 

TABLE 22 

ARITHMETIC MEAN YIELDS (kg-nr2) AND STANDARD DEVIATIONS (SDs) 

OF VARIOUS PLANT CROPS IN ONTARIO IN 1986 

Crop Mean SD N* 

Winter wheat 
Spring wheat 
Grain oats 
Grain barley 
Mixed grain 
Rye 
Soya beans 
Grain corn 
Fodder corn 
Hay 

0.37 
0.27 
0.24 
0.32 
0.28 
0.23 
0.24 
0.64 
2.84 
0.72 

0.08 
0.10 
0.07 
0.08 
0.07 
0.06 
0. 
0. 
0. 

05 
13 
97 

0.28 

1347 
296 
1008 
1223 
986 
110 
976 
1413 
747 
1237 

* N = sample size. 
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by humans respectively. For forage grasses, CSA (1987) recommended a value 
of about 0.28 kg(dry)-nr2. The CSA values for leafy vegetables, non-leafy 
vegetables, below-ground vegetables and fruit are 1.9, 0.57, 2.6 and 
0.31 kg-nr2 respectively. 

For concept assessment, we have assumed that all the Yj values are normally 
distributed with arithmetic means of 0.8, 0.8, 1.0 and 1.2 kg-nr2 for TE 
PLANT, TE MILK, TE MEAT and TE BIRD respectively (Table 20). The corre
sponding SDs are 0.27, 0.27, 0.33 and 0.40 kg-nr2. This means that the 95% 
confidence intervals for TE PLANT, TE MILK, TE MEAT and TE BIRD are 0.26 to 
1.34, 0.26 to 1.34, 0.33 to 1.67 and 0.40 to 2.00 kg-nr2 respectively. Our 
distributions emphasize conservative low-yield values. To avoid unreason
ably low Yj values that might not support the critical group and that could 
result in extremely large garden and forage field sizes (Section 1.3), all 
the distributions need to be truncated at the lower end. 

We have used the 99th percentiles for this, so that only 1% of the values 
are rejected, on average. The truncation values for TE PLANT, TE MILK, TE 
MEAT and TE BIRD are 0.10, 0.10, 0.15 and 0.17 kg(wet)-nr2 respectively. 
No truncation is required in the upper tails of the distributions although 
there is likely an upper limit for production by photosynthesis. For 
concept assessment, no correlations need to be implemented for Yj. 

5.9.4 Plant Yield for Wood. Yb 
(kg(wet).m-2) 

This parameter defines the wet weight of trees harvested per unit area for 
use as building material and for calculating external radiation doses for 
man (Section 3.2.10.4). Our Yb values assume a prolonged growth period, as 
defined by the time of exposure, teb (Section 5.5.9). All the values 
grouped in this section are on a green, or wet, basis. 

Timber yield has been expressed in a variety of ways and this can be very 
confusing. Plonski (1981) has compiled normal yield tables for the impor
tant commercial species in Ontario (Section 5.5.9) for several site classes 
that differ in productivity. In these tables, yield is expressed in sev
eral measures of total or merchantable volume per unit area. In relation 
to the age of trees, yield curves are asymptotic and poor sites have lower 
asymptotes than good sites. These curves can be readily used to define 
appropriate harvest times (Section 5.5.9). For concept assessment, the 
most relevant measure of yield is gross total wet volume, which most 
closely reflects standing-crop biomass. It includes all the timber, 
branches, etc. Depending on the species and site class, gross total volume 
at harvest ranges from about 100 to 400 m3.ha_1, based on the approximate 
harvest ages indicated in Section 5.5.9. Given that low Yb values are 
conservative, 150 m3-ha"1 is a suitable value for concept assessment. 

To be useful, this value must be converted to mass per unit area. Shrink
age can be ignored because all the values are in wet weight. Depending on 
the species, the green, or wet, weight of merchantable timber of Ontario 
species ranges from about 0.58 to 0.86 kg.dnr3 (Panshin and de Zeeuw 1980), 
and 0.70 kg.dm-3 is a representative average value. This value applied to 
150 m3.ha"1 results in a Yb value of 10.5 kg-nr2. This assumes that 
0.70 kg'dnr3 is representative for the harvested trees as a whole and not 
just for the merchantable timber. 
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Few or no radiological assessment models or regulatory guides have 
considered human exposure from contaminated wood. Thus, there are no 
recommended Yb values. In view of the limited variability in wood yield, 
we have adopted a single conservative Yb value of 10.5 kg-nr2. 

5.10 PARAMETERS FOR 1 2 9I MODEL 

For concept assessment, we have introduced a special model for predicting 
the total internal dose from 1 2 9I to man (Sections 3.1.3 and 3.2.8). This 
limited specific activity model requires several unique parameters 
(Equation (15)). Of these, man's total intake of 1 2 9 I , In I 1 2 9, is docu
mented in Section 5.2.5, the internal dose conversion factor, DF I 1 2 9, in 
Section 5.4.4 and the mass/radioactivity conversion factor, gb, in 
Section 5.12.7. This leaves the total intake of stable iodine, In!, the 
iodine content of thyroid gland, Thi, and mass of thyroid gland, Thm, which 
are documented here. These parameters involve single values for concept 
assessment because they relate to the dosimetry of ICRP reference man 
(Table 23; Section 5.4.1.2). Thus, no distributions and correlations need 
to be specified. 

TABLE 23 

PARAMETER VALUES FOR THE 1 2 9I MODEL AND THE 3H SPECIFIC 

ACTIVITY MODEL FOR CONCEPT ASSESSMENT 

Parameter Value 

129 J 

Total intake of stable iodine (Inz, kg-a
-1) 

Iodine content of thyroid gland (Thi, kg) 
Mass of thyroid gland (Thm, kg) 

7.3 x 10-5 

1.2 x 10-5 

2.0 x 10-2 

•H 
Hydrogen concentration of water (CFWH, g-L

-1) 
Hydrogen concentration in man (MCH, g»kg

_1) 
Hydrogen concentration in wood (0BH, g-kg

_1(dry)) 

111 
120 
70 

NOTE: For documentation of values see Sections 5.10 and 5.11 

Some of the parameter values specified in this section are also required 
for calculating the upper limiting *29l internal dose, based on the 
I29j/i27j ratio in groundwater of the geosphere (Appendix A, Section A.6). 

5.10.1 Total Intake of Stable Iodine. InT 
(kg- ) 

This parameter represents the total intake of stable 1 2 7I from ingestion 
and also inhalation. Low In: values are conservative because they decrease 
the dilution of 1 2 9I in the thyroid gland and thereby increase the dose. 
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Iodine, which is involved in a hormone that regulates metabolism and 
growth, is an essential micronutrient for humans (Guthrie 1983). Iodine 
deficiency leads to enlargement of the thyroid, or goiter, and serious 
metabolic disorder. Excessive intake also leads to disorder. 

Recommended dietary allowances of iodine for adults are 150 /ig.d"1 in the 
U.S. (NAS 1980) and 160 yg-d'1 in Canada (Nutrition Canada 1977). Pregnant 
and lactating women require about a third more. ICRP reference man is 
assumed to ingest 200 /zg-d"1 and take in an additional 0.5 to 35 /ig.d"1 

through inhalation (ICRP 1975). Inhalation is particularly significant 
near the sea because of the suspension of high levels of iodine from 
seawater (Appendix A, Section A.6). 

The consensus is that an intake from about 50 to 1000 jtg.d'1 is safe and a 
value of 2000 jug-d"1 or more potentially hazardous. In the past, iodine 
intake was relatively low and quite variable depending on background 
levels. The Shield was considered an iodine-deficient area. Iodine intake 
has recently increased and become more uniform with a better balanced diet 
(Guthrie 1983). Iodized salt, iodine supplements for lifestock and the use 
of iodine as a disinfectant in the dairy industry have all contributed to 
this increase (Whitehead 1984). Most Americans take in at least 300 /xg-d-1 

(Guthrie 1983). The average intake for Canadians may be as high as 
1050 /ig-d"1 (Fisher 1992), but in the U.S. several studies have indicated 
that the average ranges from 64 to 677 jig-d"1 (NAS 1980). 

The stable i2"?I intake by humans can mostly be traced back to atmospheric 
suspension from the sea, but supplementary sources may also be important. 

Furthermore, in deep groundwater discharge zones, contributions are also 
made from deep within the geosphere with its saline groundwater rich in 
iodine. As discussed in Appendix A, Section A.6, this has important 
implications for our i29j dose prediction. 

For concept assessment we have adopted an Inx value of 7.3 x 10"
5 kg-a"1, 

which corresponds to 200 fig-d-1. This value was also used by Johnson 
(1981) for developing an age-dependent iodine dosimetry model. 

5.10.2 Iodine Content of Thyroid Gland, Thi 
(kg) 

This parameter defines the iodine burden of the thyroid. High values are 
conservative because with our model they increase the 1 2 9I level in the 
thyroid. The adult human body contains about 15 to 23 mg of iodine, of 
which 70% to 80% stays in the thyroid (Nutrition Canada 1977, Guthrie 
1983). The remainder is associated with other tissues or in circulation. 
Reference man is assumed to have 12 mg of iodine in the thyroid (ICRP 
1975). We have adopted a value of 1.2 x 10-5 kg for Thi, which corresponds 
to the ICRP value. 

5.10.3 Mass of Thyroid Gland. Thm 
(kg) 

The mass of the thyroid and predicted doses are inversely related because 
1 2 9I concentration decreases as the size of the gland increases for a given 
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total amount of 1 2 9 I . Thus, low Thm values are conservative. Dunning and 
Schvarz (1981) have compiled data for thyroid mass and determined that 
values are lognormally distributed with a GM of 16.5 g and an arithmetic 
mean of 18.3 g. Values ranged from 2.0 to 64 g. According to Guthrie 
(1983), the adult thyroid weighs about 25 g and the value for reference man 
is 20 g (ICRP 1975). We have adopted this value for concept assessment and 
the corresponding value for Thm is 2.0 x 10'2 kg. 

5.11 PARAMETERS FOR 3H SPECIFIC ACTIVITY MODEL 

Tritium involves a specific activity model for predicting internal doses to 
man (Sections 3.1.4 and 3.2.9). This requires two unique parameters for 
defining the hydrogen concentration of water and in man. The other two 
parameters, water concentration of 3H, CFWH3, and the internal dose conver
sion factor, DFH3, are documented in Sections 5.1.3 and 5.4.5 respectively. 
Tritium concentration in wooden building material is also calculated by a 
specific activity model, which requires the hydrogen concentration in wood 
(Section 3.2.10.4). 

Dose predictions for tritium are inversely related to hydrogen concentra
tion of water and directly to that in man. Since both of these parameters 
are not very variable, they can be represented by single values for concept 
assessment. This is also true for hydrogen concentration in wood, as sum
marized in Table 23. 

5.11.1 Hydrogen Concentration of Water. CFWH 
(g-L-1) 

This simple parameter is the annual average hydrogen concentration of 
freshwater (Equation (16)). Water is 11.1% hydrogen by mass. A litre of 
water has a mass of about 1.0 kg, although this depends to a slight degree 
on the temperature. Based on 1.0 kg-L"1, hydrogen accounts for 111 g-L-1. 
We have assigned this value to CFWH for concept assessment. 

5.11.2 Hydrogen Concentration in Man, MCH 
(g-kg-1) 

This parameter defines the average hydrogen concentration in reference man 
(Section 5.4.1.2), irrespective of chemical form. The MCH value considers 
soft tissues only and includes body water (Section 5.4.5). High MCH values 
are conservative because in our specific activity model they lead to high 
dose predictions (Equation (16)). 

In organisms such as man, most of the hydrogen is associated with soft 
tissues and body water. Bone and teeth contain relatively little hydrogen. 
Reference man is about 10% hydrogen by mass, assuming hydrogen contents of 
6% for carbohydrate, 12% for fat, 7% for protein and 11% for water (ICRP 
1975). Without the skeleton and teeth, the hydrogen content is about 
10.5%. For concept assessment, we have chosen an MCH value of 120 g-kg'

1, 
which corresponds to 12% hydrogen by mass. 



- 148 -

5.11.3 Hydrogen Concentration in Wood. 0BH 
(g.kg-i(dry)) 

This parameter is the average hydrogen concentration in dry wood, which is 
needed for calculating man's external dose from organic building material 
(Equation (23)). High 0BH values are conservative because they lead to 
high tritium concentrations and doses. 

Hydrogen concentration in wood can be estimated by considering wood compo
sition. Dry wood has an equilibrium moisture content of about 12% 
(Section 5.12.3). Thus, a kilogram of dry wood is made up of 120 g of 
water and 880 g of solid wood. As indicated in Section 5.11.1, water is 
about 11.1% hydrogen by mass. This amounts to 13.3 g for 120 g of water. 
Solid wood is mainly composed of carbohydrate-derived compounds such as 
cellulose and lignin. Assuming that solid wood has an atomic composition 
of 12 carbon, 20 hydrogen and 10 oxygen, which corresponds to cellulose, 
hydrogen in 880 g of solid wood amounts to 54.3 g. Therefore, the hydrogen 
content of wood is about 67.6 g'kg"1(dry). For concept assessment, we have 
adopted a 0BH value of 70 g.kg

_1(dry). 

5.12 CONVERSION AND EFFICIENCY FACTORS 

This section establishes values for miscellaneous conversion and efficiency 
factors, which appear explicitly in the equations for CALD0S (Section 3.2). 
Because of their limited variation and influence on dose predictions, none 
of the factors need to be treated probabilistically for concept assessment 
and thus no truncation values and correlations need to be considered. 
Adopted values for concept assessment are summarized in Table 24. 

5.12.1 Water/Energy Conversion Ratio, ewe 
(L-kJ-1) 

This parameter defines man's water need per unit energy need. It is 
required for calculating the drinking water ingestion rate, Udw 
(Equation (27)). Water serves a variety of functions in the human body and 
need can be defined in terms of losses through urine, feces, and evapora
tion from the lungs and skin (Wolf 1958, ICRP 1975). However, it can be 
more conveniently determined from energy need with the help of an appropri
ate conversion ratio, ewe (Section 3.1.5). Since dose is positively cor
related with Udw, high ewe values are conservative. 

The commonly accepted energy/water conversion ratio is 2.39 x 10-4 L.kJ-1 

(NAS 1980, Guthrie 1983). Variation in ewe is related to age, with infants 
having higher values (Zach and Barnard 1985). Depending on how additional 
water needs for lactation and excessively high ambient temperatures are 
considered, ewe may also be affected. Since our dose predictions are for 
ICRP reference man (Section 1.3) on the Canadian Shield, none of these 
sources of variability is important. Therefore, we have adopted a conser
vative ewe value of 2.5 x 10_4 L-kJ"1 for concept assessment. 
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TABLE 24 

SUMMARY 

Parameter 

OF CONVERSION 

PARAMETER 

FACTORS.EFFICIENCY 

VALUES FOR CONCEPT 

FACTORS AND 

ASSESSMENT 

FREQUENCY 

Value 

Conversion factors 

Water/energy (ewe, L-kJ-1) 
Dry/wet soil (dws, kg(dry)-kg_1 (wet)) 
Wet/dry wood (wdw, kg(wet)«kg-1(dry)) 
Inorganic building material/soil (sbc) 
Air/oxygen (oac) 
Man's oxygen utilization factor (ov) 
Mass/radioactivity (gb, kg.Bq-1) 

Frequency parameters 

Food Types (n) 
Number of radionuclides (m) 
Pathways (o) 
Building materials (p) 

2.5 x 10-4 

0.95 
1.70 
1.00 
78 
25 

4. 
6. 

1.53 x 10-10 

5 
* 

7 
2 

* See Section 5.13.2 for the value of m. 

NOTE: For documentation of values see Sections 5.12 and 5.13. 

5.12.2 Dry/Wet Soil Conversion Factor, dvs 
(kg(dry)-kg-1(wet)) 

This parameter defines the factor for converting dry radionuclide soil 
concentration, SDi, to wet concentration to allow dose calculation from 
ground exposure (Equation (19)). In essence, the conversion results in a 
dilution of the radionuclide concentration in soil so that high dws values, 
corresponding to a low water content, are conservative. 

The water content of soil can best be defined in terms of field capacity, 
the amount of water remaining in a soil a few days after saturation under 
free drainage (Buckman and Brady 1969). Field capacity includes the hygro
scopic water and capillary water. The former is the amount of water in a 
dry soil in a saturated atmosphere and the latter the water held in the 
small soil pores. Depending on the soil type, the hygroscopic coefficient 
and capillary water range from 3.3 to 16.1 and 4.6 to 17.8, respectively, 
expressed as a percentage of the weight of dry soil (Buckman and Brady 
1969). The corresponding field capacity range is from 7.9 to 30.4. Orga
nic soils tend to contain more water than sandy soils, but water content is 
not very variable compared with some of the other parameters of CALDOS. 
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For concept assessment, we have assumed a dry soil with a hygroscopic coef
ficient of 5%, as one might encounter on an unpaved road or parking lot. 
This translates into a dws value of 0.95, which is conservative for all the 
soil types considered for concept assessment (Sheppard 1992). This value 
is compatible with the way the ground exposure dose conversion factors were 
calculated (Section 5.4.8). 

5.12.3 Vet/Dry Wood Conversion Factor, wdw 
(kg(wet).kg"1(dry)) 

This parameter defines the factor for converting wet-wood to dry-wood 
radionuclide concentration, Bb^ (Equation (21)), to allow dose calculation 
from wooden building material (Section 3.2.10.4). Drying of wood increases 
radionuclide concentration per unit mass and thus high wdw values are 
conservative. 

For concept assessment, we assume harvesting of green or wet wood 
(Section 5.9.4). The moisture content of such wood can be higher than 30%, 
depending on the species and type of wood. Sap wood tends to have the 
highest moisture content. Much of this moisture must be removed before 
construction to avoid excessive shrinkage. Wood is a hygroscopic material 
so that it tends to absorb and give off moisture in response to humidity of 
the surrounding atmosphere (Bramhall 1981). 

Lumber for general construction is usually dried to a moisture content of 
20% or less. For furniture making, drying is more complete. Wood is fre
quently oven-dried, but because of the hygroscopic effect the moisture 
content is normally much higher than the oven-dry values. This equilibrium 
or air-dry moisture content is usually about 12 to 15% (Panshin and 
de Zeeuw 1980, Bramhall 1981). Winter values tend to be lower. 

Panshin and de Zeeuw (1980) provided green, or wet, wood weights with the 
corresponding weights under equilibrium moisture content for many tree 
species. For the important commercial species on the Shield (Section 5.5.9), 
the moisture loss from wet to a 12% equilibrium moisture content ranged from 
about 16.7 to 39.5%, and 28.0% is a reasonable average value. However, this 
value may well be an underestimate if entire trees rather than just wood are 
considered (Young et al. 1964). Thus, for concept assessment we have assumed 
a conservative value of 40%, which corresponds to a wdw value of 1.7. 

5.12.4 Inorganic Building Material/Soil Conversion Factor, sbc 
(unitless) 

This conversion factor is used for defining radionuclide concentration in 
inorganic building material, Bbilf such as clay, sand or gravel 
(Equation (24)). We have based the radionuclide concentration of such 
materials on dry-soil concentration SDi (Section 3.2.10.4). Depending on 
the exact method of preparation of a building material, radionuclides may 
be concentrated or diluted. Conversion factor values exceeding 1.0 
indicate concentration. 

In the case of sand and gravel, dilution is more likely because radio
nuclides in the soil tend to be associated with small clay particles and 
organic matter (Megumi 1979, Sheppard et al. 1984). These may be washed 
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out in the preparation of building materials. For clay, there may be con
centration because of its high sorption capacity for certain radionuclides 
(Schulz 1965). However, sbc is likely not very variable and we have 
assumed neither dilution nor concentration by using a value of 1.0 for all 
the soil types considered for concept assessment (Sheppard 1992). 

5.12.5 Air/Oxygen Conversion Factor, oac 
(unitless) 

This factor defines the air volume per unit oxygen volume for calculating 
man's inhalation rate, Ii (Equation (28)). On average, air contains 20.94% 
02 by volume (Neiburger et al. 1973). However, on a local scale, respira
tion by organisms can decrease, and photosynthesis by plants increase 02 

concentration. Variation caused by these processes is small and we have 
chosen an oac value of 4.78, which corresponds to an 02 content of 20.94%. 

5.12.6 Han's Oxygen Utilization Factor, ov 
(unitless) 

This factor is the inverse of the fraction of 02 in air available to humans 
for respiration, and it is used for calculating man's inhalation rate, Ii 
(Equation (28)). Low ov values are conservative because they correspond to 
high inhalation rates and dose predictions. 

Because of various physical, chemical and physiological processes associ
ated with breathing and respiration, humans cannot utilize all the inhaled 
02 (Lloyd 1976, Guyton 1981). The utilization factor, ov, represents a 
convenient approximation of all these processes. Increased 02 demand are 
mainly met by more frequent and deeper breathing, so that ov remains 
largely unaffected. In humans ov may vary from about 3.3 to 8.3 (Zach and 
Barnard 1985). This means that from 12 to 30% of the inhaled 02 can be 
utilized. In view of this limited variation, we have adopted a conserva
tive ov value of 6.25 for concept assessment, which corresponds to an 02 

utilization of 16%. 

5.12.7 Mass/Radioactivity Conversion Factor for 1 2 9 I , gb 
(kg.Bq-i) 

This parameter defines the mass of 1.0 Bq of 1 2 9 I . It is required in 
Equation (15) for calculating man's internal dose from 1 2 9 I . The conver
sion factor, gb, is a constant and is given by 

gb = [Act/(ln 2/Vk)] . (Mw/AN) (36) 

where Act = radioactivity (Bq), 
t% = radioactive half-life (s), 
Mw = molar weight of 1 2 9I (kg), and 
AN = Avogagadro's number. 

Act has a value of 1.0 Bq, In 2 of 0.693, Vk of 4.95 x 1014 s (Table 9), 
Mw of 0.129 kg and AN of 6.0235 x 1023. Thus, gb has a value of 
1.53 x 10"10 kg-Bq-1, which we have adopted for concept assessment. 
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5.13 FREQUENCY PARAMETERS 

This section describes a number of simple frequency parameters that appear 
in CALDOS (Section 3.2). The parameters are mainly important in summations 
for calculating total doses (Section 3.2.12). The values used for concept 
assessment are summarized in Table 24. 

5.13.1 Number of food Types, n 

This parameter, used in Equations (26) to (29), defines the number of food 
types. As discussed in Section 3.1.6, CALDOS considers four terrestrial 
(TE PLANT, TE MILK, TE MEAT and TE BIRD) and one aquatic food type 
(FW FISH). Thus, n has a value of 5. 

5.13.2 Number of Radionuclides, m 

The number of radionuclides involved in CALDOS is defined by m, a parameter 
used in Equations (29) to (32) and (34). Basically, m has a value of 68, 
which represents the total number of Group 1, 2 and 3, and special radio
nuclides (Table 2; Section 3.1.9). Although 28 short-lived Group 4 radio
nuclides are considered in our dose predictions, they are not explicitly 
included in the equations of CALDOS. Because of different treatment of 
various radionuclides in our models (Section 3.2), m does not have the same 
value for all the exposure pathways and dose calculations, as indicated in 
Tables 3 and 4. 

5.13.3 Number of Pathways, o 

This parameter defines the number of exposure pathways involved in food 
ingestion by man (Equation (29)). These include the root, leaf, animal's 
drinking water, animal's soil ingestion and aquatic animal pathways. The 
root and leaf pathways are considered separately for plant (TE PLANT) and 
animal (TE MILK, TE MEAT and TE BIRD) food types (Section 3.2), so that o 
has a value of 7. This value assumes that sprinkler irrigation 
(Sections 3.1.1 and 3.2.1) is part of the leaf pathway. 

5.14 MISCELLANEOUS PARAMETERS RELATED TO CALDOS 

Parameters discussed in this section do not appear in CALDOS (Section 3.2), 
but they are related to it. The parameters are needed in the atmosphere 
submodel (Amiro 1992d) and the biosphere model (Davis et al., in prepara
tion) for a variety of purposes. A summary of most of the values adopted 
for concept assessment appears in Tables 25 and 26. 

5.14.1 Animal Food Yield. FYj 
(L-a-1 or kg(wet)-a-1) 

This parameter, which applies to TE MILK, TE MEAT and TE BIRD, defines the 
annual yield of these food types per animal. FYj values are required to 
determine the number of farm animals needed to meet man's food ingestion 
rates (Section 5.2.1), based on household size (Section 5.14.3). In the 
biosphere model, these numbers are used to calculate water need and the 
size of forage field required to sustain the required animals (Section 1.3; 
Davis et al., in preparation). The size of this area is then used for 
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TABLE 25 

SUMMARY OF PARAMETER VALUES FOR CONCEPT 

ASSESSMENT RELATED TO. BUT NOT INCLUDED. IN CALDOS 

Parameter Value 

Animal food yield (FY.) 
TE MILK (L-a-1) 
TE MEAT (kg.a-1) 
TE BIRD (kg.a-1) 

Provisional domestic water source (Pwu) 
Probability of well-water use 
Probability of surface water use 

Propensity to irrigate (Pri) 
Probability of irrigating garden 
Probability of irrigating forage field 

4600 
145 
2.03 

0.5 
0.5 

0.9 
0.02 

NOTE: For documentation of values see Section 5.14. 

defining atmospheric dispersion in the atmosphere submodel (Amiro 1992d), 
and irrigation water need in the biosphere model. In all cases, low FY^ 
values are conservative because they increase the number of farm animals 
and field size. This, in turn, increases drinking water need, irrigation 
water need and radionuclide concentration in air. High well-water demand 
is conservative because it increases radionuclide concentrations in water. 
Probabilistic treatment of animal food yield is not required because this 
parameter in food-type-specific and not very variable. 

Today's farming industry has become very efficient and animal food yield, 
as expressed in our FY^ values, is increasing (Acker 1983). Much of our 
food is produced by this agroindustry, but there are groups of people who 
depend on more traditional and less efficient farming methods. In general, 
game animals are less productive than farm animals that have been selec
tively bred for food production. Game animals are also commonly harvested 
at full maturity well after the most productive age. Our FYj values are 
based on the Canadian farm animal data provided by Wittenberg (1992). 
These data are similar to those listed by Acker (1983) for the U.S. 

Milk production of cows varies in relation to the reproductive cycle, but 
on average the production per cow is 4601 kg-a'1, which is about the same 
in litres. Production might be set slightly lower, because dairy cows 
yield milk only upon reaching maturity. However, for concept assessment we 
have adopted a FYj value for TE MILK of 4600 L-a"1. This means that, on 
average, a single cow can supply over 20 people with milk, with each person 
consuming about 200 L-a*1 (Appendix A, Section A.10). 
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TABLE 26 

PIECEWISE UNIFORM DISTRIBUTION DEFINING PERSONS 

PER HOUSEHOLD (Nph) FOR CONCEPT ASSESSMENT 

Nph 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

Probability 

0.068 
0.217 
0.219 
0.165 
0.113 
0.074 
0.048 
0.031 
0.021 
0.014 
0.0092 
0.0062 
0.0043 
0.0030 
0.0021 
0.0015 
0.0011 
0.0008 

Nph 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

Probability 

5.7 
4.1 
3.1 
2.3 
1.7 
1.3 
1.0 
7.8 
6.0 
4.6 
3.6 
2.8 
2.2 
1.8 
1.4 
1.1 
9.0 
7.3 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10-4 

IO-4 

10-4 

IO-4 

10"4 

io-4 

10"4 

io-5 

10"5 

10-5 

io-5 

io-5 

10'5 

10-5 

10-5 

io-5 

io-6 

io-6 

NOTE: For documentation of distribution see Section 5.14.3. 

Slaughter heifers have a live weight of about 450 to 550 kg and the weight 
of retail cuts is 200 to 243 kg. Steers have a slaughter weight of about 
500 to 600 kg and a retail cut weight of 220 to 266 kg. Usually, beef 
cattle are slaughtered when about 18 to 20 months old. Animals may also be 
slaughtered as calves or, in the case of dairy cows, much later. For con
cept assessment, we have assumed a retail cut weight of 230 kg and a 
slaughter age of 19 months. Thus, the FYj value for TE BEEF is 145 kg.a"1, 
which would sustain about a person, on average (Appendix A, Section A.10). 

At slaughter broiler chickens are about 6 weeks old and they weigh about 
2.0 kg with a carcass weight of 1.45 kg. Assuming a further loss of 25X, 
the actual meat produced is about 1.1 kg. A chicken lays about 265 eggs 
per year, with a net weight of about 13.3 kg. This corresponds to an FY^ 
value of 13.3 kg.a-1. The values 1.1 and 13.3 kg represent FYm and FYe for 
meat and eggs separately. To calculate the combined value, FYj, we assume 
that meat and eggs contribute equally to man's diet. Thus, FY^ is an aver
age, the reciprocal of which is given by (1/FYm + l/FYe)/2 or 0.492. This 
corresponds to an FY^ value of 2.03 kg.a-1. Assuming man's ingestion rate 
for TE BIRD, ILj , is 53.2 kg-a*1 (Appendix A, Section A.10), about 
26.2 chickens are needed per year. We have adopted the FYj value of 
2.03 kg-a-1 for concept assessment. 
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5.14.2 Water Demand per Capita. Uwc 
(m^a-1) 

This parameter is concerned with household water need only, which may be 
satisfied by lake or well water, as determined in the biosphere model 
(Davis et al., in preparation). Together with animal's drinking water and 
irrigation water for the garden of the critical group (Section 1.3), house
hold water is a component of the domestic water need in the biosphere 
model. Uwc is required to calculate indoor 129l and radon air concentra
tions in the atmosphere submodel (Section 5.1.4; Amiro 1992d), and to help 
establish well-water need in the biosphere model. Low Uwc values are 
conservative because with high values uncontaminated surface water tends to 
be drawn into the well. Thus, high Uwc values correspond to low well-water 
concentrations, which may also be reflected in low air concentrations. 
Since Uwc values can vary considerably (OME 1987), we have treated them 
probabilistically for concept assessment. 

Household water demands have increased continuously over time with increased 
cleanliness and automatic washing machines, dishwashers, etc. In many 
instances, water is regarded as an unlimited resource, particularly in such 
areas as the Shield. However, people depending on trucked water do econo
mize. Water demands can vary hourly, daily and seasonally, but this is not 
important when predicting annual doses. The average domestic water use of 
Canadians is very high at 350 L«d_1 per person (Environment Canada 1990a). 
For Ontario, needs are estimated to be 270 to 450 L-d*1 per person (OME 
1987). This corresponds to 98.6 to 164 m3»a_1. Man's drinking water is 
part of this, but drinking constitutes a relatively small part at less than 
1% (Appendix A, Section A.10). 

For concept assessment we have adopted a lognormal distribution (Figure 12) 
with a GM of 130 m 3^- 1 and a GSD of 1.26. The corresponding 95% confi
dence interval is 81.9 to 206.4 m3-a-1. The distribution has a lower trun
cation value of 20.0 m3-a-1 and no upper truncation value. No parameter 
correlations need to be considered. Because it is relatively small, man's 
ingestion rate of drinking water (Section 5.2.2) is not considered an 
important correlate of Uwc. 

5.14.3 Persons per Household. Nph 
(unitless) 

This parameter defines the number of people per household. It is used in 
the biosphere model to calculate the household water need, and the garden 
size and number of farm animals needed to sustain the household (Davis 
et al., in preparation). As indicated in Section 5.14.1, the number of 
farm animals is then used to establish several related parameter values. 
High Nph values are conservative. Since Nph values can vary considerably, 
they need to be treated probabilistically for concept assessment. 

In 1986 over 84% of Canadians lived in families of two or more persons 
(Smith 1987). This percentage has been slightly decreasing over the past 
few years. The average family size in Canada has been steadily dropping 
from 3.9 in 1976 to 2.8 in 1988. This is mainly due to a lower birth rate 
and there has been a dramatic growth in the number of childless families. 
Rural provinces tend to have more persons per household than urbanized 
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ones, e.g., in 1988 Newfoundland and Ontario had averages of 3.5 and 2.7 
respectively. While family size has been dropping, the number of families 
has been steadily increasing (Smith 1987). It is very difficult to say 
whether current trends in population structure will continue. 

For concept assessment, we are assuming that Nph values are lognormally 
distributed (Figure 12) with a GM of 3.5 and a GSD of 1.8. Thus, the 95% 
confidence interval is 1.1 to 11.3 persons per household. The higher 
values in this distribution can account for large families in rural areas 
and for cases where more than one family depends on a single well. The 
distribution needs to be truncated at the lower end only, at a value of 
1.0. No parameter correlations need to be considered for Nph. 

The specified lognormal distribution cannot be directly used because Nph 
values in the biosphere model are restricted to integer values. Thus the 
specified distribution must be translated into a piecewise uniform distri
bution. This can be done by solving the following PDF for integral values 
of x 

f (x) = {exp[- ( ln x - In GM)2/2 . (In GSD)* ] }/(J~2ÏÏ • In GSD . x) . (37) 

The corresponding probabilities, together with the continuous function, are 
plotted in Figure 17. Table 26 lists the actual probabilities for each 
integer value of Nph for use in concept assessment. 

5.14.4 Provisional Domestic Water Source, Pwu 
(unitless) 

In the biosphere model for concept assessment, domestic water needs may be 
satisfied by either lake or well water (Section 5.14.2; Davis et al., in 
preparation). Pwu represents the two related probabilities associated with 
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the use of these sources of water. These probabilities, which must add to 
unity, can be represented by single values. Results from the second 
interim assessment suggest that well-water use may cause higher doses to 
man than lake-water use (Wuschke et al. 1985a). 

Killey (1992) reviewed the available well data from the Ontario Ministry of 
the Environment (OME). In 1980, there were almost 31 000 water supply 
wells on the Shield in Ontario, most of which were installed for domestic 
use. However, people also depend on surface water supplies, particularly 
major urban areas. Unfortunately, these data do not allow direct estab
lishment of Pwu values, because they do not indicate the proportions of the 
population that depends on the two sources of water. In Ontario, 23% of 
the people depend on groundwater (Environment Canada 1990b). 

By evaluating population data from Statistics Canada and combining them 
with the well data from the OME, Killey (1992) estimated that from 25 to 
30% of the rural residents on Ontario's part of the Shield depend on well 
water. However, he also noted that 50% might be a more appropriate value 
because the well data do not include shallow dug wells. This estimate for 
rural areas drops to about 35% if urban populations are included. The well 
data suggest that about 75% of wells are drilled into bedrock and that 
these wells are not very deep. Thus, surface water could infiltrate and 
make up a major portion of the water. 

For concept assessment, we have set both the probabilities of well and lake 
water use to 0.5. 

5.14.5 Propensity to Irrigate, Pri 
(unitless) 

The biosphere model involves a garden and a forage field (Section 1.3), 
either of which may be subject to irrigation (Section 3.1.1). There is a 
separate Pri value for each to define the probability of irrigation. By 
default, Pri also establishes the probability of not irrigating because in 
each case the two probabilities must add to unity. Pri is used probabilis
tically in the biosphere model to decide whether or not irrigation is to 
occur during any given model run (Davis et al., in preparation). If it 
does occur, it does so for a limited period (Section 5.14.6) at a rate 
calculated by the soil submodel (Sheppard 1992). Irrigation increases 
deposition of radionuclides to plants, so that high Pri values are conser
vative. In view of the limited variability, there is no need to treat the 
propensity to irrigate probabilistically for concept assessment. 

Few data are available for establishing Pri values. Sheppard S.C. (1985) 
has shown that irrigation can benefit crops grown on the Shield. Gardens 
are commonly watered because people like to do so regardless of need and 
economics. However, during hot dry weather irrigation can become essen
tial. Forage fields are usually not irrigated because potential increases 
in productivity do not warrant the costs involved. 

For concept assessment, we have assumed that the probability of irrigating 
the garden is 0.9 and of the forage field 0.02. Note that the garden may 
be irrigated by lake or well water, as determined by Pwu (Section 5.14.4), 
but the forage field can only be irrigated by more abundant lake water. 
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5.14.6 Irrigation Period, IP 
(a) 

This parameter specifies the duration of irrigation of the garden and for
age field used by the critical group (Sections 1.3 and 5.14.5). High IP 
values are conservative because they may increase the buildup of radio
nuclides in soil. 

It is unlikely that irrigation of a specific plot of land on the Shield 
would continue without interruption for thousands of years. Land-use pat
terns may shift in response to new needs and so may irrigation as a result 
of climatic fluctuations. Furthermore, under dry conditions prolonged 
irrigation can affect soil fertility through salt buildup, rendering soil 
useless for raising crops (Reeve and Fireman 1967). 

Specific data for defining IP on the Shield are lacking, but it is reason
able to assume that values can range from a few years to prolonged periods 
over many human generations in some instances. This suggests a lognormal 
distribution of values (Figure 12). We have selected such a distribution 
for concept assessment with a GM of 100 a and a GSD of 4. This distri
bution has a 95Z confidence interval of about 6 to 1600 a in terms of 
untransformed values. However, we have selected a lower truncation value 
of 50 a, because we are assuming that irrigation continues for at least one 
human generation, and an upper truncation value of 10 000 a, which coin
cides with the quantitative assessment period specified by the AECB (1987). 
IP is assumed to be uncorrelated. 

The specified distribution applies for both the garden and forage field. 
During a given run of the biosphere model, occurrence of irrigation of the 
two is independently determined (Section 5.14.5). If irrigation occurs, an 
IP value is randomly selected which then applies for the garden or the 
forage field, or both as dictated by Pri. 

6. QUALITY ASSURANCE 

In the present context, quality assurance consists of a documented series 
of planned and systematic actions to ensure adequate performance of CALD0S 
with its varied parameter values and distributions. We have not carried 
out a formal quality assurance program (Roberts 1983), but the need for 
such a program has only recently been established by the AECB (1987). 
Thus, our work has progressed under an informal program, based on the use 
of qualified personnel and well-established scientific methodologies and 
procedures, combined with peer review of publications and more general 
review by the Bioscience Subcommittee of TAC (Section 1.1). We have 
published CALDOS in the open literature, stressing unique aspects of the 
model (Zach and Sheppard 1991). 

The database for developing CALDOS with its numerous parameters is often 
nonuniform and incomplete. This can cause difficulties when attempting to 
apply rigorous scientific methodologies, particularly in the area of sta
tistical description of parameters. This situation is not unique to NFWM 
and it has now been fully recognized that expert opinion must play an 
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important role in environmental and safety assessments in general. There
fore, in order to use all of the available data, we have, in some in
stances, relied on expert opinion. In the formation of expert opinions, we 
have relied on our own expertise and discussions with others, particularly 
outside the nuclear industry. We have also taken into account the influ
ence of various decisions on dose predictions. We believe that through 
these procedures, ve have arrived at valid expert opinions and decisions. 

Shaeffer (1980) developed a model evaluation methodology applicable to 
environmental assessment models. This methodology is particularly suitable 
for radiological assessment models and, therefore, we have followed it to 
evaluate CALDOS. Because CALDOS rests indirectly on many publications not 
cited here, we have also briefly evaluated the depth of the relevant liter
ature to give an indication of the accumulated information, scientific 
basis and tradition in our area. 

6.1 LITERATURE EVALUATION 

CALDOS is a product of radioecology, a marriage of health physics and ecol
ogy (Auerbach 1984). Radioecology includes two basic components, the 
transport of radionuclides through the environment and effects of ionizing 
radiation on organisms. In the context of NFWM, the former relates to 
predicting food-chain transport and doses to humans, and the latter to 
establishing dose and risk criteria (AECB 1987). Data on effects of 
radiation on the environment is also relevant for demonstrating 
environmental protection, as discussed in Section 3.5.1. 

Radioecological research has progressed in a series of distinct phases 
(Whicker 1983, Auerbach 1984, Richmond 1989). Work on the transport of 
radionuclides began in the late 1940s in response to the development of 
nuclear weapons programs. In the late 1950s and early 1960s, work concen
trated on radiation effects on organisms. The growing nuclear power indus
try increased efforts in radionuclide transport in the late 1960s and 
1970s. Early in this period, systems analysis methods for predicting 
radionuclide transport were developed (Auerbach 1984). These methods then 
gave rise to the first food-chain models (Section 2.2). In the late 1970s 
and 1980s efforts on the transport of radionuclides were fueled by NFWM 
programs established in many countries (Section 2.5; Whicker and Schultz 
1982, Uranium Institute 1983, OECD 1985, IAEA 1988). 

Whicker (1983) estimated that about 10 000 open literature publications are 
relevant to radionuclide transport in terrestrial pathways alone. This 
does not mean that knowledge is complete (Myttenaere 1983, Vhic.'^r 1983). 
More data would be helpful for reducing uncertainty in transfer coefficient 
values, for establishing parameter correlations, for validating models and 
for providing broader ecological input into protective standards (Vaughan 
et al. 1981, Auerbach 1984). Advances are being made in these areas by us 
and others. Thus, CALDOS with its varied parameter values and distri
butions (Sections 3 and 5) is based on a large body of accumulated know
ledge and well-established scientific traditions. This lends credence to 
its dose predictions. 
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6.2 MODEL AND PARAMETER EVALUATION 

Shaeffer's (1980) model evaluation methodology is designed to identify and 
quantify the uncertainties associated with model predictions (Section 2.1). 
A systematic approach is needed to accomplish this task because of the 
complexity of various related subsidiary issues. Shaeffer's methodology 
includes six major tasks: (1) model examination, (2) algorithm examination, 
(3) data evaluation, (4) sensitivity analysis, (5) validation studies and 
(6) code comparison studies. 

6.2.1 Model Examination 

Model examination is concerned with determining whether the system modelled 
is adequately represented. Thus, it addresses uncertainty in model predic
tions from bias or error in model structure and from natural variability of 
the system (Section 2.1). 

CALDOS is strongly linked to the models developed for assessing conven
tional nuclear power installations. These models have a long history, and 
they have been broadly accepted and used (Sections 2.2 to 2.5). The interim 
assessments (Section 2.4) and our continual model examinations (Iverson 
1982, Zach 1985a) have led to substantial improvements (Section 3.1.1). As 
a result of this, marginal pathways, such as animal's soil ingestion 
pathway, man's soil ingestion pathway and man's exposure to building mate
rials, are considered for concept assessment. Other substantial improve
ments are concerned with man's food and water ingestion, and inhalation 
rates, and modelling of 1 4C, 3H and 1 2 9 I . This has made CALDOS suitable 
for generic assessments, based on plutonic rock regions of the Canadian 
Shield (Sections 1.2 and 1.3). 

CALDOS is very simple and involves highly aggregated parameters. However, 
this is not necessarily a weakness. In fact, simple multiplicative chain 
models, such as ours, often work very well in chronic release situations 
(O'Neill 1971, Crick and Simmonds 1984). For concept assessment, it is 
important to consider all the significant exposure pathways because doses 
are additive and because the total dose will be crucial in the evaluation 
of the concept (AECB 1987). We believe, we have considered all the major 
and many of the minor pathways (Figures 4 and 5). 

The range of applicability of CALDOS is restricted to trace quantities of 
radionuclides in the surface water, soil and atmosphere. At higher concen
trations, transfer coefficients, governing the movement of radionuclide to 
plants and animals (Sections 3.1.10 and 5.3), may no longer apply because 
of saturation phenomena and radiological or chemical toxic effects (Section 
3.5; Goodwin et al. 1987). Many elements, even essential ones, can be 
chemically toxic to plants and animals at relatively high environmental 
concentrations (Maynard et al. 1979, Wallace 1980, Kabata-Pendias and 
Pendias 1984). At such concentrations plants and animals would not sur
vive, making dose predictions for humans meaningless because no food could 
be raised. Plants and animals may also fail to survive because of radiolo
gical toxicity, but humans, being long-lived mammals, appear to be much 
more sensitive to radiation than most of the other organisms (Section 
3.5.1; Amiro 1992c). 
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In view of having to make predictions far into the future (AECB 1987, 
Wuschke et al. 1985a), one of the most important assumptions in our models 
is that biological and cultural evolution of humans can be ignored. These 
assumptions are rooted in the fundamental unpredictability of these pro
cesses. Biologically speaking, humans have changed very little over the 
past 40 000 a (Leaky and Lewin 1977), but there have been tremendous cul
tural changes due to increasingly sophisticated technology (Bronowski 
1976). Increased technological knowledge and experience over time would 
only increase the capability of humans to deal with potentially detrimental 
effects of radiation. 

CALDOS represents an advanced form of environmental assessment model. Such 
models are urgently required for assessing chemical pollutants in the envi
ronment (Butler 1980). The use of food-chain or exposure models similar to 
CALDOS is now being advocated in the USEPA in recognition of the fact that 
assessments based on geophysical media such as water, soil and air are 
inadequate for evaluating human health effects (Ott 1990b). Clearly, 
CALDOS fully reflects these advanced ideas. 

6.2.2 Algorithm Examination 

Algorithm examination involves questioning whether the numerical techniques 
selected for the computer code are appropriate and devoid of numerical 
problems. This is especially important in complex models. In our simple 
multiplicative chain models (Section 3.2), algorithm examination is 
straightforward. Similarly, the coding of the equations in SYVAC can be 
readily verified against hand calculations. This has been done throughout 
the development of CALDOS. We have also coded CALDOS separately for pub
lishing the model (Zach and Sheppard 1991) and verified output from SYVAC. 
Computer code development for SYVAC and the vault, geosphere and biosphere 
models for concept assessment involve extensive verification and quality 
assurance procedures (Hoffman and Sherman 1985, Davis et al., in prepara
tion). These procedures ensure the correct transfer of CALDOS and its 
parameters, as documented in this report, to the actual code in SYVAC. 

6.2.3 Data Evaluation 

An important aspect of data evaluation is data quality, a measure of how 
well the data represent the processes being measured. Data quality may be 
reduced because of significant measurement error or uncertainty (Section 2.1). 
Host data measurements contain a random error component, but there can also 
be systematic errors or bias. Random errors occur as a result of unknown 
variations in the experimental conditions, whereas systematic errors result 
from faulty instruments or techniques. Data quality is expressed in terms 
of precision, accuracy and completeness. Precision relates to random 
errors and accuracy to systematic errors. Completeness of the data is 
important to determine reasonable statistical estimates of central tenden
cies and dispersion (Zach 1982c, Stephens et al. 1989). 

Ideally, one would like to have precise, accurate and complete data for 
determining parameter values and distributions for CALDOS. Unfortunately, 
not all the data are directly accessible and, even if so, they are incom
plete. However, radiological assessment models and their parameters have 
been developed in parallel for many years (Section 2.2). Thus, generally 
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accepted data and recommended parameter values and distributions are 
readily available (e.g., Ng et al. 1977, 1982a, 1982b; Hoffman and Baes 
1979; Rupp et al. 1980). 

For determining parameter values and distributions for concept assessment 
(Section 5), we have carefully screened all the available information and 
made conservative selections to compensate for uncertainty, keeping in mind 
the relevant biosphere and exposure situation (Sections 1.2 and 1.3). 
Parameters with little variation, and consequently with little influence on 
dose predictions, are represented by single values, and those with rela
tively high variability, by PDFs with an appropriate measure of dispersion 
to account for short-term fluctuations in the biosphere (Section 5). For 
some parameters, too few data are available to statistically decide on a 
particular PDF. However, it is well known that many environmental data are 
positively skewed and approximately lognormally distributed (Remmenga and 
Whicker 1967, Pinder and Smith 1975, Eberhardt 1976, Sheaffer and Hoffman 
1979). We have made use of this generalization when deciding on some PDFs 
(Section 5). 

The quality of the data for CALDOS cannot always be fully evaluated and the 
database is incomplete. However, by making use of generally accepted 
information and conservative assumptions, and by careful screening, we have 
determined reasonable parameter values and PDFs for concept assessment. 
CALDOS can be readily updated as new data become available. 

6.2.4 Sensitivity Analysis 

We have already discussed sensitivity analysis in relation to parameter 
value selection (Section 4). This led to the conclusion that sensitivity 
analysis of our multiplicative chain model is unimportant, because the 
results of such an analysis are completely predictable. However, in para
meter value selection (Section 5), we have recognized the influence of 
parameter variability on dose predictions by selecting appropriate PDFs for 
highly variable parameters. These distributions reflect uncertainty from 
measurement error and natural variability of the system modelled 
(Section 2.1). For parameters with little variability and influence on 
dose predictions, we have selected single conservative values rather than 
distributions. 

We have previously carried out an extensive numerical sensitivity analysis 
of the terrestrial food-chain model FOOD III (Zach 1980b), used for the 
first interim assessment, to help develop the LIMCAL model for NFWM assess
ments (Section 2.4). The analysis included 42 radionuclides, 4 exposure 
pathways, 14 food types and, 93 parameters. The values of individual para
meters were varied by three fixed percentages on either side of the nominal 
values. To make the analysis more helpful, we used a simple contamination 
model for calculating related radionuclide concentrations in surface water, 
soil and air, assuming unit concentration in surface water. Because of 
this simple contamination model, results of the sensitivity analysis have 
limited applicability for concept assessmentn, which involves relatively 
sophisticated submodels for calculating radionuclide concentrations in 
surface water, soil and air (Sheppard 1992, Bird et al. 1992, Amiro 1992d), 
and also includes appropriate radionuclide inventories (Mehta and Goodwin, 
in prep.). 
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Results of our sensitivity analysis shoved that radionuclides made highly 
variable dose contributions in each of the four exposure pathways. Within 
each pathway, long-lived radionuclides were more important than short-lived 
ones, which tended to decay away during holdup timss (Section 5.5). Radio
nuclide doses of the four pathways were strongly positively correlated, but 
pathways varied greatly in terms of dose contributions. Man's and animal's 
drinking water pathways were much more important than the root and leaf 
pathways. It is interesting to note that the second interim assessment 
indicated the long-lived radionuclides "Tc and l 2 9 I , and man's drinking 
water pathway as the most important dose contributors (Wuschke et al. 
1985a). Thus, we have paid increased attention in our research to these 
radionuclides, particularly "Tc, and man's drinking water pathway (Zach 
1985a). 

All the pathways had food types that were of little importance. This was 
particularly true of the root pathway, in which radionuclide concentration 
of various food types were based on single, element-specific Bvi values. 
Clearly, reduction of the total food types from 14 to 5 (Section 3.1.6) for 
concept assessment is fully justified. 

The ingestion dose conversion factor (Section 5.4.2) consistently emerged 
as the most important parameter value. This may have partly been an arti
fact of the sensitivity analysis, with its three fixed percentages of para
meter variation, not fully reflecting the actual range of variability of 
individual parameters. Dose conversion factors are less variable than many 
of the other parameters of CALDOS (Section 5). 

Sensitivity analyses of CALDOS alone is of limited value. However, sensi
tivity analysis of the complete biosphere model with its four submodels 
(Figure 3), or of the complete NFUM assessment model with its vault, geo-
sphere and biosphere models, could be very valuable in interpreting assess
ment results by helping to identify the most important parameters, pro
cesses, radionuclides and exposure pathways. 

6.2.5 Validation Studies 

The question of validation arises because models are only abstractions of 
real systems and thus reality is not completely duplicated (House 1974). 
Validation involves testing of a model developed for a given system on 
another independent system to demonstrate that the model is a good repre
sentation of the system over the range of the model's applicability. 
Repeated validation, with good agreement between model predictions and all 
the test data, inspires confidence in a model's predictions. Often, 
because of various reasons, validation tests are difficult to carry out and 
other procedures must be relied upon. 

Radiological environmental assessment models, such as ours, are particu
larly difficult to validate (Hoffman et al. 1984). Most of the validation 
tests thus far have been very restricted (NCRP 1984) because extensive 
testing requires a large investment of resource. Even if resources were 
available, validation is nearly impossible because of extremely low envi
ronmental radionuclide concentrations and very long time periods (NCRP 
1984). It is also difficult to obtain test data on radionuclide concentra
tions in human tissues and organs. Such and similar data required for 
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model validation might be forthcoming from the extensive studies of the 
Chernobyl accident for 1 3 7Cs. Because of the large expense and impracti-
cality of validation, model examination procedure (Section 6.2.1) must 
usually be relied upon to judge the reasonableness of radiological environ
mental assessment models and their assumptions (Shaeffer 1980). 

We have not carried out any formal validation tests of CALDOS. However, 
the model has been carefully developed using existing Information and our 
own research (Iverson 1982, Zach 1985a, Zach et al. 1987) over the two 
interim assessments to make it suitable for concept assessment 
(Section 6.2.1). The same is true for our parameter values and distribu
tions (Section 6.2.3). Thus, CALDOS is up-to-date and gives the most reli
able dose predictions possible for assessing Canada's NFWM concept. 

6.2.6 Code Comparison Studies 

The primary objective of code comparison is the evaluation of uncertainty 
associated with model structure (Section 2.1). Ideally, several models are 
independently developed for a given system. The predictions made by the 
various models, which may involve different assumptions, are then compared 
with each other. Models with similar predictions inspire confidence, 
whereas models with deviant ones do not. Results of code comparison 
studies can be used to help improve or select a model for a given applica
tion. In the absence of code comparisons, model examination procedures 
(Section 6.2.1) must be used to assess uncertainty related to model 
structure. 

Code comparisons have played a limited role in the development of radio
logical environmental assessment models. This probably relates to the fact 
that the various models have not been developed independently and are, 
therefore, based on the same assumptions (Sections 2.2 to 2.5). Hoffman 
et al. (1984) have carried out a comparison of six terrestrial food-chain 
models for assessing conventional nuclear power installations, using pre
dicted concentrations of radionuclides in human food. The six models are 
quite diverse, but all were based on HERMES (Fletcher and Dotson 1971), and 
on the same database for deriving parameter values (Section 2.2). Not 
surprisingly, predictions were quite similar, although in some cases they 
did vary by up to two orders of magnitude. Conservative models tended to 
make conservative prediction, but none of the models was consistently the 
least or most conservative. On the whole, differences in model predictions 
reflected differences in model assumptions rather than parameter uncertainty. 

6.2.6.1 BI0M0VS and Tritium 

We have not carried out any comprehensive code comparison studies because 
of the unavailability of independently developed food-chain and dose models 
for NFWM. CALDOS is similar to the models used in Sweden, Switzerland and 
the U.S. (Section 2.5), which also involve the same database for deriving 
parameter values and distributions. We have used CALDOS in comparisons 
under the Biospheric Model Validation Study (BI0M0VS) group, initiated by 
the Swedish National Institute of Radiation Protection (Haegg and Johansson 
1988). These comparisons, consisting of a number of specific scenarios, 
indicate that predictions by CALDOS closely agree with those by models used 
in several other countries (Davis et al., in preparation). This lends 
support to our model. 
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Our specific activity model for 3H (Sections 3.1.4 and 3.2.9) makes predic
tions similar to those of other models for chronic exposure situations. 
UNSCEAR (1982) estimated the surface water concentration of cosmically 
produced 3H at 0.4 Bq-L"1 and the corresponding dose to man at about 
1.0 x 10"8 Sv-a"1, based on a quality factor, Q, of 1.0 (Section 5.4.1.4). 
For the same situation, CALDOS, with the parameter values recommended for 
concept assessment (Sections 5.4.5 and 5.11), predicts a slightly higher 
dose of 1.3 x 10"8 Sv-a-1. Based on a water concentration o£ 37 000 Bq-L*1, 
NCRP (1979) estimated the dose to man at about 1.0 mSv-a*1. Our model 
predicts a comparable dose of 1.2 mSv-a-1. These comparisons inspire con
fidence in CALDOS. 

6.2.6.2 Alternative Approaches 

Recently, several alternative approaches to conventional food-chain trans
port models have been proposed to provide comparisons based on fully inde
pendent models. These approaches are very attractive because they appear 
to be much simpler than transport modelling. However, their simplicity 
relies on many, often sweeping, assumptions. 

The work by Cohen (1984) suggests an alternative approach to CALDOS, which, 
for most radionuclides, involves transport modelling (Section 2.2). Cohen 
attempted to estimate the probabilities of human ingestion or inhalation of 
an atom of a radionuclide released into surface water, soil or the atmo
sphere. Calculation of most of these probabilities is very complex, but 
the case of humans drinking from a surface water body is relatively simple 
(Section 3.2.5). 

The annual probability, Pa, of ingesting an atom released into a lake is 
Udw/V, where Udw is the man's drinking water ingestion rate (Section 5.2.2) 
and V the annual volume of water available for drinking. Given Pa, and 
knowing the type and number of radioactive atoms released per annum into 
the available water, the intake rates of radionuclides and the dose to 
humans can be calculated. This approach is intuitively attractive, but it 
makes many assumptions concerning the volume of available water, and the 
release and distribution of radionuclides. Extension of this approach to 
fish (Section 3.2.4) necessitates the partitioning of radionuclides between 
water and fish, and the use of transfer coefficients (Section 5.3.3). This 
means loss of independence from transport modelling. Therefore, Cohen's 
approach is of limited help in code comparisons. It can at best be used to 
roughly estimate the relative importance of various exposure pathways. 

Cohen (1985b) proposed a unique approach for estimating values of transfer 
coefficients, which are key parameters in CALDOS (Section 5.3). This 
approach assumes that the total intake of terrestrial foods by humans 
amounts to 1.0 kg-d"1, expressed on a plant-derived basis. The daily inges
tion rate of a radionuclide, 1 ^ , is then given by IrA = 1.0 • SDi • Bvit 

where SDi is the soil concentration and Bvi the plant/soil concentration 
ratio (Sections 5.1.1 and 5.3.1). This expression can be simplified to 
BvA = Iri/SDi. Cohen then assumed that values for Ir£ and SDi can be esti
mated by average daily ingestion rates of elements and average elemental 
soil concentrations respectively. Such data are readily available. 
Although Cohen's analysis involves many assumptions, it does show that 
conventionally determined Bvi values (Section 5.3.1) agree to within a 
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factor of about four with his independently predicted values. This 
inspires confidence in CALDOS. 

Kocher (1987) expanded on Cohen's work and developed an analog method for 
checking environmental standards for NFWM in the U.S. These standards were 
calculated by the USEPA with a conventional transport model (Section 2.5). 
Kocher's comparison is based on the level of acceptable risk to an exposed 
population of humans over 10 000 a from terrestrial food-chain intakes. 
Thus, it involves population rather than individual doses (Section 1.3). 
The basic assumption of the analog method is that the average long-term 
behaviour of a long-lived radionuclide in surface soil is the same as the 
behaviour of naturally occurring nuclides of the same elements, or of other 
suitable analogs. Nine radionuclides, including 59Ni, 93Zr, 1 2 6Sn, 1 2 9 I , 
13scs, 22'6Ra, 2 3 4U, 239Pu and 243Am, had suitable analogs and could thus be 
considered. 

To accomplish the comparison, Kocher defined a common environmental dilu
tion factor (EDF), representing the probability that an atom of a radio
nuclide, or its analog, in surface soil will be ingested by a member of the 
exposed population in 10 000 a. The USEPA transport model does not expli
citly use EDF values, but such values can be calculated from various 
release, dose and risk data used to calculate the environmental standards 
(Kocher 1987). For analogs, EDF values are the ratio of the total mass of 
an analog ingested by humans over 10 000 a to the mass of the analog in the 
soil rooting zone of the land used for growing crops. Obviously, calcula
tion of EDF values for both methods involves many assumptions. 

For most of the nine radionuclides, EDF values for transport model pre
dictions and analogs were within an order of magnitude, except for 1 2 9 I . 
In the majority of cases, the difference was less than a factor of three. 
These results agree with those by Cohen (1985b). The USEPA transport model 
likely overestimated terrestrial food-chain intake of 1 2 9I because of a 
much too short soil residence time (Kocher 1987). Kocher's study lends 
support to conventional transport models (Section 2.2) and thereby to 
CALDOS, which is closely related to these models. 

In summary, code comparison studies suggest that CALDOS has a structure 
that approximately reflects the complex system modelled. Uncertainties 
associated with model structure seem to be about an order of magnitude. 
The uncertainty arising from parameters is likely much higher, as suggested 
in Section 5. 

7. SUMMARY AND CONCLUSIONS 

Acceptance of Canada's nuclear fuel waste management (NFWM) concept of a 
vault, deep in plutonic rock of the Canadian Shield, requires environmental 
and safety assessments for the preclosure and postclosure phases of the 
facility. The concept and the assessments will be presented in an environ
mental impact statement (EIS) and be subjected to detailed technical and 
public reviews under the Federal Environmental Assessment and Review 
Process (EARP) administered by the Federal Environmental Assessment Review 
Office (FEARO). The Federal Environmental Assessment Review Panel has 
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issued the detailed guidelines for preparing the EIS, and the radiological 
guidelines and criteria have been established by the Atomic Energy Control 
Board (AECB). For postclosure, radiological and chemical toxic effects on 
the environment and humans need to be assessed from potential releases of 
contaminants to the biosphere. This requires closely linked probabilistic 
vault, geosphere and biosphere models that trace radionuclides transported 
in groundwater to the surface to man and other biota. The biosphere model 
consists of integrated surface water, soil, atmosphere, and food-chain and 
dose submodels. Although the geosphere model for concept assessment is 
designed for a case study of the Whiteshell Research Area, the biosphere 
model is largely generic. Thus, in principle, it can also be applied to 
other locations on the Shield and, with more extensive modifications, to 
other NFWM concepts. 

In this report;,, we have derived and documented in detail the probabilistic 
food-chair, and dose submodel, CALDOS, designed to predict radiological 
doses to man from internal and external exposure. We have included recom
mendations of parameter values and distributions for use in concept assess
ment. The report forms ':he basis for implementing CALDOS in the biosphere 
model using the systems variability analysis code, SYVAC. It also repre
sents the major comprehensive technical document for supporting CALDOS in 
the biosphere model report. 

Many food-chain and dose models have been developed over the past two 
decades for assessing the safety of conventional nuclear power installa
tions. Thus, much information has accumulated to develop a suitable model 
for NFWM assessments. We have utilized this information, and our own 
research findings, nod progressively improved our models through two 
interim NFWM assessments. In this, we have considered several sources of 
uncertainty, including bias from error in model structure, measurement 
error of model parameters and natural variability of the system modelled. 
All these procedures have helped us to develop an advanced model, which is 
well suited for concept assessment, but which remains similar to those used 
in other countries. CALDOS and its parameter values can be readily updated 
as new information becomes available. 

The relevant biosphere for CALDOS are regions underlain by crystalline rock 
on the Canadian Shield in Ontario. Although radionuclides may only reach 
the biosphere far in the future, we have not included long-term environ
mental changes, such as glaciation, and assumed that current conditions 
prevail. Short-term environmental fluctuations are considered through our 
probabilistic assessment approach, which involves distributed parameter 
values. Because of their inherent unpredictability, we have ignored poten
tial effects of biological and cultural evolution on dose prediction. 

CALDOS takes into account all the important internal and external exposure 
pathways leading to man. To arrive at these pathways, we have carefully 
screened all the potential routes of exposure and justified any exclusions. 
The included internal pathways, which involve intake of radionuclides by 
humans, are as follows: 



SOIL > PLANTS > MAN 
SOIL > PLANTS > TERRESTRIAL ANIMALS > MAN 
SOIL > MAN 
AIR > PLANTS > MAN 
AIR > PLANTS > TERRESTRIAL ANIMALS > MAN 
WATER > TERRESTRIAL ANIMALS > MAN 
SOIL > TERRESTRIAL ANIMALS > MAN 
WATER > FISH > MAN 
WATER > MAN 
AIR > MAN 

Thus, root uptake, leaf deposition, man's soil ingestion, terrestrial 
animal's drinking water, terrestrial animal's soil ingestion, freshwater 
fish, man's drinking water and man's inhalation are fully considered. The 
included external pathways, which involve radiation exposure of man from 
sources outside the body, are as follows: 

AIR > MAN 
WATER > MAN 
SOIL > MAN 
BUILDING MATERIALS > MAN 

Thus, air immersion, water immersion, ground exposure and exposure from 
building materials are considered. 

CALDOS can handle all the important radionuclides involved in NFWM of which 
68 are explicitly modelled. Twenty-eight short-lived radioactive daughters 
are implicitly considered. CALDOS is of the multiplicative chain type, 
using element-specific transfer coefficients to quantify radionuclide 
transfer. Tritium, i29j ancj 222Rn a r e handled by special models. For 
1 2 9 I , this involves dose limits based on saturation of the thyroid gland 
with 1 2 9 I , and on the izsi/iz'i ratio in groundwater from the geosphere. 
Carbon-14 involves a similar geosphere dose limit based on the 14C/stable C 
ratio. CALDOS considers ingrowth of some radioactive daughters during 
food-chain transfer and dose calculation. It also considers radionuclide 
availability and depletion in soil related to root uptake by plants. The 
model includes four general terrestrial (TE PLANT, TE MILK, TE MEAT and TE 
BIRD) and one aquatic food type (FW FISH). Man's food ingestion, water 
ingestion and inhalation rates are handled in an integrated way to allow 
for correlated and probabilistic values. Several of the CALDOS food types 
can be used to assess environmental effects, i.e., effects of radiation on 
non-human organisms. 

CALDOS is designed to predict doses to a member of the critical group, 
living in the discharge zone of the vault. This individual is assumed to 
live the entire life in the discharge zone and derive all the food from 
local sources. For the purpose of dose calculation, this individual is 
represented by the International Commission on Radiation Protection refer
ence man (ICRP 1975), who is representative of adult Canadians. All the 
internal and external dose calculations are based on ICRP 26 (ICRP 1977) 
methodologies, so that doses from various radionuclides, pathways and food 
types are fully additive. The risk factors associated with the dose con
version factors are based on population data, taking into account both 
sexes and all age groups. 
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CALDOS is based on many assumptions. The major ones include trace quanti
ties of radionuclides, equilibrium or steady-state conditions, and linear 
transfer of radionuclides to organisms. We have evaluated these and other 
assumptions in terms of effects on dose predictions and many of the assump
tions are conservative, which tends to increase doses. We have also evalu
ated radioactive decay, biomagnification, biotic transport, recycling, 
microbial effects, radiological toxic effects» and chemically toxic effects 
in the context of our model. Nine potentially chemical toxic elements are 
considered in CALDOS. Environmental concentrations of these can be com
pared with the appropriate regulatory criteria and baseline data. 

The parameters of CALDOS can be grouped into those calculated by the other 
models, those calculated by CALDOS itself and those that must be provided 
as input. There are also a few parameters for the biosphere model that are 
related to CALDOS but not actually part of it. We have discussed all the 
parameters and specified values or distributions for use in concept assess
ment. Most of the probabilistic parameters are either normally or lognor-
mally distributed. For these distributions, we have specified appropriate 
measures of central tendency and variation. We have also specified the 
necessary truncation values to avoid unreasonable extreme values in the 
tails of distributions, and correlations between pairs of parameters to 
avoid unreasonable combinations of values. Our selection of the specified 
values is based on the literature and our own data, and also on various 
compendia of recommended values for use in environmental and safety assess
ments. Results from a sensitivity analysis provided information on the 
importance of various parameters in dose prediction. Whenever in doubt, we 
have made conservative selections. 

We have paid particular attention to the specification of the lognormal 
distributions for the element-specific transfer coefficients, which define 
root uptake and the transfer of radionuclides to various animal food types. 
To reduce variation in the plant/soil concentration ratio, we have imple
mented a correlation with the soil partition coefficient, used in the soil 
submodel. 

We have also documented in detail the internal and external dose conversion 
factors, which are not treated probabilistically for concept assessment. 
Our values compare favourably with those of other compendia. To increase 
understanding, we have included brief discussions of the interactions of 
radiation with biological tissues, stochastic and non-stochastic effects, 
committed effective dose equivalent, ICRP reference man, and the gastroin
testinal tract, lung and organ models used to trace radionuclides through 
the human body. We have also discussed and evaluated recent developments 
in the calculation of dose conversion factors and radiation risk.. Results 
show that dose and risk predictions from radiation exposure are wholly 
quantitative and highly advanced. 

Although CALDOS has not been developed under a formal quality assurance 
program, we have taken into account important aspects of quality assurance. 
This has involved the use of qualified personnel, scientific methodologies, 
peer review, review by the Bioscience Subcommittee of the Technical Advi
sory Committee (TAC) and publication of CALDOS in the open literature. 
When using expert opinion, we have carefully assessed effects on dose pre
dictions. A general literature evaluation indicated a very broad database 
for food-chain modelling that dates back to the late 1940s. 
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We have also applied a formal model evaluation methodology for environ
mental assessment models. This evaluation includes model examination, 
algorithm examination, data evaluation, sensitivity analysis, validation 
studies and code comparison studies. Of these, validation studies are, 
perhaps, most important. Unfortunately, such studies are nearly impossible 
to carry out with a NFWM food-chain model such as CALDOS. However, other 
aspects of the evaluation show that our model is reasonable and suitable 
for making dose predictions for concept assessment. 
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A.l RADIONUCLIDE DECAY SERIES 

Many radionuclides of concern in NFUM (Table 2) belong to decay series 
(Mehta and Goodwin, in prep.). There are the four major actinide decay 
series (Figures A-l to A-4), and also several minor series not involving 
actinides (Figure A-5). These series are important when considering 
ingrowth of radioactive daughters (Section 3.1.8; Section A.2), for 
classifying radionuclides (Section 3.1.9) and also for adding external dose 
conversion factors (Sections 5.4.6 to 5.4.9; Section A.4). 

A.2 IMPORTANCE OF INGROWTH OF RADIOACTIVE DAUGHTERS 

As indicated in Sections 3.1.8 and 3.1.9, ingrowth of radioactive daughters 
has been implemented in CALDOS prior to man's intake by assuming secular 
equilibrium between parents and daughters for Group 3 daughters with a 
half-life of more than 1 d, but less than 20 a. The objectives here are to 
precisely define secular equilibrium, to explain ingrowth and to compare 
ingrowth with direct uptake in support of our modelling approach 
(Section 3.2). Although ingrowth of daughters applies to all of our food 
types and building materials, we have used as an example root uptake 
involving a single radioactive daughter and its parent (Equation (3)). The 
same principles apply to all the other cases and to entire decay series of 
radionuclides. Note that, for calculating ingrowth of a Group 3 radio
nuclide, the parent can be a Group 1, 2 or 3 radionuclide (Section 3.1.9). 
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for 

A.2.1 SECULAR EQUILIBRIUM 

When a parent decays, a radioactive daughter of a different element may be 
produced, which also decays. The rate of decay can be quantified by the 
half-life or the radioactive decay constant (Section 5.4.10). As decay 
proceeds, the rate of daughter production through the decay of the parent 
may eventually exactly match the rate of decay of the daughter. This is 
equilibrium in sequence, or secular equilibrium, at which the parent and 
daughter have the same radioactivity (Bq). This can be expressed mathe
matically as 

where 

dNp/dt 

dNp/dt 

N„ 

decay rate of the parent, 
radioactive decay constant of the parent, and 
number of atoms of the parent. 

(A.l) 

This equation also defines the production rate of the daughter. The change 
in radioactivity of the daughter is the difference between the decay rate 
of the parent and that of the daughter 
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where 

dNd/dt 

dNd/dt 

*P ' NP *a ' Nd (A.2) 

decay rate of the daughter, 
radioactive decay constant of the daughter, and 
number of atoms of the daughter. 

Assuming that Nd = 0 at time t, solving Equation (A.2) gives 

Nd = N: 

N° = number of atoms of the parent at t = 0 

P - IV(Ad " V I ' lexP(-*p ' t) - exp(-Ad • t)] (A.3) 

where 
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Secular equilibrium can only occur when the decay rate of the daughter is 
greater than that of the parent so that X < Xd. This is true for all of 
our Group 3 daughter radionuclides for which ingrowth is considered 
(Table 2; Section 3.1.8), except for 2 1 0Po, which has a longer half-life 
than its parent 210Bi (Table 9). Considering that Xp < Xd, the term 
exp(-Ad • t) in Equation (A.3) becomes negligible compared with exp(-Ap • t) 
after some time. Furthermore, Ap/(Ad - Ap) simplifies to Xp/Xd. Thus, 
Equation (A.3) becomes 

Nd = N° • (Xp/Xd) • exp(-Ap • t) (A.4) 

or Ad • Nd = Xp • N° • exp(-Ap . t) . (A.5) 

The right-hand side of Equation (A.5) can be simplified using the solution 
to Equation (A.l), specifically 

Np = H» • exp(-Ap • t) (A.6) 

and Equation (A.5) can be rewritten as 

\a • Nd = Xp • Np. (A.7) 

This is secular equilibrium because the radioactive decay rates of the 
daughter and parent are the same. 

When the decay rate of the daughter is lower than that of the parent, so 
that Xd < X , there can be no secular equilibrium because the daughter 
keeps building up. In extreme cases, the radioactivity of the daughter 
will reflect the original activity of the parent. Thus, assuming secular 
equilibrium under such circumstances is conservative for dose predictions. 
We have done this for the ingrowth of 2 1 0Po. 

A.2.2 INGROWTH OF DAUGHTERS 

A daughter and its parent radionuclide may both be taken up by a plant from 
the soil. The concentration of the daughter radionuclide may then become 
gradually enhanced through ingrowth from decay of the parent. Eventually, 
secular equilibrium may be reached in which the radioactivity of the 
daughter and its parent are the same. This may require considerable time 
for relatively long-lived daughters. Thus, for many plant crops with grow
ing seasons of less than 100 d (Section 5.5.8), there may not be sufficient 
time. 

If we assume that a plant represents a simple compartment and that the 
uptake of the parent is instantaneous, then the ingrowth of the daughter 
can be calculated using a time-dependent function analogous to 
Equation (A.3). However, this represents a great simplification because 
plants do not necessarily represent a single compartment and the parent is 
usually taken up progressively over the growing season. Thus, the amount 
of ingrown daughter will be affected by the rate of uptake of the parent. 
A simplifying and conservative assumption is to ignore time dependence and 
assume secular equilibrium. This assumption is entirely compatible with 
our equilibrium or steady-state food-chain and dose model (Section 3.1.10). 
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The appropriateness of the secular equilibrium assumption depends on the 
half-life of the daughter. Thus, a criterion based on daughter half-life 
must be established to exactly determine when the assumption can be 
applied. 

When a parent has a very low rate of decay, then the term exp(-Ap • t) in 
Equation (A.3) is essentially unity and the equation becomes 

Nd = N° • [ V ( * d - *p)] - [1 - exp(-\i • t)] , (A.8) 

Secular equilibrium exists after a time when exp(-Ad • t) is much less than 
unity. Based on Equation (A.8), the time required to reach 95% of the 
secular equilibrium concentration occurs when 

exp(-\j • t) = 0.05 

and, therefore, 

Ad • t = 3.0 . (A.9) 

The half-life is deduced from Equation (A.6) by setting Np = 1/2N° 
resulting in 

0.5 = exp(-Ad • t'A) and 

Ad = 0.693/fA (A.10) 

where Vk = h a l f - l i f e . 

Subs t i t u t i ng Equation (A.10) in to (A.9) g ives : 

(0.693/t%) • t = 3.0 

and t% = 0.23t . (A.11) 

Thus, secular equilibrium is nearly attained in 4 d (t = 4) when t'A < 1 d. 
Conversely, ingrowth is relatively negligible when there is time to reach 
only 5% of the secular equilibrium concentration, that is 

exp(-Ad • t ) = 0.95 (A.12) 

the re fo re , 

Ad • t = 0.051 

and t'A = 14t . (A.13) 

Thus, ingrowth is relatively unimportant even after 1.4 a when t'A > 20 a. 
In summary, the secular equilibrium assumption is accurate for very short
lived daughters, reasonable for moderately lived daughters and overly con
servative for very long-lived daughters. 

Given these results, we have established three groups of daughters accord
ing to half-life (Section 3.1.9). For daughters with t'A < 1 d (Group 4), 
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ingrowth is only important in the human body for internal dose calcula
tions. This is taken into account in our internal dose conversion factors, 
which include in vivo produced daughters (Section 5.4.1.5). The exception 
is 222Rn, which has a series of short-lived daughters that are important in 
inhalation (Section 5.4.3). In general, Group 4 daughters can be assumed 
to have decayed away prior to human intake (Section 5.5). 

CALDOS operates on a relatively short time scale (Section 3.1.10); there
fore, ingrowth of daughters with t'A > 20 a is negligible compared with 
direct uptake and can be ignored. 

Ingrowth is considered for daughters with a half-life between 1 d and 20 a 
(Group 3). Since the model is not time-dependent, we have done this by 
assuming secular equilibrium. Thus, the plant concentration is made up by 
two components, one for direct uptake from the soil and the other for 
ingrowth. Overall, this is conservative because, for most of the Group 3 
daughters, there is insufficient time to reach secular equilibrium. 

A.2.3 DIRECT UPTAKE AND INGROWTH OF GROUP 3 DAUGHTERS 

The plant concentration of a daughter does not only depend on ingrowth, but 
also on direct uptake from the soil, which is element-specific 
(Section 5.3.1). In Table A-l we have compared ingrowth and uptake of 
Group 3 daughters. All the concentrations (Bq-kg-1(wet)) shown are for 
plants, based on a soil concentration of 1 Bq-kg"1(dry). Thus, the concen
tration for ingrowth at secular equilibrium is equal to the geometric mean 
of the plant/soil concentration ratio, BVi (Table 6), of the parent, and 
the concentration for direct uptake to the corresponding value for the 
daughter. The time to 95% of secular equilibrium is given by t = 3.0Ad, 
which follows from Equation (A.9). The ingrowth concentration at 100 d can 
be calculated from 

Nd = Bvp • [1 - exp(-Ad • t)] (A.14) 

where Bvp = plant/soil concentration ratio for the parent. 

Equation (A.14) is derived from (A.8) by substituting Bvp for the concen
tration term. 

As demonstrated in Table A-l, the time to 95%, or to complete, secular 
equilibrium increases with increasing half-life of the daughter. Thus, in 
short-lived daughters, ingrowth is complete within a relatively short time. 
This is true for many of the Group 3 daughters. Clearly, the secular 
equilibrium assumption is appropriate. In longer lived daughters, such as 
93aNb and 228Ra, it overestimates concentration and is, therefore, conser
vative because it tends to increase dose predictions for man. 

The secular equilibrium concentration depends on the Bvt value of the 
parent, and direct uptake depends on the BVi value of the daughter 
(Table A-l). Thus, the percentage contributions to the total plant concen
tration can vary drastically for various pairs of parents and daughters. 
For example, the parent 22aRa is much more readily absorbed by plants than 
the daughter 228Th, which contributes little to the total concentration. 
The situation is exactly reversed for the parent 227Th and its daughter 
2 2 3Ra. 
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A.2.A SUMMARY 

The secular equilibrium assumption for ingrowth of Group 3 radionuclide 
daughters during food-chain transfer is appropriate or conservative in all 
cases. Ve have demonstrated this for plant uptake, and the same is true 
for radionuclide transfer to other organisms. This helps CALDOS to make 
proper dose predictions. 

A.3 LIMIT TO ROOT UPTAKE BY PLANTS 

The plant/soil concentration ratio, BVi, governs the transfer of radio
nuclides from soil to plants and the plant concentration from root uptake 
is given by (Section 3.2.1) 

PCi = SDi . BVi (A.15) 

where ?cL = plant concentration of radionuclide i (Bq.kg'1(wet)), 
Sdi = annual average soil concentration of radionuclide i 

(Bq.kg-1(dry)), and 
BVi = plant/soil concentration ratio for radionuclide i 

(Bq.kg"1(wet)/Bq.kg-1(dry)). 

No account is taken of the actual amount of a radionuclide present in soil 
and transferred to vegetation per unit land area. For radionuclides with a 
high BVi value, the amount transferred could actually exceed the amount 
present in the soil. For example, if the BVi value is 100 and SDĵ  5, PCi 
has a value of 500 Bq-kg-1(wet). If we further assume that there are 
200 kg(dry) soil-nr2 and a plant yield, Y^ (Section 5.9.3), of 
5 kg(wet).nr2, the radioactivity present in the soil is 1000 Bq-nr2, but 
that present in the vegetation from root uptake would be 2500 Bq-nr2. This 
is an impossible situation because more is transferred than is actually 
available. At most Pc£ can have a value of 200 Bq.kg-

1(wet), which would 
mean that the entire radionuclide inventory of the soil is transferred. 

To avoid unreasonable plant concentrations, we have established the follow
ing procedure in CALDOS. For each of the four food types, TE PLANT, TE 
MILK, TE MEAT and TE BIRD (Section 3.1.6), the ratio R is first calculated 

R = (BVi • Yj)/(sbd • sd) (A.16) 

where sbd = soil bulk density (kg(dry).nr3), and 
sd = soil depth (m). 

An unreasonably high Pc£ value is indicated by R exceeding unity. If this 
happens for any of the four food types, Pc£ is calculated in all cases by 

Pc£ = (SDi . sbd • sd)/Yj . (A.17) 

This means complete transfer of a radionuclide from soil to plants. We 
have conservatively assumed that Equation (A.17) applies to all the food 
types even if R exceeds unity for only one of them. However, R is not 
calculated separately for wooden building material (Section 3.2.10.4). 
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Instead, we have assumed that Equation (A.17) is also used for radionuclide 
uptake by trees if it does so for the four food types. This too is 
conservative. 

Soil bulk density, sbd, and soil depth, sd, are both documented in the soil 
submodel report (Sheppard 1992). Briefly, sd has a constant value of 0.3 m 
of which 0.1 m is organic litter. The remaining 0.2 m may be sand, loam, 
clay or organic. The soil bulk density varies with soil type, but, because 
of the litter layer, it is a composite value. The litter has a sbd value 
of 80 kg(dry).m-3, and the sand, loam, clay or organic soil below have 
values of 1500, 1300, 1400 and 150 kg(dry).nr3 respectively. When soil is 
derived from sediments, there is no litter layer and the 0.3-m depth may 
include shallow and deep sediments (Bird et al. 1992). Soil derived from 
sediments is always assumed to be organic. 

A.4 ADDITION OF EXTERNAL DOSE CONVERSION FACTORS 

As indicated in Sections 3.1.9 and 5.4, Group 4 radionuclides, which have a 
half-life of less than 1 d, are not modelled separately. For external 
exposure, they are assumed to be in secular equilibrium with their parents 
in water, soil, air and building materials so that their dose conversion 
factors can be added to those of the parents (Section 5.4.16). The parents 
must be Group 1, 2 or 3 radionuclides, which are modelled explicitly. 
Thus, in the case of the four actinide decay series (Section A.l), the dose 
conversion factors of several daughters may be added to those of a single 
parent radionuclide earlier in the decay chain. 

The parents with the corresponding daughter radionuclides for adding are 
listed in Table A-2 and the required dose conversion factors from Holford 
(1989) are given in Table A-3. Also included are the combined dose conver
sion factor values for concept assessment, which then appear in Table 10. 

The combined values can be readily calculated, e.g., the combined value for 
air immersion for 2ifi"Bi is 

3.7 x 10-7 + 1.1 x lO"8 = 3.8 x 10-7 Sv-a-VBq.nr3. 

Some of the decay series involve branches and we have weighed the dose 
conversion factors according to the percentages given in Figures A-l to 
A-5, e.g., the combined value for air immersion for 227Ac is 

1.9 x 10-10 + (0.014 x 7.8 x 10"8) = 1.3 x 10'9 Sv-a" VBq-nr3 . 

For 2 2 2Rn, the situation is complicated because, as an inert gas, radon 
behaves uniquely in the biosphere. Much of the assessment focuses on radon 
concentration in the air and the dose from inhalation (Sections 3.1.9 and 
5.4.3). Since radon acts as Group 3 radionuclide for inhalation, we have 
also treated it as a Group 3 radionuclide for air immersion in accordance 
with its half-life, which is in excess of one day. Furthermore, both of 
these pathways are based on air concentration. However, for water immer
sion, ground exposure and exposure from building material, radon has been 
assigned to Group 4 with 226Ra as the parent (Table A-3). This means that 
no water, soil and building material radon concentration need to be calcu
lated by the biosphere model. 
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TABLE A-2 

PARENT RADIONUCLIDES WITH INCLUDED GROUP 4 DAUGHTERS 

FOR EXTERNAL DOSE CONVERSION FACTORS 

Series* Parent Daughter(s) 

Nonactinide 

4n decay series 

4n + 1 decay series 

4n + 2 decay series** 

4n + 3 decay series 

210mBi 206^1 
126 S n 126«Sb 

228 R a
 2 2«Ac 

2 2 4 R a
 2 2 ° R n , 2 1 6 P o , 2 1 2 P b , 2 1 2 B i , 2 1 2 P o , 2 0 8 T l 

2 " A c 2 2 1 F r , 2 1 7 A t , 2 1 3 B i , 2 1 3 P o , 2 0 9 T l , 2 0 9 P ' j 

234Th 2 3 4 n P a 2 3 4 P a 
2 2 2 R n 2 1 B p 0 ; 2 1 4 p b f 2 1 4 B i > 2 1 4 p 0 
226Ra 222Rn,218Po,214Pb,214Bi,214Po 
227^ c 223pr 

2 2 3 R a
 2 i 9 R n , 2 i 5 P o , 2 1 1 P b , 2 1 1 B i , 2 0 7 T l , 2 1 1 P o 

* See Figures A-l to A-5 for decay series. 

** For air immersion, 222Rn is treated as a Group 3 radionuclide. For 
water immersion, ground exposure and exposure to building material, it 
is handled as a Group 4 radionuclide with 226Ra as the parent. 

A.5 INTERNAL DOSE CONVERSION FACTOR FOR 129I 

A.5.1 MODEL 

For concept assessment, we have used a single internal dose conversion 
factor that is based on 129I residing in man's thyroid, rather than intake 
by ingestion or inhalation (Sections 3.1.3 and 3.2.8). This dose 
conversion factor is given by 

where 

0*1129 

1*1129 

Des 
Enc 
ecf 
Q 

Des • Enc • ecf W»f 

= internal dose conversion factor for 129l 
(Sv-a-VBq-kg-1), 

= number of disintegrations (disint./(Bq.a)), 
= energy absorbed (MeV-disint.'1), 
= energy conversion factor (Sv-kg-MeV-1), 
= quality factor for fi- and -y-radiation and X-rays 

(unitless), and 
= thyroid weighting factor (unitless). 

(A.18) 
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AIR 

Radionuc 

Group 4 

228Ac 
217At 
2HBi 
2 1 2 B i 

213B1 
2 1 4 B 1 

221 pr 
2 2 3 F r 

2 3 4 p a 

2 3 4 m p a 

2 0 9 p b 

2Hpb 
212p b 

214p b 

211p 0 

212p 0 

213p 0 

214p 0 

2 1 5 P o 

216p 0 

2 1 8 P o 

2i9Rn 
220Rn 
222Rn 

1 2 6 m S b 

20 6-J^ 

207T1 
2 0 8<p^ 

2 0 9 ^ 1 

IMMERSION fDFEi ). WATER 

TABLE A-

IMMERSION 

3 

fDFhil. GROUND EXPOSURE 

AND BUILDING EXPOSURE (DF^ ) DOSE CONVERSION FACTOR 

FOR GROUP 4 

Air 
llde Immersion 

radionuc 

1.4 
4.4 
6.6 
2.8 
2.0 
2.3 
4.4 
7.8 
2.8 
3.5 
2.9 
8.2 
2.1 
3.6 
1.1 
0.0 
0.0 
1.2 
2.5 
2.5 
1.4 
8.0 
5.5 
5.7 
2.2 
1.1 
1.3 
5.5 
3.0 

lides 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lu"6 

lO-io 
lu-8 

10-1 
10-7 
lu"6 

lu"8 

10-8 
lu"6 

10-8 
îo-9 

lu"8 

lu-7 

10-7 
lu"8 

lO-io 
lO-io 
îo-ii 
îo-ii 
10-8 
lO-io 
lO-io 
io-6 

lu-8 

lu"8 

lu"6 

lu"6 

RADIONUCLIDES. THEIR PARENTS 

Water 
Immersion 

2.4 
7.5 
1.1 
4.6 
3.3 
3.8 
7.7 
1.4 
4.7 
4.8 
3.1 
1.3 
3.7 
6.2 
1.9 
0.0 
0.0 
2.0 
4.3 
4.2 
2.3 
1.4 
9.3 
9.6 
3.8 
1.2 
1.6 
8.8 
4.9 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-9 

10-13 
lO-io 
l0-io 
lO-io 
io-9 

îo-ii 
lO-io 
io-9 

10-H 
10-12 

10-1° 
lO-io 
lO-io 
îo-ii 

10-13 
10-13 
10-14 
10-14 

lO-io 
10-13 
10-13 
îo-9 

îo-ii 
îo-ii 
io-9 

io-9 

(DFRil 

VALUES 

AND COMBINED 

Ground 
Exposure 

1.8 
5.5 
8.2 
3.5 
2.4 
2.9 
5.2 
5.7 
3.5 
2.8 
2.7 
9.5 
2.3 
4.3 
1.5 
0.0 
0.0 
1.6 
3.2 
3.2 
1.7 
9.9 
7.0 
7.2 
2.8 
3.0 
6.6 
7.0 
3.8 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-6 
lO-io 
10-8 
lu"7 

10-7 
10-S 

10-8 
10-8 
lu"6 

10-8 
lO-io 
lu"8 

lu"7 

10-7 
10-8 

lO-io 
lO-io 
lO-ii 
lO-ii 
lu"8 

lO-io 
lO-io 
10-6 
io-9 

io-9 

10-6 
10-6 

Building 
Exposure 

3.6 
1.1 
1.6 
7.0 
4.8 
5.9 
1.0 
1.4 
7.0 
5.5 
2.5 
1.9 
4.6 
8.6 
2.9 
0.0 
0.0 
3.1 
6.4 
6.4 
3.4 
2.0 
1.4 
1.4 
5.7 
4.6 
1.2 
1.4 
7.5 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lu'6 

io-9 

io-7 

10-7 
10-7 
10-6 
10-7 
10-7 
10-6 

10-8 

10-13 
10-7 
10-7 
10-7 
lu-8 

l0-io 
lO-io 
lO-ii 
lO-ii 
10-7 
io-9 

io-9 

lu"6 

io-9 

10-8 
io-5 

10-6 

Parent radionuclides 

225Ac 
227Ac 

2 lOmg-J^ 
223Ra 
224Ra 

3.0 x lu"8 

1.9 x 10-1° 
3.7 x lO-7 

1.9 x lO-7 

1.4 x lO-8 

4.1 x lO-ii 
3.5 x 10-13 
6.3 x 10-1° 
3.3 x 10-i° 
2.5 x lO-ii 

2.0 x lO-8 

1.6 x 10-i° 
4.5 x lO-7 

1.9 x lO-7 

1.7 x lO-8 

4.3 x lO-8 

3.6 x 10-1° 
9.1 x lO-7 

3.8 x lO-7 

3.5 x lO-8 

continued... 
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TABLE A-3 (concluded) 

Air Water Ground Building 
Radionuclide Immersion Immersion Exposure Exposure 

2 2 6 R a 

22<>Ra 
2 2 2 R n 

1 2 6 S n 
2 3 4 T h 

Combined 

2 2 5 A c 

2 2 7 A c 

2 1 0 n g ^ 

2 2 3 R a 

2 2 4 R 3 
2 2 6 R a 
2 2 8 R a 
2 2 2 R n 

i 2 6 S n 
2 3 4 T h 

9.7 
0 . 0 
5 .7 
7 . 0 
1.1 

3 .4 
1.3 
3 .8 
4 . 3 
2 . 5 
9 .7 
1.4 
2 . 7 
2 . 3 
7 .4 

X 

X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

10-9 

lO- io 
10-° 
10-8 

10-7 
10-9 
10-7 
10-7 
10- 6 

10-9 
10- 6 

i o - 6 

10-6 
l u " 8 

1.7 
0 . 0 
0 . 0 
1.3 
2 . 1 

5 . 5 
2 . 3 
6 .4 
7 . 3 
4 . 1 
4 . 4 
2 . 4 
0 . 0 
3 .4 
1.2 

X 

X 
X 

X 
X 
X 
X 
X 
X 

X 

X 
X 

î o - i i 

10-10 
î o - i i 

10- io 
10-12 
lO-io 
lO- io 
10- 9 

Î O - 9 

l u " 9 

l u " 9 

10-10 

1.1 
0 . 0 
0 . 0 
3 .6 
6 . 1 

3 . 9 
9 . 6 
4 . 5 
4 . 7 
3 .1 
3 . 3 
1.8 
0 . 0 
2 . 4 
6 . 9 

NOTE: Units are for DFai and DFhi : Sv«a- VBq.nr3, DFgi : Sv-a-i/Bq.kg-1 (wet), 
and DFbi: Sv.a-i/Bq.kg-1(dry). Fot documentation of values see 
Section 5.4.6 to 5.4.9. Values of 0.0 designate insignificantly low 
values of less than 10-15 or, in the case of 222Rn, inclusion of some 
of the values in those for 22 6Ra> 

Iodine accumulates almost exclusively in the thyroid gland, which is the 
only important source organ (Section 5.4.1.5; ICRP 1979a, 1979b). Decay of 
1 2 9 I , which leads directly to stable 129^6, results mainly in emission of 
^-radiation, some of it in the form of internal conversion and Auger 
electrons (ICRP 1983). All the 0-radiation is assumed to be completely 
absorbed by the thyroid (ICRP 1979a). Decay is also accompanied by some 
emissions of penetrating -y-radiation and X-rays, which are not fully 
absorbed by the thyroid. Because these emissions have a relatively small 
effect, no target organs other than the thyroid need to be considered for 
1291 (ICRP 1979b). Since the quality factor, Q, has the same value for 
jS-radiation, -y-radiation and X-rays (Section 5.4.1.4; ICRP 1979a), 
Equation (A.18) can be readily applied. 

A.5.2 PARAMETER VALUES AND DOSE CONVERSION FACTOR 

The number of disintegrations, Des, has a value of 3.15 x 107 disint./(Bq«a), 
because 1 Bq = 1 disint./s. The total radiation emitted per disintegration 
is 8.84 x 10-2 M e V (ICRP 1983), of which 6.38 x 10-2 MeV is from p-radiation 
and 2.46 x 10"2 MeV from -y-radiation and X-rays. All the ^-radiation is 
fully absorbed by the thyroid. The absorbed portions of y-radiation and 

x 10-8 2.2 x 10'8 

0.0 
0.0 

x 10"8 1.4 x lO-7 

x lO-9 2.2 x 10-8 

X l O - 7 

x 1 0 " 1 0 

X l O - 7 

X l O - 7 

X l u " 6 

x 1 0 - 6 

x 10 - 6 

X 10- 6 

x 10- 8 

7 .7 x l O - 7 

2 . 3 x lO- 9 

9.2 x lO- 7 

9 .4 x lO- 7 

6 .2 x 10- 6 

6 .8 x 10 - 6 

3.6 x 10 - 6 

0 . 0 
5 . 0 x 10- 6 

1.5 x lO- 7 
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X-rays can be calculated with the help of specific absorbed fractions (SAP) 
from ICRP (ICRP 1975) (Section 5.4.1.5). Using these SAFs, and linear 
interpolation when needed, yields 1.70 x 10-4 MeV absorbed by the thyroid 
for 7-radiation and X-rays. Thus, the total amount of energy absorbed is 
6.40 x 10"2 MeV-disint.'1, a value also established by Soldat (1976), and 
adopted by us for Enc. The energy conversion factor, ecf, is given by 
(eV/1.0 x 10-6 MeV).(1.6 x 10"19 J.eV-^^l.O Sv-kg.J"1). Thus, ecf has a 
value of 1.6 x 10"13 Sv-kg-MeV"1. The quality factor, Q, has a valut? of 
1.0 for all the radiation types involved in the decay of 1 2 9I. The thyroid 
weighting factor, WT, has a value of 0.03 (Table 8; ICRP 1977). Substi
tuting these parameter values into Equation (A.18) yields a DFI129 value of 
9.68 x 10"9 Sv-a_1/Bq«kg_1. The parameter values are summarized in 
Table A-4. 

TABLE A-4 

SUMMARY OF PARAMETER VALUES FOR CALCULATING THE INTERNAL DOSE 

CONVERSION FACTOR (DFT17?) AND THE GEOSPHERE DOSE 

LIMIT CD1!!;;,) FOR 129I 

Parameter Value 

Number of disintegrations (Des, disint./(Bq.a)) 3.15 x 107 

Energy absorbed (Enc, MeV.desint. - *) 6.40 x 10-2 

Energy conversion factor (ecf, Sv-kg.MeV-1) 1.60 x 10"13 

Quality factor (Q) 1.0 
Weighting factor (WT) 0.03 

Internal dose conversion factor (DFI129, Sv.a
_1/Bq.kg_x) 9.70 x 10"9 

Mass/radioact. conversion factor for 129I (gb, kg-Bq-1) 1.53 x 10'10 

Iodine content of thyroid gland (Thi, kg) 1.20 x 10"5 

Mass of thyroid gland (Thm, kg) 2.00 x 10-2 

Average groundwater cone, of stable iodine (CWX, kg.L
-1) * 

* Uniform distribution ranging from 5 x 10*9 to 2 x 10-8 kg-L-1 

(Section A.6). 

A.5.3 COMPARISONS 

From ICRP 30 data, ingestion and inhalation dose conversion factors of 
7.4 x 10-8 and 4.7 x 10"8 Sv-Bq-1 can be derived (ICRP 1979b). Johnson and 
Dunford (1983) calculated a value of 7.8 x 10"8 Sv-Bq"1 for both ingestion 
and inhalation. This value is based on a stable 127I intake of 200 fig-dml. 

In Figure A-6 we have compared doses predicted by the dose conversion 
factor from Johnson and Dunford (1983) with those predicted by CALD0S 
(Section 3.2.8). The two approaches give the same doses for intakes of up 
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INTAKE (Bq-cT1) 

FIGURE A-6: Logarithmic (log 10) Relationship Between Intake of 1 2 9I and 
Dose for the Commonly Used Linear Model (1) and for our 
Asymptotic Model Developed for Concept Assessment (2). Both 
models assume a stable iodine intake of 200 jug.d'1. 

to about 1.0 x 105 Bq-a-1. Beyond this value, application of the dose 
conversion factor from Johnson and Dunford (1983) continues linearly 
because iodine intake from i29l itself is ignored. Thus, unrealistically 
high doses may result because the thyroid can only retain a limited amount 
of iodine, be it stable or radioactive. Our model for concept assessment 
is asymptotic, because it takes into account intake of stable iodine and 
the highest dose it can predict corresponds to a thyroid saturated with 
129!. 

Book et al. (1977) indicated that the dose to the adult thyroid is 
0.06 mrem-a-VpCi* within the gland. This value, which was also calculated 
by Soldat (1976), corresponds to about 1.62 x 10*2 mSv-a^/Bq. The thyroid 
of ICRP reference man contains 0.012 g of iodine (ICRP 1975), which corre
sponds to 7.97 x 104 Bq. Thus, the dose to the thyroid using the data from 
Book et al. (1977) is about 38.7 mSv.a"1 after applying the WT value of 

1 rem = 10 mSv; 1 Ci = 37 GBq 
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0.03. Given a thyroid mass of 2.0 x 10"2 kg for ICRP reference man, our 
DF I 1 2 9 value of 9.68 x 10"9 Sv.a-VBq.kg-1 gives a virtually identical dose 
of 38.6 mSv-a*1, which is the asymptote in Figure A-6. This is an inde
pendent confirmation of the validity of our model. 

A.6 GEOSPHERE LIMIT TO 1 2 9I INTERNAL DOSE 

The geosphere model traces the movement of 1 2 9I released from the vault to 
the biosphere model, which then follows it to man for dose prediction 
(Figure A-7; Section 3.2.8). In this, CALD0S assumes that man has a stable 
1 2 7I intake of 200 /xg-d"1. As discussed in Section 5.10.1, this is a 
reasonable, well-established average value, based on observed data. Much 
of this stable iodine reaches man through food ingestion, but from where 
does this iodine ultimately come from? 

Soil acquires some of its iodine through the breakdown of the rock from 
which it was originally formed. However, there is a marked increase in the 
iodine content of soil compared with that of the parent material. It is 
generally believed that atmospheric deposition of iodine suspended from the 
sea is responsible for this increase (Whitehead 1984, Fuge and Johnson 
1986). Seawater has a relatively high iodine concentration of about 40 to 
60 /ig.L-1. From the soil, iodine may be lost through volatilization and 
plant uptake, but also through leaching into groundwater. 

Deep saline groundwater can contain very high levels of iodine, which may 
be derived from the surrounding rock and from inclusion or infiltration of 
primordial brine. Little of this iodine reaches the biosphere except in 
deep groundwater discharge zones (Kocher 1981, Whitehead 1984). Ground
water in the lower rock zones of the Whiteshell Research Area (WRA), about 
500 m down, has an iodine concentration of 210 to 350 /jg-L-1, but values 
decrease towards the surface (Gascoyne and Kamineni 1990). This is caused 
by infiltration of more dilute surface water. 

The critical group is located in the immediate groundwater discharge zone 
associated with the vault (Section 1.3). Thus, it is reasonable to assume 
that some of the stable 1 2 7I reaching the group comes from deep within the 
geosphere via groundwater discharge. It is also reasonable to assume that 
the physical, chemical and biological behaviours of 1 2 7I and i29l are the 
same. Thus, 1 2 7I from deep within the geosphere is transported to the 
biosphere, similarly as 1 2 9I released from the vault. During transport 
1 2 71 and 129j become uniformly mixed. Ignoring temporal changes in 1 2 9I 
releases from the vault, this means that the IÏSI/IÎ'I ratio is constant 
from the geosphere to man's thyroid gland as long as the ratio is not 
perturbed by 1 2 7I from the biosphere itself (Figure A-7). The ratio will 
change over time with changes in 1 2 9I releases from the vault, but these 
changes will be relatively slow compared with the rapid processes in the 
biosphere (Section 3.1.10). Thus, for dose predictions we can assume a 
constant ratio. 

In this way, the 1 2 9I/ 1 2 7I ratio sets an upper limit to the internal dose 
to man from 1 2 9I because ingested 1 2 9I is always accompanied by 1 2 7I from 
the geosphere. The limit can be expressed as a dose (Section 3.2.8). At a 
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FIGURE A-7: Schematic Representation of (1) Dose Predictions and (2) the 

Geosphere Dose Limit for 1 2 9 I . Dose prediction involves a 
limited specific activity model in which i29i is traced 
through the biosphere with a transport model to determine the 
intake of 1 2 9I by man. A specific activity model is then used 
to calculate the thyroid dose by establishing the intake of 
stable 1 2 7 I . The geosphere limit to the thyroid dose is 
established with a specific activity model, which assumes that 
the i29i/i27j groundwater ratio is reflected in the thyroid 
gland. For this ratio, dilution of 129I by 1 2 7I in the bio
sphere is conservatively ignored. 

given i29j concentration, this geosphere dose limit decreases with increas
ing 127J because the i29l becomes more diluted with 1 2 7 I . Thus, exclusion 
of stable i27j from the biosphere (Figure A-7) in setting the geosphere 
dose limit is conservative. Implementation of this limit is important 
because our limited specific activity model for 1 2 9I (Equation (15)) has 
the potential of giving unrealistically high doses with sets of extreme 
parameter values. Establishing the limit requires related 12»l and i27I 
groundwater concentrations. 
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The dose limit, based on the 129l/i27l geosphere ratio is given by 

Dlii29 = DFii29 • {[(CWI129-gb)/(CWI + (CWI129.gb))] 

• (Thi/gb)}/Thm (A.19) 

where D1
I129 = man's total internal dose from

 1 2 9I, based on geosphere 
dose limit (Sv-a-1), 

DFn29 = internal dose conversion factor for 129I 
(Sv-a-VBq.kg-1), 

CWI129 = annual average groundwater concentration of 
1291 (Bq.L-1), 

gb = mass/radioactivity conversion factor for i29i 
(kg-Bq-i), 

CWX = annual average groundwater concentration of 
stable iodine (kg^L-1), 

Thi = iodine content of thyroid gland (kg), and 
Thm = mass of thyroid gland (kg). 

This equation is virtually identical to Equation (15), because both are 
based on the specific activity concept. In Equation (A. 19), however, i29I 
and 127I are expressed as concentrations rather than intake rates. 
Equation (A.19) gives the total internal dose from 129I by assuming that 
the i2 9i/i27i ratio in the thyroid is the same as in the groundwater. 

The dose conversion factor, DFI129, is documented in Section 5.4.4, as 
derived in Section A.5. The mass/radioactivity conversion factor, gb, Thi 
and Thm are documented in Sections 5.12.7, 5.10.2 and 5.10.3 respectively. 
All the parameter values are summarized in Table A-4 of Section A.5. The 
groundwater concentration, CWI129, can be based on the well-water concen
tration, calculated by the biosphere model, or the concentration of the 
water discharging to the lake in the biosphere model (Davis et al. 1992). 
The groundwater concentration, CWj., is based on observed values from the 
VRA in the form of a uniform distribution ranging from 5 x 10"9 to 
2 x 10"8 kg.L-1 (Gascoyne and Kamineni 1990). The CVj. values are repre
sentative for the predicted CWI129 values. 

The geosphere dose limit, expressed by Equation (A.19), is implemented in 
the biosphere model by randomly selecting a CWj value at the start of each 
model run. This is then followed at each time step for dose prediction by 

1. Calculating the total internal 129I dose to man, DI129( using 
Equation (15). 

2. If the source of household water is well water, comparing 129I 
concentrations in well water with water discharging to the lake, 
and selecting the higher value for CWI129. If the source is lake 
water, using CWI129 of water discharging to the lake. 

3. Using CWj and CWI129 in Equation (A.19) for calculating the upper 
limiting dose, D1

I129. 

4. Comparing DI129 with D
1 ^ ^ and, if DI129 exceeds D

X
I129, setting 

DI129 to D
1
I129, which represents the upper dose limit. 
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This procedure ensures that the total internal 129l dose, calculated by 
Equation (15), does not exceed the upper limit set to this dose by the 
129J/127J ratio in the geosphere. The importance of this limit in estab
lishing the total internal 1 2 9I dose to man for concept assessment depends 
on the magnitude of DI12g, calculated by Equation (15), and the 129J/1271 
groundwater ratio. Preliminary results show that the limit may be invoked 
fairly frequently. 

The geosphere limit to the total internal 1 2 9I dose is likely more restric
tive than the limit from saturation of the thyroid gland with 1 2 9 I , which 
would result in a maximum dose of about 38.6 mSv-a"1 (Section A.5). This 
saturation dose could only be approached if CWI129 is very large compared 
with CWj so that D:

I129 would approach the maximum dose of 38.6 mSv.a"
1. 

Under such circumstances, the two dose limits would be the same. 

In principle, it is possible to expand Equation (A.19) by including the 
dilution effect of 1 2 7I from the biosphere itself (Figure A-7). This would 
eliminate the need for our limited specific activity model (Equation (15)), 
which takes into account this dilution through man's total intake of stable 
iodine, Inx (Section 5.10.1). More detailed data for Inx would be needed, 
including partitioning of Inx into separate components for geosphere 
discharge, geological parent material, atmospheric deposition, and also 
supplementary dietary sources. For now, all we know is that the first 
component is relatively small even in the discharge area occupied by the 
critical group. This makes our geosphere limit to the total 1291 internal 
dose conservative. 

A.7 GEOSPHERE LIMIT TO 1 4C INTERNAL DOSE 

Carbon-14 shares many unique properties with tritium in the environment 
(Section 3.1.4), making a specific activity model appropriate in many 
instances (NCRP 1984, 1985). For 1 4C, specific activity models are usu
ally, based on atmospheric carbon dioxide (C02), which, upon photosynthetic 
fixation by plants, enters the food chain. It only takes about 1.4 a for 
establishing equilibrium between H C in the air and the human body (Nydal 
et al. 1981), and carbon has a biological half time of about 50 d in humans 
(Killough 1980). Photosynthesis isotopically fractionates 1 2C, 1 3C and 1 4C 
so that the specific activity of 1 4C is reduced in plants. Fractionation 
is insignificant in animals a:.d humans (Buchanan 1951). Because fractiona
tion tends to reduce the specific activity of 1 4C up the food chain, ignor
ing this process is conservative. We have used a transport model for 14C 
for concept assessment, as is the case for most of the other radionuclides. 
A specific activity model is inappropriate in this case because it would 
have been difficult to consider several source terms from the geosphere, 
differing in 14C concentrations. Our transport model for 1 4C does include 
specific activity considerations for uptake by plants (Section 5.3.1.2). 

The unique environmental properties of 1 4C allow the implementation of a 
geosphere dose limit similar to that for 1291. (Appendix A.6). Groundwater 
discharging into the biosphere contains appreciable amounts of stable 
carbon. Thus, 1 4C is always accompanied by stable carbon which can be 
expressed by the ratio 14C/stable C. Because geosphere processes are 
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relatively slow compared with those in the biosphere, this ratio can be 
assumed to remain constant, as seen from the biosphere. It can be further 
assumed that the ratio will be preserved throughout the biosphere so that 
it is reflected in the human body. Thus, geosphere releases set an upper 
limit to the dose to humans. This type of limit is very conservative 
because humans would derive a major portion of their stable carbon from 
sources other than the geosphere via food. The limit is important because 
our transport model has the potential of giving unreasonably high dose 
predictions for C14 with sets of extreme parameter values. 

The dose limit, based on the 14C/stable C geosphere ratio is given by 

Dxc14 = D F l c i 4 • U(CVC14 • gc)/(CWc + (CVc l4 • g c ) ) ] 

. (Bc/gc)}/Bs (A.20) 

where D1ci4 = man's total internal dose from 1 4C, based on geosphere 
dose limit (Sv.a-1), 

DF1,-^ = internal dose conversion factor for 1 4C 
(Sv-a-i/Bq.kg-1), 

= annual average groundwater concentration of 14C 
(Bq.L-i), 

= mass/radioactivity conversion factor for 1 4C 
(kg.Bq-l), 

= annual average groundwater concentration of stable 
carbon (kg.L-1), 

= carbon content of soft tissues (kg), and 
= mass of soft tissues (kg). 

CW 

gc 

CW 

Be 
Bs 

C14 

This equation is very similar to Equation (A.19) in Section A.6. 

The dose conversion factor, DF 1
C 1 4, is different than those in Table 9 for 

1 4C because it is not based on intake. It can be calculated in the same 
manner as that for 1291 in Section A.5. Thus, it is given by 

DP 1
C 1 4 = Des Enc . efc • Q • W_ (A.21) 

The dose conversion factor is appropriately based on the carbon concentra
tion in soft tissue, which excludes bone (Johnson 1992a). This is conser
vative because bone has a lower carbon content than soft tissue. Decay of 
1 4C leads directly to stable 1 4N and is accompanied by 0 radiation only. 
All the radiation is assumed to be completely absorbed by the soft tissue. 

The number of disintegrating, Des, has value of 3.15 x 107 desint./(Bq-a), 
because 1 Bq corresponds to 1 disint./s (ICRP 1983). The total energy 
emitted and absorbed, Enc, has a value of 4.95 x 10-2 MeV per desintigra-
tion (ICRP 1983). As indicated in Section A.5, the energy conversion 
factor, ecf, has a value of 1.6 x 10-13 Sv.kg-MeV-1. For p radiation the 
quality factor, Q, has a value of 1.0 and, finally, the weighting factor, 
WT, has a value of 1.0 because it must account for all the target tissues 
and organs (Section 5.4.1.5; ICRP 1977). These parameter values yield a 
DF 1

c l 4 value of 2.49 x 10"7 Sv.a-VBq-kg-1, which agrees with the value 
calculated by Linauskas (1992). All the dosimetric parameter values are 
summarized in Table A-5 along with the other values for the geosphere limit. 
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TABLE A-5 

SUMMARY OF PARAMETER VALUES FOR CALCULATING THE 

INTERNAL DOSE CONVERSION FACTOR (DF^^ AND 

THE GEOSPHERE DOSE LIMIT (D^l FOR 14C 

3.15 x 
4.95 x 
1.60 x 
1.0 
1.0 

107 

io-2 

io-13 

Parameter Value 

Number of disintegrations (Des, desint./(Bq-a)) 
Energy absorbed (Enc, MeV«desint.-x) 
Energy conversion factor (ecf, Sv-kg-MeV"1) 
Quality factor (Q) 
Weighting factor (WT) 

Internal dose conversion factor (DF1
C14, Sv-a-VBq.kg-

1 ) 2.50 x 10"7 

Mass/radioactivity conversion factor for 14C (gc, kg.Bq-1) 6.07 x 10"15 

Carbon content of soft tissues (Be, kg) 15.60 
Mass of soft tissues (Bs, kg) 63.00 

Average groundwater cone, of stable carbon (CWC, kg-L
-1) * 

* Triangular distribution ranging from 2.0 x 10"5 to 6.8 x 10"5 kg-L"1 with 
a peek at 4.0 x 10-5 kg-L-1. 

The annual average groundwater concentration, CWcl4, is a calculated para
meter that may be based on the well-water concentration, calculated by the 
biosphere model, or the concentration of the water discharging to the lake 
in the biosphere model (Davis et al. 1992). The conversion factor, gc, has 
a value of 6.07 x 10'15 kg«Bq_1. It is calculated in the same manner as gb 
in Section 5.12.7, using a radioactive half-life of 1.81 x 1011 s (Table 9) 
and a molar weight of 0.014 kg. The groundwater concentration, CWC, is 
based on observed bicarbonate anion concentrations (HCO3) from the WRA and 
assumes a triangular distribution ranging from 2.0 x 10"5 to 
6.8 x lO"5 kg.L-1 with a peak at 4.0 x IO-5 kg'L-1 (Gascoyne 1990). These 
values are sufficient for specifying triangular distributions in SYVAC. 
Values from the observed distribution of stable carbon are representative 
for the predicted CWC14 values. In WRA groundwater carbon exists prin
cipally as HC0§. There are other minor chemical species with carbon. 
Ignoring them is conservative because this lowers the geosphere dose limit. 

The carbon content of soft tissue, Be, can be readily calculated. ICRP 
reference man has a total body mass of 70.0 kg, of which 60.0 kg is soft 
tissue (ICRP 1975). To this 3.0 kg can be added for red and yellow bone 
marrow. Thus, the mass of soft tissue, Bs, has a value of 63.0 kg. The 
amounts of carbon in soft tissue, red marrow and yellow marrow are 14.0, 
0.62 and 0.95 respectively, which yields a Be value of 15.6 kg. 
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The geosphere dose limit for 1 4C is implemented in the biosphere model by 
randomly selecting a CWC value at the start of each run. As in the case of 
1 2 9I (Section A.6), this is then followed at each time step for dose 
prediction by 

1. Calculating the total internal 14C dose to man, Dcl4, using the 
transport model (Section 3.2.1 to 3.2.7). 

2. If the source of household water is well water, comparing 1 4C 
concentrations in well water with water discharging to the lake, 
and selecting the higher value for CWC14. If the source is lake 
water, using CWC14 of water discharging to the lake. 

3. Using CWC and CVC14 in Equation (A.20) for calculating the upper 
limiting dose, D1

cl4. 

4. Comparing Dcl4 with D
1
cl4 and, if Dcl4 exceeds D

1
cl4, setting 

Dcl4 to n l c l 4, which represents the upper dose limit. 

The importance of the geosphere limit to the 14C internal dose depends on 
the magnitude of the Dcl4 dose, calculated by the transport model, and the 
14C/stable C ratio of water discharging from the geosphere. If our trans
port model is overly conservative, the limit could become important, even 
though it itself is very conservative. Preliminary results show that the 
limit may be invoked infrequently only. 

A.7.1 CODE COMPARISONS 

Predictions by our specific activity model for implementing the geosphere 
limit (Equation (A.20)) can be tested against those by other models. These 
models are based on the specific activity of 1 4C in air rather than water. 
However, with a specific activity model, the 14C/stable C ratio is constant 
from medium to medium. This means that air concentrations can be appropri
ately transformed to water concentrations to maintain the ratio even though 
the resulting water concentrations may have no physical meaning. Killough 
and Rower (1978) calculated doses to man from internal exposure to cosmic-
ally produced 1 4C using several models. Dose estimates ranged from 
5.1 x 10"6 is 1.3 x 10'5 Sv-a"1. By setting their air concentration of 
0.0406 Bq-nr3 for C14 to a water concentration of 0.0406 Bq-L'1, and doing 
the same with the stable air concentration of 1.8 x 10_4 kg-nr3, our model 
predicts a dose of 1.4 x 10"5 Sv-a"1, which falls within their dose range. 
For an air concentration of 0.037 Bq-m-3, Hoffmann et al. (1982) predicted 
a dose of 1.3 x 10-5 Sv-a-1. Our model exactly matches this value. These 
independent tests show that our specific activity model for the geosphere 
dose limit is working properly. 

A.8 COMPARISON OF INTERNAL DOSE CONVERSION FACTORS 

A.8.1 CALDOS. ICRP 30 AND ICRP 61 

In Table A-6, we have contrasted the ingestion and inhalation dose conver
sion factors adopted in CALDOS, and values derived by us from ICRP 30 and 
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TABLE A-6 

COMPARISON OF INTERNAL DOSE CONVERSION FACTOR VALUES 

ADOPTED FOR CALDOS VITH THOSE FROM ICRP 30 

Ingestion, DF«i I/ill«l»tion DFl^ 

(SvBq"1) (SvBq"1) 

Radionuclide CALDOS ICRP 30 ICRP 61 CALDOS ICRP 30 ICRP 61 
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TABLE A-6 (concluded) 

Radionuclide 

8 7Rb 

l B 7Re 
2 2 2 R n 
1 2 5 S b 

" 6 s b 

" s . 
32Si 

126Sn 
90Sr 

182Ta 

«Te 
125mTa 

227Th 

228Th 

229Th 

230Th 

231Th 

232Th 

234Tn 

232„ 

233„ 

234u 

2350 

236„ 

238u 

90v 

Ingestion, DFe^ 

(Sv.Bq*1) 

CALDOS 

1.1 

2.6 

8.2 

2.3 

2.3 

7.5 

9.1 

3.4 

4.5 

6.5 

2.6 

7.9 

2.5 

2.4 

3.5 

3.6 

1.9 

2.8 

4.1 

8.7 

8.5 

7.9 

8.1 

7.5 

2.9 

4,5 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-9 

io- 1 2 

l u " " 

10-9 

10-9 

10-1" 

l u " " 

îo-8 

10-9 

10-1° 

lu"9 

lu"» 

10"6 

10-5 

10" 6 

îo-io 

10" 5 

10-9 

10-' 

lu - 8 

lu"8 

lu"8 

lu"8 

lu"8 

10-9 

10-1° 

ICRP 

1.3 

2.2 

7.0 

2.5 

2.3 

4.7 

4.7 

3.6 

1.6 

3.4 

1.3 

9.8 

1.0 

9.4 

1.5 

3.5 

7.4 

3.5 

3.4 

7.2 

7.1 

6.8 

6.7 

6.3 

2.7 

4.2 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

30 

10-9 

io-i2 

10-1° lO-9 

10-9 

l O " " 

lO"9 

lO"8 

lO"9 

l O " " 

lO"9 

10-9 

io- 7 

lO"7 

lO' 7 

l O " " 

lO"7 

lO"9 

lO"7 

lO"8 

lO"8 

lO"8 

lO"8 

lO"8 

lO"9 

10-1° 

ICRP 

1.0 

4.0 

1.0 

3.3 

2.0 

1.0 

6.7 

3.3 

2.2 

6.7 

1.0 

1.0 

6.7 

5.0 

6.7 

4.0 

4.0 

5.0 

1.0 

2.9 

2.9 

2.9 

2.9 

2.5 

2.2 

2.9 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

61 

10-9 

io-i2 

lO"9 

10-9 

10-9 

10-9 

lO"9 

lO"8 

10-9 

10-1° 

lO"9 

l O " " 

lO"8 

lO'7 

lO"8 

l O " " 

lO"7 

10-9 

lO'7 

lO"8 

lO"8 

10-8 

10-8 

10-8 

10-1° 

10-1° 

Inhalation DPi^ 

(Sv.Bq'l) 

CALDOS 

7.0 

1.5 

1.4 

4.9 

3.2 

2.5 

3.6 

5.3 

4.2 

1.4 

2.7 

2.1 

5.1 

1.1 

5.6 

8.1 

2.2 

4.1 

8.4 

2.1 

4.4 

4.3 

4.0 

4.1 

3.8 

2.1 

7.7 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

l O " " 

l O " " 

lO"8 

lO"9 

10-9 

10-9 

10-9 

lO'9 

io- 7 

10-8 

10-9 

lO'9 

10" 6 

10" 4 

lO"-» 

10-5 

l O " " 

lO-" 

10-9 

io-4 

lO"5 

lO"5 

10-5 

10-5 

10-5 

10-9 

10-8 

ICRP 

8.8 

1.3 

2.6 

2.7 

2.4 

1.2 

2.0 

3.4 

9.9 

2.0 

1.8 

4.3 

8.3 

4.7 

7.0 

2.1 

4.4 

8.9 

1.8 

3.6 

3.6 

3.3 

3.4 

3.2 

2.2 

8.6 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

30 

10-10 

lo-ii 

lO"9 

lO"9 

lO"» 

lO"8 

lO"8 

lO"7 

lO"9 

lO'9 

lO"9 

10" 6 

lO"5 

lO"4 

lO"5 

10-1° 

10" 4 

10-9 

io-< 

lO"5 

lO"5 

10-5 

10-5 

lO"5 

lO"9 

lO"8 

ICRP 

1.0 

2.0 

3.3 

3.3 

2.0 

2.9 

2.9 

3.3 

1.0 

2.5 

2.0 

4.0 

1.0 

3.3 

5.0 

2.5 

2.2 

1.0 

3.4 

4.0 

3.3 

3.3 

3.3 

2.0 

2.0 

4.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

61 

10-9 

lo-n 

10-9 

10-9 

10-9 

10- 7 

io-8 

lO"7 

lO"8 

10-9 

lO'9 

10"6 

lO"4 

io-4 

10-5 

l O " " 

10" 4 

lO"8 

lO - 6 

lO"5 

10-5 

10-5 

10-5 

10' 6 

10-1° 

lO'8 

* 3H and l 2 9i involve a single internal dose conversion factor which accounts for both 
ingestion and inhalation, and with units of Sv.a"VBq-kg" 1 (Sections 5.4.4 and 5.4.5). The 
3H ICRP 30 and 61 values would be identical to the CALDOS value. The 1 2 9 I ICRP 30 value 
would be tho same as the CALDOS values, but the ICRP 61 value would be slightly higher 
because of an increase in the W T value for the thyroid gland. 

NOTE: For inert gas radionuclides there are no ingestion and inhalation dose conversion 
factors except for radon and its daughters (Section 3.1.9). 

ICRP 61. The CALDOS values were mainly calculated by Johnson and Dunford 
(1983), as outlined in Sections 5.4.2 to 5.4.5; the ICRP 30 values are 
based on various parts and supplements of ICRP 30 (ICRP 1979b, 1981, 1982a, 
1982b, 1988); the ICRP 61 values are based on ICRP 61 (1991b). When estab
lishing ICRP 30 and 61 values, we attempted to match them to the CALDOS 
values in terms of fx values for absorption from the gastrointestinal tract 
and pulmonary clearance classes (Sections 5.4.2 and 5.4.3); or simply 
adopted the highest available values. Establishment of internal dose con
version factors from ICRP 30 meant the addition of the listed weighted 
tissue and organ doses. In the case of ICRP 61, we transformed the listed 
ALIs for occupational exposure, using a dose limit of 20 mSv.a'i. 
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In general, the internal dose conversion factors adopted in CALDOS are 
similar to those from ICRP 30 (Table A-6). In many instances, CALDOS 
ingestion values are slightly higher. This is particularly true for most 
of the thorium radionuclides, because the CALDOS values are based on a 
higher fx value for absorption from the gastrointestinal tract (Johnson 
1992b, Johnson and Lamothe 1989) than the ICRP 30 values. On average, the 
inhalation values from CALDOS are higher, but there are a few exceptions, 
particularly for 182Hf, 32Si and 126Sn. 

On the whole, CALDOS and ICRP 61 values are also similar, but there is a 
tendency for the CALDOS values to be higher and, therefore, more 
conservative. This is particularly true in the case of inhalation. 
However, as suggested in Table A-6, the CALDOS value for 129I of 
9.7 x 10'9 Sv.a"1/Bq-kg-1 for calculating internal doses (Section A.5) 
would increase to 1.6 x 10"8 Sv-a-VBq.kg"1 under ICRP 60 because of an 
increase in the thyroid gland weighting factor, WT, from 0.03 to 0.05. 

A.8.2 CALDOS AND ICRP 56 

In Table A-7, the internal dose conversion factor values from CALDOS and 
ICRP 56 (ICRP 1989) are compared for all the relevant radionuclides. The 
CALDOS values are for an adult, with a 50-a commitment, and those from 
ICRP 56 for an infant, with a 70-a commitment. The ICRP 56 ingestion 
values are based on age-dependent anatomical features and metabolic models, 
but the inhalation values are not. Besides the infant values, ICRP 56 also 

TABLE A-7 

COMPARISON OF INTERNAL DOSE CONVERSION FACTOR 

VALUES ADOPTED FOR CALDOS WITH INFANT VALUES 

FROM ICRP 56 

Radionuclide 

24iAm 
1 4 C 

2 3 7Np 
238pu 

239pu 

24 1pu 

9°Sr 

Ingesti 
(Sv. 

CALDOS 

1.2 x lu"6 

5.2 x 10-10 

1.1 x lu-6 

1.0 x 10-6 
1.2 x lu"6 

2.1 x 10-8 

3.4 x 10-8 

on 
Bq 

i DFei 
-1) 

ICRP 

1.2 x 
1.3 x 
5.5 x 
1.0 x 
1.4 x 
2.2 x 
1.3 x 

56 

10-5 
10-9 

10-6 
10-5 
lu"5 

10-7 

10-7 

Inhala 
(Sv 

CALDOS 

1.3 x 10-4 
5.2 x 10-12 

1.2 x 10-4 
1.2 x lu-4 

1.3 x 10-4 
2.3 x lu-6 

4.2 x 10-7 

tion DFii 
•Bq-1) 

ICRP 56 

1.7 x 10-4 
1.3 x 10-9 

8.5 x 10-5 
2.3 x 10-4 
2.4 x 10-4 
2.7 x lO-6 

1.2 x 10-7 

NOTE: CALDOS values are for ICRP reference man, an adult, with a 50-a 
commitment; ICRP 56 values are for a 3-month-old infant with a 70-a 
commitment. 
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presents values for other age groups. These values are similar, and fre
quently lower, than those for infants. Furthermore, the values for a 20-a 
old adult are very similar to the ICRP 30 and the CALDOS values, which are 
compared in Table A-6. 

Table A-7 shows that CALDOS ingestion values are lower than those from 
ICRP 56, sometimes by as much as an order of magnitude. There is no such 
difference in the case of inhalation, except for 1 4C. Overall, there is a 
suggestion that the CALDOS values may lead to underestimation of doses to 
the public. However, this is not as pronounced as suggested by the values 
in Table A-7 because the relatively high infant dose conversion factors 
would only apply for a short part of the 70-a commitment, or age span, 
assumed by the ICRP 56 values. Furthermore, the amount of radioactivity 
ingested by infants is, on average, lower than for adults, who have higher 
food and water intake, and inhalation rates. This would tend to even out 
doses for infants and adults, even though infants may have higher dose 
conversion factor values. 

The ICRP 56 1 2 9I infant ingestion and inhalation values are 1.1 x 10"7 Sv-Bq-1 

and 7.0 x 10-8 Sv-Bq-1 respectively. These values cannot be directly com
pared with the CALDOS value, which is based on 12'I residing in the body, 
accounting for both ingestion and inhalation (Section A.5). However, a 
meaningful comparison is provided by the ICRP 30 (ICRP 1979b) ingestion and 
inhalation values of 7.4 x 10"8 Sv-Bq-1 and 4.7 x 10'8 Sv-Bq"1 respectively, 
because they directly reflect the CALDOS value. These ICRP 30 values are 
clearly lower than those from ICRP 56, suggesting again underestimation of 
doses to the public by CALDOS. As indicated in Section 5.4.1.4, the ICRP 56 
values are difficult to use for concept assessment. Furthermore, they need 
to be first revised in the light of ICRP 60 (1991a). 

A.9 COMPARISON OF EXTERNAL DOSE CONVERSION FACTORS 

In Table A-8, we have contrasted the air immersion and water immersion dose 
conversion factors calculated by Holford (1989), specified for concept 
assessment (Sections 5.4.6 and 5.4.7), with values calculated by Kocher 
(1983). Because Kocher (1983) only considered dose conversion factors for 
ground exposure based on surface contamination, we contrasted these values 
with the corresponding values established by Holford (1989). The latter 
values are not actually used in concept assessment, which involves contami
nation throughout the soil profile and not only at the surface 
(Section 5.4.8). Nevertheless, the comparison in Table A-8 is relevant. 
Kocher (1983) did not calculate any dose conversion factors for exposure to 
contaminated building materials and thus our values cannot be compared 
(Section 5.4.9; Holford 1989). 

As expected, there are some differences between Holford's and Kocher's 
values (Table A-8). For air immersion, Holford's values tend to be 
slightly higher, but there are a few exceptions. The situation is reversed 
for water immersion. In particular Kocher's values for 41Ca are substan
tially higher than Holford's. The two sets of values for ground exposure 
are similar, but Holford's values for 39Ar, 10Be, 113»Cd, 85Kr, 90Sr, "Tc 
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TABLE A-8 

COMPARISON OF EXTERNAL DOSE CONVERSION FACTOR VALUES 

CALCULATED BY HOLFORD (1989) WITH THOSE FROM KOCHER (19831 

Air Immorsion, DFa^ Water Immersion/ DFh^ Ground Gxposur* 
(Sva"l/Bq.nT3) (Sv.a'1/Bq.œ-3) (Sva'1/Dq'm'2) 

Radionuclide Holford Kocher Holford Kochar Holford Kochar 

225Ac 

227Ac 
2"A» 
39Ar 
1°B. 
208Bi 

21°Bi 
210mBi 

14c 

4 1C. 
113mcd 

135c. 
3H 

182Hf 

129j 

40K 

B1Kr 
85Kr 

«Mo 
93mNb 
94Nb 
59Ni 
63Ni 
237Np 

32P 

231Pa 

233pa 

2°5pb 

21°Pb 
l°7Pd 
21°PO 
238pu 

239pu 

240pu 

241pu 

242pu 

223R« 

22«R. 
225Ra 

226Ka 

228Ra 

3.0 

1.9 

2.8 

3.3 
4.0 

4.4 

5.4 

3.7 

6.0 

1.3 

2.6 

2.5 

0.0 

3.4 

1.3 

2.4 
8.4 

7.2 

1.6 

2.7 

2.3 

8.1 

0.0 

3.4 

1.4 

5.3 

2.8 

1.7 

2.1 

0.0 

1.2 

2.8 

1.8 

2.7 
2.4 

2.3 

1.9 

1.4 

1.0 

9.7 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10"8 

ID'10 

io-8 

io-9 

io-9 

10"6 

io-9 

io-7 

lo-ii 
10-12 

IO-9 

10-1° 

io-7 

io-8 

ID"7 

io-9 

ID"9 

io-9 

10-1° 
io-6 

I D - " 

io-8 

io-8 

io-8 

ID"7 

10-1° 
io-9 

10-11 
io-i° 
io-i° 
ID"" 
lu"" 
10-1° 
io-7 

io-8 

io-8 

io-9 

1.9 

1.7 

2.6 

3.3 

2.9 
4.4 

7.1 

5.9 

4.8 

2.6 

1.6 

0.0 

1.2 

2.3 
1.4 

7.2 

1.1 

1.9 

2.3 

5.8 

0.0 

3.2 

1.4 

4.1 

2.9 

8.6 

1.9 

0.0 

1.2 

1.3 

1.2 

1.3 

0.0 

1.1 

1.8 

1.4 

1.0 

9.4 

0.0 

X 

X 

X 

X 

X 

X 

X 

_ 
X 

X 

X 

X 

. 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-8 

I O - " 

io-8 

io-9 

io-9 

10"6 

io-9 

10-11 
10-12 

io-9 

10-1° 

io-8 

io-7 

io-8 

io-9 

io-9 

10-1° 
io-6 

lo-n 

io-« 
io-8 

io-8 

io-7 

lo-u 
io-9 

lo-u 
10-1° 

io-i° 
io-i° 

10-1° 
io-7 

io-8 

io-8 

io-9 

4.1 

3.5 

5.5 

3.6 

4.4 

7.0 

5.9 

6.3 

6.5 

1.5 

2.8 

2.7 

0.0 

5.9 

2.8 

3.9 
1.4 

9.7 

2.7 

4.8 

3.9 

9.5 

0.0 

6.3 

1.6 

9.1 

4.9 

2.4 

4.4 

0.0 

2.1 

5.0 

3.2 

4.8 

4.3 

4.0 

3.3 

2.5 

2.1 

1.7 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

lo-u 
10-13 

lo-ii 
10-12 
10-12 

io-9 

10-12 

10-1° 

1 0 - 1 4 

1 0 - 1 5 

10-12 

lu"" 

io-i° 
lo-n 
10-1° 
10-u 
10-12 

10-12 

10-13 

lu"9 

lu-" 

ID"" 
10-u 
10-u 
10-1° 
10-13 
lu-" 

lu-" 
10-13 

lu"" 
lu"" 
IO-I5 

lu"" 
10-1° 
10-11 

10-11 

10-u 

5.0 

6.0 

9.1 

1.1 
1.3 

6.5 

1.7 

7.5 

9.2 

0.0 

8.4 

7.0 

0.0 

6.9 

8.2 

6.8 
2.6 

1.4 

2.5 

4.5 

4.0 

8.8 

0.0 

9.6 

3.7 

1.3 

6.5 

2.2 

4.7 

0.0 

2.6 

3.2 

2.7 

3.2 

0.0 

2.7 

4.1 

3.1 

2.5 

2.1 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-1° 

1 0 - " 

10-1° 

1 0 - 9 

1 0 - 9 

10-8 

1 0 - 9 

1 0 - 9 

10-12 

10-1° 

10-11 

1 0 - 9 

10-1° 

lO-9 

10-1° 

lO-9 

10-1° 

10-11 

io-B 

ID-" 

10-10 

ID"9 

lu"9 

10-1° 

lu-" 
lu-" 

lu"" 

IO-I3 

10-13 

10-13 

IO-I3 

10-1° 

10-u 

10-u 

10-u 

5.0 

6.0 

9.1 

1.1 
1.3 

6.5 

1.7 

7.5 

9.2 

0.0 

8.4 

7.0 

0.0 

6.9 
8.2 

6.8 
2.6 

1.4 

2.5 

4.5 
4.0 

8.8 

0.0 

9.6 

3.7 

1.3 

6.3 

3.4 

1.1 

0.0 

2.4 

4.1 

1.7 
3.9 

6.8 

3.3 

4.0 

2.9 

6.7 

2.1 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-1° 
10-12 

10-1° 

1 0 - 9 

1 0 - 9 

10-8 

1 0 - 9 

1 0 - 9 

10-12 

10-1° 

10-11 

10-9 

10-1° 

1 0 - 9 

10-1° 

1 0 - 9 

10-1° 

10-11 

10-8 

10-12 

10-10 
10-9 

ID'9 

ID"9 

lu"" 
10-1° 

lu-" 
10-11 

10-11 

10-" 
10-" 

10-11 

lO-9 

10-1° 

10-1° 

10-1° 

4.6 

6.0 

8.3 

6.9 
3.8 

6.3 

1.1 

0.0 

6.2 

4.7 

0.0 

0.0 

6.1 

5.3 
3.8 

3.2 

1.7 
3.0 

4.4 

1.3 

0.0 

9.0 

2.6 

9.9 

6.5 

2.3 

8.5 

0.0 

2.4 

2.5 

1.1 

2.4 

0.0 

2.0 

4.2 

3.0 

4.2 

2.1 

0.0 

X 

X 

X 

X 

X 

X 

X 

. 

X 

X 

_ 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-1° 
ID"12 

10-" 

lu-" 
10-11 

10-8 

1 0 - 9 

10-13 

lu"" 

10-1° 
ID"9 

10-1° 

10-1° 

10-1° 

10-11 

10-8 

lu'" 

1 0 - " 

lu"9 

10-" 

lO-9 

lu"" 
10-11 

lu-" 
10-11 

10-11 

10-" 

10-11 

ID"9 

10-" 

10-" 

10-" 

continued... 
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TABLE A-8 (concluded) 

Radionuclide 

87Rb 

" 7 R . 
222Rn 

" 5 S b 
"«Sb 
7 9S. 
"si 
" 6 S n 
90sr 

182Ta 

99Tc 
"5»re 
227Th 

228Th 

229Th 

230Th 

231Th 

232Th 

234Th 

232„ 
233„ 

234„ 
235w 

236u 

23B„ 

90y 

93Zr 

Air Immersion, 

l (Sv-a"1 

Holford 

9.1 

0.0 

5.7 

6.0 
4.1 
9.3 
2.3 
7.0 
2.8 

1.9 
8.0 
1.6 

1.5 

3.0 

1.2 

6.4 
1.8 

3.6 

1.1 
5.9 
5.8 
3.6 
2.2 

2.7 
2.0 

2.0 
0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

îo-i" 

10-" 

10-? 
10"6 

îo-" 
îo-" 

10"8 

10-9 

10"6 

î o - " 
ÎO" 8 

10-7 

lu"9 

10-7 

îo-" 
10"8 

îo-" 
10-8 

10-" 
10-" 

î o - " 
10-7 

î o - " 
î o - " 
10"8 

/Bq-m' 
DF«i 
•3, 1 

Kocher 

4.5 

0.0 

5.3 

5.9 
3.9 
8.0 
2.2 

6.7 
2.9 
1.8 
5.4 
1.4 

1.4 

2.7 

1.2 

5.4 
1.6 

2.6 

1.1 
3.7 
3.3 

2.2 
2.1 

1.7 

1.5 
2.0 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

î o - " 

10-" 
10-7 

10'6 

îo-" 
îo-" 
io-8 

10-9 

io-« 
10- " 
ÎO" 8 

10-7 

10-9 

lu"7 

îo-" 
10-8 

îo-" 

10"8 

10-" 
l u " " 
l u " " 
10-7 

î o - " 
1 0 " " 
io-8 

Water Immersion, 

1 (Sv.a"1 

Holford 

9.9 
0.0 

9.6 

1.0 
6.9 

1.0 
2.4 
1.3 
3.1 

3.2 
8.6 
3.4 

2.6 

5.4 

2.2 

1.2 
3.4 
6.6 

2.1 

1.1 
1.0 

6.5 
3.9 
4.8 

3.6 
2.2 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

î o - " 

10-" 
lu"9 

10-9 

î o - " 
10"" 
10-" 
îo-" 
10-9 

îo-" 
îo-" 

î o - " 
l o - " 
l o - " 
10-" 
îo-" 

10"" 

îo-" 

lo-" 
10-" 
îo-" 
îo-" 
îo-" 

îo-" 
lo-" 

/Bq-nT 
, DFnt 
•3I 1 

Kocher 

4.7 
0.0 

1.2 
1.3 
8.4 

8.4 
2.3 
1.6 
3.1 

4.0 
5.7 
3.5 

3.2 
6.2 

2.7 

1.3 
3.8 

6.3 

2.5 

8.9 
7.6 
5.3 

4.7 

4.2 
3.7 
2.1 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

îo-13 

l o - " 
io-9 

io-9 

1 0 - " 
l o - " 
lo- 1 0 

l o - " 
ID"9 

î o - " 
l o - " 
î o - " 
l o - " 
î o - " 
1 0 - " 

1 0 - " 

1 0 " " 
1 0 - " 
1 0 - " 

10-" 
10-" 
1 0 - " 
l u " " 
1 0 " " 
l o - " 

Ground Expoiure 
(Sva"1/^'»"2) 

Holford 

2.9 
0.0 

1.1 
1.2 
8.0 
1.6 

6.4 
2.0 
9.1 
3.5 
2.5 
1.1 

3.2 

8.5 

2.8 

3.5 
8.0 

2.9 

2.8 
5.0 
3.2 

3.9 
4.5 

3.5 
3.0 

4.2 

0.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

î o - " 

l o - " 
lo-8 

io-8 

î o - " 
1 0 - " 
io-9 

10"" 

io-8 

îo-" 
ID'9 

lo'9 

10-" 

lo"9 

10-" 
10"" 

10"" 

î o - " 
10-" 
1 0 - " 
î o - " 
lu"9 

î o - " 
1 0 - " 
lo"9 

Kocher 

0.0 
0.0 

1.1 
1.2 
7.8 
0 
0 

1.7 
4.4 
3.4 
1.7 
5.8 

3.2 
7.7 

2.9 

2.6 
5.3 

1.9 
2.8 
3.0 
1.4 

2.4 
4.7 

2.2 

1.9 
3.4 

0.0 

X 

X 

X 

. 

. 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

l o - " 
10"8 

io-8 

0 
0 
lu-9 

10-" 
io-8 

îo-" 
10"" 
10-9 

10"" 
10-9 

10"" 
10-" 

l o - " 
10"" 
10"" 
10-" 
10-" 
10-9 

î o - " 
10-" 
lu"9 

NOTE: For some radionuclides doso conversion factors vary from those in Table 10 because the 
latter values include daughters (Section A.4). Values of 0.0 designate insignificantly 
low values of less than 1 0 . For Kocher there are also missing values. 

and izsnTe are substantially higher. Most of these differences relate to 
differences in the methods employed for calculating the dose conversion 
factors. 

There are no external dose conversion factor values based on ICRP 60 
(ICRP 1991a) thus far, and also no age-dependent values similar to the 
internal values in ICRP 56 (ICRP 1989). 

A.10 MAN'S INGESTION AND INHALATION RATES 

In CALDOS, man's food ingestion, Uj, drinking water ingestion, Udw, and 
inhalation rates, Ii, are calculated by simplified equations derived from 



- 237 -

the EWAM model (Sections 3.1.5 and 3.2.11). The objective here is to 
demonstrate that these calculated rates are reasonable by comparing them 
with literature values. This is particularly important for our drinking 
water and inhalation rates, which are not directly based on literature 
data, as is the case for our food ingestion rates (Sections 5.2.1 to 5.2.3). 

Although man's ingestion and inhalation rates are treated probabilistically 
for concept assessment, we are assuming here that they can be evaluated by 
calculating single values, based on the geometric means of the food type 
energy fraction values, Ycfj (Section 5.8.4; Table 19). This fraction is 
the only probabilistic parameter involved; for all the other parameters, 
single values are used for concept assessment, which we have also used for 
our calculations here (Section 5.8; Tables 16, 17 and 24). 

Man's ingestion rates of food types, Uj, (kg(wet).a"1 or L-a-1) calculated 
by Equation (25), are 

TE PLANT 375.7 
TE MILK 199.4 
TE MEAT 130.9 
TE BIRD 53.2 
FW FISH 10.0. 

The corresponding drinking water ingestion rate, Udw, calculated by 
Equation (27), is 641 L-a-1. As shown in Table A-9, this value is based on 
a water need of 1333 L-a"1 and thus about 48.1% of the need is satisfied by 
drinking water. Finally, the inhalation rate, Ii, calculated by 
Equation (28), is 8617 m^a" 1. 

TABLE A-9 

COMPARISON OF WATER NEEDS OF ADULT HUMANS (L-a'1) 

CALDOS 
ICRP (1975) 
NAS (1980) 

Water 
Need 

1333 
1096 
1004 

Food 
Water 

535 (40.1)* 
256 (23.3) 
365 (36.3) 

Metabolic 
Water 

157 (11.8) 
128 (11.7) 
91 (9.1) 

Drinking 
Water 

641 (48.1) 
712 (65.0) 
548 (54.6) 

* Percentage contribution to water need. 

Not unexpectedly, our Uj values appear to be relatively high and, there
fore, conservative when compared with published average values or those 
recommended by various agencies (Table 18). This is partly due to our 
relatively high value of 14 600 kJ-d-1 for man's total energy need, En 
(Section 5.8.1). Furthermore, literature values for food ingestion rates 
of humans tend to be underestimates (Zach and Barnard 1987). Given conser
vative IL values, our related Udw and Ii values can also be assumed to be 
conservative and appropriate for concept assessment. They broadly agree 
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with published values (Table A-10). Variation is mainly related to our 
high En value and the relative contributions of water ingested as part of 
food and metabolic water. 

TABLE A-10 

COMPARISON OF DRINKING WATER INGESTION AND INHALATION 

RATES FOR ADULT HUMANS 

Source Drinking 
Water (L-a"1) 

Inhalation 

(m3 ) 

CALDOS 

USNRC (1977) 
Average 
Maximum 

CSA (1987) 

ICRP (1975) 

NAS (1980) 

Rupp (1980) 
Average 
Maximum 

641 

370 
730 

700 

712 

548 

493 
676 

8617 

8000 
8000 

8400 

8400 

Man's soil ingestion rate, Us, is made up of two components, one for hand-
to-mouth transfer and the other for food ingestion (Section 3.2.6). The 
first component has a constant value of 0.04 kg(dry)-a-1, but the second is 
linked to the ingestion rate of TE PLANT. Based on an average ingestion 
rate of 375.7 kg(wet).a"1, it has a value of 0.2 kg(dry)-a"1 (Section 5.8.9). 
Thus, the total average soil ingestion rate is 0.24 kg(dry).a"1. This 
value is likely very conservative (LaGoy 1987). 
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B.l LIST OP MODEL PARAMETERS 

The list includes parameter symbols, the section in which a parameter is 
documented or introduced, its name and units, and the numbers of the 
equations in which it is used. Detailed descriptions of parameters and 
recommended values or probability density functions (PDFs) presented in 
Section 5 can be accessed through the section numbers in the list or the 
Table of Contents. 

Symbol Section Name and Units Equations 

*Ei 

A.2.1 radioactive decay constant of 
the daughter 

5.4.10 radioactive decay constant of 
radionuclide i (d-1) 

A.2.1 radioactive decay constant 
of the parent 

5.2.7 effective removal constant of 
radionuclide i from vegetation 
(d-i) 

3.2.1.3 environmental loss constant 

5 arithmetic mean 

5 arithmetic mean of log-transformed 
values 

A.2-A.5,A.7-A.10, 
A.12, A.14 

2,4-11,21,24 

A.1-A.8 

5-7,21 

a 

o. 

AC± 

AC, 

AC 

IB 

1 0 

5 standard deviation 

5 standard deviation of 
log-transformed values 

5.1.4 annual average combined air 
concentration of radionuclide i 
(Bq.m-3) 

5.1.4 annual average indoor air 
concentration of radionuclide i 
(Bq.m-3) 

5.1.4 annual average outdoor air 
concentration of radionuclide i 
(Bq.m-3) 

14,17 

14,17 
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Act 5.12.7 radioactivity (Bq) 36 

AN 5.12.7 Avogadro's number 36 

Bbdl 5.2.6 annual average concentration of 22 
daughter in wooden building 
material (Bq-kg-1(dry)) 

Bb H 3 o 5.2.6 annual average concentration of 23 
3H in wooden building material 
(Bq.kg-i(dry)) 

Bbi! 5.2.6 annual average concentration 20-22,24 
of radionuclide i in building 
material 1 (lq.kg-x(dry)) 

Bbpl 5.2.6 annual average concentration of 22 
parent in wooden building material 
(Bq.kg-i(dry)) 

Bi;j 5.3.3 aquatic concentration ratio for 10 
radionuclide i and food type j 
(L.kg'1(wet)) 

Bc A.7 carbon content of soft tissue (kg) A.20 

BB 5.8.1 body mass (kg) 

Bg A.7 mass of soft tissues (kg) A.20 

Bvt 5.3.1, plant/soil concentration ratio 2,4,21, 
A.3 of radionuclide i (Bq-kg-1(wet)/ A.15,A.16 

(Bq.kg-i(dry)) 

Bvp A.2.3 plant/soil concentration ratio A.14 

for the parent 

c 5.8.1 BMR exponent 

C 2.2 radionuclide concentration in 1 

an environmental medium 

Cc 3.3.1 concentration in control organism 

Ce 3.3.1 concentration in exposed organism 

Cec 5.8.3 carbohydrate fuel value (kJ.g-1) 25 

Cf 3.3.1 concentration factor 

CFWH 5.11.1 annual average hydrogen 16,23 
concentration of freshwater 
(g-L'1) 
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CFWH3 

CPWj, 

Ci H 

CiF 

Cm 

Cmw 

Co 

We 

Ctfc 14 

Ctfx 

CtfI12 9 

Cynij 

D 

D 

D3i 

DbiX 

5.1.3 

5.1.2 

5.3.2 

5.3.2 

3.3.1 

5.8.6 

5.8.7 

A.7 

A.7 

A.6 

A.6 

5.8.2 

5.4.1.4 

5.4.3 

annual average freshwater 
concentration of 3H (Bq.L-1) 

annual average freshwater 
concentration ration of 
radionuclide i (Bq.L-1) 

concentration of radionuclide 
in milk 

concentration of radionuclide 
in food or forage 

concentration in medium 

carbohydrate metabolic water 
yield (L-g-1) 

carbohydrate STP oxygen 
combustion value (L-g-1) 

annual average groundwater 
concentration of stable carbon 
(kg.L-i) 

annual average groundwater 
concentration of 1 4C (Bq.L"1) 

annual average groundwater 
concentration of stable iodine 
(kg-L-i) 

annual average groundwater 
concentration of 1 2 9I (Bq.L-1) 

carbohydrate content of food 
type j (g'kg-!(wet)) 

absorbed dose (Gy) 

pulmonary clearance class (d) 

man's immersion dose in air 
from radionuclide i (Sv-a-1) 

man's exposure dose from 

16,23 

8,10,11,18 

27 

28 

A. 20 

A.19 

A.19 

25,27,28 

17,34 

20,34 
radionuclide i and building 
material 1 (Sv.a-1) 

Dbt 3.2.12 man's total internal dose 33,35 
(Sv-a-1) 
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D e d j k 

Deiik 

DeP3k 

Des 

Det 

DFai 

DFbi 

3.2.1.1 

3.2.1.1 

3.2.1.1 

A.5.1 

3.2.12 

5.4.6 

5.4.9 

D1
C14 A.7 man's total internal dose from A.20 

14C, based on geosphere dose 
limit (Sva-1) 

man's ingestion dose from the 3 
daughter (Sv-a-1) 

man's ingestion dose from 2-5,7-10,29 
radionuclide i, food type j 
and pathway k (Sv-a-1) 

man's ingestion dose from the 3 
parent (Sv.a-1) 

number of disintegrations A.18,A21 
(disint./(Bq.a)) 

man's total food ingestion 29,33 
dose (Sv.a-1) 

air immersion dose conversion 17 
factor for radionuclide i 
(Sv.a-VBq.nr3) 

building material exposure 20 
dose conversion factor for 
radionuclide i 
(Sv.a-VBq-kg-^dry)) 

DF1
C14 A.7 internal dose conversion factor A.20,A.21 

for ^ C (Sv.a-VBq-kg-1) 

DFed 5.4.2 ingestion dose conversion factor 3 
for the daughter (Sv-Bq-1) 

DFei 5.4.2 ingestion dose conversion factor 2,4,5,7-12 
for radionuclide i (Sv-Bq-1) 

DFep 5.4.2 ingestion dose conversion factor 3 
for the parent (Sv-Bq-1) 

DFgi 5.4.8 ground exposure dose conversion 19 
factor for radionuclide i 
(Sv.a-VBq-kg-^vet)) 

DFhi 5.4.7 water immersion dose conversion 18 
factor for radionuclide i 
(Sv.a-VBq.m-3) 

DFH3 5.4.5 internal dose conversion factor 16 
for 3H (Sv-a-VBq.kg-1) 

DFiA 5.4.3 inhalation dose conversion factor 14 
for radionuclide i (Sv.Bq-1) 
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DP I 1 2 9 5.4.A, internal dose conversion factor 15,A.18,A.19 
A.5.1 for 1 2 9I (Sv-a-VBq.kg-1) 

DgL 3.2.10.3 man's ground exposure dose 19,34 
from radionuclide i (Sv-a-1) 

DH3 3.2.9 man's total internal dose 16,33 
from 3H (Sv-a-1) 

Dhi 3.2.10.2 man's immersion dose in water 18,34 
from radionuclide i (Sv.a*1) 

di 5.1.5 atmospheric deposition rate of 5,7,21 
radionuclide i (Bq.nr2 -d"1 ) 

DI129 3.2.8 man's total internal dose from 15,33 
1 2 9I (Sv-a-1) 

^1129 A.6 man's total internal dose from A.19 
1 2 9 I , based on geosphere limit 
(Sv-a-1) 

Dii 3.2.7 man's inhalation dose from radio- 14,32 
nuclide i (Sv-a*1) 

Dit 3.2.12 man's total inhalation dose 32,33 

(Sv-a-1) 

Do 2.2 dose to man 1 

Dot 3.2.12 man's total external dose 34,35 
(Sv-a-1) 

DsL 3.2.6 man's soil ingestion dose from 12,31 
radionuclide i (Sv-a-1) 

Dst 3.2.12 man's total soil ingestion dose 31,33 
(Sv-a-1) 

man's total internal and 35 
external dose (Sv-a-1) 

man's ingestion dose from 11,30 
radionuclide i in drinking 
water (Sv-a-1) 

dry/wet soil conversion factor 19 
(kg(dry)-kg-1(wet)) 

man's total drinking water dose 30,33 
(Sv-a-1) 

ecf A.5.1 energy conversion factor A.18,A.21 
(Sv-kg-MeV-1) 

Dtt 

DWi 

dvs 

Dwt 

3.2.12 

3.2.5 

5.12.2 

3.2.12 
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En 

Enc 

Q0« 

goa 

ewc 

f 

F 

Fd 

Fee 

Fn 

5.8.1 

A.5.1 

5 

5 

5.12.1 

5.4.3 

5.4.3 

2.2 

5.8.3 

5.3.2 

man's total energy need (kJ-d*1) 25,27 

energy absorbed (MeV-disint.-1) A.18,A.21 

geometric mean 

geometric standard deviation 

water/energy conversion ratio 27 
(L-kJ-1) 

unattached fraction of radon 
daughters 

equilibrium factor for radon and 
its daughters 

dose conversion factor 1 

fat fuel value (kJ-g"1) 25 

terrestrial animal transfer 4,7-9 
coefficient for radionuclide i 
and food type j 
(d-L-1 or d-kg-^vet)) 

fat metabolic water yield 27 
(L-g-1) 

fat STP oxygen combustion 28 
value (L-g-1) 

food yield eggs (kg(wet)-a'x) 

animal food yield (L.a*1 or 
kg(wet).a_1) 

Fynij 5 .8 .2 f a t content of food type j 25,27,28 
(g-kg-i(wet)) 

FYm 5.14.1 food yield poultry meat 
(kg(vet)-a-1) 

gb 5.12.7, mass/radioactivity conversion 15,36,A.19 
A.6 factor for 129I (kg-Bq-1) 

gc A.7 mass/radioactivity conversion A.20 

factor for C14 (kg-Bq-1) 

Ge 5.8.1 growth allowance 

H 5.4.1.4 dose equivalent (Sv) 

H_ 5.4.1.4 effective dose equivalent (Sv) 

Fmw 

Fo 

FYe 

FY, 

5.8.6 

5.8.7 

5.14.1 

5.14.1 
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50-a committed effective 
dose equivalent (Sv) 

soil ingestion rate from hands 13 
(kg(dry)-a-1) 

committed effective dose 
equivalent for tissue T (Sv) 

50-a committed effective 
dose equivalent for tissue T (Sv) 

single intake of radioactive 
material 

man's inhalation rate (m3«a-1) 14,28 

total intake of stable iodine 15 
(kg.a-i) 

InI129 5.2.5 man's total intake of 129I 15 
(Bq.a-i) 

HK,5o 

Hs 

HT 

^T, 5 0 

I. 

Ii 

Inj 

5.4.1.4 

5.8.8 

5.4.1.4 

5.4.1.4 

5.4.1.4 

5.2.3 

5.10.1 

IP 

Ir 

I*i 

K 

Kd 

Le 

m 

MCH 

Mw 

n 

N 

5.14.6 

5.3.2 

6.2.6.1 

5.8.1 

5.3.1.1 

5.8.1 

5.13.2 

5.11.2 

5.12.7 

5.13.1 

5.4.1.4 

irrigation period (a) 

daily ingestion rate of feed 
or forage 

daily ingestion rate of 
radionuclide i 

BMR constant 

soil partition coefficient 

lactation allowance 

number of radionuclides 

average hydrogen concentrât! 
in man (g-kg-1) 

molar weight of 129I (kg) 

number of food types 

product of all the other 

29-32,34 

16 

36 

26-29 

modifying factors for calculating 
H 

Nd A.2.1 number of atoms of the daughter A.2-A.5,A.8, 
A.14 
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N P 

N P 

Nph 

A.2.1 

A.2.1 

5.14.3 

number of at oms of the parent A.1,A.2,A>6, 
A.7 

number of atoms of the parent A.3-A-6fA.8 
at time = 0 

persons per household 
(unitless) 

o 5.13.3 number of pathways 29 

oac 5.12.5 air/oxygen conversion factor 28 
(unitless) 

building occupancy factor 14,17,20 
(unitless) 

average hydrogen concentration 23 
in wooden building material 
(g-kg-i(dry)) 

water occupancy factor 18 
(unitless) 

ground occupancy factor 14,17,19 
(unitless) 

man's oxygen utilization factor 28 
(unitless) 

annual probability 

physical activity allowance 

plant concentration of A.15,A.17 
radionuclide i 
(Bq.kg-^wet)) 

pregnancy allowance 

protein fuel value (kJ.g-1) 25 

protein metabolic water yield 27 
(L-g-1) 

protein STP oxygen combustion 28 
value (L.g-1) 

propensity to irrigate 
(unitless) 

soil contamination of TE PLANT 13 
(kg(dry)/kg(wet)) 

Ob 

0BH 

Oe 

Og 

ov 

Pa 

Pae 

PCi 

Pe 

Pec 

Pmw 

Po 

Pri 

Ps 

5.6.3 

5.11.3 

5.6.1 

5.6.2 

5.12.6 

6.2.6.1 

5.8.1 

A.3 

5.8.1 

5.8.3 

5.8.6 

5.8.7 

5.14.5 

5.8.9 
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Pwu 

Pynij 

Q 

QdWj 

Q f3 

Qs3 

r 

R 

r J 

5.14.4 

5.8.2 

5 .4 .1 .4 , 
A.5.1 

5.7.2 

5.7.1 

5.7.3 

5 

A.3 

5.9.1 

provisional domestic water 
source (unitless) 

protein content of food type j 25,27,28 
(g.kg-i(wet)) 

quality factor for radiation A.18,A.21 
type 

animal drinking water ingestion 8 
rate for food type j (L»d_1) 

feed or forage ingestion rate 4,7 
for food type j (kg(wet)«d_1) 

animal soil ingestion rate for 9 
food type j (kg(dry)-d-1) 

product moment, relation 
coefficient 

ratio for limit to root uptake A.16 
by plants 

plant interception fraction for 5,7 
food type j (unitless) 

rb 5.9.2 plant interception fraction for 21 
wooden building material 
(unitless) 

sbc 5.12.4 inorganic building material/soil 24 

conversion factor (unitless) 

soil bulk density (kg(dry)«nr3) 

soil depth (m) 

annual average soil concentration 
of radionuclide i (Bq.kg_1(dry)) 

tissue or organ 

radioactive half-life (s) 

temperature allowance 

transfer factor 

time of above-ground exposure 
for wooden building material (d) 

sbd 

sd 

SDi 

T 

t% 

Te 

Tf 

teb 

A.3 

A.3 

5 . 1 . 1 , 
A.3 

5 .4 .1 .4 

5 .12 .7 , 
A.2.1 

5 .8 .1 

2.2 

5 .5 .9 

A.16, 

A.16 

2,4,9 
24,A. 

36,A. 
A. 13 

1 

21 

A.17 

M 2 , ] 
15,A. 

10,A. 

19,21, 
,17 

.11 , 
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tej 5.5.8 time of above-ground exposure for 5,7 
food type j during growing season, 
or return time for pasture (d) 

th 5.5.1 holdup time for TE PLANT (d) 2,5 

holdup time for building 21,24 
material 1 (d) 

holdup time for man's drinking 11 
water (d) 

terrestrial animal feed or forage 4,7 
holdup time for food type j (d) 

iodine content of thyroid gland (kg) 15,A.19 

mass of thyroid gland (kg) 15,A.19 

holdup time for FW FISH (d) 10 

terrestrial animal soil ingestion 9 
holdup time for food type j (d) 

terrestrial animal drinking water 8 
holdup time for food type j (d) 

plant environmental half time (d) 6 

use factor by man 1 

man's ingestion rate of TE PLANT 13 
(kg(wet).a-1) 

man's ingestion rate of drinking 11,27 
water (L-a-1) 

man's ingestion rate of food 2,4,5,7-10,25, 
type j (kg(wet)-a-1 or L-a"1) 27,28 

Us 5.2.4 man's soil ingestion rate 12,13 

(kg(dry).a-i) 

Uwc 5.14.2 water demand per capita (n^.a"1) 

V 6.2.6.1 annual volume of water available 

for drinking 

Vd 5.9 deposition velocity 

W 5.4.3 pulmonary clearance class (weeks) 

thbx 

thdv 

thfj 

Thi 

Thm 

thp 

thSj 

thWj 

tp 

U 

"i 

Udw 

U3 

5.5.7 

5.5.6 

5.5.2 

5.10.2, 
A.6 

5.10.3, 
A.6 

5.5.5 

5.5.4 

5.5.3 

5.5.10 

2.2 

5.2.1 

5.2.2 

5.2.1 
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H m 

X 

Y 

Yb 

Ycfi, 

Ycfrj 

h 

YWCJ 

Z 

5 . 4 . 1 . 4 , 
A.5.1 

5 

5.4.3 

5.9.4 

5.8.4 

5.8.4 

5.9.3 

5.8.5 

5 

wdw 5.12.3 wet/dry wood conversion factor 21 
(kg(wet).kg"1(dry)) 

tissue weighting factor A.18,A.21 

arithmetic mean estimate 

pulmonary clearance class (a) 

plant yield for wooden building 21 
material (kg(wet)»nr2) 

energy fraction of food type j 25,26 
(unitless) 

unsealed energy fraction for food 
type j 

plant yield for food type j 5,7 
(kg(wet).m-2) 

water content of food type j 27 
(L.kg-i(wet)) 

normal variate 

B.2 LIST OF ACRONYMS AND ABBREVIATIONS 

ABG Allgemeine Berechnungs Grundlage (Germany) 

AECB Atomic Energy Control Board 

AIRDOS-EPA U.S. Environmental Protection Agency food-chain and dose model 

ALI annual limit on intake 

AMAD activity median aerodynamic diameter 

AN Avogadro's number 

BEIR Committee on the Biological Effects of Ionizing Radiation 

BIOHOVS Biospheric Model Validation Study 

BIOPATH biosphere model used in Sweden and Switzerland 

BMR basal metabolic rate 

CALDOS food-chain and dose submodel for concept assessment 
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CCREH Canadian Council of Resource and Environmental Ministers 

CSA Canadian Standards Association 

DAC derived air concentration 

DNA deoxyribose nucleic acid 

DOE Department of Energy (U.S.) 

EARP Environmental Assessment and Review Process 

EDF environmental dilution factor 

EEC equilibrium equivalent concentration 

EIS environmental impact statement 

EWAM Energy water air model 

FEARO Federal Environmental Assessment Review Office 

FOOD III terrestrial food-chain model used for the first interim 
assessment 

FW FISH freshwater fish food type 

GM geometric mean 

GSD geometric standard deviation 

HERMES population dose prediction model developed in the U.S. 

IAEA International Atomic Energy Agency 

ICRP International Commission on Radiological Protection 

IUR International Union of Radioecologists 

LET linear energy transfer 

LIMCAL food-chain model used for the second interim assessment 

NAGRA Nationale Genossenschaft fiir die Lagerung radioaktiver Abfâlle 
(Switzerland) 

NAS National Academy of Sciences (U.S.) 

NCRP National Council on Radiation Protection and Measurements 
(U.S.) 

NEPTUN aquatic food-chain model used for the first interim assessment 

NFWM nuclear fuel waste management 

NP naso-pharyngal region 

GECD/NEA Organization of Economic Co-operation and Development/Nuclear 
Energy Agency 
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OEPCB Ontario Economics and Policy Coordination Branch 

OM organic matter 

OME Ontario Ministry of the Environment 

P pulmonary region 

PDF probability density function 

RBE relative biological effectiveness 

SAF Specific absorbed fraction 

SD standard deviation estimate 

SDA specific dynamic action 

SEE specific effective energy 

SKBF/KBS Swedish Nuclear Fuel Supply Co. Division KBS 

STP standard temperature and pressure 

SYVAC systems variability assessment code 

TAC Technical Advisory Committee 

TB tracheo-bronchial region 

TE BIRD poultry and egg food type 

TE MEAT mammalian meat food type 

TE MILK milk and dairy product food type 

TE PLANT terrestrial plant food food type 

TFEARP The Federal Environmental Assessment Review Panel 

TTF trophic transfer factor 

UNSCEAR United Nations Scientific Committee on the Effects of Atomic 
Radiation 

USEPA United States Environmental Protection Agency 

USNRC United States Nuclear Regulatory Commission 

WHO World Health Organization 

WL Whiteshell Laboratories 

WL working level for radon 

WLM working level month for radon 

WRA Whiteshell Research Area 
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