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RESUME

On examine dix-huit paramètres de LIMCAL, un modèle complet de
chaîne alimentaire pour la prédiction des équivalents ICRP 26 de dose effi-
cace engagée reçus par l'homme pendant une période de 50 ans et dus â la
gestion à long terme des déchets nucléaires. Les paramètres sont: la den-
sité apparente, l'épaisseur de la couche de terrain labourée, la profondeur
de la couche de terrain superficielle, le facteur de resuspension, la quan-
tité de poussière atmosphérique, la vitesse de dépôt, la fraction intercep-
tée par les plantes, la période de demi-vie du milieu végétal, le facteur de
translocation, la durée d'exposition au-dessus du sol, le rendement végétal,
la durée de rétention, la fréquence de consommation des aliments des ani-
maux, la fréquence de consommation de l'eau des animaux, la fréquence de
consolidation de l'eau de l'homme, les facteurs de conversion des calories
provenant des aliments, la fréquence d'apport total de calories â l'homme et
les fractions de calories provenant des aliments.

LIMCAL comporte des paramètres à la fois traditionnels et uniques.
Les premiers existent dans la majorité des modèles actuels d'évaluation
d'installations nucléaires alors que les derniers n'y existent pas. On a
déterminé une valeur générique appropriée de gestion à long terme des dé-
chets nucléaires pour chaque paramètre de LIMCAL. L'ensemble de la documen-
tation et des valeurs utilisées ou recommandées actuellement par les divers
organismes a donc été examiné. Lors du choix des valeurs de paramètres, on
a prêté une attention particulière à la variabilité et à la sensibilité des
valeurs prédites par le modèle en question. Il existait certains renseigne-
ments pour tous les paramètres et on a pu choisir des valeurs raisonnables.
Certaines valeurs de paramètres fortement influencées par la culture et îa
technologie sont cependant difficiles â prédire bien avant dans l'avenir.
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PARAMETER VALUES FOR THE LONG-TERM NUCLEAR WASTE MANAGEMENT FOOD
CHAIN MODEL LIMCAL

by

Re to Zach

ABSTRACT

Eighteen parameters of LIMCAL, a comprehensive food chain
model for predicting ICRP 26 50-year committed effective dose equiva-
lents to man due to long-term nuclear waste management are reviewed.
The parameters are: soil bulk density, plowlayer depth, soil surface
layer depth, resuspension factor, atmospheric dust load, deposition
velocity, plant interception fraction, plant environmental half-time,
translocation factor, time of above-ground exposure, plant yield, holdup
time, animals' feed consumption rate, animals' water consumption rate,
man's water consumption rate, food type calorie conversion factors,
man's total caloric intake rate and food type calorie fractions.

LIMCAL has both traditional and unique parameters. The former
occur in most of the currently used assessment models for nuclear in-
stallations, whereas the latter do not. For each of the parameters of
LIMCAL, a suitable generic value for long-term nuclear waste management
was determined. Thus, the general literature and the values currently
used or recommended by various agencies were reviewed. In the choice of
parameter values, particular attention was paid to variability and
sensitivity in model predictions. Some information was available for all
of the parameters, and reasonable values could be selected. However,
some parameter values that are strongly influenced by culture and
technology are difficult to predict far into the future.
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1. INTRODUCTION

The accuracy of predictions by food chain models concerned

with the movement of radionuclides through the environment to man

depends on model structure and parameter values. For some time now,

consensus has been reached as to the structure of food chain models for

the assessment of contemporary nuclear installations (Hoffman et al.

1977). Consequently, most currently used terrestrial (Baker et al. 1976.

USNRC 1977; Zach 1978; Moore et al. 1979; Pleasant 1979; Napier et al.

1980; CSA 1981) and aquatic food chain models (Zach 1980a) are very

similar. However, due to uncertainties imposed by long time spans,

these models may not be entirely suitable for long-tv:m nuclear waste

management (Zach 1982)• This has given rise to LIMCAL (Zach 1982), a

model specifically designed for assessments of radionuclides released

far in the future from a vault deep in H pluton of the Canadian Shield

(Boulton 1978).

There is limited agreement on the most suitable generic

parameter values for models used in the assessments of contemporary

nuclear installations (Hoffman 1977, 1978; Garten 1978; Till et al. 1979;

Healy 1980). Values can be taken from models, such as AIRDOS-EPA (Moore

et al. 1979) or FOOD (Napier et al. 1980), from recommendations by

regulatory agencies (USNRC 1977; CSA 1981), from reviews (Ng et al.

1968, 1977; Hoffman and Baes 1979; Rupp 1980a) and from the primary

literature. However, because of large uncertainties in long-term waste

management, these values may not be entirely suitable.

Ideally, for each parameter and assessment, a suitable pop-

ulation of values should be identified and adequately sampled. This

would allow determination of the statistical distribution and, depending

on the exact shape, the mean, median or mode could then be taken as the

best generic value (Hoffman and Baes 1979). Unfortunately, it is not

always easy to define an appropriate population, particularly in the



- 2 -

case of assessments extending far into the future, and adequate sampling

may not be practical. Thus, even data for more restrictive contemporary

situations may not be numerous enough for these procedures. Since

parameter determination has frequently preceded model development, many

published values are unusable because they do not meet exact model

definitions.

The study of statistical distributions of parameter values is

not only important for choosing generic values, but also in the develop-

ment of stochastic versions of food chain models (Schwarz and Hoffman

1980; Dunning and Schwarz 1981; Matthies et al. 1981; O'Neill et al.

1981). Such models will be particularly important for assessments far

into the future because they can deal effectively with parameter value-

uncertainty (Dormuth and Sherman 1981; Zach 1982).

The object of this study is to select suitable generic para-

meter values for the long-term nuclear waste management food chain model

LIMCAL (Zach 1982). This implies review of currently used and recommend-

ed values with special emphasis on variability and sensitivity in model

predictions.

The model parameter values of LIMCAL fall into two broad

classes: traditional and unique. The former occur in most currently

used assessment models for nuclear installations, whereas the latter are

unique to LIMCAL. In spite of this, most of the unique parameters are

well known. In general, unique parameters will be more thoroughly

discussed, especially those which hinge on new processes, such as energy

budgets, introduced in LIMCAL (Zach 1982).

This study relies heavily on reviews, since the primary liter-

ature on such a broad subject would be nearly unmanageable. However,

key research reports, or examples of such reports, have been included

for most of the parameters. For convenience, the selected parameter

values have been listed in Tables 1 to 5. Since these values are for
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TABLE 1

RECOMMENDED VALUES FOR GENERAL SOIL AND AIR PARAMETERS FOR LIMCAL

Soil bulk density (SBD)

Soil surface layer depth (SSD)

Resuspension factor (K)

Atmospheric dust load (ADL)

Deposition velocity (V,.)

all elements except F, Br and I

F, Br and I

1600

0.015

i o " 8

150

0.003

0.02

kg(dry)-m

m

m

yg"m

-1
m* s

-1
m' s

TABLE 2

RECOMMENDED PLANT INTERCEPTION FRACTION (r.), PLANT ENVIRONMENTAL

HALF-TIME (t ) , TIME OF ABOVE-GROUND EXPOSURE (t . ) , PLANT YIELD (Y.),

AND HOLDUP TIME VALUES (th.) FOR THE FOUR TERRESTRIAL FOOD TYPES, AND

RECOMMENDED HOLDUP TIMES FOR ALL TEN FOOD TYPES OF LIMCAL

TE - terrestrial; FW - fresh-water; SW - saltwater.

Holdup time values for terrestrial food types are for feed or forage
and food products.

s
INVER. = Invertebrates such as Crustacea and molluscs.

*
Food Type

TE PLANT
TE MILK
TE MEAT
TE BIRD
FW PLANT
FW INVER.5

FW FISH
SW PLANT
SW INVER.
SW FISH

1
0
0

r.

0.6
.0
.6
.6

18
18
18
18

F
(d)

.0

.0

.0

.0

t

(d)

90
45
90
90

0
0
0
0

Y.
(kg(wet)-m 2)

1
1
1
1

0
5
5
5

1.0
2.0
5.0
5.0
2.0
2.0
2.0
2.0
2.0
2.0

(0.
(1.
(1.

t, .

(d)

0 +
0 +
0 +

h

2
4
4

.0)
• 0 )
.0)



- 4 -

TABLE 3

RECOMMENDED CALORIE CONVERSION FACTORS (KW.) AND ADULT AND INFANT

CALORIE FRACTION VALUES (FK.) FOR THE TEN FOOD TYPES OF LIMCAL

Food Type

TE PLANT

TE MILK

TE MEAT

TE BIRD

FW PLANT

FW INVER.

FW FISH

SW PLANT

SW INVER.

SW FISH

KW.

(kcal.lOO g " 1 ) *

79

63

226

198

167

77

97

10

78

112

FK

Infant

0.25

0.46

0.18

0.10

0.00

0.00

0.00

0.00

0.00

0.01

Adult

0.37

0.19

0.28

0.10

0.00

0.00

0.00

0.00

0.02

0.04

1 kcal = 1 calorie (dietetic) = 4.1855 kJ

The calorie fraction values shown are based on all the food types
of LIMCAL.
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TABLE 4

RECOMMENDED ANIMALS' FEED OR FORAGE CONSUMPTION RATE (Q.), ANIMALS'

DRINKING WATER CONSUMPTION RATE (Q, .) AND HOLDUP TIME VALUES
dwj

it .) FOR THE THREE TERRESTRIAL ANIMAL FOOD TYPES OF LIMCAL

Food Type

TE MILK

TE MEAT

TE BIRD

Q3

(kg(wet)'d"1)

70.0

70.0

0.5

%»

(L-d

80.

50.

0.

0

0

5

2.

4.

4.

0

0

0

*

haj

(d)

(0.0 +

(0.0 +

(0.0 +

2

4

4

.0)

.0)

• 0)

Holdup time values are for animals' drinking water and food
products.

TABLE 5

RECOMMENDED INFANT AND ADULT DRINKING WATER CONSUMPTION RATES

, ), TOTAL CALORIC INTAKE RATES (TK), AND DRINKING WATER HOLDUP

TIME VALUES (t,_ J ) FOR LIMCAL1 flaw _ — _



- 6 -

long-term waste management assessments, they are more conservative than

those used in contemporary situations. In general, greater uncertainty

is reflected in greater conservatism.

Conservatism and conservative estimates are confusing, but

popular, terms in environmental assessments. This is because conserva-

tive or, in the extreme, worst-case estimates, can be conveniently used

to overcome troublesome uncertainties in model structure or parameter

values. In the context of this review, conservative parameter values

result in higher predicted committed effective dose equivalents than the

actual or true values. Depending on the relationships in the model,

conservative parameter values can be higher or lower than the corres-

ponding true values. Since the precise values are usually unknown, it

is impossible to find out exactly how conservative the chosen values

are. The problem is increased because models can be used in a variety

of ways. To overcome these difficulties, we have expressed the degree

of conservatism of the parameter values recommended for LIMCAL relative

to the commonly used values in contemporary generic assessments.

The selected values can be regarded as the most suitable

current values, and they may be revised, if more information becomes

available. Actually, uncertainty precludes the use of single values for

assessments far into the future and, ultimately, parameters must be

represented by probability density functions implemented in stochastic

models.

2. PARAMETERS

2.1 TRANSFER COEFFICIENTS

Transfer coefficients (B. , F , B..) for terrestrial and

aquatic food products have been previously discussed by Zach (1980a,
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1980b). Here the sources of the values used in LIMCAL (Zach 1982) will

be documented briefly.

Of the 65 plant/soil transfer coefficients, 34 were taken from

McDowell-Boyer and Baes (1980), who give a value for forage and feed,

and another for vegetable, fruit and grain. For each element, the more

conservative of the two values was chosen. The remaining plant/soil

transfer coefficients were taken from Napier et al. (1980), except those

for hydrogen, carbon, aluminum, argon, titanium, krypton, xenon and

radon, which are USNRC (1977) recommended values.

All of the 65 transfer coefficient values for milk were taken

from Ng et al. (1977), except those for strontium, iodine, cesium, lead,

polonium, radium, uranium and plutonium, which come from McDowell-Boyer

and Baes (1980). A total of 34 transfer coefficients for meat are beef

values taken from McDowell-Boyer and Baes (1980). The remaining 31

transfer coefficients for meat are also for beef and were taken from

Napier et al. (1980), except those for hydrogen, carbon, aluminum,

argon, titanium, krypton, xenon and radon, which are. meat values recommend-

ed by USNRC (1977). Most of the 65 transfer coefficients for poultry

and eggs were taken from Napier et al. (1980), who give separate values

for these food products. For each element, the more conservative of the

two values was chosen. Values for hydrogen, carbon, aluminum, argon,

titanium, krypton, xenon and radon are USNRC (1977) recommended meat

values.

Most of the 65 transfer coefficient values for fresh-water

plants and invertebrates were taken from NEPTUN (Zach 1980a). The same

is true for fresh-water fish and the three saltwater food types, but for

these four food types, coefficients for 32 elements were taken from CSA

(1981). For fresh-water fish, CSA gives separate values for low and

high mineral content in water, and the more conservative of the two

values was chosen for each element. The same procedure was followed for

saltwater invertebrates, since CSA give<i separate values for Crustacea
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and molluscs. All the fresh-water and saltwater transfer coefficient

values for aluminum and titanium were taken from Thompson et al. (1972).

2.2 DOSE CONVERSION FACTORS

Infant and adult ICRP 26 (1977) 50-year committed effective

dose equivalent conversion factors (DF.) will not be discussed here in

detail. All 138 values used in LIMCAL (Zach 1982) were taken from

Johnson et al. (1979).

2.3 SOIL BULK DENSITY

Soil bulk density (SBD) is defined as the average mass of dry

soil from the rooting zone per unit volume including all the solids and

pores. Since LIMCAL is concerned with man's food chains, values from

agricultural soils are of particular interest.

Bulk density of soil varies with soil type, organic matter

content and texture. In general, bulk densities for clay, clay loam and
_3

silt loatn surface soils range from 1000 to 1600 kg'm , and densities
_3

for sands and sandy loams range from 1200 to 1800 kg*m (Buckman and

Brady 1969)• Organic soils can have much lower bulk densities (Adams

1973; Harrison and Bocock 1981). For a given soil, there is a distinct

tendency for bulk density to rise with profile depth due to lower organic

matter content and reduced disturbance. Soil management influences bulk

density through addition of manure and compaction by farm machinery

(Schuurman 1965). Cultivation may increase bulk density over time.

Plants grow best in low density soils, provided sufficient moisture and

nutrients are available. Depending on the soil type and plant species,

roots may fail to penetrate at bulk densities of 1500 to 1700 kg-m

(Veihmeyer and Hendrickson 1948; Zimmerman and Kardos 1961). Roots do

not normally penetrate at bulk densities exceeding 1900 kg-m" (Schuurman

1965).
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Assessment models usually assume that a single, soil bulk

density value is representative of the entire rooting zone and all the

plants. Soil bulk density is usually specified as soil surface density

Lio
-2

_2
in kg-m , assuming a plowlayer or rooting zone depth of 15 cm (Section 2.4),

In FOOD (Napier et al. 1980) and related models, a value of 224 kg-m

has been used. USNRC (1977) and CSA (1981) recommended a value of
-2 -2

240 kg-m . A review by Baes (1979) yielded a mean of 215 kg-m , a

value also used in AIRDOS-EPA (Moore et al. 1979). Thus, recommended

generic soil bulk density values range from 1433 to 1600 kg-m . This

range appears to be representative of mineral soils with less than 30%

organic matter content. Organic soils can have soil bulk density values
_3

as low as 100 kg-m (Adams 1973; Harrison and Bocock 1981). Soil bulk

densities of 299 samples studied by Baes (1979) ranged from 930 to

1840 kg-m and were lognormally distributed.

Sensitivity analysis has shown that soil bulk density and

surface density are important parameters in models such as FOOD (Zach

1980c). In these models, air deposition is used to calculate soil

concentration, and low soil bulk density values are conservative. In

LIMCAL, air concentration is calculated from soil concentration, and air

concentration is directly proportional to soil bulk density (Zach 1982).

Thus, high density values are conservative. For LIMCAL, we recommend a

soil bulk density of 1600 kg-m , which corresponds to a soil surface
_2

density of 240 kg-m , assuming a plowlayer depth of 15 cm. The recom-

mended soil bulk density value is about 10% higher than values used for

contemporary assessments.

2.4 PLOWLAYER DEPTH

Plowlayer depth (PLD) is the average depth of soil disturbed

during plowing. In models such as LIMCAL, plowlayer depth is assumed to

coincide with the rooting zone depth.
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In most assessment models concerned with atmospheric releases,

such as FOOD (Napier et al. 1980), plowlayer depth and soil surface

density (Section 2.3) are important parameters (Zach 1980c). This is

because they determine the degree of dilution of radionuclides deposited

in the soil. Thus, shallow plowlayer depth values are conservative. In

LIMCAL, plowlayer depth need not be specified explicitly, since soil

concentration is an input term and not calculated from air deposition.

Nevertheless, plowlayer depth is important in relation to the soil

concentration values submitted to LIMCAL.

Assessment models such as AIRDOS-EPA and FOOD (Moore et al.

1979; Napier et al. 1980) usually assume a plowlayer depth of 15 cm.

The same value has been recommended by USNRC (1977) and CSA (1981).

This assumption also implies that the plow layer comprises the entire

rooting zone, and uniform distribution of radionuclides within this

zone. This is consistent with the determination and application of

generic plant/soil transfer coefficients (Zach 1980b).

Some of these assumptions are simplistic since radionuclides

may not be uniformly distributed in the rooting zone. Furthermore, the

rooting zones of fruit trees (Havis 1938; Atkinson et al. 1976), grasses

(Fox et al. 1953; Coupland and Johnson 1965) and other crop plants (Foth

1962; Hurd 1964; Bohm 1977) usually extend well below 15 cm. Grass

roots can reach a depth of at least 300 cm (Weaver 1958). Clearly, soil

concentrations supplied to LIMCAL must take into account these factors

and also be in agreement with the rationale of generic plant/soil trans-

fer coefficients (Zach 1980b). LIMCAL requires annual average soil

concentrations of radionuclides, representative of the entire growing

season and rooting zone.

2.5 SOIL SURFACE LAYER DEPTH

The soil surface layer depth (SSD) i.̂  the average depth of the

soil surface from which particles or radionuclides can escape into the

atmosphere by resuspension caused by wind or other disturbances.
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The assumption that radionuclides in a thin surface layer only

are available for resuspension is made implicitly in the mass-loading

approach to resuspension and explicitly in the resuspension-factor

approach (Anspaugh 1974; Healy 1980; Sehmel 1980a; Zach 1982). In the

mass-loading approach, no depth value has to be specified, and the

specific activities of particles in the soil and air are assumed to be

identical. In the resuspension-factor approach, a depth value must be

specified so that soil concentrations can be used to calculate air

concentrations (Bennett 1976; Zach and Iverson 1979; Kocher 1980).

For wind resuspension, it can be assumed that the soil surface

layer depth is low, perhaps a millimetre or less. However, it is likely

that the actual value is quite variable, depending on wind speed, soil

type and texture, vegetation cover and the degree of salinization

allowed by the size of the area. For mechanical disturbances, the

surface layer depth is a function of the depth to which disturbance

occurs and the ease with which particles can escape (Healy 1980).

Soil surface layer depth is an important parameter since air

concentration is directly proportional to it (Zach 1982). Thus, high

values are conservative. Few assessment models use soil surface layer

depth, and there are no officially recommended generic values. Anspaugh

(1974) suggested that 1 to 2 cm of the surface soil must be considered

for predicting representative air concentrations. Bennett (1976) deemed

a value of 1 cm as reasonable, and McLendon et al. (1976) suggested that

the depth of the surface layer with resuspendible material ranges from 0

to 0.1 cm. This range is similar to that proposed by Healy (1980) for

wind resuspension. Sehmel (1980a) suggested that a value of 1 cm might

be used, but that the actual value can be anything from 1 mm to several

centimetres. Milham et al. (1976) assumed that agricultural activity

makes all the radionuclides in the top 5 cm of the soil available for

resuspension.
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The statistical distribution of soil surface layer depth

values has not been determined, and there are few actual depth measure-

ments available. It is difficult to decide on a suitable value for

LIMCAL, but 0.015 m is a reasonable compromise. This value is about 50%

higher than the commonly recommended value for contemporary situations.

2.6 RESUSPENSIOH FACTOR

The resuspension factor (K) is the annual average ratio of the

concentration of a radionuclide in the air due to resuspension to the

quantity of the radionuclide per unit of ground surface area. The

resuspension factor is usually measured at a reference height of 1 to

1.5 m in studies of aerial resuspension and deposition (Sehmel 1980b).

Resuspension-factor values are extremely variable, ranging
-2 -13 -1

over eleven orders of magnitude, from 10 to 10 m (Mishima 1964;

Stewart 1967; Anspaugh 1974). Much of this variability has physical

significance, since resuspension-factor values are time dependent and

affected by a variety of other factors, such as the source and magnitude

of disturbance, meterological conditions, and vegetation cover (Anspaugh

et al. 1975; Milham et al. 1976; Slinn 1978; Garland 1979; Healy 1980).

However, resuspension is not fully understood (Sehmel 1980a).

For freshly deposited radionuclides disturbed by wind, re-
— 8 —fi —1

suspension-factor values range from about 10 to 2 x 10 m , and for

aged material, from 10 to 6 x 10 m ; for mechanical disturbances

values range from 2 x 10~6 to 7 x 10~5m~ (Mishima 1964; Stewart 1967;

Healy 1980). In a review by Sehmel (1980a), observed values for wind-

caused resuspension ranged from 10 to 10 m and for mechanically

caused resuspension, from 10 to 10 m . Even 20 years after deposi-

tion, resuspension factors for wind disturbance can range from 3 x 10
~9 —1

to 2 x 10 m (Anspaugh 1974), and for mechanical disturbance, caused
—8 —6 —1

by agricultural field preparation, from 5 x 10 to 10 m~ (Milham et

al. 1976).



- 13 -

The most important source of variation in resuspension-factor

values is the time since deposition. Several models have been proposed,

and in most of them initial values of about 10 m decrease to about
-9 -1

10 m several years after deposition, and then stabilize (USAEC 1974;

USNRC 1975; Anspaugh et al. 1975; Hsaly 1980; Kocher 1980; Lassey 1980).

The decrease in value with time is not due to actual loss of radio-

nuclides, but a decrease in erodibility of surface deposits and downward

movement in the soil profile (Cooper and Knowles 1979; Kocher 1980).
-9 -1

There is general agreement that a resuspension factor of 10 m is

appropriate for equilibrium conditions (Hamilton 1970; Anspaugh et al.

1974; Bennett 1976; Cohen 1977; Cooper and Knowles 1979; Lassey 1980).

Since contaminated air is the primary input term for most

assessment models of nuclear installations, resuspension has been

generally ignored, and there are no officially recommended resuspension-

factor values. The statistical distribution of resuspension-factor

values has not been investigated; however, the resuspension factor is an

important parameter since it is directly proportional to air concen-

tration. Thus, high values are conservative. It seems that for equili-

brium conditions and aerial deposition, values in the range at 10 to

—9 —1
10 m are most appropriate. The same is likely true for LIMCAL, even

though it does not involve aerial deposition as a primary input term

(Zach 1982). Radionuclides moving upward in the soil profile to the

surface are likely comparable in availability for resuspension to aged
—8 —1

aerial deposits. Thus, we recommend the use of 10 m . This value is

one order of magnitude higher than that recommended for contemporary

generic situations.

2.7 ATMOSPHERIC DUST LOAD

He define atmospheric dust load (ADL) as the annual average

mass of particles suspended in air per unit air volume. Unfortunately,

it is not always measured at the reference height of 1 to 1.5 m, relevant

to man's activities (Healy 1980).
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The atmospheric dust load is extremely variable, ranging from
_3

low background levels of 1,6 to 16 ug-m (Porch et al. 1970) to values
_3

of about 50 mg*m under dust storm conditions in the Great Plains

(Hagen and Woodruff 1973)• Atmospheric dust load has increased over

time due to man's activities, and this has given concern because it

affects climate (McCormick and Ludwig 1967). Atmospheric dust loads
_3

exceeding 1 mg-m are considered to represent severe urban air pollu-

tion (Hagen and Woodruff 1973). The current U.S. average annual and
_3

daily limits for particles 45 pm or less are 75 and 260 yg*m , respec-

tively (Hileman 1981). A variety of processes can influence the atmos-

pheric dust load. These range from volcanic erruptions to mechanical

resuspension caused by man's activities (Anspaugh et al. 1975; Healy

1980).

The atmospheric dust load approach to resuspension involves

several assumptions (Healy 1980). Not all the airborne dust may be from

local sources, since dust particles are known to travel vast distances

(Carlson and Prospero 1972; Shaw 1980). There may also be problems with

soil concentration, since small particles may be suspended preferentially

and radionuclides may be nonuniformly distributed in relation to parti-

cle size (Johnson et al. 1970; Tamura 1975). Correction fact, rs ranging

from 1.5 to 2.0 have been applied (Healy 1980). Radionuclides may also

be nonuniformly distributed within the soil profile. It is the concen-

tration in the soil surface layer (Section 2.5) at or near the soil/air

interface that is most important in resuspension (Anspaugh 1974; McLendon

et a.L. 1976).

Atmospheric dust load is an important parameter since it is

directly proportional to air concentration in LIMCAL (Zach 1982). Thus,

high values are conservative. Few or no assessment models for nuclear

installations use atmospheric dust load, and there are no officially

recommended generic values. Healy (1974) used a value of 120 pg*m~^f
_3

but later recommended 200 ug'tn to make allowance for air and mechani-
_3

cal disturbances (Healy 1980). A value of 100 ug*m has been frequently
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recommended and used (Anspaugh 1974; Anspaugh et al. 1975; Bennett

1976).

The statistical distribution of atmospheric dust load values

has not been determined. Annual average dust loads from 217 U.S. urban
_3

centers in 1966 ranged from 33 to 254 yg*m , with a grand mean of
-3 -3

102 yg*m ; 30 rural centers ranged from 9 to 79 yg'm , with a grand
_3

mean of 38 yg'm (Anspaugh 1974). In Sutton, U.K., a semi-rural site,

the mean atmospheric dust load was 59 yg'm , with a standard deviation
-3 -3

of 32 yg*m and a modal value of 45 yg-m , based on daily samples from
1967 spring to 1968 autumn (Hamilton 1970). For LIMCAL, we recommend

_3
the use of 150 yg#m . This value is about

ly recommended for contemporary situations.

2.8 DEPOSITION VELOCITY

_3
the use of 150 yg#m . This value is about 50% higher than that coramon-

Deposition velocity (V,.) is the annual average ratio of the

total rate of deposition per unit ground area to the concentration per

unit air volume, usually measured at a reference height of 1 to 1.5 m.

Thus, deposition velocity is a transfer factor and not a velocity.

Although deposition velocity is concerned with the total ground deposi-

tion, assessment models for nuclear installations have frequently used

values based on the proportion intercepted by plants only. Depending on

the fraction intercepted by vegetation, this can lead to underestimation

of doses (Hoffman 1977).

The total rate of deposition per unit ground area may involve

both dry and wet deposition (Pelletier and Voilleque 1971; Slinn 1978;

Moore et al. 1979; Miller 1980a). Dry deposition is the process by

which particles deposit by impingement, electrostatic interactions or

chemical reactions, and by which gases react chemically with surface

components or dissolve in surface moisture. Wet deposition, or sca-

venging, involves removal of particles or gases from the air by pre-

cipitation, and their subsequent deposition on the ground. Wet deposi-
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tion is very important when pollutants are released high into the

atmosphere rather than near ground level (Sehmel 1980b). Most assess-

ment models, such as FOOD (Napier et al. 1980), are concerned with dry

deposition only. For long-term averages, dose calculations considering

dry deposition only are usually not changed significantly by including

wet deposition (USNRC 1977). In some short-term situations, wet deposi-

tion can make a significant contribution (Pelletier and Voilleque 1971).

Some models, such as AIRDOS-EPA (Moore et al. 1979), include both dry

and wet deposition.

Dry and wet deposition usually involve different parameteri-

zations and only the former uses deposition velocity. However, deposi-

tion rates from the two types of processes are additive (Pelletier and

Voilleque 1971; Slinn 1978; Moore et al. 1979). It has also been

suggested that, for long-term average situations, wet deposition can be

calculated in the same way as dry deposition, by using a special wet-

deposition velocity (Slinn 1978; Miller 1980a). In some cases, a total

deposition velocity has been proposed, based on both wet and dry deposi-

tion (CSA 1981).

A value of 0.01 m*s has been most commonly used for depo-

sition velocity (USNRC 1975; Hoffman 1977; Miller et al. 1978; Sehmel

1980b). Up to four orders of magnitude of uncertainty may be associated

with the use of this value for all the radionuclides (Sehmel and Hodgson

1976). Measured values for dry deposition of particles can range from

0.001 to 1.8 m's" , and for gases from 0.0002 to 0.26 m-s~ (Sehmel

1980b). Variability is mainly due to differences in the chemical or

physical form of the deposit, type of deposition surface and metero-

logical conditions (Barry and Chamberlain 1963; Farmer and Beattie 1976;

Miller et al. 1978; Slinn 1978; Heinemann and Vogt 1980; Lassey 1980;

Miller 1980b; Sehmel 1980b). For particles, dry deposition is a function

of particle size, and deposition velocity is always greater or equal to

the gravitational settling velocity. The most important factors influ-

encing gas deposition are gas/water solubility, reactions occurring in
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water and gas concentrations. Opening and closing of plant stomata can

also be important. Since field deposition experiments abound with

uncertainty, and deposition velocity values predicted by models developed

by Sehmel and Hodgson (1978) closely match measured values, Sehmel

(1980b) recommended the use of these models to select suitable values

for assessments.

FOOD (Napier et al. 1980) uses a deposition velocity value

of 0.001 m-s , except for fluorine, brcraine and iodine, for which a

value of 0.01 m-s is used. For reactive gases, particles under 4 pm

in size, and unreactive gases, AIRDOS-EPA (Moore et al. 1979) uses

values of 0.035, 0.0018 and 0.00018 m-s"1, respectively (MilleT 1980a).

These values are for grassland, and it is assumed that they are also

representative of other types of vegetation. For molecular iodine,

organic iodine and particulates less than 1 ym, CSA (1981) recommends

values of 0.02, 0.0002 and 0.003 m's~ , respectively. These are total

deposition velocities, which include dry- and wet-deposition components.

These and other generic values were derived from studies such as those

of Heinemann and Vogt (1980), Nakamura and Ohmomo (1980) and Voilleque

and Keller (1981). The statistical distribution of deposition velocity

values has not been determined.

Deposition velocity is a very important parameter in assess-

ment models such as FOOD, since it is directly proportional to deposi-

tion rate (Zach 1980c; 1982). Thus, high values are conservative. In

LIMCAL, deposition velocity is less important than in FOOD, since air

deposition is not a primary input term. For LIMCAL, we recommend a

deposition velocity of 0.003 nrs for all elements except for fluorine,
—1

bromine and iodine, for which a value of 0.02 m-s is recommended.

These values are comparable to those recommended for contemporary

assessment models.
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2.<", PLANT INTERCEPTION FRACTION

The plant interception fraction (r.) is the average fraction

of the total rate of deposition of a radionuclide from the atmosphere

that is retained initially on aerial plant parts. Deposition may be wet

or dry (Section 2.8), or a combination of the two. Most assessment

models such as FOOD (Napier et al. 1980) require an average interception

fraction value representative of the entire growing season (Miller

1980b).

A review by Miller (1980b) indicates that plant iuterception

fraction values range from 0.02 to 1.0. Several studies have shown that

the fraction intercepted depends on particle size, vegetation density

and meterological conditions (Garten 1978; Miller 1979„ 1980b; Catal .Io

and Vaughan 1980).

For crops such as grasses, interception fraction and plant

yield (see Section 2.13) are closely linked and, at least for low

yields, interception fraction increases linearly with yield (Chamberlain

1970; Miller 1980b). A weak relationship would be expected for crops

such as potatoes, since yield and amount of ground coverage by leaves

are not necessarily related. Several assessment models contain an

interception fraction to yield ratio, and the statistical properties of

this ratio have received considerable attention (Miller 1979, 1980b).

Large particles are more readily intercepted than small ones

(Witherspoon and Taylor 1970, 1971), and interception fraction can vary

greatly among plant types because of growth habits and foliage structure

(Witherspoon and Taylor 1970). However, interception fraction values

for grasses and other types of vegetation are similar and range from

0.02 to 0.82 and from 0.06 to 1.0, respectively (Miller 1980b). In

general, plants with high interception fractions have large foliage

surface areas and prostrate or bushy growth forms.
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Miller (1979, 1980b) studied the statistical distribution

of interception fraction values. For grasses, the distribution was

approximately normal, with a mean of 0.47. Too few data were available

for other types of vegetation. Unfortunately, data from several studies

could not be used because experimental techniques conflicted with the

definition of plant interception fraction.

FOOD (Napier et al. 1980) uses a single plant interception

fraction value of 0.25. In AIRDOS-EPA (Moore et al. 1979), the direct

relationship between plant interception fraction and yield was taken
2 -1

into account for forage grasses, and a ratio of about 2.0 m -kg was
_2

used. With a dry yield value of 0.5 kg'in , this value implies an inter-

ception fraction of 1.0. For vegetation other than grasses, a ratio,
2 -1

based on wet yield, of 0.2 m *kg was used. This low value was justi-

fied by noting that many of these plant crops are cultivated in rows

with exposed ground between them. USNRC (1977) recommended a plant

interception fraction value of 1.0 for iodine and 0.2 for other parti-

culates. CSA (1981) suggested the use of an interception fraction to
2 -1

dry yield ratio of 2.0 m -kg for pasture grass, and for other types of

vegetation an interception fraction value of 0.2, except for molecular

iodine for which a value of 0.5 was deemed more appropriate.

In general, generic values used in assessment models, and

those recommended by regulatory agencies, are in close agreement. No

distinction is made between wet and dry deposition. The values used are

based on studies such as those of Milbourn and Taylor (1965), Aarkrog

(1969), Chamberlain (1970), Witherspoon and Taylor (1970) and Peters and

Witherspoon (1972). The use of an interception fraction value of 1.0

deserves further comment since this seems to conflict with experimental

data. Deposition velocity values employed in assessment models are

frequently not based on the total deposition rate but are based only on

the fraction intercepted by vegetation. Clearly, use of such deposition

velocity values precludes interception fraction values of less than 1.0

(Miller 1980b; Heinemann and Vogt 1980).
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Sensitivity analysis has shown that the fraction retained by

plants is a very important parameter in the leaf pathway involving

aerial deposition, since it is directly proportional to dose (Zach

1980c). Thus, high values are conservative. For LIMCAL, we recommend

values of 1.0 for grass crops and 0.6 for other vegetation types. These

values are two to three times higher than those used for contemporary

assessments.

2.10 PLANT ENVIRONMENTAL HALF-TIME

Plant environmental half-time (t ) is the period during which,

on average, half of the initial amount of a radionuclide deposited from

the air onto the plant disappears due to causes other than radioactive

decay. In most contemporary food chain models and LIMCAL, plant environ-

mental half-time is combined with the radioactive half-life to give the

effective removal constant, X_. (Zach 1982). Although all these models
hi

allow for radioactive decay during plant environmental half-time, in

none of them are the radioactive daughters produced explicitly con-

sidered. It is generally assumed that the time spans in food chain

models are short enough to justify this simplification.

Chamberlain (1970) indicated five ways by which radionuclides

can disappear from plants other than by decay: (1) translocation to

roots, (2) volatilization, (3) leaching by rain, in solution, (4) removal

by rain, wind and other disturbances, in particle form, and (5) dying

back or weathering of leaf surface. These causes of loss have also been

discussed by Russell (1965), Franke (1967) Tukey (1970), Arkhipov and

Fevraleva (1980), Cataldo and Vaughan (1980) and Myttenaere et al.

(1980).

A review by Miller and Hoffman (1979) shows that plant environ-

mental half-time can vary from about 4 to 71 d. Several studies have

indicated that variation in half-time values depends on plant growth

habits, leaf morphology, particle size and climate (Romney et al. 1963;
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Witherspoon and Taylor 1970; Garten 1978). Half-time for grasses is

longer than for most other plants due to reduced wind action and trapping

of lost particles in the mat (Peters and Witherspoon 1972). In general,

large particles are retained more effectively than small ones (Witherspoon

and Taylor 1970, 1971; Cataldo and Vaughan 1980). For particulates on

various types of plants, half-times range from 9 to 71 d; for molecular

and particulate iodine on grass, the range is from 4 to 13 d (Miller and

Hoffman 1979). Studies of nuclear fallout suggest that plant environ-

mental half-time is not radionuclide-specific (Chamberlain 1970).

Most generic assessment models use a single plant half-time

value (USNRC 1977; Moore et al. 1979; Napier et al. 1980; CSA 1981).

There is ample evidence that this is a simplification since fresh

deposits are lost more rapidly than aged ones. Consequently, various

models using several half-life components have been proposed (Krieger

and Burmann 1969; Witherspoon and Taylor 1970, 1971; Peters and Wither-

spoon 1972).

Assessment models, such as AIRD0S-EPA and FOOD (Moore et al.

1979; Napier et al. 1980), use a plant environmental half-time of 14 d.

USNRC (1977) and CSA (1981) recommended use of the same value. For

particulates and iodine on grass, Miller and Hoffman (1979) calculated

mean values of 15.4 and 10.4 d, respectively. In both cases, values

were approximately lognormally distributed. Several studies suggest

that 14 d is a reasonable generic value (Russell 1965; Pelletier and

Voilleque 1971; Garten 1978; Cataldo and Vaughan 1980).

Sensitivity analysis has indicated that plant environmental

half-time is an important variable in the leaf pathway, particularly for

long-lived radionuclides (Zach 1980c). Long half-time values are

conservative. We recommend the use of 18 d for LIMCAL. This value is

about 30% higher than the commonly recommended value for generic assess-

ments.
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2.11 TRANSLOCATION FACTOR

The translocation factor (T ) for vegetation is the average

fraction of an aerially deposited radionuclide that reaches plant parts

edible for man. It may incorporate differential distribution of absorbed

externally deposited radionuclides by translocation and losses during

food preparation. The translocation factor was originally introduced in

HERMES (Fletcher and Dotson 1971), and then carried over to various

versions of FOOD (Baker et al. 1976; Zach 1978; Napier et al. 1980). It

is not used explicitly in AIRDOS-EPA (Moore et al. 1980) or in the USNRC

(1977) or CSA (1981) models. Deletion of this variable implies use of a

value of 1.0. In FOOD, values have usually been set to 1.0 for leafy

vegetables and fresh forage, and to 0.1 for all the other plant crops

(Napier et al. 1981).

A translocation factor of 1.0 implies that all the aerial

deposits reach the plant crop specified in the yield term (Section 2.13)

after taking into account the losses specified by the effective removal

constant (Section 2.10). Further, no credit is taken for losses during

food preparation due to washing or peeling. Thus, a value of 1.0 is

considered most conservative (Zach 1980c). Depending on translocation

and food preparation, losses of radionuclides may occur, justifying

lower values (Middleton and Sanderson 1965; Myttenaere et al. 1980). In

principle, the translocation factor should be crop and radionuclide-

specific (Fletcher and Dotson 1971). Although many studies have shown

that aerially deposited radionuclides may become differentially trans-

located (Middleton 1958; Middleton and Squire 1963; Aarkrog 1969), few

of the data can be used to determine translocation factor values.

Recently, there has been a tendency to ignore this parameter

with ill-defined values and, thereby, implicitly assume the conservative

value of 1.0. We agree with this treatment and recommend the consistent

use of 1.0 for LIMCAL, which amounts to deletion of this parameter from

the model.
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2.12 TIME OF ABOVE-GROUND EXPOSURE

Time of above-ground exposure (t .) is the average length of

time during which growing crops are exposed to aerially deposited

radionuclides. For most crops, it is the time from emergence to har-

vesting. For pasture, it is the return time, defined as the average

time between successive grazings of a given pasture area.

Time of above-ground exposure has received little attention in

parameter value reviews (Garten 1978; Hoffman and Baes 1979; McDowell-

Boyer and Baes 1980), and most models use very similar values. Sensi-

tivity analysis has shown that time of above-ground exposure is not an

important parameter in the leaf pathway, especially for short-lived

radionuclides (Zach 1980c). In general, the longer the time of expo-

sure, the greater the dose. Thus, high exposure values are conser-

vative.

In most versions of FOOD, time of above-ground exposure must

be supplied by the user. For grass and vegetables, AIRDOS-EPA (Moore et

al. 1979) uses 30 and 60 d, respectively. These are also the USNRC

(1977) and CSA (1977) recommended values. In HERMES (Fletcher and

Dotson 1971), 90 d was used for many crops. This value was derived from

U.S. agricultural statistics. For LIMCAL, we recommend 90 d, except for

pasture, in which case 45 d should be used. These values are about 50%

higher than those used in contemporary assessments.

2.13 PLANT YIELD

Plant yield (Y.) is the wet weight of agricultural crops har-

vested per unit area in a single year or growing season. Values for dry

weight are usually converted to wet weight by assuming a weight loss of

75% during drying (Ng et al. 1968; Garten 1978); however, depending on

the type of crop, water loss can range from about 26% to 91% (Baes and

Orton 1979). Maynard et al. (1979) indicated that the water content of
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green plants ranges from about 65% to 75% and that for dry plant pro-

ducts, such as seeds and hay, from 9% to 16%. Most assessment models,

such as FOOD (Napier et al. 1980), require average plant yield values

representative of the entire growing season. Such data are not readily

available and values derived from standing crop biomass at harvest are

usually used (Garten 1978; Baes and Orton 1979).

Standing wet crop biomass on agricultural land ranges from 0.4
-2 -2

to 12 kg-m with a mean of 1 kg-m (Whittaker 1970). Variation in dry
forage crops in the U.S. has been reviewed by Koranda (1965) and, by

_2

converting to wet weight, a range of about 0.7 to 4.5 kg-m is in-

dicated, with a mean of 1.5 kg-m (Garten 1978). For stunted and
_2

overgrown pastures, wet weight yield ranges from about 0.11 to 0.56 kg-m
(Comar 1966; Garten 1978). An extensive review by Baes and Orton

_2
(1979) indicated a wet weight range of about 0.2 to 15.6 kg-m for

_2
forage grasses, feed grains and silage, and a range of 0.01 to 5.6 kg-m

for produce, such as vegetables, fruits and nuts, ingested directly by
_2

man. Yields for potatoes can range up to 9.4 kg-m (Evans and Neild

1981). Yield varies greatly because of plant and soil type, climate,

time of year and agricultural practice (Archer and Decker 1977; Balasko

1977; Frank et al. 1977; Kroth et al. 1977; Mock and Erbach 1977;

Garten 1978). In a study of yield trends in the wheat-belt of south

Australia from 1896 to 1964, yield incieased over time, and over 75% of

the variation was due to rainfall and effects of new technology (Cornish

et al. 1980).

Most assessment models specify crop-specific plant yield

values to be supplied by the user. In AIRDOS-EPA (Moore et al. 1979),

the dry weight value for forage grasses is 0.28 kg-m and the wet
_2

weight values for leafy and non-leafy vegetables are 1.9 and 0.57 kg-m ,

respectively. The dry weight for forage grasses corresponds to a wet
_2

weight of about 2.8 kg-m . USNRC (1977) recommended wet weight values
_2

of 0.7 and 2.0 kg-m for pasture forage and produce consumed by man,

respectively. For pasture grass, CSA (1981) suggested a plant inter-
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2 -1
ception fraction to dry yield ratio (Section 2.9) of 2.0 m "kg

Assuming an interception fraction of 1.0, this corresponds to a dry
_2

yield weight of 0.5 kg'm . For vegetables consumed by man, a wet yield
_2

value of 1.9 kg'm is recommended by CSA. There is reasonably close

agreement between all these values, and they also agree with those from

a variety of field and experimental studies (Archer and Decker 1977;

Kroth et al. 1977; Larson and Maranville 1977; Ocumpaugh and Matches

1977).

Baes and Orton (1979) studied the statistical distribution of

plant yield values. Lognormal distributions were indicated for both

animal feeds and produce ingested by man. For forage grasses, feed

grains and silage, mean wet weight yields were about 2.8, 0.9 and
-2 -2

1.0 kg-m , respectively, with a grand mean of about 1.9 kg-m . Mean
_2

wet values for produce ranged from 0.02 for nuts to 2.6 kg-m for root
2

vegetables, with a grand mean of about 0.9 kg-m .

Sensitivity analysis has shown that plant yield is moderately

important in assessment models such as FOOD (Zach 1980c). High yield

values result in low doses, because aerially deposited radionuclides

become more diluted in the vegetation. Thus, low yield values are

conservative. For LIMCAL, we recommend, for animal feed and plant crops
_2

directly eaten by man, wet yield values of 1.5 and 1.0 kg-m , respec-

tively. These values are about 50% lower than those commonly recommend-

ed for contemporary assessments.

2.14 HOLDUP TIME

Holdup time (t, .,t, , , t, .) is the average time from removal

of crops, food products or drinking water from their source of contamin-

ation to consumption by man. Thus, during holdup time, radioactivity

may decrease due to decay. However, in most contemporary assessment

models and LIMCAL, radioactive daughters produced during holdup time are

not considered explicitly (see Section 2.10). Holdup time may include
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harvesting, transport, processing and storage. Dose predictions of

assessment models are not very sensitive to changes in holdup time,

except for short-lived radionuclides (Zach 1980c). Short holdup-time

values are conservative. Holdup time has received little attention in

model parameter reviews (Garten 1978; Hoffman and Baes 1979; McDowell-

Boyer and Baes 1980) and the statistical distribution of holdup-time

values has not been studied. Some aquatic food chain models do not use

holdup times (Zach 1980a). Holdup time is not treated explicitly in CSA

(1981)

In terrestrial food chains, holdup time usually refers to the

time between harvesting and consumption. However, for animal products,

holdup time has two components, one for feed, forage or drinking water

and the other for the animal food product itself. Separate or combined

treatment of these components leads to the same result.

In most terrestrial food chain models such as FOOD (Napier et

al. 1980), holdup-time values must be supplied by the user. In AIRDOS-

EPA (Moore et al. 1979), USNRC (1977) recommended population values are

used. These include values for pasture and stored animal feed of 0 and

90 d, respectively. Vegetables and produce have a holdup time of 14 d,

milk has a transport time of 4 d, and meat has a slaughter-to-consump-

tion time of 20 d. For local, fresh and stored vegetables, USNRC (1977)

recommended values of 1 and 60 d, respectively. Rupp(1979) reported

values for local and commercial holdup times based on U.S. data. For

commercial milk, beef and pork, poultry, fresh fruit and vegetables, and

perishable produce, average values were 3, 12.5, 10, 3.5 and 7.0 d,

respectively. All local foods had an average holdup time of 1 d, except

beef and pork, which had a value of 12.5 d.

Holdup times used in aquatic food chain models have been re-

viewed by Zach (1980a). For calculating population doses, USNRC (1977)

recommended 7 and 10 d for sport and commercial fish, respectively.

Rupp (1979) calculated average U.S. holdup times of 1 and 8.3 d for
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local and commercial fish, respectively. The same values apply for

shellfish.

Man's and animals' drinking water is usually assumed to have a

holdup time of 0 or 1 d (Zach 1980c). USNRC (1977) allows a drinking

water transport time of 1 d. Average local and commercial holdup times

in the U.S. are about 0.5 and 1 d, respectively (Rupp 1979).

Data on holdup times are scarce, and it is likely that values

are very variable. It would seem best to take little credit for radio-

active decay and use low values, especially since most models do not

treat radioactive daughters explicitly. However, this can result in

unreasonable dose estimates for short-lived radionuclides. For terres-

trial plant products directly consumed by man, we recommend a holdup

time of 1 d. The same value can be used for animals' feed, but for

grazing there is no holdup time. Since animals may drink directly from

lakes and streams, this is also true for animals' drinking water. For

milk and all the other animal products, we recommend holdup times of 2

and 4 d, respectively. For all aquatic food products, a holdup time of

2 d is appropriate, and for man's drinking water, a value of 0.5 d

should be used. Since animals' drinking water has a different holdup

time than that for animals' feed or forage, each terrestrial animal food

type has two distinct holdup time values (Tables 2 and 4). The recommend-

ed holdup time values for LIMCAL are about equal to or several times

shorter than those used for contemporary assessments.

2.15 ANIMALS' FEED CONSUMPTION RATE

An animal's feed consumption rate (Q.) is the wet weight of

feed or forage consumed per day, averaged over one year. Dry weight

consumption rates can be converted to wet weight in the same way as for

plant yield (see Section 2.13). Several assessment models, such as

TERMOD (Booth and Kaye 1971), USNRC (1977) and AIRDOS-EPA (Moore et al.

1979), are concerned with dairy and beef cattle only, and most of the
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available information is for these animals. Other models, particularly

FOOD (Napier et al. 1980) and CSA (1981), also include pigs and poultry.

Few data are available on these animals. Some models, such as HERMES

(Fletcher and Dotson 1971) and AIRDOS-EPA, consider several feeding

regimes to account for seasonal variation.

In general, dose predictions are not greatly affected by vari-

ation in feed consumption rates, except in dairy cattle (Zach 1980c).

High feed consumption rates are conservative. Few studies have inves-

tigated the statistical distribution of feed consumption rate values,

but for dairy cattle they seem to be normally distributed (Shor and

Fields 1979).

Feed consumption rates of animals are highly variable, but

much of the variability can be readily explained. The energy supplied

by feed must sustain growth, and maintain body functions and activity

(Blaxter 1950). Various studies have explored the relationship of these

and similar factors on energy requirements (Kleiber 1960; Heady et al.

1964; Comar 1966; Hooven et al. 1968; 3aile 1971; Jones 1972). Growth,

reproduction, particularly lactation (Campling 1966), and high activity

levels increase energy requirements (Seeherman et al. 1981). Energy

needs of birds and mammals increase with body mass in a predictable

fashion (King and Farner 1961; Kleiber 1961; Lasiewski and Dawson 1967;

see Section 2.19). In farm animals, feed consumption is also affected

by breed, management practices 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 determinants of feed ingestion

(Brown et al. 1977).

Garner (1963) estimated that the intake of dry matter of dairy

cows ranges from about 8 to 11 kg'd . Koranda (1965) indicated a range

of 9.1 to 13.6 kg-d" for dairy and beef cattle. Comar (1966) estimated

the intake of dry matter of dairy cows at 15 kg'd and a range for

beef cattle from 8 to 18 kg'd . In an extensive review based mainly on
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Holstein feed-lot dairy cattle herds, mean dry weight intake ranged from

6 to 25 kg-d" , with a grand mean of 16 kg-d~ (Shor and Fields 1979).

In a review of data from numerous experimental studies of cows, dry

matter intake ranged from 8.8 to 26.2 kg-d , with a grand mean of

16.5 kg-d"1 (Shor and Fields 1980). The lowest value of 8.3 kg-d"1

was for beef cattle and can be taken as being representative of the

family cow. There is general agreement among all these published

values, especially if the recent increase in milk production in commer-

cial dairy herds, resulting in a similar increase in feed intake, is

taken into account (Brown et al. 1977; Shor and Fields 1980).

In FOOD (Napier et al. 1980), milk cows and beef cattle are

assumed to consume 55 and 68 kg'd of wet feed and feed grain, respec-

tively. In AIRDOS-EPA, both dairy and beef cattle are assumed to

consume 16 kg'd of dry matter. USNRC (1977) recommended 50 kg-d

of wet forage and feed grain for milk and beef cattle, respectively.

The CSA (1981) recommended dry matter values are 10 kg-d in both

cases. The USNRC and, particularly, the CSA recommended values are

relatively low (Shor and Fields 1980).

Although LIMCAL does not consider farm mammals other than

cattle, for comparative purposes it is interesting to include some data

for goats, sheep and pigs. Dairy goats consume about 2 kg-d of dry

matter (Shor and Fields 1979) and the USNRC (1977) recommended value is

6 kg-d wet feed. Sheep require about 1.1 to 1.3 kg-d of dry matter

(Comar 1966), but values can apparently range as high as 2.3 kg-d

(Blaxter et al. 1961; Garner 1963). In a study by Crampton (1957), hay

intake of adult ewes ranged from 1.1 to 2.5 kg'd . The feed consumption

rate of pigs ranges from about 2.8 to 3.4 kg'd dry matter (Comar

1966). In FOOD (Napier et al. 1980), pigs are assumed to consume

4.2 kg-d"1 dry feed, and the CSA (1981) recommended value is 3 kg-d"

dry matter. In FOOD, chickens are assumed to consume 0.12 kg-d of

dry feed, and the CSA recommended dry weight value is 0.1 kg-d" *

These feed ingestion rates are representative for periods of rapid
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growth (Hill and Dansky 1954; Perry 1981) and for adult hens laying eggs

(Bolton 1958).

For LIMCAL, we recommend a dry matter intake rate of 17.5 kg-d

for both dairy and meat cattle. For chickens, a value of 0.125 kg-d

is suggested. Thus, with a water content of about 75%, cattle and

chickens are assumed to ingest 70 and 0.5 kg"d of wet feed, respec-

tively (Table 4). These values are about 10% higher than those used for

contemporary assessments.

2.16 ANIMALS' WATER CONSUMPTION RATE

An animal's water consumption rate (Q, .) is the volume of

water consumed per day, averaged over one year. Few precise data seem

to be available on water consumption rates for various farm animals, and

statistical distributions have not been determined. Variation in water

consumption rates can have a significant effect on dose predictions by

models such as FOOD because the animals' drinking water pathway has few

barriers and delays (Zaca 1980c). High water consumption rates are

conservative.

Water consumption rates by animals are highly variable, but,

as with feed consumption (Section 2.15), much of this variability can be

explained. Most mammals and birds have a water content of about 40 to

70 percent by weight and a body salt concentration of less than 0.9

percent (Hansard 1963; Wessells 1968; Robinson 1970). To maintain

homeostasis, the salt concentration must be maintained within narrow

limits. Thus, water lost via urine, feces, sweat, diffusion, transpira-

tion, lactation and growth must be replaced through feed and water

ingestion (Wolf 1958). Oxidation of feed also contributes to water

input (Maynard et al. 1979). Most mammals must drink to maintain a

balanced water budget (Taylor 1969; see Section 2.17). In general,

water requirements increase with increasing body size and ambient temper-

ature (Harbin et al. 1958; Wolf 1958; Black et al. 1964). The daily
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water turnover of a variety of mammal species varies as the 0.8 power of

body mass (Richmond et al. 1962). Drinking water consumption also

depends on the type of feed consumed, and animals on wet feed require

less drinking water than those on dry feed. Lactation usually increases

water consumption (Black et al. 1964). In some birds and mammals, there

is a close relationship between food and water intake (Winchester and

Morris 1956; Cizat 1961) and between body mass and water intake (Cizek

and Nocenti 1965; Degen et al. 1982).

Garner (1963) estimated a water consumption rate of about

80 L'd for dairy cattle. For dairy and beef cattle, ranges of 50 to

100 and 30 to 60 L'd , respectively, were indicated by Comar (1966).

The data provided by Black et al. (1964) can be used to calculate the

daily water flux of cows. Assuming the animals are 73% water by weight,

mean values for dairy cows, steers and calves were 82.0, 37.1 and

12.0 L-d , respectively. These flux values are concerned with total

water ingestion by both feeding and drinking. Although values for dairy

cows were highest, differences were also due to body weight and not only

lactation. In a study by Campling (1966), pregnant and control cows had

water consumption rates of 37.6 and 39.4 L'd , respectively, whereas

lactating cows consumed 65.4 L'd . Lactating beef cows and dry dairy

cows need about 60 L'd , but lactating dairy cows require about 90 L'd

(Maynard et al. 1979). Unfortunately, it is not always clear whether

values include water gains from feed and oxidation.

In HERMES (Fletcher and Dotson 1971), the water ingestion rate

of dairy cows varied seasonally from 30 to 75 L'd , depending on the

type of feed. The average value for dairy cows was 60.4 L'd and that

for beef cattle was 50 L'd" . In FOOD (Napier et al. 1980), dairy and

beef cattle have water ingestion rates of 60 and 50 L'd , respectively.

These are also the USNRC (1977) recommended values. CSA (1981) recommend-

ed 80 and 50 L'd for dairy and beef cattle, respectively.
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For sheep, Comar (1966) indicated a range of 3 to 4 I'd

Garner (1963) gave the same upper limit of 4 I'd . Pregnant ewes

require as much as 3.1 L-d~ (Head 1953) and lactating ewes require

about 6 L-d"1 (Maynard et al. 1979). USNRC (1977) recommended a value

of 8 L-d for dairy goats. Pigs have a range of 4 to 10 L-d (Comar

1966), but lactating sows require as much as 14 L-d (Maynard et al.

1979). HERMES and FOOD use 10 L-d" for pigs, but the CSA recommended

value is only 7 L-d . Most assessment models and regulatory agencies

use a value of 0.3 L-d for chickens, although poultry hens require

about 0.5 L-d"1 (Maynard et al. 1979).

For LIMCAL, we recommend water ingestion rates of 80 and

50 L-d for dairy and beef cattle, respectively. For chickens, a value

of 0.5 L-d~ seems appropriate (Table 4). These values are about 30%

higher than those used in contemporary assessments.

2.17 MAN'S WATER CONSUMPTION RATE

Man's water consumption rate (U, ) is the volume of drinking

water ingested by man per day, averaged over one year. Drinking water

includes tap water and water-based beverages. Thus, for practical

purposes, the drinking water consumption rate can be taken as the total

fluid minus the milk consumption rate. Usually, water requirements for

several age classes are distinguished and the sexes may also be con-

sidered separately. LIMCAL requires infant and adult water consumption

rates. Infants are generally assumed to be one year of age, and adults

17 years or older (Zach 1982).

Depending on the circumstances, man's drinking water con-

sumption rate can be one of the most important variables in assessment

models such as FOOD (Zach 1980c). This is because the drinking water

pathway involves few barriers and delays. Although many data are avail-

able, the statistical distribution of water consumption rate values has
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not been determined. However, it may be similar to that of milk, which

is approximately lognormal (Rupp 1979).

A review by Rupp (1980a) indicated that the drinking water

consumption rate of U.S. infants varies from 0.16 to 0.34 L-d , with an

average of 0.23 L-d . For adults, the rate of consumption of tap water

and water-based beverages ranged from 0.19 to 0.41 L-d and from 0.73

to 1.44 L-d , respectively. Thus, the drinking water consumption rate

for adults could vary from about 0.19 to 1.85 L-d with an approximate

mean of 1.35 L-d . Guthrie (1971) indicated an adult range of 0.9 to

1.5 L-d . Adult males and females in New York State had mean drinking

water consumption rates of about 1.5 and 1.2 L*d , respectively (Cook

et al. 1975). Clearly, the variability indicated by these data is

relatively low compared to that of the other model parameters.

In the long run, and in the absence of growth, man must

achieve a balance between water intake and expend'.cure to maintain body

salt concentrations and homeostasis (Brooke and Anast 1962; Robinson

1970). In this respect, water consumption by man resembles that of

animals (Section 2.16). ICRP (1974) presents detailed water budgets for

adult man and woman, with water flux values of 3.0 and 2.1 L*d ,

respectively. Urine, insensible losses, sweat and feces account for

most of the output. Insensible losses relate to body surface area,

weight, temperature and metabolic rate. The major sources of water gain

for adults are miscellaneous beverages, food, oxidation of food, milk

and tap water. Fluid intakes from drinking water and milk, for adult

man and woman are 1.95 and 1.40 L*d . ICRP (1974) does not give any

data for infants; however, fluid intake for infants, calculated from

Rupp's (1980a) data, is about 0.9 L-d" .

A variety of factors can affect water needs. In general, they

increase with increasing body size, although the trend is reversed based

on unit weight (Oliver et al. 1958; Walker et al. 1963). Energy re-

quirements behave in a similar way, and this has given rise to a tenuous
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link between water and energy requirements (Section 2.19). Water con-

sumption rates range from 1.0 to 1.5 L per 1000 kcal ingested energy

(Darrow and Pratt 1950; Passmore et al. 1955; Holliday and Segar 1957;

Oliver et al. 1958; Guthrie 1971). Water requirements also increase

with increasing ambient temperature and level of activity (Crosby and

Sheperd 1957; Walker et al. 1963; Guthrie 1971; ICRP 1974). Of special

importance are losses due to lactation, which usually range from 0.5 to

Io06 L-d"1 with a mean of 0.85 L-d'1 (ICRP 1974). Thus, the ICRP fluid

intake of lactating adult woman would be at least 2.25 L-d , exceeding

the adult male value. Some women have milk secretion rates as high as

3.0 L-d"1 (ICRP 1974).

Drinking water consumption rate is also affected by the

relative contributions of other input sources, particularly milk. An

additional complication is that drinking habits of infants and adults

can undergo major changes over short and long periods of time (Durbin et

al. 1970; Cook et al. 1975; Rupp 1980a).

In most assessment models, drinking water consumption rates

must be supplied by the user. For breeder-reactor environmental radio-

logical assessments, Rupp (1980b) recommended an adult drinking water

consumption rate of 1.35 L*d . ICRP (1974) recommended drinking water

consumption rates for adult men and women of 1.65 and 1.21 L-d ,

respectively, based on about a 12% contribution of milk to fluid intake.

The corresponding value for lactating adult women is 2.05 L-d . Forz

average and maximum adults, USNRC (1977) recommended values are 1.0 and

2.0 L-d , respectively, and for maximally exposed infants, 0.9 L-d

No average infant values are specified by USNRC. CSA (1981) recommended

values of 1.65, 1.20 and 0.25 L-d for the drinking water consumption

rates of adult men, women and infants, respectively.

* 1 kcal • 1 calorie (dietetic) - 4.1855 kJ
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For LIMCAL, we recommend a value of 2.0 L'd for adults,

which takes into account that lactating women have a very high water

requirement. In many contemporary assessments, it has been assumed that

infants satisfy most of their water needs from milk. In fallout and

other aerial release situations, this seems to be a conservative pro-

cedure (Shaeffer 1981). Depending on the circumstances, in long-term

waste management situations, drinking water may be a more important dose

contributor than milk (Zach 1980c). Thus, the recommended drinking

water ingestion rate for infants is 0.4 L*d • Man's drinking water

consumption rates recommended for LIMCAL are about 20% higher than

values used in contemporary assessments.

2.18 FOOD TYPE CALORIE CONVERSION FACTORS

The calorie conversion factor (KW.) of a food type is the

average energy available to man per unit weight of the food type. Thus,

calorie conversion factors are heats of combustion minus metabolic and

digestive losses in man (Watt and Merrill 1963). Calorie conversion

factors are not required for most commonly used assessment models for

nuclear installations, and the statistical distribution of values has

not been studied. However, in this diet-conscious age, a wealth of

information is available on calorie conversion factors.

The caloric conversion factor of a particular food is a

function of its carbohydrate, fat and protein composition in relation to

undigestible material such as cellulose and water. High energy foods

have a high percentage of fat and little water; low energy foods have

much water and cellulose. Thus, nuts and fatty meat cuts can have as

much as 700 kcal-100 g , whereas vegetables have as little as

10 kcal-100 g~ (Watt and Merrill 1963). Foods within a given group,

such as vegetables, are usually much less variable.

To determine the calorie conversion factor of a food type, its

protein and fat content must first be measured chemically, and the
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carbohydrate content can then be obtained by subtraction. Heats of com-

bustion of protein, fat and carbohydrate from bomb calorimetry are then

adjusted for digestive and metabolic losses and used to calculate phy-

siological fuel values. These values, together with the percentage

composition of the food type, are used to obtain the calorie conversion

factor, usually for wet weight (Watt and Merrill 1963; Bell et al.

1968; Guthrie 1971). Although these methods have been commonly used

since the turn of the century, they are not without their critics

(Hollingsworth 1955; Widdowson 1955).

Physiological fuel values for carbohydrates, fat and protein

in the U.S. diet are about 4.0, 9.0 and 4.0 kcal'g , respectively (Bell

et al. 1968; Guthrie 1971; Southgate and Durnin 1970). These factors

are based on the types of carbohydrates, fats and proteins found in the

U.S. diet. Thus, other diets, which differ in composition and digesti-

bility, may have slightly different fuel values and calorie conversion

factors.

We used the extensive data assembled by Watt and Marrill

(1963) to calculate calorie conversion factor values for LIMCAL. For

each of the food types in LIMCAL, we summed all the representative

values listed by Watt and Merrill and then computed mean values (Table 6).

Data from processed foods and from rare, deviant items were excluded.

Thus, reindeer milk with a value at 234 kcal-100 g was excluded since

all the commonly used kinds of milk have about 70 kcal'100 g (Durbin

et al. 1970). For some of the food types which fall into subgroups

differing widely in calorie conversion factor values, separate and

overall means were calculated (Table 6). For saltwater plants, no data

could be found in the literature.

When choosing values for LIMCAL, it is important to realize

that low values are conservative since they imply high food consumption

rates to satisfy a given energy requirement (Section 2.19). Thus, for

terrestrial plants, we recommend a mean calorie conversion factor value
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TABLE 6

MEAN CALORIE CONVERSION FACTORS (kcal-100 g"1) FOR VARIOUS

TERRESTRIAL, FRESH-WATER AND SALTWATER FOOD PRODUCTS

Food Type

Terrestrial plants
(including nuts)

Terrestrial plants
(excluding nuts)+

Nuts

Grains

Fruits

Vegetables

Milk

Meat

Poultry and eggs

Eggs

Poultry

Fresh-water plants

Sample Size

160

144

16

5

63

76

3

11

15

4

11

2

Fresh-water invertebrates 4

Fresh-water fish

Saltwater plants

21

0

Saltwater invertebrates 11

Saltwater fish 64

*
Mean

138.9

87.2

604.3

341.6

68.4

86.0

69.7

251.3

219.9

177.2

235.4

186.0

86.0

107.8

86.6

124.9

(79)

(63)

(226)

(198)

(167)

(77)

(97)

(10)

(78)

(112)

Standard Error

14.4

8.0

20.6

5.6

5.5

12.2

3.7

35.6

18.5

6.5

23.6

167.0

9.2

5.6

2.4

5.1

NOTE: Statistics were calculated from data by Watt and Merrill (1963)

Values in brackets are recommended for LIMCAL. The value for
saltwater plants is a conservative estimate.

Nuts have a very high calorific content and are relatively
unimportant in man's diet.
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of 79 kcal"100 g , which does not include nuts. For bird products, a

pooled value of 198 kcal*100 g , based on eggs and meat, seems appro-

priate. These, and the remaining recommended values, are about 10%

lower than the observed mean values (Table 6). For saltwater plants or

algae, we recommend a value of 10 kcal'100 g

2.19 MAN'S TOTAL CALORIC INTAKE RATE

Man's total caloric intake rate (TK) is the food energy used

by man per day, averaged over one year. An implicit assumption of the

energy approach used in LIMCAL is that an energetically adequate diet is

also nutritionally adequate (Scrimshaw and Young 1976). This is not

necessarily true (NAS 1980), particularly in underdeveloped countries.

Energy consumption rates are not required for most commonly used assess-

ment models for nuclear installations, and statistical distributions

have not been studied. However, there is no lack of information, and

much of the data have been summarized in various dietary standards

(Hegsted 1975).

Man's energy requirements can be determined by diet surveys,

in which the amounts and types of foods ingested are monitored. Using

calorie conversion factors (Section 2.18), these data can then be trans-

formed to energy consumption rates. Energy requirements can also be

determined by calorimetry in which the heat given off by the body, or

the amount of oxygen used, form the basis for estimation (Douglas 1956;

Wolff 1956; Bell et al. 1968; Gordon et al. 1968; Guthrie 1971).

Man's energy requirements can be conveniently subdivided into

three components: basal metabolic rate (BMR), specific dynamic action

and physical activity. The BMR must be measured by calorimetry with the

subject at complete rest and under no stress whatsoever. The specific

dynamic action component is due to food intake, digestion and absorp-

tion. It varies with the type of food eaten, but is usually about 10%

of the BMR (Guthrie 1971). The physical activity component depends on
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the type and duration of activities. Very strenuous activity can cost

up to 1000 kcal*h , but such efforts cannot be sustained for a very

long time (Noltie 1956). To summarize energy needs, it is helpful to

draw up an energy budget (Zach 1982) using the three basic components,

but other factors, such as weight, sex, body composition, age and

reproductive status, also affect energy budgets. There can also be

rather large differences among individuals which cannot be readily

explained (Hegsted 1975).

The BMR can be expressed in the form BMR = a*w , where a is a

constant depending on age, sex and body composition, W is the body mass

and m is an exponent (Brody 1945; Kleiber 1947; FAO 1957; Dietary

Standard of Canada 1964). This relationship holds for man and mammals

in general. The basic expression has been modified in various ways to

include the other energy components (FAO 1957; Dietary Standard for

Canada 1964; NAS 1980; ICRP 1975). In the Dietary Standard for Canada,

with W expressed in kg, a has a value of 70 and m has a value of 0.75

for man in general. There has been much controversy over small differ-

ences in m (Gordon 1968). Since about 75% of the energy expended in

physical activity is required for body movements, the physical activity

component can also be expressed as a function of W (Mahadeva et al.

1953). Costs of physical activities have been tabulated in most dietary

standards and can also be found in Taylor and McLeod (1949), Passmore

and Durnin (1955) and Durnin and Passmore (1967).

Standard FAO (1957) man and woman have energy consumption

rates of 3200 and 2300 kcal'd" , respectively. The corresponding ICRP

(1974) and NAS (1980) values are 3000 and 2100 kcal'd"1 and 2700 and

2000 kcal'd , respectively. These values can serve as a rough guide.

It is well known that energy requirements decrease with age

because of a decline in physical activity and BMR (Table 7). Dietary

surveys indicate that the energy intake of elderly people ranges from

about 1000 to 2900 kcal-d"1 (Pyke et al. 1947; Esposito et al. 1969).
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TABLE 7

ENERGY CONSUMPTION RATES (kcal-d"1) OF STANDARD ICRP(1974) MALE AND FEMALE

IN RELATION TO AGE

Age (a)

<1

1-3

4-6

7-9

10-12

13-15

16-19

Male

2500

3100

3600

Infant

1100

1300

1700

2100

Female

2400

2600

2400

Age (a)

20-29

30-39

40-49

50-59

60-69

^70

Male

3200

3100

3000

2800

2500

2200

Infant Female

2300

2200

2200

2000

1800

1600

NOTE: Most diet standards recommend similar values.

TABLE 8

MEAN ENERGY CONSUMPTION RATES (kcal-d"1) 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
*

I 6 5

Pregnant

Male

3251

3374

2671

2056

Caucasian
Infant Female

926

1666

2300

2243

2001

1726

1530

2259

Male

2584

2893

2469

1879

Indian
Infant

1678

2025

Female

2129

1970

1623

1531

1900

Male

2683

2309

2251

1270

Inuit
Infant

1024

1711

Female

2243

1384

1052

873

1772

For Indians and Inuits, these age classes are 40-56 and >_ 55,
respectively.
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FAO standard man and woman are assumed to live at a mean

annual temperature of 10°C. For every increase of 10°C, a 5% reduction

in energy needs can be allowed, but for every decrease in 10°C, only a

3% increase is allowed since reduction in temperature can be readily

compensated for by clothing.

It is important to realize that values for standard man and

woman are averages. FAO (1957) ranges for men and women are 2400 to

4000 kcal'd and 1600 to 3000 kcal"d , respectively. According to the

Dietary Standard of Canada, these ranges are 2150 to 5350 kcal-d and

1750 to 4400 kcal-d , respectively. At the lower end of these ranges

are light, inactive people and at the upper limit, heavy active in-

dividuals.

Nutrition Canada (1977) has carried out an extensive diet

survey of Canadians. These data indicate some variation among regions

and races (Table 8). On a world-wide scale, regional variations in

man's energy consumption rates are much larger, ranging from a low of

about 1800 kcal-d" in Rwanda to a high of about 3500 kcal-d~ in New

Zealand (Sukhatme 1961; Mayer 1976). Evidently, humans have a tre-

mendous ability to adjust to food availability via body size, activity

and BMR (FAO 1957).

Of special interest are the energy costs of pregnancy and

lactation. On the average, a pregnancy requires a total of about

80 000 kcal, but in terms of the mother's energy budget, the cost is

about half due to reduced activity (FAO 1957). This works out to an

average of 150 kcal'd . However, energy demands are greatest during

the third trimester of pregnancy, when daily requirements can reach up

to 500 kcal (Dietary Standard for Canada 1964). Most standards assume

that the cost of lactation is about 1000 kcal-d , although this value

may be too high. In a study by Thompson et al. (1970), lactating and

non-lactating women had mean energy intakes of 2977 and 2364 kcal*d ,



- 42 -

respectively, after weight adjustments. Lactation may raise a woman's

energy need over that of a corresponding man.

There is agreement among the various standards that 1000 kcal"d

is a reasonable energy intake for infants (FAO 1957; Dietary Standard of

Canada 1964; NAS 1980; ICRP 1974). This value corresponds to a body

mass of about 9 kg. Diet surveys generally agree with the 1000 kcal-d

value, and indicate a range of about 700 to 1550 kcal-d (Beal 1953;

Nutrition Canada 1977). A portion of the energy requirement of infants

is required for growth, which is assumed to be absent in standard man

and woman.

High growth and physical activity requirements coincide in

adolescents. Thus, FAO girls, aged 13-15, and boys, aged 16-19, have

energy requirements of 2600 and 3600 kcal'd , respectively. The

corresponding NAS (1980) values for similar ages are 2200 and 2900 kcal'd"1.

These values are considerably higher than those for standard nan and

woman. Other standards show similar trends (Table 7). Thvj adolescents

may well have the highest energy consumption rates.

Compared to most of the other parameters of LIMCAL, man's

energy consumption rate is well known and values are not very variable.

In general, dose predictions increase linearly with increasing energy or

food consumption (Zach 1980c). Thus, high values are conservative. We

recommend energy consumption rates of 4000 and 1200 kcal'd for adults

and infants, respectively. These values are about 30% higher than those

recommended for contemporary situations.

2.20 FOOD TYPE CALORIE FRACTIONS

The calorie fraction (FK.) of a food type is the proportion of

energy a food type contributes to man's total caloric intake r?te

(Section 2.19), averaged over one year. Food type calorie fractions are

not required for most commonly used assessment models for nuclear
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installations, and statistical distributions have not been studied.

Calorie fraction values can be readily derived from man's food type

ingestion rates and calorie conversion factors (Section 2.19).

Food ingestion rates of man are required in most assessment

models and a wealth of information is available. Basically, ingestion

rates can be estimated directly through the consumer, or indirectly

through the producer (Hollingsworth and Hobson 1966; Ru;—> 1980a). Both

of these methods have advantages and disadvantages. A recurrent problem

is whether estimates based on short periods of time are representative

of an entire year. In the case of infants, assumed to be one year of

age, this can cause particular problems since the diet between 6 and 18

months of age changes substantially (Rupp 1980a).

Several terrestrial food chain models, such as TERMOD (Booth

and Kaye 1971), USNRC (1977) aficf AIRDOS-EPA (Moore et al. 1979), are

concerned with a few food types only, while others, such as FOOD (Zach

1978; Napier et al. 1980) and CSA (1981), may use more. The number of

food types used in aquatic models is also variable (Zach 1980a). In

most food chain models, man's ingestion rates must be specified by the

user.

Dose predictions by models such as FOOD are very sensitive to

variation in man's ingestion rate, and for a given food type, dose is

directly proportional to ingestion rate (Zach 1980c). Thus, high in-

gestion rates are conservative. In LIMCAL, much of the importance of

ingestion rate has been transferred to man's total caloric intake rate

(Section 2.19). Variation in calorie fraction values is only important

to the extent that food types vary in radionuclide concentration and

caloric content.

Calorie fractions or consumption rates of various food types

can vary greatly, depending on availability, culture, custom, techno-

logical development, economic conditions and a host of other factors
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(Sukhatme 1961; Filer and Martinez 1963; Hollingsworth and Hobson 1966;

Rasmussen 1969; Rupp 1980a; Rupp et al. 1980). For example, in the

average North American diet, cereal and meat supply about 21% and 36% of

the total energy, but in India these percentages are 81% and 4%, respec-

tively (Revelle 1974). Even in North America, there is much variability

since Inuits rely almost entirely on meat and fish (Draper 1977), whereas

other people are vegetarians. Historically speaking, high meat diets

have usually coincided with high northern and southern latitudes (Wing

and Brown 1979).

Technological developments in combination with other factors

can affect man's diet drastically, as in the case of U.S. infants

(Durbin et al. 1970). In the 1920's, there was a switch from breast

feeding to the newly developed evaporated milk; in the 1940"s, refrig-

eration and homogenization brought about a change to whole milk; and in

the 1950's, formula and prepared foods made non-milk foods available to

very young infants. Recently, there has been a return to breast feeding,

at least in educated middle class women (Jelliffe and Jelliffe 1975).

Eating habits of Americans, in general, seem to undergo substantial

changes over time periods as short as ten years (Rupp 1980a), but in the

past this has not always been the case (Wing and Brown 1979).

Age and sex also affect consumption rates of various food

types (Durbin et al. 1970; Guthrie 1971; Rupp 1980a) but, at least to

some extent, these differences relate to body size and an increase in

energy needs with age (Section 2.19). However, nutritional requirements

are not independent of age and sex (Esposito et al. 1969; Hegsted 1975;

Scrimshaw and Young 1976).

For infants, milk is the major source of energy and nutrition,

as summarized in recent reviews by Durbin et al. (1970) and Rupp (1979,

1980a). Milk consumption peaks at an age of four to seven months with

mean consumption rates ranging from about 700 to 1000 mL'd , depending

on exact circumstances (Durbin et al. 1970). A mean consumption rate of
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800 mL-d , with individual values ranging from 480 to 1180 mL'd ,

seems to be reasonable (Durbin et al. 1970; Fomon et al. 1977; Rupp

1980a). The average consumption rate of infants one year of age is

about 600 to 700 inL-d"1 (Beal 1954; Guthrie 1963; Kahn et al. 1969;

Nutrition Canada 1977). Most U.S. infants receive solid food by the age

of five weeks. Estimates of food ingestion rates of U.S. infants under

one year of age are summarized in Table 9. Fish and shellfish con-

sumption by infants is low and negligible (Rupp 1979; Rupp et al.

1980).

USNRC (1977) recommended a milk ingestion rate for maximally

va]
-1

exposed infants of 330 L-a"1, or about 900 mL-d'1. ICRP (1974) values

for male and female infants one year of age are 580 and 500 mL'd

respectively. CSA (1981) recommended food ingestion rates for both

average and maximally exposed infants are listed in Table 9. Calorie

fraction values based on Rupp's data and CSA diets are all very similar

(Table 9).

The diet of U.S. adultc has been reviewed by Rupp (1979,

1980a,b) and Rupp et al. (1980). Ingestion rates based on Rupp's work

are presented in Table 10. Similar lists for different geographic

regions or circumstances can be found in Sukhatme (1961), Hollingsworth

and Hobson (1966), Rasmussen (1969) and ICRP (1974). Of special inter-

est are the Nutrition Canada (1977) survey data presented in Table 11.

On the whole, these data do not suggest much variation among regions,

age classes, sexes and races.

Both USNRC (1977) and CSA (1981) recommend similar ingestion

rates for various food types for average and maximally exposed adults.

The CSA values, together with the corresponding calorie fractions, are

shown in Table 10. Adult calorie fraction values based on Rupp's

review and the CSA diets are very similar (Table 10).
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TABLE 9

INFANT INGESTION RATES (kg-a"1) AND CALORIE FRACTION VALUES FOR

TERRESTRIAL, FRESH-WATER AND SALTWATER FOOD TYPES USED IN LIMCAL,

BASED ON REVIEW BY RUPP ET AL. (1980) AND CSA (1981)

TE
TE
TE
TE
FW
FW
FW
SW
SW

PLANT
MILK
MEAT
BIRD
PLANT
INVER.
FISH
PLANT
INVER.

Rupp

93.0
290.2
16.4
7.3

et

(0
(0
(0
(0

al.

.24)

.59)
• 12)
.05)

CSA
Average

96.0
220.0
24.0
15.0

0.2
0.4
1.8

(0.25)
(0.46)
(0.18)
(0.10)

(0.00)
(0.00)
(0.01)

Maximum

128.0
370.0
39.0
19.0

0.2
0.4
1.8

(0.22)
(0.50)
(0.19)
(0.08)

(0.00)
(0.00)
(0.00)

NOTE: Food type calorie fraction values shown in brackets are
based on actual mean calorie conversion factors shown in
Table 6. For entries left blank, no data were available.

TABLE 10

ADULT INGESTION RATES (kg-a"1) AND CALORIE FRACTION VALUES FOR

TERRESTRIAL, FRESH-WATER AND SALTWATER FOOD TYPES USED IN LIMCAL,

BASED ON REVIEWS BY RUPP ET AL. (1980) AND CSA (1981)

TE
TE
TE
TE
FW
FW
FW
SW
SW
SW

PLANT
MILK
MEAT
BIRD
PLANT
INVER.
FISH
PLANT
INVER.
FISH

Rupp

223.4
115.3
84.7
24.5

0.5

1.3
3.9

et

(0
(0
(0
(0

(0

(0
(0

al.

.36)

.14)

.39)

.10)

.00)

.00)

.01)

CSA
Average

277.0
174.0
71.0
30.0

2.3
4.0
18.0
17.7

(0.37)
(0.19)
(0.28)
(0.10)

(0.00)
(0.00)
(0.02)
(0.04)

Maximum

580.0
450.0
80.0
48.0

2.3
4.0
18.0
17.7

(0.44)
(0.27)
(0.17)
(0.09)

(0.00)
(0.00)
(0.01)
(0.02)

NOTE: Food type calorie fraction values shown in brackets are
based on actual mean calorie conversion factors shown in
Table 6. For entries left blank, no data were available.
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TABLE 11

CALORIE FRACTION VALUES FOR VARIOUS FOOD PRODUCTS IN THE DIET

OF MALE CANADIANS 20-39 YEARS OF AGE IN RELATION TO RACE, BASED ON

NUTRITION CANADA (1977) DIET SURVEY

Dairy products
Meat, poultry, fish, eggs
Cereal products
Fruits and fruit products
Vegetables and potatoes
Fats and oils
Other

Caucasian

0.11
0.26
0.23
0.04
0.09
0.07
0.20

Indian

0.07
0.25
0.24
0.03
0.10
0.11
0.20

Inuit

0.06
0.20
0.23
0.02
0.03
0.14
0.32

Unfortunately, little is known about the statistical distri-

bution and variability of ingestion rate values. Milk ingestion values

are approximately lognormally distributed (Rupp 1979). This may well be

true for most food types. Although ingestion rates of fish and shell-

fish are skewed to the right, they are not lognormally distributed (Rupp

et al. 1980).

Choice of food type calorie fraction values or diet for

LIMCAL cannot be guided by conservatism, since there is no prior know-

ledge about which diet combinations lead to high or low dose predic-

tions. It seems likely that predictions are not very sensitive to diet

changes. For both infants and adults, we recommend calorie fractions

based on the average CSA (1981) diets (Tables 9 and 10).

3. CONCLUSIONS

Our review shows that there is some information available for

all of the parameters of LIMCAL (Zach 1982), making it possible to
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select reasonable generic values. Generally speaking, there seems to be

a balance between the complexity of LIMCAL and the degree of accuracy of

the chosen values. Given a contemporary assessment situation, some

parameters such as plant yield (Y.), food type calorie conversion

factors (KW.) and man's total caloric intake rate (TK) are well under-

stood, and good generic estimates can be made. This is not necessarily

true for such parameters as soil surface layer depth (SSD), resuspension

factor (K) and deposition velocity (V,.); however, detrimental effects

of errors in parameter estimation can be reduced by choosing conserva-

tive values.

Projection of parameter values, based on contemporary data, to

long-term waste management assessments far into the future (Wuschke et

al., 1981) changes the entire picture. Two groups of parameters can

then be distinguished: those involving mainly physical systems, such as

soil bulk density (SBD), soil surface layer depth (SSD) and deposition

velocity (V,.)» and those that are strongly influenced by culture and

technology, such as time of above-ground exposure (t . ) , holdup time

(t,.,t.d ,t, .) and food type calorie fractions (FK.)- For the former,

contemporary data can be readily applied, but for the latter, they

cannot. An example of how technology influences man's diet was pre-

sented in Section 2.20, and we can only speculate on what the future

will bring. However, at least some of these difficulties can be over-

come by stressing basic physical, chemical and biological principles in

food chain models and by allowing parameter values to vary stochasti-

cally over the entire range of possible values.
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