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UTILISATION DU MODÈLE DE CHAÎNE ALIMENTAIRE FOOD III

ET DU MODÈLE DE SOL SCEMR POUR ÉVALUER L'IRRIGATION

COMME VOIE DE TRANSMISSION DE LA BIOSPHÈRE

par

S.C. Sheppard

RÉSUMÉ

L'irrigation de terrains cultivés avec de l'eau contaminée est une
voie de transmission relativement directe permettant l'irradiation de l'hom-
me par les radionuclldes. Le modèle SYVAC ne comprenait pas au départ l'ir-
rigation pour le bouclier précambrien parce qu'on ne pratique pas d'irriga-
tion dans cette région actuellement. Ce rapport rê-êvalue cette décision.
Une analyse des données météorologiques a révélé que le rendement des cul-
tures serait amélioré par l'irrigation dans le nord de l'Ontario. Par con-
séquent, il existe une certaine motivation pour l'irrigation à l'eau de
surface ou de puits à l'échelle de subsistance ou â l'échelle commerciale.
Une analyse de la chaîne alimentaire a indiqué que l'irrigation â l'eau
contaminée pourrait produire, avec certains radionuclides, une dose compara-
ble à celle obtenue en buvant directement cette même eau. On a prédit
qu'une contamination à long terme du sol par l'irrigation constituerait un
risque important, même si on incorporait la lixiviation du sol dans le mo-
dèle de chaîne alimentaire. Le rapport présente des valeurs de paramètres
qu'on pourrait utiliser pour incorporer l'irrigation comme voie de transmis-
sion dans le code SYVAC et constituera la base pour les décisions futures
concernant cette voie de transmission.
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USE OF THE FOOD-CHAIN MODEL FOOD III AND THE SOIL

MODEL SCEMR TO ASSESS IRRIGATION

AS A BIOSPHERE PATHWAY

by

S.C. Sheppard

ABSTRACT

Irrigation of contaminated water onto crop land is a relatively
direct pathway for radionuclides to deliver a radiation dose to man.
Irrigation was not originally included in the SYVAC assessment model for
the Precambrian Shield because no irrigation is currently practised in the
region. This report re-evaluates this decision. An analysis of meteoro-
logical data shows that crop yield in northern Ontario would benefit from
irrigation. Thus, incentives are present for subsistance-scale, and
perhaps commercial-scale, irrigation of surface or well water. A food-
chain analysis indicated that irrigation with contaminated water could
deliver a dose comparable to direct consumption (drinking) of the same
water, for some radionuclides. Long-term contamination of soil through
irrigation was predicted to be a substantial hazard, even when soil leach-
ing was incorporated into the food-chain model. This report presents para-
meter estimates that could be used to incorporate irrigation as a pathway
in the SYVAC code and will constitute the basis for further decisions
concerning this pathway.
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1. INTRODUCTION

Irrigation in Canada is as common as are green lawns and veget-
able gardens. Most Canadians benefit from irrigation, but there are some
negative aspects. A lack of understanding of irrigation has led to the
downfall of whole civilizations (Marr 1967). Elements dissolved in the
water used for irrigation can accumulate in the soil, resulting in toxic
conditions. The ancient civilization of Mesopotamia was bankrupted by
irrigation practices that left the soil too saline to grow crops. This
lesson warrants attention as we make decisions that will affect the future
of fresh water and soils in Canada.

Waste materials today may be present on the earth long after our
culture vanishes. It is our responsibility to ensure that these wastes do
not represent a hazard to future generations. We cannot predict the cap-
abilities of future cultures to detect and protect themselves from contam-
inated water and soil.

Regardless of the engineered barriers we construct to isolate our
toxic wastes, the wastes may eventually reach man's environment. In the
case of nuclear fuel wastes, we can contain, delay and dilute the wastes so
that any detrimental effects are minimal. To do this, we must be able to
accurately predict the movement of radioactive materials from the disposal
facility to man. There are many possible pathways, one of which is irriga-
tion. To date, irrigation has received little attention in the environ-
mental assessments carried out in the Canadian Nuclear Fuel Waste Manage-
ment Program (Wuschke et al. 1981).

Northern Ontario is now being studied as a potential site for a
nuclear fuel waste-disposal vault (Wurfchke et al. 1981). The potential
pathways for the migration of materials from the vault to man's environment
have been identified and simulation models to assess the vault concept are
being developed. The biosphere model is subdivided into terrestrial,
fresh-water aquatic, and marine aquatic components (Iverson 1983). These
components are relatively independent and have been simulated separately
for ease of computation (Mehta, personal communication). Cross-linked
pathways between these components require close attention and, if consid-
ered to be important, may preclude separate simulation of the individual
components. Thus, decisions on cross-linkage can have substantial practi-
cal implications for the assessment modelling program. Irrigation of ter-
restrial crops using fresh surface water is one such cross-linked pathway
and Is considered in this report.

Relatively little commercial-scale irrigation is now done in
northern Ontario, reflecting the current cost/benefit situation, but it is
clear that crop yield benefits could be expected. This can be confirmed by
merely observing the results homeowners in the region achieve by watering
their gardens. Thus, we cannot affirm that economic conditions will always
preclude field-crop irrigation in northern Ontario. It is also probable
that individuals will continue to irrigate home gardens and these people
may represent the reference group for radiation dose estimates. Thus,
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irrigation as a cross-linked pathway does require careful attention in ths
Canadian Nuclear Fuel Waste Management Program (NFWMP).

The dose to man resulting from the irrigation of crops with con-
taminated water will become significant relative to other dose contribu-
tions only in particular circumstances. For example, the contaminated
water may be used both for drinking and for irrigation. The relative
importance of these two uses of water will depend upon several factors,
including accumulation of the radionuclides in soil, efficiency of nuclide
transfer through different branches of the food chain and the nuclide decay
characteristics. The most appropriate means to assess the effects of these
factors is by use of a food-chain model. We chose the model FOOD III
(Zach, 1980a) since it is comparable to LIMCAL, the food-chain model used
in the NFWMP.

This report consists of three sections. In the first, the basic
principles of irrigation practice are briefly reviewed. The second section
summarizes the available data concerning irrigation requirements in north-
ern Ontario. The final section uses the FOOD III model, with modifications
based on the soil model SCEMR (Sheppard and Mitchell 1984), to assess the
importance of irrigation as a pathway for radionuclides to man.

2. THE BASIC PRINCIPLES OF IRRIGATION

2.1 USES OF IRRIGATION

Irrigation is most commonly used to eliminate drought stress in
growing crops. It is also used to assist in seed germination, to reduce
frost damage and to leach toxic elements from the soil. Each of these uses
relates to unique weather sequences and only the first is strictly depen-
dent upon the soil water budget.

Irrigation used to eliminate drought stress in crops is intended
to provide a favourable soil water budget. The amount of water added is,
therefore, a direct function of the seasonal rainfall and evapotrans-
piration. Irrigation may also be used to assist seed germination when
seeds are shallow in the soil, when the surface soil is especially dry, and
when the soil surface requires compaction. Irrigation is also widely used
to decrease frost damage during the spring or fall. This practice is
effective because of the high latent heat associated with the freezing of
water. Finally, extra irrigation to leach toxic elements (usually excess
salts) from the soil is often a mandatory part of irrigation practice.
Leaching is required if the irrigation water is of poor quality (high in
dissolved salts) or if evaporation demands cause excessive upward movement
of elements.

A special case of irrigation is in greenhouse culture where all
of the water for crop use is derived from irrigation. Greenhouse culture
includes various soilless and solution-culture techniques.



- 3 -

2.2 TYPES OF IRRIGATION

Three basic typas of outdoor field irrigation are common. Ground
flooding techniques include whole-field flooding and furrow irrigation,
both of which require level terrain. Overhead sprinkler techniques are
adaptable to rougher terrain. Trickle irrigation techniques apply water in
relatively small amounts to individual plants or rows of plants, otten
directly to the rooting zone. The efficiency of water use and, hence, the
total amount of water required vary with technique. Ground flooding and
sprinkler techniques are least efficient, as low as 25%, due to evaporation
loss during irrigation (Carruthers and Clark 1972).

2.3 SOURCE OF IRRIGATION WATER

Irrigation water can be drawn from surface waters or from wells.
The use of well water is restricted by the expense of raising the water,
the large volumes required, and the high flow rates required. Furthermore,
irrigation water must be low in dissolved salts. Thus, in northern Ontario
where there is, at present, abundant surface water, the use of well water
for irrigation is less probable. An exception would be the use of well
water to allow yeai—round greenhouse production.

Apart from availability, water quality Is a major determinant of
the source of water for irrigation, since relatively low salt concentra-
tions are preferrable. Northern Ontario has a net humid climate (Table 1),
and it is likely that most surface waters would be suitable. Toxic chem-
ical or biological contamination of surface waters could preclude their use
for irrigation of food crops. Therefore, the potential for use of well
water cannot be excluded.

2.4 AMOUNT OF WATER REQUIRED

A common conceptual model of plant growth is that growth proceeds
approximating an optimum growth characteristic for the given plant species
until some stress occurs. The stress, which need not be extreme, by
definition impedes growth rate, resulting in less than optimal yield. The
objective of irrigation is to reduce drought stress during crop growth to
achieve maximum returns within the prevailing economic parameters.

Based on this concept, the amount of irrigation water required to
eliminate stress can be computed using measures of soil water storage
capacity and plant water use throughout the season. Another factor that
tempers this concept is that, at certain stages of plant development,
drought stress has a greater effect on the economic yield component of the
crop (Salter and Goode 1970). In many field crops, the most critical stage
for drought to occur is at flowering when drought stress can drastically
reduce or even prevent fruit formation. Thus, irrigation may be United to
these critical growth stages to reduce costs. The data presented in this
report presume the need to reduce or eliminate drought stress throughout
the growing season.
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TABLE 1

ANNUAL MEANS OVER 30 YEARS OF MAXIMUM AND MINIMUM TEMPERATURES AND ANNUAL

TOTALS OF PRECIPITATION AND POTENTIAL EVAPOTRANSPIRATION

(PE) FOR FIVE NORTHERN ONTARIO LOCATIONS*

Location

Armstrong
Fort Frances
Kapuskasing
North Bay
White River

T

' ^

6.1
8.7
6.3
10.2
7.4

T .

' -*

-7.2
-2.4
-4.7
-1.0
-6.3

Precip-
itation
(mm)

701
716
747
866
823

PE
(mm)

452
541
457
554
427

Annual
Water
Balance
(mm)

+249
+175
+290
+312
+396

* Data derived from Coligado et al. (1968, 1969)

2.5 ECONOMICS OF IRRIGATION

The economics of irrigatiou are complex, and the subject of sev-
eral texts (e.g. Carruthers and Clark 1972). Key factors include capital
and maintenance costs associated with the source of water, which may be
either a public or a private facility; the storage aad transportation of
the water, including water losses incurred in transit; the actual irriga-
tion procedure; and the compensation for environmental impacts. These
impacts include salinization, regional water table perturbation, and
regional water quality deterioration. Benefits are principally crop-yield
increases, which are characterized by a diminishing returns response.
Other benefits include regional benefits such as flood control and the
development of drinking water sources. Further ramifications include
cost/benefit relationships associated with the rate and timing of irriga-
tion, the requirement for excessive water for leaching of salts, the
excessive leaching of costly fertilizers, and decreased crop yields if
soils become saturated, etc.

These economic factors may vary drastically over small increments
of time and space. The only reasonable assumption about the amount of ir-
rigation to be expected from the viewpoint of a pathways analysis is that
it may range from nil to irrigation in sufficient amounts to eliminate all
drought stress.

2.6 SUMMARY OF IRRIGATION PRACTICES

In summary, irrigation cap be simply watering a home garden or it
can be a sophisticated, scientifically managed enterprise. Benefits in
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terms of improved crops are possible in many circumstances. Economic para-
meters limit the amount of irrigation used.

The methods and specific purposes of irrigation also vary. The
major determinants of the amount of water used are (1) the economic para-
meters, (2) the natural water budget, and (3) the efficiency of the irri-
gation system. The use of water to irrigate greenhouse crops is a special
case. The source of irrigation water is determined by economics and water
quality. Both well and surface waters are potential sources. Assigning a
probability distribution to the future use of irrigation is a major problem
for environmental assessments. The limits of the distribution are clearly
(1) no irrigation, and (2) extensive irrigation of all crops, including
large-scale production in greenhouses. It is the mean of the distribution
that cannot be estimated with certainty.

3. REQUIREMENT FOR IRRIGATION IN NORTHERN ONTARIO

Coligado et al. (1968, 1969) computed the requirement for irriga-
tion for 59 locations in Canada. These included the northern Ontario
locations of Armstrong, Fort Frances, Kapuskasing, North Bay and White
River. They assembled the standard meteorological data measured at these
locations between 1931 and 1960, Some interpolation between adjacent
stations was required to complete the data sets•

The computation procedure used by Coligado et al. was based on
daily measurements. The potential evapotranspiration was computed and a
soil water budget was calculated for five soil water-storage capacities and
three crop wate"-use conditions. The irrigation requirement was defined as
the amount of witer required to replace the daily evapotranspiration of
water once the soil water supply was depleted. These irrigation require-
ments were summed weekly and over the entire growing season. Several data
smoothing techniques were employed to remove anomalies.

Coligido et al. determined the probabilities associated with
their computed Irrigation requirements. Thus, their results are ideal as
input to the cu -rent environmental assessment models that select parameter
values from pro lability distributions. Values of rainfall, temperature
extremes, critical frosts and potential evapotranspiration are also given
by Coligado et il., with the associated probabilities.

Annua . means of several parameters for the five northern Ontario
locations were ;iven in Table 1. Clearly, the annual water budgets vary
across the regim. The excess precipitation, after recharging the water-
storage capacit ' of the soil, contributes to surface or drainage water.
For specified s>il water-storage and plant water-use conditions, the
irrigation requirements were not widely different across the region (see
Table 2). Thus, it is reasonable to average the computed probabilities for
the five locati ms to derive a generic irrigation requirement for northern
Ontario.
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TABLE 2

MEAN AND STANDARD DEVIATION OF THE YEARLY IRRIGATION REQUIREMENTS

TOR FIVE LOCATIONS AND A RANGE OF SOIL WATER STORAGE AND

CROP WATER-USE CONDITIONS*

Effective
Soil Storage
Capacity

(nun)

12.7

25.4

50.8

76.2

101.6

127.0

Crop Con-
sumptive-
Use Factor

0.50
0.75
1.00
0.50
0.75
1.00
0.50
0.75
1.00
0.50
0.75
1.00
0.50
0.75
1.00
0.50
0.75
1.00

Arm-
strong

41+23
99+41

175+56
23+23
69+43

140+58
0+10

18+46
81 + 66

0+5
0±38

51 + 69
0+3

0+20
25 + 69

0+0
0+10
8+64

Yearly

Fort
Frances

58+20
130+36
221±48
36+18
91+33

170+51
0+10

28+36
99+56

0+3
5+30

66+58
0±0

0+15
38±58

0+0
0+10
20+53

Irrigation Requirement (mm)

Kapus-
kasing

46±15
104±30
180+41
28 + 13
76+25

145+43
0+8

28 + 25
89 + 43

0+3
8±20

64 + 41
0+0
0+8

38+38
0+0
0+5

23 + 33

North
Bay

61 + 18
135+36
229+51
36+15
97+33

183±53
0+10

38±36
117+58

0+5
10+38
84+61

0+3
0+25

56 + 64
0±0

0+10
28+66

White
River

46+18
102+33
173±41
25+18
74±33

137+46
0+10

20±41
81±53

0+3
0+38

53 + 53
0+3

0+20
30+51

0+0
0+10
0+56

Mean of
Five
Sites

50+19
114+35
196+47
30+17
81+33

155+50
0+10

26+37
93±55

0+4
5+33

64±56
0+2

0+18
37+56

0+0
0+7

16+54

* Data derived from Coligado et al. (1968, 1969).

These computations do not account for water loss prior to or dur-
ing irrigation, water used for frost protection, water used specifically to
promote crop establishment, or water required to leach excess salts from
the soil. These factors will be addressed later in this report.

3.1 EFFECTIVE SOIL WATER-STORAGE CAPACITY

The effective water-storage capacity of the soil is the result of
several factors. The texture of the soil is the primary determinant of the
water-storage capacity per unit of soil (see Table 3 ) . The rooting depth
of the crop dictates the volume of soil from which water can be extracted
and, hence, the total amount of water available (Table 3 ) . Finally, the
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effective soil water-storage capacity is that fraction of the soil water-
storage capacity that is readily available to the plant. This fraction is
often assvmed to be 50% (Coligado et al.)* Thus, the amounts of available
water shown in Table 3 should be halved to determine the effective soil
water-storage capacity. Economic factors would suggest that irrigation is
most likely to be profitable for high-value, direct-consumption crops.
These crops tend to have relatively shallow rooting depths and, hence, have
access to less soil water.

TABLE 3

EFFECTIVE ROOTING DEPTH FOR WATER EXTRACTION BY SOME AGRONOMIC PLANTS

Rooting
Depth
(cm)

<25

25-50

50-100

100-300

>300

Plants*

onion

lettuce, radish

beet, brissica, carrot,
cucumber, potato, spinach,
squash

bean, corn, flax, parsnip,
pea, pumpkin, tomato,
strawberry, small grains

alfalfa, asparagus,
orchard :rees

Available Water**(mm)

Sand Soil Loam Soil Clay Soil

<20 <40 <40

20-30 40-80 40-30

30-70 80-150 80-150

70-200 150-450 150-450

>200 >450 >45O

* Data for mature pi ints in deep, unstratified, well-drained soil (Caruthers
and Clark 1972, p. 28).

** Data derived as the product of rooting depth and the available water per
cm depth soil (Buckman and Brady 1969, p. 174).

The soils of northern Ontario are predominantly sandy. Boils
(1985) summarized data for all of northern Ontario and reported that, of
the surface soils, 54.5% are sands, 4.3% are silts, 22.7% are clays, 8.4%
are organic and the remainder are stony. Beals reported that 72.1% of
northern Ontario soils are classified as members of the Great Groups, char-
acterized by aerated, leaching processes. Thus, much of the region con-
tains soils with low water-storage capacities.



3.2 CROP CONSUMPTIVE USE FACTOR

The consumptive use factor, as defined by Coligado et al., is the
ratio of actual to potential evapotranspiration:

"An actively growing crop that completely covers the
soil over a large area and that has access to an
ample supply of readily available soil water has a
consumptive use factor of 1.00. If the crop area is
small or the individual plants are high and spaced in
rows so that heat can be carried into the space below
the top of the canopy, the consumptive use factor may
exceed 1.00. Where plants are short and do not cover
the ground so that bare soil is showing, the consump-
tive use factor is less than 1.00. Maturing crops
that are not actively transpiring have a consumptive
use factor of less than 1.00"

Coligado et al. present irrigation requirements for consumptive
use factors of 0.50, 0.75 and 1.00, and suggest that extrapolation of their
data up to 1.25 from their tables is reasonably accurate. For many crops,
the developmental stage most sensitive to drought stress is near flowering,
which generally coincides with complete ground cover. Thus, a consumptive
use factor of 1.00 is an appropriate value. Furthermore, yield is clearly
linked to actual evapotranspiration or actual consumptive use (see Figure 1).
Thus, the goal for yield optimization would be a consumptive use factor of
1.00.

3.3 EFFICIENCY OF WATER USE

From the viewpoint of pathways analysis, water loss due to seep-
age from the irrigation system outside the crop field can be ignored
because the associated toxic elements would not en*"er man's food sources
directly. Irrigation system leaks in the crop field and water loss due to
evaporation anywhere between the water source and the soil of the crop
field must be included, because the associated toxic elements would
eventually be concentrated in the soils and plants of the crop field.
Efficiency factors approach 100% for trickle irrigation systems and may be
as low as 25% for ground flooding techniques. In arid regions of the
United States, a mean efficiency of 66% has been suggested (Carruthers and
Clark 1972). Northern Ontario is a more humid region where evaporation
losses would be smaller but, because of the large amount of available
surface water, economic conditions may dictate a low-cost, low-efficiency
system. Thus, an efficiency value between 50% and 100% seems appropriate
for northern Ontario.

3.4 IRRIGATION USED FOR FROST PROTECTION

Irrigation used solely for frost protection is usually not eco-
nomically effective. However, once capital has been invested for irriga-
tion to alleviate drought, then it is very likely that the additional
operating costs to supply irrigation for frost protection can be justified.
Computed probabilities of late and early frosts are not useful in predict-
ing this need because planting and harvest dates are manipulated by the
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fanner to avoid frost. Thus, for example, late frost will be at least
partially correlated with late plantings, because the farmer has some
short-term capacity to predict weather.

The economic returns will probably diminish with the number of
times irrigation is used to protect against frost. Each use has an
associated cost, but only one crop return is expected. Thus, the number of
uses per season may be a reasonable parameter to estimate. This author
proposes a mean of once per season, with a maximum of six times per season.
In some seasons, there would be no use of irrigation for frost protection.
A steady use of irrigation water for 2 to 6 h during the night would
probably be required, at a rate of about 3 mm/h (Mercier 1965).

3.5 OTHER USES OF IRRIGATION

Irrigation to assist crop establishment is probably a minor use.
It could be practised, at most, only a few times per season and would use-
only enough water to wet the dry surface soil. Since this use, as consid-
ered in this report, is independent of soil moisture budget computations,
only a few centimetres of surface soil are considered. Thus, the annual
amount of water would probably not exceed 20 mm.

Irrigation to leach toxic elements from the soil would be quite
unlikely in a climate like northern Ontario where each year has a period
with excessive rainfall.

3.6 SUMMARY OF IRRIGATION REQUIREMENTS

Irrigation requirements f.ir northern Ontario have been summa-
rized, including standard deviations computed from 30 years of recent,
records. The means varied from 0 to 229 mm, with standard deviations up to
69 mm. The means varied due to soil water-storage capacity and the crop
water-use factor. Typical gardens in the region might have water-storage
capacities of about 50 mm and crop water-use factors of 1.00. The water
loss due to inefficiency in the irrigation system might be 25%. Thus, a
reasonable, generic irrigation requirement would be 120 ± 60 mm per season.
The probability that irrigation water will be applied is a separate issue,
as discussed previously.

4. IRRIGATION AS A I'ATHWAY IN THE FOOD CHAIN

Man derives his food from many sources. Plant and animal pro-
ducts are eaten directly, or may be intensively processed. The product may
be grown at home or may come from a lywhere in the world. Some products are
o.iten in entirety whereas only parts of other products are eaten. Thus,
each food source has unique properties that may modify nuclide transfer to
man. The most comprehensive way to deal with this complexity is by using
food-chain models, but even these r»quire gross generalizations.

The model FÜO0 III (Zach 1980a) was chosen for this analysis.
FOOD [II can incorporate both aeriaL and surface irrigation with the
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capability to predict the accumulation of nuclides in the soil. The use of
contaminated water for both man's and animals' drinking requirements can
also be modelled. The various pathways can be isolated, for comparison
purposes. This model has been used to assess irrigation from the viewpoint
of Canadian reactor site assessments (Blaskovich 1980).

4.1 MODIFICATIONS TO FOOD III

FOOD III computes the nuclide concentration in soil using a
function of the form:

I(l-exP(-x t,))
c - Pxe

 (1)

where C = nuclide concentration in soil (Bq'kg"1)

I = rate of nuclide input (Bq^m"2*d~')

P = conversion from land surface area to soil dry weight

X = effective decay constant (d"1)

t, = time at which the concentration C is to be computed (d).

For the present analysis, two modifications were made. The first
involves the parameter t,. As t, approaches infinity, the value of C
approaches an equilibrium value of I/P*X . For long-term assessments (up
to 10s a), with no fixed time at which C must be computed, it is appropri-
ate to use this equilibrium model. Certainly this is more conservative
than selecting a value for t that is pre-equilibrium.

Zach and Iverson (1979a) have presented the problems associated
with computing dose-consequence ratios for pre-equilibrium soil concentra-
tions. The equilibrium model is used in this report, unless otherwise
specified.

The second modification involves the parameter \ . The value of
X used by Zach (1978) is the radioactive decay constant (X ), suggesting
tnat nuclides were lost from the soil only by radioactive decay. However,
most soils in North America, and certainly those of northern Ontario,
experience long-term, net downward movement of water. In this process,
nuclides are lost from these soils by leaching. In this report, X has
been redefined as

xe = xn + xr (2)

where X = effective decay constant

X = radioactive decay constant

X = soil residence time coefficient.
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Zach and Iverson (1979b) used this definition of \ with X set
at 1.9 x 10~6 d~' for all nuclides. Tae soil residence-time coefficient is
based on the assumption that leaching follows first-order kinetics of the
form:

^ = - X C (3)
dt

and thus

lnC = lnCQ-Ar (4)

where C = the initial soil concentration (Bg*kg~l).
o

This concept of mass-action kinetics is theoretically reasonable
and has been modelled using the computer code SCEMR (Sheppard and Mitchell
1984). Values of X were computed from soil concentration estimates de-
rived from SCEMR, and varied with the soil sorption parameter (K,) and the
precipitation (see Figure 2). The other parameters of the SCEMR model were
set by Sheppard and Mitchell to simulate the soils and climate of northern
Ontario. The relationships shown in Figure 2 were derived for use in FOOD
III using segmented linear functions (Table 4).

The values for K, are not included in the data files used by FOOD
III. Baes (1982) showed a correlation between K, and the corresponding
soil to plant concentration factor for numerous nuclides. Sheppard (in
preparation) has elaborated on this correlation using the SCEMR code.
Since plant concentration factors are used by FOOD III, it is convenient to
use these to estimate the corresponding K values. The relationship used
was

lnK. = 4.78 - 1.12 In (DM-CF) (5)
d

where K = soil sorption parameter (Bq'kg"1 soil / Bq«L~' soil
water)

CF = soil to plant concentration factor (Bq#kg~' dry plant/
Bq'kg"1 dry soil)

DM = 5 (kg wet plant/kg dry plant)

The value of DM assumes a general plant dry matter content of
0.2 g dry/g fresh. The relationship used to predict K, is the result of
predictions from the SCEMR code for simulations of 30 years following a
uniform contamination. The parameters were set to describe a medium-
textured soil in a climate comparable to northern Ontario. The relation-
ship tends to predict K, values higher than literature values, and thus,
for equilibrium assessment models, is generally conservative. The high K
values will result in lower residence time coefficients, and hence, slower
leaching of the nuclides from the soil.
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TABLE 4

SEGMENTED FUNCTIONS OF THE FORM ln Xr= a + b (lnKd)

USED TO MODEL THE RESIDENCE TIME COEFFICIENT (Xf)

FOR FOUR AMOUNTS OF ANNUAL PRECIPITATION*

Value of
In K,

d

All Values

<-3.5
-3.5 to 1.0
1.0
>6.0

<-3.5
-3.5 to 1.0
1.0 to 6.0
>6.0

<-3.5
-3.5 to 0.77
-0.77 to 6.0
>6.0

Coefficients

a
(Intercept)

Less than 500

0

750 mm

-6.691
-7.717
-5.535
0

1000 mm

-5.277
-7.123
-5.535
0

2000 mm

-3.370
-3.942
-5.535
0

b
(Slope)

mm

0

0
-0.3063
2.227
0

0
-0.5740
-2.227
0

0
-0.1593
-2.227
0

* Based on runs of the SCEMR model by Sheppard and Mitchell (1984).

Thus, the retention of nuclides by the soil has been redefined to
include leaching. The soil residence-time coefficient is estimated as a
function of K^. In this analysis,

4.2 PATHWAYS ANALYSIS

was derived as a function of CF.

The model FOOD III predicts radiation dose (ICRP-26 50-year com-
mitted effective dose equivalent) to man from nuclides entering man's diet
via several pathways. The present analysis of the relative importance of
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irrigation must assess the importance of all water-mediated pathways. The
pathways examined w«re:

1) The absorption of nuclides by the leaves of crop plants from
sprinkler-applied irrigation water, plus the absorption, by the roots of
these plants, of nuclides from the soil contaminated by the irrigation
water for one season.

2) The absorption of nuclides by the roots of crop plants
irrigated for one season by surface flooding or trickle irrigation.

3) The direct consumption of contaminated water by man.

4) The consumption of contaminated water by food-producing
animals.

5) The absorption, by the roots of crop plants, of nuclides from
soil contaminated by water. The contamination could arise from groundwater
ar surface irrigation, and is assumed to occur continuously for periods of
102 to 106 years. Many of the nuclides reach an equilibrium soil concen-
tration in less than 100 years.

The specific manipulations of parameters to isolate each of these
pathways are described in Appendix A. The dose estimates, which are addi-
tive for the five pathways, are simple multiplicative functions of the con-
centrations of the contaminated water or the soil (Zach and Iverson 1979a).
Thus, the reader can compare the pathways for any scenario chosen. For ex-
ample, the relative dose contribution from pathway 1 when man receives
nuclides from an input of 1=1 Bq#m~2'd~' through pathway 1 and from an
input of I = 0.1 Bq*m~î>d~1 through pathway 3 can be computed as follows:

I'D,

I'D, + 0.1'D3

where V)1 and D3 = the doses computed from pathways 1 and 3 per unit

input

PD, = the portion of total dose derived from pathway 1.

4.3 SELECTION OF NUCLIDES

The model FOOD III, using the ICRP-26 dose conversion factors,
can compute dose for 100 radionuclides. There is no need to consider all
these radionuclides to assess the irrigation pathway. Thirteen nuclides
were chosen (Table 5) to represent the range of radioactive decay
constants, soil to plant concentration factors and mean importance ranks
(Mayoh and Zach 1983) found among the 100 nuclides. Two isotopes of each
of thorium and neptunium are of special interest, since the soil to plant
concentration factors do not differ between isotopes.
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TABLE 5

NUCLIDES SELECTED TO COMPUTE NUCLIDE INTAKE BY MAN

Nuclide

P-32

Ni-59

Se-79

Tc-99

Pd-107

1-129

Cs-137

Ra-228

Th-r.29

Tn-231
U-235

Np-237

Np-239

Radioactive
Decay
Constant

(d"1)

4.85xlO~2

2.37xlO~8

2.93xlO~8

8.95xlO~9

2.71xlO~10

1.12X10-10

6.3xlO~5

3.29xlO~4

2.59xlO~7

6.53x1O"*
1.11x10 l i

8.86x10""10

2.95X10"1

Soil to*
Plant
Concentration
Factor

5-OxlO1

1. 9x10~2

1.3X101

5-OxlO1

5.0x10°

2.0xl0~2

2.OxlO~3

1.4xl0~3

4.2xl0~3

4.2xlO~3

2.5xl0~J

2.5xlO~3

2.5xlO~3

Mean **
Importance
Rank

52.4

23.0

34.2

49.0

19.8

21.2

52.2

1.2

50.0
31.4

6 .3

47.6

* Computed as (Bq/kg wet plant)/(Bq/kg dry soil) and specified in FOOD III

** Mayoh and Zach (1983, page 6, Table 2), defined as relative importance
of nuclides for contributing dose to adult man, based on a unit input of
nuclide to the biosphere and ranging from most important (1.2) to least
important (52.4)

4.4 PARAMETER SELECTION

The model parameters used were the generic values given by Zach
(1978, 1980a), with modifications as listed in Appendix A. The parameters
describing consumption rates, transfer coefficients, and dose conversion
factors were not reviewed further. Deposition from air was set to zero.
The tritium and l'C specific activity models were not used.
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The parameters Usîed to compute the nuclide concentrations in
soils and vegetation (Equations (5) and (3), Zach (1978)) can be grouped
into two classes. The first class includes multiplicative terms. Nuclide
concentration in soil is directly proportional to the input rate and
inversely proportional to the soil bulk density. Concentration in the
plant is the product of the soil concentration factor, CF, the portion of
the input nuclide retained by the leaves, the portion of the absorbed
nuclide translocated to the edible portion of the plant and the inverse of
the crop yield. Since the functions are linear, the effect of a change in
a variable is simple to compute. This eliminates the need for a complex
sensitivity analysis.

The second class of parameters includes coefficients of time-
dependent processes and the corresponding times. The accumulation of
nuclides by aerial deposition of water on plant leaves is found using the
term:

1 - exp ((-Xn + X,)te) (7)

X + Xi
n

where \v = the rate constant for leaching of nuclides from plant leaves
(d-1)

X = the radioactive decay constant (d ')
t = the time of exposure of the plants to the contaminated

irrigation water (d)

When the product of (X + Xj, ) and t is greater than 2.3, term (7)
is 0.9/ (x + Xi) or greater, approaching an equilibrium value of 1/(X + XL)
The parameter values chosen by Zach (1980a) and used in this analysis
usually resulted in these near-equilibrium conditions with a value for term
(7) of about 20 d. The value of t has a practical range in Canada of 0 to
100 d. The rate constants can range from 0 to infinity. Thus, the value
of term (7) can range from 0 to 100 d. The predictions given in this
analysis for nuclide concentration in vegetation, resulting from foliar
absorption, can be adjusted approximately by a multiplicative adjustment to
any value of term (7) chosen by the reader.

The nuclide concentration in soil is time dependent, as described
by Equation (1). The ranges and implications of the rate constants and
times have already been discussed.

The radioactive decay of nuclides between the harvest of the food
product and consumption is the remaining time-dependent phenomenon
modelled. The hold-up times used by Zach (1980a) ranged from 0 to 15 d.
For long-lived radionuclides, this would result in no significant loss of
radionuclide.
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5. CALCULATIONS USING FOOD III

THE EFFECT OF SOIL RESIDENCE TIME

The residence-time coefficient was varied from 0 (no leaching) to
values expected for an annual precipitation of 2000 mm (Table 6). The loss
of radionuclides from the soil was due solely to radioactive decay when

TABLE 6

EQUILIBRIUM SOIL CONCENTRATIONS (ESC) AND TIME TO REACH 9/10

OF THE ESC (T90) FOR VARIED AMOUNTS OF PRECIPITATION

Nuclide

P-32

Ni-59

Se-79

Tc-99

Pd-107

1-129

Cs-137

Ra-228

Th-229

Th-231

U-235

Np-237

Np-239

No Leaching
(< 500 mm)

ESC
(Bq/kg)

9.2xl0~2

1.9xl05

1.5xlO5

5.0xl05

1.6xl07

4. 0x107

7-lxlO1

1. 4x101

4
1.7x10

6.8xl0~3

1.7xl09

5. 0x106

1.5xl0~2

T90
(a)

<1

1 0 5

1 0 5

1 0 6

1 0 7

1 0 8

100

19

io4

<1

10 9

1 0 7

<1

9

1

4

6

1

4

7

1

1

6

1

5

1

750

ESC
(Bq/kg)

.lxlO~2

.9xlO5

.4xlO2

.5x10°

.5X101

.OxlO7

• l x l O 1

•4X101

.7xlO4

. 8x10~3

.7xlO9

. Oxl06

.5xlO~2

mm

T90
(a)

<1

1 0 5

630

9.2

22

10 8

100

19

i o 4

<1

10 9

107

<1

8

1

4

2

1

4

7

1

1

6

1

5

1

1000

ESC
(Bq/kg)

.9xlO~2

•9xlO5

.4xlO2

.5x10°

.5X101

.OxlO7

. l x l O 1

. 4x101

.7xlO4

.8xlO~3

.7xlO9

. Oxl06

.5xlO~2

mm

T90
(a)

<1

1 0 5

630

3 .5

22

10 8

100

19

io4

<1

10 9

107

<1

6

1

4

1

1

4

7

1

1

6

1

1

1

2000

ESC
(Bq/kg)

.lxlO~2

.9xlO5

•4xlO2

.8X10"1

.5X101

.OxlO7

. lx lO 1

.4X101

•7xlO4

.8xlO"3

.7xlO9

5x106

.5xlO~2

mm

T90
(a)

<1

1 0 5

630

<1

22

10 8

100

19

io4

<1

10 9

107

<1
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there was no leaching. The soil residence-time coefficient only affected
the equilibrium soil concentration!: (ESC) for nuclides with high soil to
plant concentration ratios such as i2V, 79Se, "Tc and 107Pd. These
nuclides are not strongly sorbed by the soil and, therefore, are relatively
mobile. They are more subject to leaching from the soil.

The effect of leaching on the ESC was substantial for the mobile
nuclides. For example, the ESC for 39Tc was five orders of magnitude lower
when leaching was included. Differences of this magnitude must be con-
sidered in the long-term environmental assessments. Wuschke et al. (1981)
identified 9 9Tc as one of the five nuclides expected to deliver the great-
est dose to man. Incorporation of a soil leaching could significantly
change this result, lowering the estimated dose to man.

The residence-time coefficient also determines the time to equi-
librium for the mobile nuclides. Inclusion of the leaching reaction
reduced the time to equilibrium for 79Se, 99Tc and l07Pd from as high as
10' years to times well within the long-term assessment framework.

An annual precipitation of 750 mm is close to the current condi-
tions in northern Ontario and is a reasonable, conservative value for humid
climates. This is the standard case considered in this report. As a
result, most of the relatively mobile elements have been considered to be
at their respective ESC.

5.2 COMPARISON OF PATHWAYS

The simplest comparison of pathways (see Table 7 ) is between
pathways 1 (sprinkler irrigation), 2 (surface flooding or trickle irriga-
tion,) 3 (man's drinking water) and 4 (animals' drinking water). The
intake of nuclides, as computed, is the intake per day from these pathways,
as contaminated by water at the same (unit) concentration. A practical
scenario could be that contaminated well water is used for one or more of
these purposes. The reader can consider scenarios where the ratio of input
concentrations between these pathways is different from 1:1:1 by adjusting
the predictions using the input ratios.

The one remaining variable between the various pathways is the
amount of irrigation water. The computations in Table 7 assume a rate of 1
L*m"2#d~1 applied over the exposure time (t ) for each crop. For t = 90,
this amounts to an annual application of 90 mm of irrigation. The mean
irrigation requirements computed by Coligado et al. (1968, 1969) ranged
from 0 to 155 mm'a"1 with typical values for home garden crops at the upper
part of the range. This report uses 1 L*m~2'd~l and crop-specific t
values. The reader may adjust these results to make approximations to
other irrigation rates by a multiplicative adjustment from 90 mm»a~l.

The conversion from nuclide intake to dose, as done by FOOD III,
is linear for each nuclide regardless of pathway. Intakes are presented
here since they are the logical output of food-chain modelling and because
in this way comparison between isotopes is not affected by the radioactive
decay sequences. Dose conversion factors chosen by the reader can be
applied.



TABLE 7

INTAKE OF NUCLIDE (Bq.d 1) IN ONE YEAR BY ADULT MAN FROM FT^E TERRESTRIAL PATHWAYS
CONTAMINATED WITH WATER AT A RATE OF 1 Bq.tu^.d"1

Nuclide

P-32

Ni-59

Se-79

Tc-99

Pd-107

1-129

Cs-137

1

One Season
of Sprinkler
Irrigation
to All Crops*

9-0x10°

6.6X10"1

9.4x10°

3-lxlO1

4.8x10°

2.0x10°

1.7x10°

2

One Season One Season
of Surface of Sprinkler
Irrigation Irrigation
to All Crops to Leafy

Vegetables
Only

7.7x10° 2.2X10"1

8.4xl0"3 1.2X10"1

4.3x10° 1.4X10"1

2.9xlOX 8.4X10"1

3.0x10° 2-OxlO"1

1.3xlO~2 1.2X10"1

1.4xl0~3 1.2X10"1

PATHWAY

3

Man's Drinking
Water

1.2x10°

1.2x10°

1.2x10°

1.2x10°

1.2x10°

1.2x10°

1.2x10°

4

Animal's Drinking
Water

1.2x10°

6.1xlO~2

5.6x10°

4.9xl0~1

5.ÛX10"1

7.1X10"1

8.3X1O"1

5

Uptake by Plant
Roots From
Contaminated
Soil**

7.7x10°

t - - 3.9xl03

10^a 3.4x102

t= « 4.7x10-

4.9xlO2

1.2xl02

t - , - 1.3x10^
iota 5.5x10^
10% 5.5x10^
10 a 5.3x10^

2.5X10"1

CO

I

pont-lnupH . . .



TABLE 7 (concluded)

Nuclide

Ra-228

Th-229

Th-231

U-235

Np-237

Np-239

1

One Season
of Sprinkler
Irrigation
to All Crops*

5.7X1O"1

5.4X10"1

7.9xlO~3

6.2X10"1

5.4X10"1

2.5xlO~2

2

One Season One Season
of Surface of Sprinkler
Irrigation Irr igation
to All Crops to Leafy

Vegetables
Only

5.9xlO"4 1.2X10"1

1.8xlO""3 1.2X10"1

4.4xlO~6 4.6xlO~2

l . lxlO"3 1.2X10"1

l . lx io" 3 1.2X10"1

9.7xl0"6 1.3xlO~2

PATHWAY

3

Man's Drinking
Water

1.2x10°

1.2x10°

1.2x10°

1.2x10°

1.2x10°

1.2x10°

4

Animal's Drinking
Water

2.8X10"1

3.5xl0"2

1.3xl0~4

6.3xl0~2

3.5xl0~2

6.3xlO~4

5

Uptake by Plant
Roots From j
Contaminated
Soil**

2.0xl0~2

t = ° 7.8X101

l(Ta 7.4x10
10 a 4.8x10

4.4xlO~6

t= "> 4.6xlO6

10% 4.5x10
10% 4.5x10;:
10ba 4.5xl0J

t= - 1.4xl04

lofa 4.4x10 t
10% 4.4x10"
10 a 3.8x10

9.7xl0~6

* Includes accumulation of nuclide in soil for 90 d and subsequent uptake by plant roots .

** At the equilibrium soil concentration (ESC) and after 10 , 10 , and 10 a of accumulation in soil
if the ESC is not achieved by that time. The soil retention times were based on 750 mm annual
precipitation
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Contamination of man's drinking water is the most direct pathway
in the food-chain model but was not necessarily the pathway that delivered
the most nuclide. More 32P, 79Se, "Tc, 107Pd, 1 2 9I, and l3'Cs were de-
livered to man by way of the sprinkler irrigation pathway when irrigation
of all food crops was simulated. The reason that irrigation appeared so
significant is due to the accumulation of nuclides by the plants and the
higher intake of food plants relative to drinking water.

Non-sprinkler irrigation, where only the soil is contaminated and
the plant foliage does not contact the contaminated water, also was pre-
dicted to deliver substantial amounts of 52P, 7SSe, S9Tc, 107Pd and 1 2 9I.
These elements are very effectively extracted from the soil by plants.
Thus, both sprinkler and non-sprinkler irrigation techniques can deliver
substantial amounts of these nuclides.

The irrigation pathways represented as columns 1 and 2 in Table 7
assumed that all crops, including animal feed crops, were irrigated by the
same rate and concentration of water. Our current diet consists of food
products produced in many, widely dispersed areas. These could not all be
contaminated by the same amount of nuclides. Secondly, the economics of
irrigation dictate varied application rates of watur to each type of crop.
Hence, even in a self-sustaining culture, not all ::ood products would
receive an equal amount of contaminated water.

The procedure for manipulating the food products contaminated and
the amount of irrigation water supplied to each food crop is not difficult
in FOOD III. The problem is to create a reasonable scenario for times far
into the future. The most conservative approach is to assume all food
crops are contaminated by the same irrigation practice. A second approach,
presented as column 3 in Table 7, is to assume only leafy vegetable crops
are sprinkle-irrrigated with contaminated water. The practical scenario
could be that the leafy vegetables are grown in a home garden.

In the model considered, sprinkle-irrigation of only leafy
vegetables would constitute an important source of nuclide intake as
computed by FOOD III. Of the nuclides examined, leafy vegetables would
deliver from 1 to 70% of the nuclides that would have been delivered by
drinking the contaminated water. Clearly, sprinkler irrigation is an
important pathway if it is practised for even a few food crops.

Pathway 4, that of animals' drinking water, was predicted to
deliver from 0.01 to 100% of the nuclides that were predicted for pathway
3. Pathway 4 was generally less important than the irrigation of all crops
with contaminated water, but was comparable in importance to the irrigation
of leafy vegetables only. It would seem reasonable that if assessment
models include pathway 4, that thi probability and consequence of irriga-
tion must also be considered.

The most significant pathway shown in Table 7 is clearly the root
uptake pathway (pathway 5). At the ESC, the delivery of nuclides is as
much as 10s fold higher than the direct consumption of the contaminated
water. Even nuclides that reached the ESC within a few years, such as
99Tc, 107Pd and 22eRa, were delivered in substantial amounts relative to
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pathway 3. The soil is modelled as an accumulator and, given more than a
few seasons of input of contamination, can begin to deliver the nuclides to
food crops at a relatively high concentration.

The practical scenario is that the soil received the nuclides
from either annual flooding, regular irrigation, or from groundwater over
considerable time periods. Such a scenario must be considered in long-term
assessments. The difficulty is in relating the soil contamination scenario
to appropriate scenarios for the other pathways.

6. SUMMARY

The requirement for irrigation in northern Ontario has been
quantified with reliable data that summarize 30 years of weather records.
Depending upon soil type and crop, requirements can range up to 155 mrn'a"1.
The minimum from both water budget and economic considerations is 0 mm'a"1.
A credible scenario, which can preclude economics, is that of the home
garden where the entire annual requirement of at least one food type can be
produced. Clearly, the possiblity of irrigation cannot be ignored under
current climatic conditions in northern Ontario. It would be illogical to
exclude irrigation as a possibility in the distant future.

The food-chain model, FOOD III, with some modifications to the
soil concentration computations based on a soil chemistry and radionuclide
migration model (SCEMR), was used to assess the importance of irrigation in
the delivery of nuclides, to man. Direct comparisons were possible between
irrigation and other uses of contaminated water. Contamination over long
time periods of the soil used to grow crops was by far the most important
pathway. Direct consumption of the contaminated water by man was generally
second in importance. Sprinkler irrigation was a significant pathway
relative to direct human consumption of the contaminated water. Clearly,
irrigation has the potential to deliver significant amounts of nuclides to
man from contaminated water. It will be more critical if regular irrigation
is practised for many years, leading to elevated concentrations of nuclides
in the soil. Thus, it may be unconservative to exclude irrigation from
environmental assessment models.

7. RECOMMENDATIONS

The work described in this report leads to the following recommendations:

- a residence-time coefficient should be incorporated into the
environmental assessment models to describe radionuclide loss from soil,

soil textures should be used to adjust K,, irrigation requirement, and
the soil residence-time coefficient,

include irrigation as a pathway for nuclides in water to reach food
crops both directly and indirectly by way of accumulation in soil,
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irrigation rates between 0 and 155 mm*a 1 (155 L»m 2*d l) should be used
for short-term assessments and up to 500 ram#a~' (500 L'm~2*d"') In
long-term assessments.

a probability of irrigation practice should be used to account for
economic restraints.

a probability of source of irrigation water should be used, similar to
the probability of source of drinking water.
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FIGURE L: Corn Dry Matter Yields as Related to Evapotranspiration (ET)
(adapted from Hanks and Hill, 1978)
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FIGURE 2: The Soil Residence-Time Coefficient X (d ') as a Function of
the Soil Sorption Parameter K, (mL/g) and Annual P».ainfall (mm)
as Predicted by the SCEMR Model
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APPENDIX A

STATEMENT MODIFICATIONS USED IN THE FOOD III MODEL

FIXED PARAMETERS

The model parameters used were generally those specified by Zach
(1978). The exceptions, used in all cases for this analysis, were as
follows :

LWEA has been replaced by PHTIME, the plant half time = 2.24 x
10 2 d

Diet type = 13 (maximum)

MODIFICATIONS TO FOOD III

Statements in the main program of FOOD III were modified to (1)
implement the soil resident-time coefficient, (2) implement the equilibrium
soil concentration model, and (3) isolate the animals' drinking pathway.
All of these involved modification of the statements that computed plant
uptake from soil.

The statements in the original FOUD III model were as follows:

C UPTAKE FROM SOIL

TYrB = DC*TB

YTB =0.0

IF (TYTB.LT.CHRIT) YTB - DEXP (-TYTB)

SECP = (PLAF*(1.0-YTB))/(P*DC)

where DC = radioactive decay constant (d )

TB = soil build-up time (d)

CHRIT = criterion to prevent underflow

PLAF = soil to plant concentration factor

P = soil bulk density (kg/m2)

DEXP = double precision exponent function

and TYTB, YTB and SECP are computational intermediate variables.

The soil residence-time coefficient (REST) was defined by insert-
ing the following statements prior to the computation of plant uptake from
soil.
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To define In K, :
Q

LKD =4.78 - 1.12*L0G (5*PLAF)

To define REST for less than 500 mm rainfall:

REST = 0.0

To define REST for 750 mm rainfall:

REST = EXP (-6.691)
IF (LKD.GT.-3.5) REST = EXP (-7.717 - 0.306*LKD)
IF (LKD.GT.1.0) REST = EXP (-5.535 - 2.227*LKD)
IF (LKD.GT.6.0) REST = 0

To define REST for 1000 mm rainfall:

REST = EXP (-5.277)
IF (LKD.GT.-3.5) REST = EXP (-7.123 - 0.574*LKD)
IF (LKD.GT. 1.0) REST = EXP (-5.535 - 2.227*LKD)
IF (LKD.GT.6.0) REST = 0

To define REST for 2000 mm rainfall:

REST = EXP (-3.370)
IF (LKD.GT.-3.5) REST = EXP (-3-3.942 - 0.159*LKD)
IF (LKD.GT.-0.77)REST = EXP (-5.535 - 2.227*LKD)
IF (LKD.GT.6.0) REST = 0

The definitions of TYTB and SECT were then modified from the
original code to be

TYTB = (DC + REST) *TB
and SEGfc.̂  (PLAF * (1.0-YTB))/(P*(DC+REST))

The REST and the time to reach 90% of the equilibrium soil
concentration (NINE) were printed using the statements:

NINE = (2.303/(DC+REST))/365.25
WRITE (6,799) REST,NINE

799 FORMAT ('0', RESID.TIME (D-l), E12.4, NINE TO NINETY, E12.4)

The equilibrium soil concentration model involved redefining SECP

SECP = PLAF/(P*(DC+REST))

When contamination of animals' drinking water was isolated as a
pathway, the uptake from soil was set to zero by redefining SECP as:

SECP =0.0
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MODIFICTIONS TO PARAMETER FILES

The parameter files EAT.DAT and DIT.DAT as used were updated
versions of those reported by Zach (1978), modified to coincide with the
parameters used by the current assessment model (Mayoh, personal
communication). The DOS.DAT file was replaced by the A26IC file (Zach
1979). The ADD.DAT file was modified so the default water concentration of
all nuclides was 0 Bq/L. The parameter RW in the FOO.DAT was changed to
either RW=0.0 or RW=0.25, depending upon the pathway isolated.

ISOLATION OF PATHWAYS

The parameters that were manipulated in order to isolate the five
study pathways are both input parameters and variables defined in the main
program and the FOO.DAT file. The value of RW (the fraction of sprinkler
irrigation nuclide retained by leaves) iis defined in FOO.DAT. The value of
TB (build-up time in soil) and SECP are defined in the main program.

Pathway 1 - Sprinkler irrigation of all crops

RW = 0.25
TB = 0.2464 a
SECPA = (PLAF* (l.O-YTB))/(P*(DC+REST))
food types = 1 to 15 inclusive
irrigation rate = 1.0 L/m *d
animals do not drink contaminated water

Modified Pathway 1 - Sprinkler irrigation of leafy vegetables only

as in pathway 1 except:
food types = 1

Pathway 2 - Surface irrigation of all crops

RW = 0.0
TB = 0.2464 a
SECP = (PLAF*(1.0-YTB))/(P*DC+REST))
food types = 1 to 15 inclusive
irrigation rate = 1.0 L/m'd
animals do not drink contaminated water

Pathway 3 - Man's drinking water

RW = not used
TB = not used
SECP = not used
food types = 20 and the concentration is set equal to that of the
irrigation water (input code = 2 for food type 20)
irrigation rate = 0.0 L/m *d
animals do not drink contaminated water
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Pathway 4 - Animals' drinking water

RW = 0.0
TB = not used
SECP =0.0
food types; = 10 to 14 inclusive
irrigation rate - 1.0 L/m *d
animals do drink contaminated water

Pathway 5 - Uptake from contaminated soil

RW = 0.0
TB = not used unless time to 90% of equilibrium more than 10 a
when TB was defined as 10 , 10 and 10 a
SECP = PLAF/(P*(DC+REST))
food types = 1 to 15 inclusive
irrigation rate = 1.0 L/m 'd

animals do not drink contaminated water
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