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ABSTRACT

Radionuclides produced by nuclear excavation detona-
tions and eleased to the environment may enter a variety
of bioge ochemical cycles and follow essentially the same
transfer pathways as their stable-eZement counterparts.
Estimation of potential internal radiation doses to in-
dividuals andlor populations living in or near allout-
contaminated areas requires analysis of the food-chain
and other ecological pathways by which radionculides
released to the environment may be returned to man A
generalized materials transfer diagram, applicable to the
forest, ag ou Itural, freshwater and marine ecosystems
providing food and water to the indigenous population of
Panama and Colombia in regions that could be affected by
nuclea excavation of a sea-level canal between the
A t�c d Pacific Oceans, is presented. Transfer
mechanisms effecting the movement of stable elements
and radionuc Zides in terrestrial ecosystems are dis-
cussed, and methods used to simulate these processes by
menas of ma thematical models are described to show how
intake va ues are calculated for different radionuclides
in the

maqor ecological pathways Leading to man. These
data provide a basis for estimating potential internal
radiation doses for comparison with the radiation-
protection citeria established by recognized authorities;
and this ,in turn, provides a basis for recommending
measures to insure the radiological safety of the nuclear
operation plan.

*These studies were supported by U. S. Atomic Energy Commission,
Nevada Operation Office, Contract AT(26-1)-171.
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INTRODUCTION

Some of the proposed peaceful uses of nuclear explosives, which
involve nuclear cratering wi I I result in the release of radionuclides
to the biosphere. These radionuclides will be redistributed by
ecological processes and may be transported to man in the form of
contaminated foods and water, thus resulting in his exposure to inter-
nal radiation. A thorough evaluation of the public health aspects
of these peaceful uses of nuclear explosives will therefore require
an evaluation of potential internal radiation doses to man, and this
requires an understanding of the ecological transfer mechanisms
whereby radionuclides deposited in the biosphere may be returned to
man.

During the past four years, the Battelle Memorial Institute-
Columbus Laboratories, and various subcontractors have been engaged
in a program of ecological studies designed to evaluate the radio-
logical safety feasibility of using nuclear explosives to excavate a
sea-level canal between the Atlantic and Pacific Ocean5.1,3 The
basic objective of this program is to estimate the potential external
and internal radiation doses to people living in or near the areas
that would be contaminated by radioactive debris from the proposed
nuclear detonations. These estimates can then be used in planning
the nuclear operation in such a way that the radiological safety of
both project personnel and the general population would be assured.

Estimates of external radiation doses can be made on the basis
of source term4 and fallout5 predictions but the models used to cal-
culate potential internal radiaton doses6 also require estimates of
the probable rates of radionuclide ingestion by the people com-
prising the reference population. These estimates are being provided
by mathematical models designed to simulate the ecological redis-
tribution of radionuclides and their transport to man via contaminated
foods and water.

In this paper we shal I describe some of the general procedures
and concepts that have been used in developing ecological models. As
implied by the title, the examples used will be based primarily on
terrestrial ecosystem studies although the procedures and concepts
involved may have a wider application. Since the studies from which
these examples are drawn are not finished, emphasis wi I I be on methods
instead of results.

Pathways of Radionuclide Transport

Figure I s a highly generalized dagram showing some of the
major pathways of potential radionuclide transport from the biosphere
to man in an area such as eastern Panama and northwestern Colombia. In
this aea, the subsistence economy of the indigenous population depends
primarily upon primitive agriculture, hunting in the forests, and
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fishing in the freshwater streams and oceans. Virtually all the foods
and water comprising the total diet are derived from the immediate
environment. Between 65 and 85 percent of the solid foods included
in the d lets of people now I i ng in the area is der ved from the
terrestrial environment, i.e., from the forest and agricultural eco-
systems indicated by the diagram.7,8

Transfers from forest and agricultural to freshwater and marine eco-
systems are accomp I i shed prima ri I y by hydro I ogi ca I processes. 9Transfers
from ore compartment to another within the terrestrial ecosystems are ac-
complished by a variety of transfer mechanisms most of which involve the
movement of water and/or organic matter. For example, the transfer of
radionuclides or stable elements from the leaf to the litter compartment
of a forest may be due to the mechanical removal of fallout particles, the
washing and leaching action of rain, leaf fall, deposition of herbivore
excreta, etc. Transfers from the litter to the soil compartment involve
decay proces se s, I each i ng by rain, perco I at ion of water throuqh the so I,
etc. Transfers from the soil to the fruit or other edible parts of a
plant involve root absorption, transpiration, translocation within the
plant, and a variety of metabolic processes. A similar array of transfer
mechanisms can be recognized for the pathways connecting other compart-
ments; but, as will be illustrated later, it is often possible to obtain
estimates of intercompartmental flow rates and other parameters used in
ecological modeling without having an exact knowledge of the transfer
mechanisms responsible for the flow.

General Approach to Mathematical Modeling

A mathematical model designed to simulate the entire process of
radionuclide redistribution, even to the relatively low degree of
resolution indicated by Figure 1, would be required to consider a
large number of variables including (1) the more than 300 radionuclides
produced by nuclear cratering explosions, 2 one or more patterns of
predicted fallout deposition, 3 an indefinite number of ecosystems
and all the aterials transport pathways that characterize them, 4)
the physical and/or biological transfer mechanisms that characterize
each transport pathway, (5) an indefinite number of population sub-
groups depending on the ecological and cultural factors which determine
variations in dietary habits, 6 a variety of physiological parameters
which are different for different radionucidies and may vary with
respect to age or other characteristics of population subgroups.

From a strictly scientific point of view, a detailed odel con-
sidering all these parameters, especially if it had already been tested
under realistic field conictions, would provide an excellent basis for
evaluating potential radionuclide intakes by people living in or near
the area that would be contaminated by radioactive debris. However,
for present purposes, it is neither necessary nor practical to consider
all aspects of the radionuclide redistribution process. Many of the
radionuclides produced by nuclear cratering explosions are produced
in such small quantities or have such short radiological half-lives
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that their contributions to potential internal radiation doses are
probably negligible. Many of the possible redistribution pathways
are of little direct concern because they do not lead to man, and many
of those that do lead to man are inconsequential because they
represent foods that are consumed in very small quantities. Further-
more, the experimental data required for the development of a detailed
model are neither readily available nor could they be collected during
the te ordinarily available or a feasibility study. In many cases,
where a detailed model could be used, it may still be desirable to use
a simple model because the variations introduced by the detailed
model are of little consequence, and the more sophisticated mathe-
matical approach would needlessly complicate the overall model.

The approach we have taken is designed to simplify the problem
as much as possible in order to concentrate our attention and efforts
on the most important parameters affecting potential dose calculations.
First, the production of 318 radionuclides was calculated for each of
22 detonations. Radionuclides having an inventory of less than one
Curie 28 days after any detonation were assumed to make no significant
contribution to the potential internal dose. This procedure elimin-
ated all but 53 of the original 318 radionuclides from more detailed
consideration. The 53 radionuclides remaining after the first screening
were evaluated by means o a simple two-compartment model which, based
on conservative assumptions concerning the general behavior of radio-
nuclides in the biosphere, is used to calculate the maximum, probable
contribution of each radionucidie to the internal radiation dose. The
22 radionuclides whose combined contributions added up to an insignifi-
cant dose (i.e., I rem infinite dose) were then eliminated from further
consideration. The 3t radionuclides remaining after this step are now
being evaluated on the basis of a generalized, multicompartment trans-
port model which is more realistic tan the to-compartment model but
still contains a number of conservative assumptions and makes use of
parameter values which tend to overestimate the potential radiation
dose due to each radionuclide. This process of elimination will be
repeated unt I only a few radionuclides need to be treated in the most
complex transport model.

The advantages of this approach are that the number of radionuclides
to be considered at each step is expected to decrease as the complexity
of the model increases. Obviously, the most complex and presumably ost
realistic model in the series or hierarchy of models will be no etter
than the experimental data avai lable for fomulating the model and cal-
culating the critical parameters. The present state of the art ay
not permit us to advance beyond the second or third stage in the
hierarchy; but to the extent that the preliminary models are valid, they
can be used to indicate the kinds of data required for developing more
detai led transport models for the most important radionuclides in the
most important ecological pathways leading to man. The next logical
step in this procedure would be to test the different parts of the model
under realistic field conditions, but we have not yet had an opportunity
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to take this step.

Modified Specific Activity Model

The simple, t.o-compartment model used for the second creen
s 6ngof radionucldies is based on a number of assumption, .i,1 Lowmani

will probably discuss in greater detail. First, we assume that the
radi on uc I ides and stab I e e I ements re I eased to the biosp here by a
nuclear cratering explosion will become mixed with the stable elements
already present in the biosphere. Radionuclides will then be redis-
tributed by the same ecological processes and fol low the same routes
of transfer as their stable element counterparts. If the physical
and biological processes involved in the transport of radionucl ides
and sable elements to man exhibit no significant discrimination
between a radionuclide and its corresponding stable element, the specific
activity (i e. , the ratio of the concentration of a radionucl ide to the
concentration of the corresponding stable element) of man's diet cannot
exceed the specific activity of the radioactive debris.

In the two-compartment mode I compartment I represents a hypo-
thetical total diet, and compartment 2 represents a critical organ of
"Standard Man." The specific activity of each radionuclide in compart-
ment I is assumed to be the same as that of the radioactive debris
produced by a nuclear cratering explosion. This is roughly equivalent
to substituting radioactive debris for man's normal intake of each
stable element and neglecting the dilution that would result due to
mixing with the stable elements already present in the food.

Flo. rates in and out of compartment 2 are based on the physio-
logical data tabulated by ICRPII for "Standard Man." For each element,
the flow rate from compartment I to compartment 2 s the product of
the element ingestion rate and the fraction of the element ingested
that reaches the critical organ. The flow rate out of compartment 2
depends on (a) the total amount of element, both radioactive and
stable, present in compartment 2 (b) the biological elimination
rate coefficient of the eement, and (c) the radioactive decay rate
coefficient of the radionuclide.

For all organs, except the gastrointestinal tract, the solution
to the t-compartment model can be formulated as fol lows:

� S 0) e OSI 1

Y2 F21S1(0) e (X Q El-exp (-X (2)
XB B t
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where, I 0) i s the initial specific activity of the radio-
active debris,

AR is the radioactive decay coefficient,

Y2 is the amount f radionuclide in compartment 2,

F21 is the element flow rate from compartment I to
compartment 2,

and AB is the biological elimination rate coefficient.

The movement of material through the gastrointestinal tract
cannot be adequately described by a biological elimination rate
because the material does not remain in one place long enough for
complete mixing to occur. An approximation for the average radio-
nuclide content of a given portion of the tract is the product of
the rate at which the radionuclide enters that portion and the time
it takes material to traverse it. Aowfng the radionuclide to decay
during the time it takes ingested food to reach a particular portion
of the gastrointestinal tract gives

Y2 =F21SI(0) T2exp (-ARt) U-1 (t-71) (3)

where, T is the time it takes ingested material to
reach a given prtion of the tract,

T2 is the time it takes ingested material to
traverse that portion of the tract,

and U-1 is the unit step function defined by,

UI(X) = 0 for < 

UI(x = for x > .

The CRP has also tabulated the data needed to calculate the
dose rate to a critical organ of "Standard Man" per unit Y2 Of
radionuclide deposited in the critical organ. This value is the R
term in Equation 4 and (5) below; it is a constant for a gven
radionuclide in a given critical organ. Equation 4 and 5) are
obtained by multiplying Equation 2 and 3 by R and integrating
the resulting expressions with respect to time. Equation (5)
applies to the gastrointestinal tract while Equation 4 applies to
all other criticaf organs.
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1 exp NR t)
D R F 21 sl(O) I AR (AB AR) AR XI

exp (- (AR + XB) t) (4)
+ XI (A

I AR

D R F 21 S1(0) 2 (5)
AR Le" (-X, T1) - exp (_XR t)] U-1 (t - T1)

Equation 4 and (5) were used to calculate the maximum likely
contributions of each of the 53 radionuclides whose inventory 28 days
after at least one of the 22 detonations was one Curie or more to the
critical organs listed by ICRP. The time interval considered for these
calculations was from 28 days to 50 years after the last detonation.

Arranging the calculated dose contributions in descending order
and calculating the cumulative sum indicated that 22 of the 53 adio-
nucl ides considered would contribute a total dose of slightly less than
one rem. As a conservative estimate, a dose contribution of one rem
can be assigned to all but the 31 radionuclides whose contributions to
the potential dose are to be evaluated on the basis of a more detailed,
more realistic model.

The procedure described above should result in highly conservative
overestimates of potential internal radiation because it ignores the
dilution effects of several important processes. In the first place,
the estimates of initial specific activity, (O), are based on the
assumption that radionuclides produced by a nuclear cratering explosion
are mixed only with the amounts of stable elements contained in the
fireball volume. Since experimental dataI2 indicate that the radio-
nuclides should be mixed with a much larger volume of stable elements,
the radioactive debris actually released to the biosphere should have
a much lower specific activity than that calculated for use in
Equations (1) and 2 If it is true that radionuclides and stable
elements follow the same transport pathways and exhibit the same eco-
logical behavior, environmental and biological dilution, as well as the
radioactive decay that will occur during the process of ecological
transport from the biosphere to man, will further reduce and dilute
the specific activities of radionuclides in man's diet. Since exclusion
of these factors from the two-compartment model should result in over-
estimates of the contributions of nearly all radionuclides to the
potential, internal radiation dose, we should not be far off in assuming
that this model provides a valid method of reducing the list of radio-
nuclides to be considered in the more detailed models of radionuclide
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redistribution In the biosphere and transport to man. EFor simplicity's
sake we'll call the radionuclides eliminated in this model "insignifi-
cant," and those remaining we'll call "significant."]

General Equation� for Radionuclide Transport Models

General ly, we have assumed that the transport of "significant"
rad I on uc I ides through food cha Ins or food webs, such as i II u5t rated
in Figure I, can be described by mathematic I mode Is cons isting of f rst
order, ordinary differential equations. This type of model is a logical
extension of the model for radionuclide decay chains.13 Similar models
have been used by ICRPI I to estimate maximum permissible concentrations
of radionuclides in air and water and by several ecologistS14-17 for
more general descriptions of ecosystems.

The general equation for the model is based on the assumptions
that (1) the functional components or compartments of ecosystems are
large enough that the average radionuclide or stable element content of
a compartment can be described by continuous mathematics, 2 the
radionucl ide or stable element f lowing into a compartment is completely
mixed with the stable element and/or radionuclide already present in
the compartment, and 3 the rate of a radionuclide or stable element
transfer is given by the product of a transfer coefficient and the
amount of radionuclide or stable element in the transmitting compart-
ment. Thus the total flow of a radionuclide or stable element in and
out of a given compartment in the food chain or food web can be formu-
lated as shown in Equation 6 below.

d Y N N

dt Ain Yn - Yi Z Ani

nOi nOi

d Y N
or A Y, Y i - 1, 2 ... N (6)

dt ii Z ) in

nOi

where, the ith compartment is the compartment of reference and
a I I other cpartments are des grated n ,

yl is the amount of a radionuclide in the ith com-
partment pCi),

Yn is the amount of a radionuclide in the nth com-
partment vCi),
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Xi, and i are rate coefficients for transfers into and
out of the ith compartments (day-1),

N

X Xni
n=1

n0i

and N is the total number of compartments

Usually, the in and Xi values can be treated as constants or
as cyclical functi .ns0f time, and this simplifies Equation 6 to a

system of linear differential equations.

Each equation of the system of equations given by Equation 6)

can be derived in different ways. The most direct method of derivation

is possible if (a) the stable element content of each compartment of

the ecosystem is known, (b) al I the intercompartmental flow rates of

the stable elements are known, and (c) it can be assumed that the

behavior of a radionuc ide is identical to that of the corresponding

stable element. The material balance for a given radionuclide is

then given by

N
d Y. N Fin Yn

L
- Y i F_i + XR)dt C

I - (7)

nOi n0i

i 1, 2, ... N

where, the i th compartment is the reference compartment and

all other compartments are designated n,

Yj and Y, are the amounts of a radionuclide in com-

partments i and n (pCi ) ,

Fin and ni are the total element, both stable and

radioactive, flow rates into and out of com-

partment i (g. element/day),

Ci and C, are the total element, both stable and radio-

active contents of compartments and n (g.

element),

XR is the radioactive decay coefficient (day- 1),
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N Fin Yn Is the radionuclide flow rate into
compartment i from all other com-

Cn partments (V, Ci/day
nOi

N is the radi nuclide loss rate
Yi ( I F i + X, from comparotment I to alI other

n=1 compartments plus the loss rate
n0i due to radioactive decay (pCi/day),

d Yi
and - is the rate of change of the radionuclide content

dt of compartment (IjCi/day).

If the stable element contents of all compartments are constant
and the intercompartmental flow rates are constants, the flow rates of
stable elements into a compartment must equal the loss rate, i.e.,

N N

F ni
n=� in n4F

nOi n4i

This, of course, implies an ecological steady state in which the
biomass of the various ecosystem compartments, and the concentrations of
different elements in each compartment, are more or less constant during
the time interval considered. Such conditions appear to be approximated
in climax forest ecosystems where the annual rates of community photo-
synthesis and community respiration are approximately equal and the
biomasses of plant and animal populations are approximately the same
from one year to another. For such a system, the principal data required
to construct transport odels based on Equation 7 are measurements or
estimates of compartment capacities (Cj) and intercompartmental flow
rates (Fin) for the eement or elements f interest.

Compartment capacities can be estimated, on a unit area basis,
as the product of compartment bioma ss (g biomass/m2) and element con-
centration (g element/g biomass). Many of the intercompartmental flow
rates can be obtained by measuring the rates of water and/or organic
matter movement, and others can be inferred from these. Bloomi and
McGinnis and GoIleyI9 provide excelent descriptions of how these pro-
cedures may be applied to a tropical forest ecosystem.

If during the time interval considered, there is an increase in
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the biomass or stable element content of one or more of the compartments
of an ecosystem, the system will not exhibit the kind of steady state
equilibrium described above. There is, however, another kind of steady
state condition which occurs when the total stable element content is a
constant fraction of the weight or biomass of the compartment. In this
case, the flow rate of the element into the compartment must equal the
sum of the loss rates plus the rate of increase of element content due
to growth of the compartment. This form of steady state has been used in
the evaluation of radionuclide transport in marine ecosystems,20 and it
should be generally applicable to growing organisms.

Equation (8) is a generalization of the derivation given in
reference 20).

d Y d Ci Yi ) N fin Yn
dt dt ' 'B 'i ' R n71 Cn

nOi

(XB + XR) Yi i - 1 2 ... N (8)

d C.
where, is the increase of total element content due to

dt the growth of compartment (g/day),

E is a factor which converts radioactivity units
to mass units (g/pCH,

f. is the fraction of the element input to compart-
,n ment which comes from compartment n (dimension-

less),

N

and Z fin 1.

nOi

The relationship indicated by Equation (8) can be assumed for
either plant or animal compartments of either stable or developing
ecosystems. As will be illustrated in the discussion which follows, it
can also be applied to cultivated crops.

A Simple Crop Model

The principal food plants cultivated in eastern Panama and
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northwestern Colombia are banana, plantain, rice, and corn. Banana
and plantain are usually grown in emipermanent plantations and harvested
throughout the year. Rice and corn are planted in fields which have been
prepared by cutting and burning the secondary vegetation or mature forest
and harvested once or twice per year. After a few years of cultivation,
crop yields drop off and the fields are allowed to revert to secondary
vegetation.

While a great deal is known about plant physiology and the uptake
of minerals from soils, there is no general model for predicting the
accumulation of fallout radionuclides in the edible parts of plants.
Without experimental data from tracer experiments involving the princi-
pal radionuclides, different crop species, and various soil types of
interest, the use of concentration factors may not be reliable. Analyt-
ical data show no consistent relationship between the concentrations
of elements in paired samples of plant tissues and soil extracts.21
However, the chemical composition of a given plant tissue is much less
variable than that of the different soil types on which it is grown.

In developing a simple, conservative model to obtain rough
estimates of radionuclide concentrations in the edible parts of crops
grown in fallout contaminated areas, we have made the following
assumptions:

(1) The element cmposition of the edible part is constant
and can be defined by the mean element concentrations
of representative samples.

(2) The concentration of an element in the plant compartment
does not change during growth.

(3) The ratio of elements taken up from the soil and via
translocation from foliage is the same as the ratio of
elements in the compartment of reference, i.e., com-
partment 3 in Figure 2.

(4) All compartments are well mixed, in equilibrium with
respect to total element content and not changing in
biomass with respect to time.

These assumptions imply a situation in which harvesting is a con-
tinuous process, the rate of harvesting is equal to the growth rate,
and the biomass of unharvested edibles is constant. This is a reason-
able approximation to the harvesting of plantain and banana; and since
lifetime doses are calculated on the basis of 50 or 70 years, it is
not as bad as it might appear for annual crops. For short-term appli-
cations, models could be developed to represent the intermittent
character of crop growth and harves+, but for the present application
this does not appear to be warranted.
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Equation 9 shows the assumed relationship between harvesting
rate and the rate of total element input from foliage and soil.

H (X3 W 3) k1,3 (XI W1) + k2,3 (X2W2) (9)

where, H is the harvesting rate coefficient (years-1),

X is the ratio of a given element to the total
element content of the jth compartment (dimen-
sionless),

W. is the average biomass or weight per unit area
i of the jth compartment g/m2),

kl,3 is the translocation coefficient (years-1),

and k2,3 is the uptake coefficient (years-1).

Values for these parameters can be estimated as follows:

(1) Since the harvesting rate and the growth rate are
assumed to be equal, H is the harvesting rate or
growth rate g/m2/y) divided by the average bomass
(g/m2).

(2) The average biomass ' W�' Of the jth compartment is, in
this case, equivalent the average standing crop of
foliage or plant edibles; the value for soil is based
on an arbitrary depth of oil, the depth of the nter-
flow layer for example.

(3) Assuming k values are very small, except for radio-F _3
nuclide e k2,3 values can be estimated using Equation
10 below.

X3 W3 (10)
k2,3 W2 X 2

(4) The k1 3values can be determined by means of tracer
experiments such as those described by Thomasson, Bolch,
and Gamble22 in which 134CS and other radionuclides were
applied to banana and coconut leaves and samples of fruit
were col lecfed at various times after the tracer appl i-
cation. The transfer coefficient, kl,3, can be determined
from the observed exponential rate of radionuclide
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accumulation in the fruit. The rate f fcliar uptake
of cesium is extremely rapid, and application of the
transfer coefficient for cesium to other radionuclides
should result in conservative overestimates of input
rates.

Analytical solutions for the time variant concentration of a
given radionuclide in each of the three compartments are given below
for a pulse input to the system. The differential equation for the
foliage compartment is

dt - (k 1,2- k1,3 + XR ) NI (11)

where, NI is the radionuclide content of the foliage com-
partment on a unit area basis 1Ci/cm2),

XR is the radioactive decay rate coefficient
(day-1),

and t is time (days).

For t 0

N1(0) = -a LW1 FA (12)

where, aL is an interception coefficent (CM2/g)23

WI is the average biomass of compartment I g/cm2)*

FA is the fallout input for the reference radio-
nuclide (pCi/cm2).

The solution of Equation (11), the foliage compartment is

N NI(0) exp [-(k 1,2 1,3 + R (13)

a
or S L FAexp [-(k 1,2 k1,3 + XR ) ] (14)

i X1

*The product, WI, is the fraction of fallout intercepted by plant
foliage.
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NI(t)
where, SI M . Wx pecific activity.

The differential equation for compartment 2 the so I compart-
ment, is

2 k1,2 N1 (kH + k 2,3 + XR ) N2 (15)dit

where, N2 15 the radionuclide content of the soil compart-
ment on a unit area basis pCi/cm2),

and kH is a hydrological removal coefficient (day-1)24.

For t = ,

N2(0 = (I 7�L WI) FA (16)

i.e., the fallout not initially intercepted by foliage is deposited on
the soil.

The solution of Equation (15), the soil compartment is

N 2 N2(0) e t

k N 2 t -al t
+ 1,2 1(0) L � " L

(k 1,2 +k1,3) (kH + k 2,3)

N 2(c)
= specific activity of com- (18)or S 2 X 2W 2 partment 2

where Cy, = k 1,2 k1,31 + XR'

and Ct 2- kH + k 2,31 '
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The differential equation for compartment 3 the plant edibles
compartment, is

.k1,3 N + k2,3N2 (H A R) N3dt

where, N3 is the radionuclide content of the plant edibles
compartment on a unit area basis (1, Ci/CM2).

For t = ,

N3(0 = 

The solution of Equation 19, the plant edibles compartment, is

k1,3N1(0) ( ea3 t 6a t

3 k1,2 + k1,3 + H

k2.3N2(0) ( e-CY3 t - ea2 t

kH + k2,3 H

k2.3 k1.2 N I(O)

+ (kH + k2,3 - k,2- k1' 3) (H kH - k2,3) (k, 2 + k, 3 H)

(kH + k H) e1 t + (H k1,2 k 1,3) eY2 tx L 2,3

(21)

+ (k 1,2 k 1,3 - kH - k2,3) e' 3 tI

or S3 N3(t) specific activity of com- (22)
x3W3 partment 3

where, a - H + X R'
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With reference to Figure 2 the f rst term of Equation 21 
represents the fallout-to-foliage-to-plant edibles pathway of radio-
nu c I i de transport ; the se con d term rep re se nts the f a IIout-to-soi I- to
p I ant edib I es pathway; and the third term represents the f a II out-to-
foliage-to-soll-to-plant edibles pathway. The movement of elements
from soi I to roots, stems, leaves, or other parts of the plant before
deposition in the edible part of the plant, is not considered in the
model. In other words, k2,3, is an overal I transfer coefficient for
the general transport pathway from soil to plant edibles. It should
also be noted that the pathway involving the transport to plant
edibles of materials deposited external ly on fol iage rarely accounts
for more than an insignificant fraction of the total element reaching
the plant edibles cpartment even though it may account for a major
fraction of the radionuclide.

The derivation of analytical solutions given in Equation (11)
through 22) serves to elucidate the general procedure. However when
the models for di fferent ecosystems are coupled to obtain a general
model of radionucl ide redistribution and transport to man, a number
of complications arise which usually make it necessary to resort to
numerical solutions. For example, constant hydrological removal
coefficients, kH, may not be appropriate; fallout input, FA, varies
geographically and, in the case of canal excavation, it cannot be
adequately expressed as a single pulse.

A Simple Transport Model for Terrestrial and Aquatic Ecosystems

Figure 3 illustrates an eight-compartment transport model in which
the pathways 1 1 Justrated in Figure 2 are coupled to other pathways lead-
ing from terrestrial and aquatic ecosystems to man. While the eight-
compartment model is more complex and more realistic than the models
described earlier, it represents a much lower degree of resolution
than illustrated by Figure I and still incorporates a number of highly
conservative assumptions.

As shown in Figure 3 man's total diet is assumed to be composed
of specific quantities of fish, surface water, plant edibles, and
terrestrial animals. The quantities sed were selected to represent
the population groups having the highest fish consumption, the highest
water consumption, the highest consumption of plant materials, and the
highest consumption of terrestrial animals. Describing the total diet
according to these criteria results in a hypothetical food and water
intake almost twice as high as the intakes actually observed by
anthropologists who made quantitative dietary studies in the field.7,8

Values for the element contents of the compartments and for the
intercompartmental transfer coefficients were selected, on the basis of
data collected by field survey teams and data in the literature, to
represent average or typical values of the sort indicated. In cases
where "average" or "Typical" values were in doubt, other values were
selected arbitrari ly to maximize the final dose estimates. To further
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increase the conservatism of the results, fal lout input was calculated
on the asumption that all detonations occur at the same time. The
most heavily contaminated watershed was selected as the worst place
that humans could possibly be, and dry season rainfall rates were
used to minimize the rate of flushing from the land to the sea.

The radionuclides evaluated by the eight-compartment model were
the 31 radionuclides remaining after application of the two-compartmentsGecific activity model namely - 3H i 14C, 32p, 89Sr, 9Sr 95Zr 95Nb9 I
I 3Ru 106Ru 124Sbl 12�Sb, 127mTe, 2 MTe, 1311, 132Te I41ce 143Pr
l�[4C,' 15ISM' 155E, 181W 185W '188W, 195Au, 196Au, 2Mg, 216,b, 2361u,
239p,: 24OPu: and 2lpu. 'Typical dose estimates obtained by this pro-
cedure are given in Table 1. The calculation for zero time to infinity
indicates that the cumulative dose contributed by of the 31 radio-
nuclides 124Sb, 125SIb, 127mTe, 15ISm, and I55Eu) would total less
than one rem. Allowing all radionuclides to decay for 00 days and
calculating the dose from 100 days to infinity indicated that the con-
tribution from 11 of the 31 radionuclides would be less than one rem.
(These 11 include the listed above plus 32p, 95Nb, 132Te, 143p,, 195Au,
and 196Au). The data from which those in Table I have been selected
provide a clear indication that 3H, 89S, 9Sr, 106Ru, and some 16 other
radionuclides not shown in the table will require further evaluation.

TABLE 1. TYPICAL DOSE CALCULATIONS BASED ON
THE EIGHT-COMPARTMENT MODEL

Dose (rem) calculated for
Radion-uclide Time zero to 100 days to

9OSr 685 680
3H 673 663

132Te 586 -0
89Sr 316 80

106Ru 106 88
127mTe 4.3 x 10-1 2.2 x 10-1

1515m 5.3 x 10-3 5.3 x 10-3

At this point it should be strongly emphasized that the only dose
estimates in Table I that should be taken seriously are those whose
sum is less than one. The area considered in obtaining these figures
is one that would be completely evacuated during the nuclear evacu-
ation phase of the canal construction program and would not be
reoccupied unti I some time after the last detonation. It was chosen
to represent the worst case we could imagine. We feel that this
approach provides a valid basis for identifying those radionuclides
which contribute very little to the potential radiation dose, and
that the actual contribution of all these radionuclides can be assigned
a conservative but relatively insignificant value. The 20 radionuclides
remaining in the "significant" category at this stage of the study, are
being re-evaluated by means of more detailed models which are as
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-ali�tic as we can make them on the basis of present nformation In

many cases, this re-evaluation will have a profound effect on the dose

estimates. For example, a recent recalculation of the tritium dose

was based on the best information avai lable on hydrologic redistri-

bution. The new calculation was made for the same "hottest" watershed

and used the same conservative dietary input, but the new dose estimate

for tritium is more than two orders of magnitude less than the value

given in Table 

In the first application of the eight-compartment model, a

Laplace transform technique25 was used to calculate the infinite time

doses directly. Using a semianalytical method25,26 of solving the

di fferential equations, a computer program was designed to calculate

the concentrations of radionuclides in each compartment as a function

of time. The results for 9Sr, normalized for a unit fallout input of

9OSr, are shown i Figures 49.

Figure 4 shows the time dependent concentrations in te foliage

and herbivore (soft tissues) compartments. The curve for plant

leaves reflects the initial contamination by fallout and the rapid

exponential rate of loss due to weathering. The rate coefficient

used in this example corresponds toatweatherin5 half-time of 14 days,
a value reported frequently in the i erature.2 1, gro.ing body of

experimental evidence28 indicates that the rate of loss from leaves
would be better described by a two- or three-exponent model, Dut lacking

the experimental data from which typical" values o the two or three

exponents can be calculated, the single-exponent model is retained as

a useful approximation. The curve for herbivores peaks about 15 days

after time zero, and then decreases at a rate eventual ly approximating

the rate of loss from leaves. This reflects the relatively rapid

turnover time for Sr in soft tissues compared to bone.

Figure shows the relative concentration in soil water from time

zero to about 2400 days. The turnover rate for o![ waterI9 is consid-

erabiy fastern than might be inferred from this graph; the slow deple-

tion rate for Sr is due to the soil's high absorptive capacity for
strontium.29 To compensate fr having used a low depletion rate to

maximize 9Sr concentrations in the terrestrial compartments, and to

maximize the estimates of Sr transport to man via water and fish, Sr

concentrations in the surface water compartment were assumed to be the

same as those in the soil water compartment. If the other parameters

are correct, this has the same effect as ignoring the ground-ater

contribution to stream flow.

The results for the fish compartment Figure 6 were primarily

determined by an assumed concentration faJor of 103 and by the assumed

time variant concentration of Sr in the water. The rapid buildup in

the fish compartment is due to the assumption of a fairly rapid turnover

time.

Figure 7 shows the calculated 9OSr concentrations in the plant
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edibles compartment for only the first 60 days after fallout. This
part of the curve illustrates the relative importance of foliar up-
take during the first few weeks after fallout. The late-time behavior
of this curve, not shown in the figure, would be governed by uptake
from the soi I-so I water compartment.

The curve for the critical organ (bone) of man is shown in
Figure B. Under the conditions prescribed by the eight-compartrrent
model, the peak value is reached about 2500 days after fallout depo-
sition, a time at which the concentrations in most other compartments
have declined to levels which are insignificant in comparison to the
maximum values. The slow decline in this compartment does not
reflect the fai rly rapid decl ine in most other compartments. Instead,
it is governed by the long half-I i fe of Sr and the slow rate of
biological elimination from the skeleton. The integral of this curve
is plotted in Figure 9 to show the cumulative radiation dose to bone,
the critical organ of man for 9Sr, as a function of time. Although
still increasing, ts value after about 50 years is approximately
90 percent of the infinite dose. This illustrates the utility of the
simple - - integrals for approximation.

In this particular example, about half of the 50-year dose was
due to the fish pathway, about a quarter was due to plants, a little
less than a quarter came from terrestrial animals, and a very small
fraction came from water. The high contribution from fish is partly
due to assumption that fish ae eaten bones and all. In some cases
this assumption is well borne out by direct observations.

DISCUSSION

Before closing, we should again emphasize that the eght-
compartment model and the results presented above are provisional.
They are presented here only to illustrate the methods being used to
develop ecological models of radionuclide transport. The parameters
used in this prel iminary effort were del iberately chosen to represent
the worst possible case. There were many reasons for doing this, but
the major ones were I to compensate for uncertainties in the model
parameters and other input data, and 2 to increase the level of con-
fidence in our identification of radionuclides whose total contribution
to the potential internal radiation dose is likely to be insignifi-
cant. Since these results were first reported about seven months
ago,25 considerable progress has been made toward increasing the
adequacy of the model. Additional compartments have been added to
account for radionuclide transport to man from the marine ecosystem.
Fallout inputs to the "hottest" watershed have been recalculated on
the basis of the proposed detonation schedule 22 detonations over a
period of approximately three yearsY. Instead of using "average" or
"typical" values for all the elements involved, we have tried to cal-
culate realistic parameter values for each element, or at least for each
of the elements for which we have analytical and/or experimental data
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of the proper sort. Once the model has been refined to the extent
made possible by the data available, the lifetime internal dose esti-
mates for the hottest watershed wi 11 be recalculated to determine how
soon after the last detonation it would be safe for people to reoccupy
the fallout area. One method of doing this would be to let the fallout
model run continuously from the beginning of the detonation schedule
and then to introduce man into the model at various times after the
last detonation. A graphical method of solving the reoccupancy problem
may be even more convenient. This would involve the computation of
cumulative dose curves, such as shown in Figure 9 for each radionuclide.
The effect of delayed reoccupancy could then be ealuated directly
from these graphs.

Present plans for the canal excavation project call for the
establishment of an exclusion area, i.e., an area to which local
fallout could be confined and from which people would be excluded
until some time after completion of the nuclear excavation. The
boundaries of the exclusion area are more than ample to enclose the
0.5 R lifetime external gamma dose contour of the composite fallout
pattern. When it has been completed, the ecological model will be
used to estimate the maximum probable internal radiation doses to
people living outside the exclusion area. Fallout input will be
calculated as equivalent to deposition along the 0.5 R external dose
contour, and ood intakes will be adjusted to reflect variations in
the diets of different age groups and different cultural groups. By
adjusting the fal lout input terms, this version of the model could
also be used to calculate the radiation doses to which people might
be exposed if higher levels of fallout were accidental ly deposited in
populated regiors outside the exclusion area.

If the peaceful uses of nuclear explosives for excavation projects
are shown to be feasible and research activities continue in the area
of ecology, we should have many opportunities to test and improve
these models to a point of reliabi lity at least equal to the methods
now avai lable for predicting fal lout deposition patterns and external
radiation doses. Perhaps some golden day in the not too distant
future we wi I I have at our disposal a vast library of proven parameter
values to fit almost any combination of radionuclides and ecological
transport mechanisms. Meanwhile, we hope the preceding discussion has
indicated some of the procedures that can be used, providing the results
are judiciously interpreted, unti I that golden day should arrive.
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QUESTIONS FOR WILLIAM E. MARTIN

From Dr. Pendleton:

Cesium-137 has been shown to increase by a factor of about three
between trophic levels. Do your evaluations include this factor
for dose estimation for men?

ANSWER:

To answer that truthfully, I have to look at the 200 values that go
into the equations. This does happen in many of the food chains as

a result of the differences of intake and elimination coefficients,
so that there are cases where these concentrate in the food chain
and other cases where they do not.

Moderator: To briefly summarize for the record what Dr. Pendleton
just said, he feels that it is important to consider such factors
and for example if you do have an increase of a factor of three for
each trophic level and you are talking about as many as three trophic
levels, then your final estimate could be low by a factor of ten if
these factors are not taken into consideration.

ANSWER:

1 agree with Dr. Pendleton 100%. But making precise measurements in
some cases we feel that even if we checked our equations, we do get
these buildups, but then when we look at the specific activity con-
cept, In other words the idea that the transfers of the stable ele-
ment and the radionuclide will be the same ratio, we come to the
conclusion that we have created radioactivity somewhere in the pro-
cess and we wind up with no radioactivity in the biosphere when it's
produced by an explosion. I have not been able to explain this re-
sult.

2. From Dr. Pendleton:

Radionuclides on the soil surface may be transferred to foliage by
rain splash or dust. Have secondary transfers of this kind been
studied?

ANSWER:

No. In fact in the model we're using, runoff is somewhat unrealistic
in that the nature of runoff is not surface runoff, but overflow in a
very shallow hole in the soil near the surface. So we are assuming
that that layer is a mixed type which, of course, it is not. In any
case, we have made no effort to include the splash back from soil to
foliage.
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3. From M. Chessin:

To what extent are national or international radiological safety ser-
vices or commissions Involved In radiation hazards evaluations of the
nuclear sea level canal projects?

ANSWER:

I don't know the answer to that. We are given to make dose estimates
as realistically or as critically as we can, so that they can be com-
pared to any criteria or standard that is adopted. We have ourselves
nothing to do with the establishment of these standards.

4. From M. E. Wrenn:

Milk In Jamaica and some areas in Fl-orida currently contain concentra-
tions 10 to 10 tmes more cesium-137 than we would predict using
transfer coefficients characteristic of more temperate latitudes.
Other areas of the world have been Identified where cesium-137 in
milk Is In the similar excess of expected values. These include
New Zealand, Australia and more recently Chile. Do your transfer
coefficients for cesium-137 reflect these anomalously high values
or the more usual estimates?

ANSWER:

I heard about these results and I find them intriguing. don't know
why this should occur. I don't know their ransfer coefficients from
ces I urr,- 137. This is one of the radionuclides that drops out of con-
sideration on other bases.
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