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ENVIRONMENTAL PATHWAYS FROM REACTOR TO MAN*

W. S. Snyder
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There seems to be little doubt that our present type of civilization wil l require

more energy to maintain the standards of living we take for granted and which many

countries besides our own are trying to realize for their populations. As population

increases and as supplies of fossil fuels diminish in the future, new sources of energy

are required if projected rates of consumption are maintained. There are those who

urge we take effective measures to stop wasteful use of power, but it seems this would

gain a relatively few years and not be a real cure. Of course, nuclear power has been

developed by the Atomic Energy Commission as perhaps its primary responsibility to the

nation, and this source of power is available to meet the needs for power. However,

as with most other good things of life, if one accepts a nuclear source of energy, one

must also accept responsibility for the nuclear waste it produces and finally for the

exposure of man to radiation from such waste products and for the biological effects

that may be produced.

It is not the purpose of this ftilk to indicate what is known—or not known—-about

the thorny question of biological effects of ionizing radiation delivered to man at low

doses and dose rates. Perhaps it might be an appropriate subject for a course of lectures
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if you can find the lecturer.' Fortunately, you can consult the past publications of the

International Commission on Radiological Protection (Publs. 8, 9, 14) to get some idea

of what knowledgeable people believed as of a few years ago. If you wish, you can

delve into the recently issued Report No. 39 (NCRP) issued by the National Council on

Radiation Protection and Measurements, the Report of the Advisory Committee on the

Biological Effects of Ionizing Radiations (NAS BEIR Report) published under the auspicies

of the National Academy of Sciences, and the Report of the United Nations Scientific

Committee on the Effects of Atomic Radiation (UNSCEAR Report, 1972). To summarize

in a sentence, while there is no real doubt about the biological effects of high doses of

radiation,at low level* of exposure, there are only theories which are, for the most part,

extrapolations from results observed at high levels. This may do some injustice to the

epidemiological studies (Stewart et^aL,, 1972).

Lest this be misunderstood, I hasten to add that this is an exceedingly important

question, and when the health and well-being of this and future generations are involved,

one cannot always afford to wait until the question is settled with near-scientific certainty

before acting. This same degree of scientific uncertainty is present in most regulation of

human activities. For example, a car driven 80 miles per hour on a public highway is not

necessarily going to produce a wreck, and a car passing a school bus will not usually kill

or maim a child, but society judges that the likelihood of such events is high enough to

warrant the prohibition of the act. One does not ask whether one can prove beyond

the shadow of a doubt that the consequence is inevitable. Thus, although my subject

is not that of detailing the biological effects of low doses of radiation, yet it is the

biological effects that are the real concern. If we were certain there .
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were no biological effects at low doses, there would be no real incentive to keep

absorbed doses of radiation low, and you would not have asked me to talk to you

about how this can be done. The average dose to an organ from a source of radiation

as used here is simply the energy absorbed per gram of the organ mass due to the radiation.

The unit of dose is the rad which is taken as absorption to the extent of 100 ergs per gram

of tissue. For some forms of radiation, further factors may be needed to represent their

efficacy in producing biological damage, and when these factors are included, the

quantity is termed the dose equivalent and its unit is the rem.

The ICRP, which is our principal nongovernmental source of standards for exposure

to ionizing radiation, has recognized the problem and has recommended that one study

and identify what they term the critical nuclides, the critical pathways, and the critical

population groups. The characteristics leading to the definition of a critical pathway or

group are expressed in ICRP Publication 7 from which the following paragraphs are quoted:

"(13) Most installations which handle radioactive materials are designed and

operated to contain the radiation and radioactive materials, and to concentrate

their by-product wastes. Nevertheless, some release of radioactivity to man's

environment occurs, due either to the disposal of low activity wates or to

accidents. The releases are made to many different sectors of the environment

and the amounts and compositions of the releases wil l vary from installation to

installation (even between installations of the same general type) and from time

to time.
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"(14) Thus, in most situations in which radioactive materials are introduced

to man's environment, there will be numerous and complex pathways by which

each of the released nuclides may ultimately cause radiation exposure of man.

An example of such a pathway is the deposition of strontium-90 on grazing

land, its direct retention on grass or its uptake into the grass from the soil,

its ingestion by cows and the subsequent ingestion of cow's milk by people,

especially children. Further examples are given in Appendix A. A compre- .

hensive and detailed study of all such pathways will not be needed, even for

installations which involve potential radiation hazards of the greatest magnitude,

e . g . , reactors, reactor fuel reprocessing plants and stores of fuel reprocessing

wastes. Experience has shown that a study of the situation will indicate that

certain nuclides and certain exposure pathways are much more important than

others. These nuclides and pathways are designated "critical".

"(15) The presence of a critical nuclide in some critical pathway will not

cause the same exposure of each member of the population outside an instal-

lation, and preoperational investigations (see paragraphs 25 and 26) will

usually establish the existence of one or two groups of people whose

characteristics, e.g. habits, location, or age, cause them to receive doses

higher than those received separately, i .e. to be designated as critical. •;

Great judgment is necessary in defining such a group in practice and the

following aspects will have to be considered. Some of these are the same

as the factors influencing the design of routine surveys (see paragraph 25)

and only those concerned with the critical group itself are listed below:

(a) The location and age distribution of the potentially exposed group.

(b) Dietary habits, e.g. special foodstuffs and amounts consumed.
(c) Special occupational habits, e.g. the handling of fishing gear.

(d) The type of dwelling, e.g. shielding characteristics.
(e) Domestic habits, e.g. time spent indoors, frequency of personal

washing and laundering of clothes.
(f) Hobbies, e .g. sport/; fishing or sunbathing.
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"Such groups in the population may be in the vicinity of the installation

or at some distant location; they may include adult males, adult females,

pregnant women, and children; they may be individuals who eat foodstuffs

prepared in a special way or produced in a particular location; or they may

be people who work in a particular industry. Only general guidance can

be given on the considerations needed to define the critical group and the

associated critical nuclides and pathways, for the situation will be specific

for each installation and its environment, but the importance of such a

definition is considerable. The concept of the critical group provides a

sound and practical way of complying with the Commission's recommendations

concerning members of the public. It also allows economies in the conduct

of environmental monitoring.

"(16) The critical group should be identified in such a way that is is repre-

sentative of the more highly exposed individuals in the population and is as

homogeneous as practicable with respect to radiation dose, that is, with

respect to those factors in paragraph 15 which affect the dose in the specific

case considered. "

The ICRP has indicated a rationale for an environmental monitoring program or for

a preplant assessment .of the dose equivalent that might be received by persons living near

the nuclear facility. In line with ICRP policy, they have not presumed to spell this out

in detail, that is, which radionuclides are the critical ones, wh• < pathways are important

and which not, and which groups are the critical ones. However, examples are given,

but the ICRP does not presume to prescribe a routine which must be followed. They do

not tell you precisely how the job should be done, but only describe the criteria for judging

whether it is done adequately or not.
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How does such a program function in a real situation? And how would one proceed

in a hypothetical situation as one must if one is choosing a site for a reactor or other

nuclear facility? In Fig. 1 we see a generalized model for the pathways from deposition

of the radionuclide on soil or plants to reach man through the food he eats. Note (his model

only considers the radionuclide reaching man by way of food grown on land-—thus aquatic

pathways are not represented and, likewise, dose equivalent received directly by a

person being present in the environment is not considered. The nuciide may deposit on

growing plants which are part of the human diet (lettuce.or cabbage) and thus reach man.

Or it may deposit directly on the soil or subsequently transfer to soil from plants, and such

nuclides will to some extent be incorporated in the next crop (wheat, beans, potatoes).

The nuciide may deposit on grass or soil not directly used for human food but which is used

as pasture by cattle, and from here it may become incorporated in meat or in milk and thus

reach man. The transfer coefficients represent the rates at which the radionuclide transfers

from one compartment to another. This model is due to R. S. Booth and S. V. Kaye, both

of Oak Ridge National Laboratory, and a more detailed discuss'on of this model is contained

in CRNL-4720 where it is applied to fallout from weapons tests. Ecologists are trying to

accumulate information on realistic values for the transfer coefficients shown here and for
others of like nature.

/Clearly, the values of r which are appropriate for one food are not likely to be

correct for another, and this is why I have termed this a generalized compartment model

with each of these interconnections representing many particular pathways. Also, the

values of these coefficients would be expected to be quite different for different nuclides,
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different soil types, climates, etc. Of course, this figure is only to remind you that

there is in existence a discipline for modeling the environment, or certain aspects of

it, and there is growing up a large library of information concerning the values of the

transfer coefficients for different environments. It is largely to this body of information

that the ICRP referred in stating, "Experience has shown that a study of the situation

will indicate that certain nuclides and certain pathways are much more important than

others. " Clearly great judgment will be necessary in choosing a model for a new situation,

and in the present state of the art, one would always regard it as an indication of what

to expect rather than as providing accurate estimates of levels of contamination.

If a single input of the radionuclide enters the environment, it is possible to model

and to observe the kinetics of the processes going on. F i g y r e 2 is one prepared by

J. Honstead and T. Essig of Bat re Me Northwest Laboratories (Proc. 1972). It indicates

the gradual shift of the nuclide—^2p in this case—which is initially only in the water.

After about an hour, it has entered into the tissues of the aquatic animals, and at the end

of the animals
of a month it is either deposited in soil or is present in the skeletons/which are of relatively

slow growth and would be expected to retain the phosphorus for a considerable period of

time.

If the situation is stable, that is, with the nuclide at a constant concentration in

the water or in the environment, one may observe the levels of the various organisms or

parts of organisms and define what is termed a concentration factor:

CF = (concentration in tissue)/(concentration in water).
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F i g u r e 3 indicates some concentration factors for zinc in several organisms that live

in sea water. You will note they have values of from 10 to 10 and even higher values have

occasionally been observed. Clearly, eating an ounce of oysters is of far more consequence

so far as the contamination is concerned than drinking a gallon of water. In Fig. 4 is

shown a pathway for 32p also from Honsread and Essig (Proc. 1972) in which we can

trace the contamination level first to the water, then to the fish, and finally to a person

who eats the fish. For comparison, the F i g . 5 illustrates the exposure pathway of

6^Zn at an English power station. Here oysters are found to be more significant than

are the- fish, at least for a person eating 7.5 g/day)

F i g u r e 6 illustrates the principles which are basic to a calculation of dose or

dose equivalent. A person is shown drinking water containing 1 uCi of °^Zn. About

90% of this passes through the gastrointestinal tract and, in passing, will give some dose

to the tract. We are more concerned here with the 10% or so that is absorbed through

the wall of the tract and enters the blood. The curve represents the amount present in

his body as a function of time postexposure. Since zinc is distributed fairly generally

throughout the body, one can calculate the energy released end, hence, the average dose

to the total body. This figure represents the distribution of dose in time following a single

intake.

What happens if an individual takes in °**Zn at a constant- level? The next figure

illustrates the buildup of dose, or equivalently of the body burden of &>Zn, fn time, and
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we see that after about 2 to 3 years he approaches a state of equilibrium with his level

of intake and with radioactive decay which also plays a part in these dose calculations.

How accurate are such estimates of dose? Fortunately, there is a check in

most cases! F i g u r e 8 illustrates the use of the whole body counter which measures

a fraction of the photons which escape from the body and, by proper calibration, gives

us an independent check on what radionuclides are present in the body and in what amounts.

While this type of test does require a certain time—say, 15 minutes or less in most cases—

it is altogether independent of any assumptions about modeling or pathways, etc. Many

hundreds of individuals have been measured at Battelle Northwest Laboratory, including

several hundred school children. F i g u r e 9 illustrates a few of the results found, in

this case the ratio of the observed or measured body burden to the calculated body burden.

You will note that the average ratio is considerably less than 1, although there are a few

cases in which the ratio is 4 o: greater. Of course, any such calculated body burden

depends on information concerning the intake; and one cannot have a person at everyone's

elbow who watches what he eats and in what quantities. This is one of the more difficult

quantities to estimate, and it is of vital importance in defining the critical group in the

population.

One reason for this difficulty is that man is a creature of varied habits and tastes,

and these may markedly affect the food he eats. Sometimes these preferences are associated

with a parson's racial background or with his religious preferences, or with his employment,
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his habits, etc. The English have identified a group who eat bread of which one ingredient

is a certain type of seaweed growing along the coast of the Irish Sea. Clearly one must

study the population at hand in order to identify the critical group. There is a plausible

reason why the estimates generally tend to be high—namely, that in this modern day,

much of the food we eat may come from a distance and not show much contamination.

F i g u r e 10 shows the percentage of whole body dose due to various foodstuffs for

the population around Hanford. You may notice that the teen-ager apparently gets a

smaller portion of his total intake from drinking v/ater, but he, in turn, drinks more

milk and probably bottled beverages which are not shown. F i g u r e 11 shows a similar

percentage distribution for dose to bone, and the same phenomenon appears.

Finally, in Fig. 12 is shown what happened to the body burdens of Zn in residents

of Richland, Washington, when the town began drawing its supplies of drinking water

from the Columbia River in 1963, and immediately the body burdens of Zn began to

increase. Concentrations in the drinking water are shown side by side with the body

burdens. Although the measured body burdens did generally increase and decrease with

the concentration of Zn in drinking water, it is clear there must be other pathways

influencing the body burden.

Generally the pattern outlined above is what has been followed by the AEC and
in the United States,

the nuclear power industry/ Modeling of the environment has been used, and it is useful

in analyzing what is happening in the environment, but it is seldom strong enough to

stand alone. A program of monitoring She environment checks on the adequacy of modeling

and of control measures, and this monitoring should elucidate what are the critical nuciides,

|X vhways, and population groups. Generally this kind of program has been successful

in the sense that the power industry has not designed plants which commit the public to

n comlrWaWe fraction of the permissible levels set by the ICRP.

'i
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Fi g u r e 13 shows the limits recommended by ICRP for dose to individuals

and for the population as a whole. The doses seen here are by and large a small
in the United States

fraction of these values. In fact, the fraction is so small that the AEC/nas announced

new limits for certain types of reactors, and these limits on dose are far less than the

recommended limits. In fact, the AEC finds it practical to design these reactors so

dose would be expected to be within the limit of 5 mrem/yr, that is, about 3% or less

ICRP
of the numbers shown on the slide. Of course, the / limits are for dose from all sources

to which the population is exposed other than medical uses of radiation and the natural

1x3'. . Generally, the dose equivalent from naturally occurring radioactivity

will be 100 mrem or more, and the dose equivalent from medical uses of radiation will

average 60 to 70 mrem/yr to the total body in the entire U. S. populations (Estimates

of Ionizing Radiation Doses in the United States 1960-2000, 1972, p. 101). Compare

these figures with the 5 mrem/yr, and one has some measure of the reason why health

physicists generally consider that nuclear power may be one of the safest ways for man

to obtain his energy needs. We know so little about the risks of, say, chronic exposure

fumes,
to S O j , or to lead in gasoline/that in comparison we appear to know quite a bit about

radiation. It would indeed be ironic if man did not develop nuclear power because of

his ignorance of the hazards associated with competing sources of energy. Only the

future can give vs the answer, but until one has seriously examined the impact of a

fossil-fuel plant and compared it with the impact of a nuclear-power plant, the story

is incomplete.
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