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The legacy of radiation exposures confronting man arises from two W
historical sources of energy, the sun and radioactive decay. Contempo- g
rary man continues to be dependent on these two energy sources, which *§
include the nuclear fuel cycle. Radiation exposures from all energy U
sources should be examined, with particular emphasis on the nuclear g
fuel cycle, incidents such as Chernobyl and Three Mile Island. In ad-
dition to risk estimation, concepts such as de minimis, life shortening
as a measure of risk, and competing risks as projected into the future
must be considered in placing radiation exposures in perspective. The
utility of these concepts is in characterizing population exposures for
decision makers in a manner that the public may judge acceptable. All
these viewpoints are essential in the evaluation of population exposure
from the nuclear fuel cycle.

MANKIND'S NUCLEAR HERITAGE

The Earth's Beginnings

Life evolved in the presence of terrestrial and cosmic radiation. In
fact, the very atoms, nonradioactive as well as radioactive, that we are
made of had their origins in the stars. All atoms except primordial
hydrogen came from reactions among and in the stars. We are indeed
star children. The very stuff of which we are made is the result of
reactions that took place after the "big bang" some 12 to 15 billion
years ago.

Man is, because of the development of his brain and opposable
digits, the dominant species on Earth. Yet we must remind ourselves
that on the cosmic time scale man is a very new phenomenon. To
put this in better perspective, consider Carl Sagan's cosmic calendar.1
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4 Population Exposure from the Nucltar Fuel Cycle

Sagan relates the 15-billion-year history of the universe, since the "big
bang," to a single earth year. Thus, a billion years of universe histcry
equals about 24 earth days in Sagan's cosmic calendar. According to
the cosmic calendar, the solar system, was not formed until September
9, and life first appeared on the Earth around the 25th of September.
However, the first humanoids did not appear until the 30th of December
and the first humans until the 31st.

The Earth's biosphere consists of air, water, and soil. The fragility
of the biosphere has been recognized by many people, as exemplified
by the following quotation from Jacks and White.3

"Selow that thin layer comprising the delicate organism known
as the soil, is a planet as life-less as the moon."

As the quotation shows, there is a growing awareness that the biosphere
is perhaps mankind's most precious resource. The recognition that man
may have the capability to destroy the biosphere is one of the current
driving forces for limiting the pollution of the biosphere with man-m&de
chemicals and radionuclides.

The Oklo Phenomena: Nature's Reactor

Before proceeding, an event that occurred about 2 billion years
ago in western Africa should be discussed. According to the time rela-
tionships developed by Sagan, at some time in early November of the
cosmic calendar, a rich deposit of uranium ore at Oklo, in the repub-
lic of Gabon, began functioning as a natural nuclear fission reactor.
Long dormant, but preserved essentially intact, the prehistoric reactor
was found in 1972 during the mining of the deposit.3 Ores from the
mine were shipped to a nuclear fuel fabrication plant at Pierrelatte in
France. Routine analysis of the core samples revealed an anomaly in
the U-238/U-235 ratio: the samples were consistently low in the easily
fissionable U-235. This dir -.repancy led to extensive investigations of
different core samples from the Oklo mine. It was found that the miss-
ing U-235 had not been displaced but had been destroyed in situ. In
the course of the investigations, it was learned that six reactor zones
existed at Oklo in areas having exceptionally rich ore in px-s-Cambrian
times. Further, it. :as been estimated that the Pu-239 produced at the
site by U-238 neutron capture was completely immobilized for a pe-
riod muoh longer than its physical half-life — an observation that may
have possible relevance to the problem of long-term isolation of nuclear
wastes.
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The Two Energy Engines

All energy used by Earth's inhabitants is derived directly or indi-
rectly from two nuclear sources4. All life as we know it today, including
those unusual forms recently discovered in the deep, lightless oceans,6

is dependent on energy from these two nuclear energy engines. These
engines are our star, the sun, and the heat produced by radioactive
elements incorporated into the earth during its creation over 4.5 billion
yean ago and their progeny. Energy is produced by the decay of ra-
dionuciides, which heats the rocks, producing high temperatures. Man
has seen the results of this phenomenon in the form of geysers and other
forms of heated water. He has learned to tap into these reservoirs, some
of which are dry, to extract the energy for his use. At times, the results
of this phenomenon are shown in a more spectacular way, such as by
the partial destruction of Mt. St. Helens earlier in this decade or by
the more recent release of huge quantities of lava from volcanoes in the
Hawaiian islands.

Energy Control

Early man experimented with fire. Later, he learned to control
the release of energy stored in wood for warmth, and, perhaps because
of an accident around the camp fire, he learned to "cook" food. He
dug peat and coal from the earth to burn, first in camp fires during the
period when he hunted and gathered food to survive, later at the sites
where he learned to practice agriculture, and still later in large cities
and industrial complexes. In time, he also learned to use gas and oil
produced eons earlier as the result of energy from the sun, one of the
nuclear furnaces, interacting with vegetation on the earth's surface. He
is now trying to reproduce, on a less awesome and spectacular scale, the
fusion reaction that takes place in the sun. Ultimately, man learned to
mine radioactive ore and burn isolated radionuciides in modern nuclear
furnaces. Sadly, he also learned to fashion radionuciides into weapons
of moder'i warfare.

The following statement is taken from a seminar on The Forgiving
Reactor by Peter Fortescue in 1981.6

"Never in history has society been confronted with a power so
full of potential danger and at the same time so full of promise
for the future of man and for the peace of the world."

Actually, this statement has nothing to do with nuclear energy. Accord-
ing to Fortescue, it is a quote from hearings held on the internal com-
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bustion engine. The year was 1875 — one year before the typewriter
and telephone made their debuts at the U.S. International Centennial
Exhibition in Philadelphia.

The Modern Nuclear Era

The German scientist, Martin Heinrich Kloproth, isolated uranium
salts from pitchblende in 1789. However, another 107 years passed
before the modern nuclear era began with Conrad Roentgen's discovery
of X rays in 1895. In 1896, Henri Becquerel accidentally placed some
uranium salts on covered photographic plates in a darkened drawer.
Becquerel developed the photographic plates and recognized that the
uranium salts were the reason the plates had beep exposed. For this
discovery, Becquerex and the Curies shared the Nobel prize. The rest
is history — Hahn and Strassmann, Stagg Field, Alamogordo, nuclear-
powered submarines, commercial nuclear power reactors, and the entire
new field of nuclear medicine.7

Not everyone agreed that nuclear energy could be utilized. In 1928,
Robert Millikan, in a speech to the Chemist's Club, stated:8

"There is no likelihood man can ever tap the power of the
atom. The glib supposition of utilizing atomic energy when our
coal supply has run out is a completely unscientific Utopian
dream, a childish bug-a-boo."

Ernest Rutherford's views on this subject were given at a meeting of the
British Association for the Advancement of Science five years later.0

"The energy produced by the breaking down of the atom is a
very poor kind of thing. Anyone who expects a source of power
from the transformation of these atoms is talking moonshine."

The Future

The need for a nuclear fuel cycle is clear, if a long-range view is
taken. Long range does not mean years or decades but millenia. As
shown in Figure 1, coal will not last long on a time scale of millenia.10

Natural gas may provide us with an energy source for several hundred
years, but then it, too, will be exhausted. As the number of the people
on the earth continues to increase, as plotted in Figure 2, this need will
become more urgent.11 Earlier this year, according to the Population
Reference Bureau, the world's population was 5 billion. At 11:42 a.m.
PST, on March 14, 1980, the population was 4.5 billion. The increase
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during the previous 12 months was 90 million people. With this rate
of population growth, the demand for energy will increase despite all
efforts to conserve and to be more efficient. A recent letter in Science
suggests that, despite our attempts to curb population growth on a
worldwide basis, we may not have been doing as well as we thought.
Nuclear fission and fusion must be considered as prime candidates to
supply energy to this expanding population.

EXPOSURE TO RADIATION

Movement Through the Biosphere

Radiation released from the nuclear fuel cycle can under certain
circumstances move through the environment via one or more routes
to man. The released material is sometimes difficult to measure when
the amounts are small as compared with the amounts of naturally oc-
curring radioactivity or the radioactivity associated with the testing
of nuclear weapons. Instrumentation and methodologies for finding
and measuring radioactive materials produced or redistributed by man
have become very sophisticated and are used for such activities as aerial
surveys. Similarly, techniques for measuring naturally occurring radia-
tions, those escaping from nuclear facilities during routine or unplanned
releases, or those from human subjects have reached high levels of so-
phistication.

The following quotation is not from a post-Chernobyl news article
condemning the use of nuclear power as an energy source.

"Every falling raindrop and tnowflake carries some radioactive
matter to earth, while every leaf and blade of grass is covered
with an invisible film of radioactive material.9

The quote appeared in Harper's magazine in February 1S05. Its author
was Ernest Rutherford.13

Natural Sources and Medical Practices

To keep a balanced perspective on the radiation dose to man that is
derived from the nuclear fuel cycle, the doses from natural sources and
medical practices should be reviewed. Figure 3 shows the per capita an-
nual effective dose equivalent (HE) for the United States. These num-
bers are derived from the International Commission on Radiological
Protection (ICRP) Publication 39 and the 1980 report of the National
Academy of Sciences.13-14 Of the 2.2 mSv per capita annual effective



FIGURE 3. ORNLOWG 87M 14906

ANNUAL EFFECTIVE DOSE EQUIVALENT
(2.2 mSv per capita, USA)*

Air Travel 0.24%.

Nuclear Industry. Routine
Operations 0.14%

Consumer
Products 14%

Weapons Fallout 1.8%-

Medcaj 6.6% , -Th-232 Series 15%

I
I
r

Natural Sources 89.8%

U-238 Series *7%

1 Derived Uom ICRP Publication 39 19S4 and NAS BEIR Report 1980



Population Exposure Review and Future: G. R. Richmond 11

dose equivalent, about 90% can be attributed to natural sources. The
U-238 series accounts for approximately 47% of the total. The remain-
der comes from medical sources (6.6%), fallout from nuclear weapons
(1.8%), consumer products (1.4%), air travel (0.24%), and routine op-
erations of the nuclear power industry. Thus, these proceedings deal
with exposures from the nuclear power industry that contribute about
0.1% to the total annual per capita effective dose equivalent. It is worth
observing that only a very small percentage of the radiation dose from
medical practices is equivalent to the entire dose received from the nu-
clear power industry.

The importance of some of these naturally occurring radionuclidea
and their relationship to man were expressed in a statement made early
in 1907 by Ernest Rutherford.15

"We must bear in mind that all of us are continuously inhaling
the radium and thorium emanations and their products, and
ionized air. . . . Some have considered that possibly the pres-
ence of radioactive matter and ionized air in the atmosphere
may play some part in physiological processes . . . "

Radioactivity Within the Human Body

The radioactivity associated with the human body that arises from
natural sources is shown in Figure 4. This radioactivity is received
from a person's diet, from the sky, the air, and the soil, and from
building materials16. Many people are surprised to learn that about
15 million K-40 atoms disintegrate each hour within a human body.
The disintegrations release high-energy beta particles and some gamma
rays. Potassium is one of the primordial radionuclides that has been
with us virtually since the creation of the universe. Similarly, about
7,000 uranium atoms decay in our bodies each hour, releasing alpha
particles in our lungs and in other organs. Obviously, this "resident"
radiation creates a problem if one attempts to measure small amounts
of additional radioactivity in human subjects.

Radionuclides From the Windscale Facility

It ia interesting to examine the temporal history of releases from
a nuclear facility such as Windscale in England (Table 1). In the early
days of the facility, the interest was in the radiation dose to the public
associated with exposure to the gaseous radionuclide Ar-41. Later,
the major concern became Ru-106 that found its way to man via the
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FIGURE 4. ORNl-OWG 87 14904
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ingestion of laverbread. Still later, the critical pathway to man was
dominated by Ca-137 in fish taken from the Irish Sea. Most recently,
the major concern has been related to the ingeation of Pu-239 contained
in winkles (snails) obtained from the sea.17

TABLE 1. Temporal history of radionuclides released from the Wind-
scale facility.

Nudide

Ar-41
Ru-106
Cs-137
Pu-239

Physical
Half-Life

1.83 h
2.17 h
30 years
24,400 years

Route to Man

Air
Laverbread
FLA

Winkles

Radiation Dose Scam. Routine Operations
of the Nuclear Fuel Cycle

Figure 5 shows a current estimate of the population exposure from
the nuclear fuel cycle. The units for annual collective dose equivalent
are person-Sieverts per GWy(e). Thus, for each GWy(e) — the produc-
tion in a year of a large power-generating unit —1.36 person-Sieverts
result.18 Not all U.S. residents share part of that dose, in contrast with
the natural background radiation dose discussed earlier. Mining ac-
counts for about 70% of the total, but the detriment from this portion
of the total dose is restricted to a small fraction of the U.S. population,
uranium miners. The following papers will discuss population exposure
from the nuclear fuel cycle in much more detail.

Measurement of Biological Detriment

Cancer incidence is the yardstick used for linking radiation ex-
posure to biological effect or detriment. Although cancer is now the
second largest killer in the United States, second only to heart disease,
it has not always been a leading cause of death.

Around the turn of the century, tho major cause of death was infec-
tious diseases, as shown in Table 21*. During the intervening decadis,
much has been learned about public health and the control of infectious
diseases. Officially, mankind has eradicated only one disease, smallpox,
but we have learned to control many other infectious diseases. Man
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must die from some cause, however, and heart disease and cancer are
the current leading causes.

TABLS 2. Leading causes of death" in the United States
in decreasing order of death rate.

1900 1970

Cardiovascular— Cardiovasculs
renal diseases renal diseases

Influenza tc pneumonia Malignant neoplasms
Tuberculosis Influenza k pneumonia
Accidents Motor vehicle accidents
Malignant neoplasms Accidents except

falls, motor vehicle
Diptheria Diabetes mellitus
Thyphoid k parathyroid fever Cirrhosis of liver
Measles Suicide
Cirrhosis of liver Accidental falls
Whooping cough Tuberculosis

"Per 10s population, excludes fetal deaths.

At the September 1987 meeting of the International Commission
on Radiological Protection in Italy, a report was presented on age-
specific cancer incidence rates for the United States.20 These data are,
at best, "snapshots" in time. One must remember that older individ-
uals, age 60 to 70, never actually experienced the mortality rate that
is currently applicable to very young members of the existing popu-
lation. Similarly, those young individuals will probably not experience
the cancer incidence projected for them as it is based on what is now be-
ing experienced by people in the older age classifications. In the event
that 50 or 70 years from now cancer is not a major cause of death, risk
estimation based on cancer induction may be of limited value. One
alternative possibility is to consider the life shortening, the number of
days or years (or quality) of life lost, resulting from a given radiation
exposure rather than than the number of calculated fatal cancers.21

To estimate collective damage from radiation, the usual procedure
is to multiply the radiation dose in Sieverts by the number of people
exposed to obtain the product in units of person-Sieverts. That product
is then multiplied by a risk estimator, obtained from animal or human
data, such as the number of fatal cancers per unit dose (i.e., cancers
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per Sievert). The result is the number of estimated fatal cancers for
that situation. Many people are now estimating the number of fatal
cancers that may result from the Chernobyl accident. Some of these
may not be manifest for many generations, and, in fact, the radiation
dose is often estimated to be acquired over a period of 50 to 70 years.

When evaluating these estimates, one should keep in mind that the
doubling time for new information in the field of genetics is new one
of the shortest for all sciences. Information about genetic damage and
repair is being acquired at an ever-accelerating rate. Genetic science
is at the frontier of being able to alter damage that might otherwise
occur in people from "natural" or other causes. Of course, a distinction
cannot be made between damage caused by radiation and damage from
nonradio&etive agents. As a result, risk estimators may undergo con-
siderable changes within the next 50 to 70 years. This is just the time
interval for which detriment is being estimated for currently acquired
radiation dose,

ACCIDENTS AND NONROUTINE RELEASES

A discussion of population exposure from the nuclear fuel cycle is
not complete without mention of nonroutine releases of radioactivity,
that is, releases from accidents. Table 3 shows data for the accidents at
Three Mile Island and Chernobyl. The estimate of detriment from the
TMI accident amounts to several thousand person-rem, or an estimated
0.7 fatal cancer appearing at some time in the future among those peo-
ple exposed within 50 miles of the reactor. One would expect 325,000
fatal cancers (unrelated to the TMI accident) to develop during the life-
time of residents of the area. Many radiation biologists would list the
range of estimated number of fatal cancers resulting from the accident
as zero to several. By using the estimated average of 0.7 cancer and
Poisson statistics, we can calculate an approximately 50% chance that
there will be no cancer deaths related to the accident, a 35% chance
that there will be one cancer death and a 12% chance that two people
will die of cancer; it is virtually certain that there will not be as many
as five cancer deaths because of the Three Mile Island accident.22

Chernobyl represents a much more serious accident than Three
Mile Island. The early estimates by Goldman et al., projected 14,000 -
39,000 fatal cancers throughout the world. Most of these would occur
in the European U.S.S.R. where the fallout was highest. A more recent
report by the same authors, estimates the number of fatal cancers as
"up to 28,000."
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TABLE 3. Off-site consequences of accidents
at nuclear power reactors.

Estimated No. of
fatal cancers

Site Release (Ci) from release from background
_ _

2.4 - 13 X 10e 0.7 (50-mile radius) 0.325 X 106

(noble gases)
Chernobyl

3 X 106 (Cs-137)6 14,000-39,000 (global) 630 X 106

(includes 10,000-12,000
in European U.S.S.R.)6

2.4 x 106 (Cs-137)c Up to 28,000 (global)6

"See ref. 22.
fcSee ref. 23.
"See ref. 24.

Figure 6 shows the areas of the United States that received varying
amounts of 1-131 from the Chernobyl accident. The accident provided
an opportunity to compare what actually happened with what our mod-
els predicted would happen. All models tested in the report predicted
larger body-burdens of Cs-137 than were actually observed; the differ-
ences were factors of 10 and more.25 This result was also reported by
Soviet scientists at the International Atomic Energy Agency (IAEA)
Chernobyl post-accident review meeting.26 Much more will be learned
when the Soviets release data on. the extent of internal contamination
of people in the U.S.S.R. Several papers in this proceedings will give
additional details of these accidents.

De Miniiate Levels of Radiation Dose

It is important to develop realistic de minirr.is values of radiation
dose. The concept of a generally applicable de minimis dose arises from
the consideration that there must be a limit beyond which no further
reduction in dose should be attempted, either at specific sites for a given
practice or for particular practices irrespective of site.27. Values in the
domain of 0.001 or 0.01 mSv are probably too trivial to merit consid-
eration. At times, very small values are offered for collective radiation
dose calculations with the argument that a small number (dose) times a
large population can give a large product (person-Sv). This is true, but
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the same large population under consideration is exposed to naturally
occurring radiation that can account for relatively large fractions of the
total background dose. A good example is K-40, which accounts for ap-
proximately 0.27 mSv/year yet probably varies among individuals by a
factor of about 10. Another consideration is the public's reaction and
the possible induction of unwarranted concern about radiation when
federal authorities and others argue about de minimis levels that are
as low as 0.05% to 0.5% of the natural background radiation dose.

Dose per Unit Intake to the General Public

A major current interest in the field of radiation protection cen-
ters on members of the general public. Secondary radiation protection
limits, such as annual limits of intake, exist for workers, but no similar
values exist for the general public. Many organizations are consider-
ing the need for calculating dose per unit intake (DPUI) to the public
for individual radionuclides; these groups include the National Coun-
cil on Radiation Protection and Measurements Scientific Committee
57, the ICRP Committee 2 Task Group on Age Dependent Dosimetry,
the Council of European Communities, the Nuclear Energy Agency of
the Organization for Economic Cooperation and Development, and the
IAEA. From such values, competent national authorities can better es-
timate radiation doses to the general public for planned and unplanned
releases from the nuclear fuel cycle.

The Chernobyl accident has placed pressure on international or-
ganizations to provide DPUI values so that intervention or protective
action levels can be established. The Chernobyl accident uncovered
considerable confusion about both international and intranational val-
ues for intervention levels for different foodstuffs. The result has been
several attempts among European organizations to establish agreed-
upon intervention levels. To establish these levels, one should first
have estimates of DPUI for members of the general public.

Accurate estimates of DPUI require age-specific metabolic and
dosimetric data. Some organizations are also attempting to derive age-
specific cancer incidence rates and age-specific organ weighting factors
to more realistically estimate committed effective dose equivalents and
detriment. The Oak Ridge National Laboratory is among those orga-
nizations actively working on the problem of estimating dose to the
general public.
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CONCLUSIONS

The world will need energy from nuclear fission and fusion in the
future; it is only a matter of individual national circumstances and
time. Some countries are moving ahead rapidly while others are hesi-
tant. Nothing is free or without risk. Our heritage is based on nuclear
phenomena as are our energy sources. The future of man is inescapably
radioactive. We must approach it wisely and safely for the betterment
of all people. We need to better understand why some people fear nu-
clear power, and we must learn to participate in rational, unemotional
discussions of the subject. We need to better educate our students, at
all levels of schooling, so that they can more effectively understand and
contribute to our energy options and needs. After all, the future be-
longs io them. But we can't wait too long and keep putting off decisions
until tomorrow, because . . .

"Today is Yesterday's Tomorrow.2* "
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