NUREG/CR-1788
ORNL/'NUREG/NSIC-161
(ORNL/NSIC-100 Revised)

NATIONAL
"LABORATORY
- Nuclear Power
' and
c‘;:g‘i’.‘;g ‘ Radiation in Perspective

Selections from NUCLEAR SAFETY

NUCLEAR SAFETY INFORMATION CENTER

4
-
0

-

OPERATED BY . .
" UNION-GARBIDE CORPORATION
81 Oébboao 810731

PDR NURE
CR-1788 R PDR







NUREG/CR-1788
ORNL/NUREG/NSIC-161
(ORNL/NSIC-100 REVISED)
Dist. Category AE

“ontract No. W-7405-eng-26

Nuclear Safety Information Center

NUCLEAR POWER AND RADIATION IN PERSPECTIVE
Selections from Nuclear Safety
Je R. Buchanan Jo A. Haried

Engineering Technology Division

Manuscript Completed — April 9, 1981
Date Published — May 1981

Prepared for the
U.S. Nuclear Regulatory Commission
Office of Nuclear Regulatory Research
Under Interagency Agreements DOE 40-551-75 and 40-552-75

NRC FIN No. BO126

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY



Printed in the United States of America. Available from
National Technical Information Service
U S Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161

his report was prepared as an account of work sponsored by an agency of the
ted States Government Neither the United States Government nor any agency
there r any of their employees, makes any warranty, express or imphed, or
assumes any legal liability or responsibility for the accuracy, compileteness
usefuiness of any information, apparatus. product, or process disclosed, ofr
represents that its use would not infringe privately owned rights. Reference hereis
to any specif ymmercial product, process, or service by trade name, trademark
manufacturer r otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
any agency thereo! The views and opinions of authors expressed herein do not
ecessarly state eilect nose e United States Government or any agency
thereo!




111

CONTENTS

Fmoun .......0.0...‘..........'..‘.........‘................l....

A-Bsmc‘r ........'...'..............................‘...."I‘.......

ImODUCTION R R I U N S Y

A. ENERGY POLICY — BIOETHICAL PRINCIPLES AND PRIORITIES,
Margaret N. mxey AR R R I A I Y

8. RADIATION AND RADIATION EFFECTS A L I L I I

1.

8.

9.
10,

11,

12.
13.

14,

The Potentfal Hazard from Radiation,

Francis L. Brannigan D e Y E R I T
Explosion of Some Radiological Myths, Merril Eisenbud «....
Effect of Low-Intensity Radiation on Man,

Fcancis J. Jankowaki I
Radiation Standards and Public Health, Merril Eisenbud ....
Natural Radiation {n the Urban Environment, D. B. Yeates,
A. So Goldin, and D. We. Moeller I R N ]
Population Doses from the Nuclear Industry to 2000 AD,
adaptEd fr‘m HASH-]ZSO T
Natural Background Radia.ion in the United States,

adapced from NCRP Report 45 R I
Trends in Public Health in the Population Near Nuclear
Facilities — A Critical Assessment,

C. H. Patrick ‘................'0.........'.'.Q............
Radiological Quality of the Environment in the United
States, 1977, adapted from EPA 520/1-009 svevevecsocnnnscnns
Recommendations of the International Commission on Radi.-
logical Protection, adapted from ICRP Publication 26 .eee..
Preliminary Dose and Health Impact of the Accident at the
Three Mile Island Nuclear Station, the Ad Hoc Population
Dose Assessment Group L T I
Effects of Low-Level Radiation: A Critical Review,

V. E. Archer L I P
Some Observational Bases for Estimating the Oncogenic
Effects of Ionizing Radiation, J. R. TOLLEr sesecescccsccsne
Biological Risks, An Editorial, Alvin M. Weinberg .seeeeceees

C. RISK-BENEFIT CONCE”S R L I I I S N

I.

2.

3.

l‘-

Comparative Risk-Cost-Benefit Study of Alternative

Sources of Electrical Energy, adapted from WASH-1224,
Chapter l I T T T N S S A P
Risk-Benefit Evaluation for Large Technological Systems,

D. Okrent D P,
A Cost-Benefit Comparison of Nuclear and Nonnuclear

Health and Safety Protective Measures and Regulatiocns,

E. P, O'DOHHQII and J. J. Mauro SHLs LN T s NN et s E N s A e
Control of Spending on Nuclear Saiety, E. Siddall .evvvesse

Page

v
1
1

19
22

27
30

38
50

61

65
81

8‘

98
101

116
128

129

131

145

161
176



iv

D. NUCLEAR .UEL CYCLE RISKS VERSUS OTHER RISKS .cevsvecscccccsscces

1.
2,

3.

4e

S5

6.

9.

E. THE

F. THE

Siguificance of Contributions of Atomic Energy to Public
Health Hﬂzards’ Cs RDSEr’ HCCUIIOUSh Ces s s ss e eI Es TR
Radiation in Perspective — The Role of Nuclear Energy

in the Control of Air POllution, B. R. Fish secccenvvocccne
Radiation in Perspective: Some Comparisons of the
Environmental Risks from Nuclear- and Fossil-Fueled Power
Plants. Andrew P. HBull coescsscssssesssssetasassssnsnssnsne
Public Health Risks of Thermal Power Plants,

Chauncey Starr and M. A. GCreenfield sesccccssosscsssccssnsne
Health Effects of Electricity Generation from Coal, 0il,
8“d Nucleat Fuel’ L. Bs Lave and Le Cs Fteebutg R
The AEC Study on the Estimation of Risks to the Public
from Potential Accidents in Nuclear Power Plants,

Norman C. RASMUSSEN esevscsssscssssssssssssesssocssossssscsssssse
An Assessment of Accidental Risks in U.S. Commercial
Nuclear Power Plants, adapted from the draft Summary
Report Of WASH-IIOOO TR R R R e e I I I
Radiological Impact of Airborne Effluents of Coal-Fired
and Nuclear Power Plants, J. P. McBride, R. E. Moore,

J. P. Witherspoon, and R. E. Blanco eescesccesscssscscssscse
Risks Associated with Nuclear Power, National Academy of

Sciences R R R R R R I I I I I I O O I B T N B

MASS MEDIA AND THE PUBLIC INTEREST sececsscccccscsosccscccce

Nuclear Power in Perspective: The Plight of the E=2nign
Giant, Di No HEBE sovetsnssebestsssssssnsness onr R EER R
Public Opposition to Nuclear Power: An T.dustry

OVerView. H. G. Slater R R )
Critical Mass: Politics, Technology, and the Public
Interest, Loi- M. Bronfman and T. J. Mattingly, Jr. eecesee
Education and Public Acceptance of Nuclear Power Plants,

Ge nelco’gne I I R R R )

FUTURE OF NUCLEAR ENERGCY, Alvin M. Weinberg ecscccsccccccces

INDEX T E R e R R R RN R N CEE

Page
187

189

194

252

255
259
267
269
277
285

296
305
317



FOREWGRD

The Nuclear Safety Information Center (NSIC), established ‘a March
1963 at Oak Ridge National Laboratory, is principally supported by the
U.S. Nuclear Regulatory Commission's Office of Nuclear Regulatory Re-
search. Support is also provided by the Division of Reactor Research and
Technology of the Department of Energy. The Center is a focal point for
collection, storage, evaluation, and dissemination of safety infovmation
to aid those concerned with analysis, design, and operatfca of nuclear
facilities. A system of keywords has been developed to index the infor-
mation that NSIC catalogs. Title, author, installation, abstract, and
keywords for each document reviewed are recorded at the central computing
facility in Oak Ridge. References are cataloged according to the follow-
ing categories:

l. General Safety Criteria
2., Siting of Nuclear Facilities
3. Transportation and Handling of Radioactive Materials
4. Aerospace Safety (inactive since ~1970)
5. Heat Transfer and Thermal Hydraulics
6. Reactor Transients, Kinetics, ar4 Stability
7. Fission Product Release, Transp 1t, and Removal
8. Sources of Energy Release Under /ccident Conditions
9. Nuclear Instrumentation, Contri L, and Safety Systems
10. Electrical Power Systems
l11. Containment of Nuclear Facilities
12, P.L -t Safety Features — Reactor
13. Plant Safety Features — Nonreactor
14, Radi..._..ge Release, Disposal, Treatment, and Management (inactive
since September 1973)
15. Environmental Surveys, Monitoring, and Radiation Dose Measurements
(inactive since September 1973)
16. Meteorological Considerations
17. Operaticnal Safety and Experience
18. Desigr, Construction, and Licensing
19. Internal Exposure Effects on Humans due to Radicactivity in the Envi-
ronment (inactive since September 1973)
20. Effects of Thermal Modifications on Ecological Systems (inactive
since Se,t~mber 1973)
2l. Radiation Effects on Ecological Systems (inactive since September
1973)
22. Safeguards of Nuclear Materials
23. Risk, Reliability, and Probabilistics

Computer programs have been developed that enable NSIC to (1) operate
a program of selective dissemination of information (SDI) to individuals
according to their particular profile of interest, (2) make retrospective
searches of the stored references, and (3) produce topical indexed bibli-
ographies. In addition, the Center staff is available for consultation,
and document literature at NSIC offices s available for examination. All
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NSIC reports may be purchased from the National Technical Information Ser-
vice. These services are free to NRC and DOE personnel as well as their
direct contractors. Persons interested in any services offered by NSIC
should address inquiries to:

J. R. Buchanan, Assistant Director
Nuclear Safety Information Center
P.0O. Box Y

Oak Ridge National Laboratory

Oak Ridge, TN 37830

Telephone (615) 574-0391
FTS number 624-0391



NUCLEAR POWFR AND RADIATION IN PERSPECTIVE

J. R. Buchanan J. A. Haried

ABSTRACT

This review compiles 33 articles about nuclear power and
associated radiation hazards written for Muclear Safety be-
tween 1964 and 1980. A perspective on these hazards is sought
by comparing them over these last 16 years with hazards inhe--
ent in other energy development technologies. Four approaches
to the problem are considered: biological effects ol low-level
ra@iation, risk-benefit concerts, nuclear fuel cycle risks as
compared with other risks, and the relationship between mass
media and public interest.

INTRODUCTION

Throughout the 21 years of its publication, Nuclear Safety has
monitored the debate on nuclear power. Nuclear debate issues are most
clearly seen in light of the overall energy debate; always, the focus is
on relative hazards to the public of the various energy development tech-
nologies (Sect. D).

Hazards unique to nuclear power are largely because of radiation from
the fuel cycle and from potential accidents. Section B investigates ra-
diation and its effects.

Hazards of fossil-fired generation of electricity are because of less
spectacular problems inherent in mining and drilling, transportation, and
steady-state generation of large quantities of effluents and solid wastes.
Perceptual difficulties in viewing, comparing, and contrasting these
hazards are discussed and analyzed in Sect. E.

The proper measure for comparing various hazards is the concept of
risk-benefit analysis, introduced and enlarged in four articles in Sect.
C. The guiding principle {s stated by Ernest Siddall in his article,
“Control of Spending on Nuclear Sa.ety,” as follows:

The components of any safety activity should be carried out
in order of diminishing cost effectiveness; the activity
should be terminated when a further amount of money spent on
it will not save as many lives as it would have done if spent
in some other way.

The underl ing assumptions of risk-benefit analysis require close scru-
tiny. Only economically feasible methods of genrerating large amounts of
electricity are considered. Economic feasibility includes the concept of
the greatest good for the greatest number of people. Greatest good is
defined in engineering terms as the most efficient use of available re-
sources leading to lowest total cost to the consumer. Total cost includes
environmental and health efre-ts as well as cents per kilowatt hour. The
more basic issues of societal values, morality, and economic growth are
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assumed consistent with this definition of greatest good. “Energy Policy-
Bioethical Principles and Priorities,” in Sect. A, addresses these basic
i{ssues explicitly and concludes that the reasonable use of nuclear power
resolves them mest favorably with the greatest public good. In summary,
the question is not whether a unit of electrical energy should be pro-
duced, but how it should be produced.

A. ENERGY POLICY OVERVIEW

An important concept of risk-benefit analysis often ignored in the
literature {s that of the risks and costs of electricity shortages and
outages. T e introductory paper by Dr. Margaret Maxey is a responsible
view of energy supply and a pioethical approach to energy policy: "Bio-
ethics require a scientific consideration of the entire spectrum of bio-
hazards from all candidate energy sources, as well as from toxic chemicals
and minerals in native and industrial processes, before making public
policy.” Various themes struck by Dr. Maxey are enlarged and elaborated
throughout this report.

B. RADIATION ANb RADIATION EFFECTS

The largest section of this report, Sect. B, is devoted to under-
standing biolog ‘al risks of ionizing radiation. A comprehensive overview
of radiation protection terminology and concepts was carried in Nuelear
Safety in 1979 entitled "Recommendations of the International Commissic:
on Radiological Protection.” That report appears as article 10 in this
section.

In the spring of 1964, Nuslear Safety published the first article
in the series "Radiation in Perspective” entitled "The Potential Hazard
from Radiation.” This article, excerpted from a lecture by Francis L.
Brannigan of the U.S. Atomic Energy Commission (AEC), discusses the ob-
servable body effects of radiation exposure.

The first of two articles by Merril Eisenbud of New York University
Medical Center deals with popular misconceptions and sta‘ements taken out
of context concerning radiation hazards and effects. Though it makes no
positive statement for nuclear power, "Explosion of Some Radiological
Myths” points out frequent pitfalls in criticizing nuclear power.

An article on the "Effect of Low-Intensity Radiation on Man" by
Francis J. Jankowski, a nuclear engineering professor at Rutgers Univer-
sity, compares doses of radiation with doses of chemicals required for
normal biological functioning. Jankowski's data suggest that a low-level
radiation threshold exists below which the biological effects of ionizing

radiation are heneficial.*

*The BEIR III report, released by the National Academy of Sciences
Committee on the Biological Effects of Radiation on July 29, 1980, en-
dorses a linear quadratic model for cancer risks from low—-level radiation.
This model precludes any possibility of beneficial effects.



Five years after his first Nuclear Safety article, Merril Eisenbud
wrote from his point of view as a member of the National Committee on
Radiation Protection describing the background of U.S. "Radiation
Standards and Public Health." Subsequent to this article, the AEC
proposed changes in its regulations to keep radioactive effluents from
light-water power reactors "as low as practical” (Fed. Regist. 36(111):
11113, June 9, 1971).

Four articles deal with population doses caused by low-level radia-
tion in the environment and in the food chain. Population doses due to
urban environments, lifestyles, and natural background rzdiation, in addi-
tion to doses from steady-state effluents from nuclear faciiities, are
analyzed in articles 5, 6, 7, and 9. The EPA report, "Radiological
Quality of the Environment in the United States, 1977," summarizes
estimated population doses.

Nuclear Safety has carried four critical reviews of the iiterature —
articles 8, 12, 13, and 14 — concerning prospective and retrospective
studies of large, irradiated populations and observable health effects.
Extensive bibliographies are included. Article 1l in this section is a
preepective study of the health impact of the radiation released during
the accident at Three Mile Island.

The often acrimonious nuclear cebate centers on the controversy over
low-level radiation and its uncertain biological effects. These 14 arti-
cles provide the perspective of upper and lower bounds on otherwise uncer=-
tain biological effects of low-level radiation. Viewed thusly, fear and
hostility generated by the nuclear debate are clearly unwarranted.

C. ICK-BENEFIT CONCEPTS

The four extensive analyses included in this section represent recent
work in risk-benefit concepts. The “"Comparative Risk-Cost-Benefit Study
of Alternative Sources of Electrical Energy” study published by the AEC in
December 1974 represented, at thit time, the editors believed, the most
comprehensive assessment of the 1isks, costs, and benefits of coal, oil,
natural gas, and nuclear fuel cycles. "Risk-Benefit Evaluation for Large
Technological Systems” deals with general aspects of risk-benefit method-
ology, societal knowledge and perception of risk, and risk-acceptance
criteria. This wide-ranging project attempts to integrata with risk-bene-
fit methodology the highly subjective questions dealt with further in
Sect. E, such »s "What is the dollar value of a human life?"” and "How safe
is safe enough?”

Edward O0'Donnell and John Mauro of Ebasco Services, Inc., advocate
consistent health awd safety regulatory policy based on uniform risk- and
cost-benefit criteria in the next article, "A Cost-Benefit Comparison of
Nuclear and Nonnuclear Health and Safety Protective Measures and Regula-
tions.” The call for a + ified regulatorv philosophy echoes Dr. Maxey's
proposal in Sect. A for a cabinet-level Dejartment of Health and Safety as
"a consolidating, streamlining, e‘ficienc:-centered governing organ to
which regulatory agencies are answerable and accountable ”

The cost of saving lives is a novci index used in “"_ontrol of Spend-
ing on Nuclear Safecy.” Because this cost varies considerably from indus-
try to industry, Siddall suggests "that some agency should be set up to



monitor and coordinate safety activities.” This holistic concept of risk-
benefit analysis seems to be one whose time has come.

D. NUCLEAR FUEL CYCLE RISKS VS OTHER RISKS

For purposes of perspective, potential injury caused by radiation
dose is compared with other ris“s people confront in their everyday lives.
The nine articles in this sec’* 1 span the development of applied-risk as-
sessment methodology from 1964 to 1979.

In the continuing “Radiation in Perspective” series, C. Rogers McCul-
lough of NUS Corporation examines a number of factors that influence the
health and longevity of populations. He estimates, as does Andrew P.
Hull, the loss in average life-span because of natural background and
human-made radiation, smoking, country vs city living, and a myriad of
other commonplace factors. Hull and Birny R. Fish, in separate articles,
note that nuclear plants produce less air pollution, relative to applica-
ble standards, than fossil plants. Fish describes several air pollution
disasters of the past and proposes that nuclear energy has a critically
important role in combatting the growing assault on our atmosphere by
supplanting fossil fuel in most of the power plants to be built late in
the century.

The next two articles in the “"Radiation in Pcrspective” series are
also concerned with health risks in electricity generation from fossil and
nuclear plants. In a 1972 State of California long-range planning study,
Chauncey Starr and M. A. Greenfield at The University of California at Lcs
Angeles compared the public health risks of the steady-state operation of
nuclear plants and oil-fired plants. L. B. Lave and L. C. Freeburg of
Carnegie-Mellon University compared the occupational and public-health ef-
fects of electricity generation from coal, uran’um, and oil, with particu-
lar emphasis on accident and chronic disease rates for fuel extraction and
airborne emissions from power and rcprocessing plants. Based on current
operating practice, they conclude that the uranium fuel cycle offers a
lesser health hazard than a coal fuel cycle.

Norman Rasmussen next gave a preview of "The AEC Study on the Esti-
mation of Risks to the Public from Potential Accidents in Nuclear Power
Plants” — the Reactor Safety Study. He covers organization of the
study in seven major *asks and the methodology of u..:iernining accident
probabilities, and he gives a one-year progress report. Following this
preview we have included the section of the Report of the Reactor Safety
Study entitled "Introduction and Summary.”

A quartet of auchors from the Oak Ridge National Laboratory (ORNL)
published a report on the "Radiological Impact of Airborne Effluents of
Coal-Fired and Nuclear Power Plants.” The ingestion and inhalation path-
ways for airborne radionuclides emitted from both coal-fired and nuclear
plants are considered in their population and organ dose calculations.

In April 1979, the National Academy of Sciences (NAS) Committee on
Science and Public Policy released the "Summary and .ynthesis Chapter” of
their literature review entitled "Risks Associated with Nuclear Power."
Applied risk-assessment methodology, as illustrated in nine articles in
this section, provides a quantitative measure to orient our perspective on
competing risks and risks in general. Decisions concerning energy policy,
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asserts the NAS report, "are not simply yes or no; they are decisions
about alternatives, and such decisions cannot be made without assembling,
for each of the altermativee, the best available estimates of such

things as benefits, coets, riske, and  ime scales.”

E. THE MASS MEDIA AND THE PUBLIC INTEREST

Nothing in life is to be feared;
it is to be understood.

Marie Curie

In the nuclear debate the fundamental issue is the public interest —
the greatest good for the greatest number of people. In a democratic
society, ongoing resolution of this issue places great demands and re-
sponsibilities on mass media. Responsible decisions are based on a
thorough understanding both of hazards involved and of fears generated by
these hazards. The courageous sentiment expressed by Marie Curie is a
challenge to responsibility for both mass media and the electorate.

On the assumption that mass media both reflects public interests and
molds public opinions, Dan N. Hess of ORNL reviewed, in 1970, nearly 800
articles in the daily and periodical press pertaining to public con-
troversies within the nuclear in.astry. He categorizes each article as
for or against nuclear power and examines their philoso' ical and psy-
chological impact on the reader. In the same year H. G. later of Niagara
Mohawk Power Corporation explored public and media attitudes toward nu-
clear power from an industry point of view. Both authors call for a more
direct, open, and honest effort by the nuclear industry to communicate
with the general public.

Lois Bronfman and Thomas Mattingly, working for the Social Impact
Analysis Group at ORNL, attended Critical Mass '74 and '75 conventions and
provide, in article 3 of this section, much helpful insight into nuclear
opposition coalesced by Ralph Nader. They note that the fo..s of nuclear
debate has shifted significantly from technical to social issues and,
concurrently, that the number of issues has increased. The effect of the
shift to social issues is reduced impact of technical input in decision
making; the effact of the increased number of issues is increased com-
plexity of possible sc.utions. The authors come away doubcful that more
discussions of the technical safety issues by scientirsts will renew public
confidence in t. e nuclear industry. The most importa.t accomplishment of
the antinuclear novement, in their opinion, "has been to bring to the at-
tention of deci:ion makers the need to consider the adverse effects that a
technology may have on its people and their institutions.”

The effects that nuclear technologies are having internationally on
people and their institutions are assessed from the Internationa’ Atomic
Energy Agency's point of view by Georges Delcoigne in his article "Educa-
tion and Public Acceptance of Nuclear Power FPlants."”

As devil's advocates, airing the hazards of nuclear power, members of
mass media have done an outstanding job. Responsible decision makers,
however, require a similar perspective on competing alternatives. For ex-
ample, if nuclear wastes seeping from half-mile-deep waste storage facili-
ties will endanger people 1000 years from now, what are quantitative



dangers of acid rain and CO; buildup from reliance on coal for the next 30
years? If encrgy supply is not allowed to keep pace with aemand, who will
decide exactly how scarce and expensive energy should be? If solar power
is being kept from us “ecause oil comp: ies do not own the sun, then why
is there no solar power in those socialist countries where oil companies
do not own even the oil companies? As industrialized countries continue
to burn oil to produce electricity, thus depleting the world's supply of
relatively cheap oil, at what point are we responsible for suppressing
growth of less-developed countries whose growth and stability depend to a
large degree on relatively cheap 0il? The touchstone of all energy alter-
natives is the following ques .ion: Do they enlarge freedoms or restrict
choices? A determined effort by mass media to air this balanced perspec-
tive on the nuclear debate is necessary to resolve it in the public in-
terest.

F. THE FUTURE OF NUCLEAR ENERGY

Where do these bioethical principles, radiation effects, risk-benefit
concepts, energy alternatives, and apparently opposing public interests
leave us today? At the end of the first nuclear era, reported Alvin
Weinberg in his address to the American Nuclear Society-European Nuclear
Society Topical Meeting on Thermal Reactor Safety in Knoxville, Tennessee,
April 11, 1980, Weinberg asserts, “the future of nuclear energy, whether
there will be a second nuclear era, will depend upon the public's over-
coming its unreasoning dread of ... exposure to low-level radiation.”
Today, on the threshol! between the two eras, we can still responsibly
choose our energy future. However, as time is lost and costs continue to
rise, our choices narrow.

Epilogue

These 33 articles that have appeared over the years in Nuclear Safety
form a very important collective source of information in comparative
risks of nuclear power and radiation relative to risks that humans rou-
tinely face in their everyday lives. Equally important are comparisons of
the benefits and risks of nuclear power generation. While the articles
are wide- anging in their coverage, they do not discuss every conceivable
facet of the risks and benefits of nuclear power and radiation. Nuclear
Safety will cocntinue to inform and stimulate its readers with articles on
all these topics in the future.
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ENERGY POLICY—BIOETHICAL PRINCIPLES AND PRIORITIES

Margaret N. Maxey
Assistant Director
S.uth Carolina Energy Research Institute

As a result of media-generated fallout from TMI, we have entered a
new phase in the rancorous dispute over nuclear technology - that of
obituary and epitaph writing.

Ostensibly, nuclear technology has been placed on trial and stands
virtually convicted of being "acriminally conceived monster,” an immoral
technology from which we must be liberated by our moral guardians in the
anti-nuclear movement.

I do not deny that nuclear technology is on trial. But I would like
to explore a different interpretation of the events of that past ten years,
that is since a generation of professional protectors discovered and
espoused the anti-nuclear cause.

Permit me to suggest that what is actually, more fundamentally, on tri-.
is not merely the future ot -~ specific technology, but the future of
democratic institutions as they have evolved in the "great American
experiment."

History attests that democracies are born carrying their own seeds of
destruction. A general failure cf citizens in the United States to comprehend
the origia and widening dimensions of the political conflict over energy
policy fore ws a period of serious reckoning.

I have no illusions that ethics is going to dictate an energy policy.
It will not be an ethical choice. Energy policy will be a political choice.
Since that is the case, let us not succumb to a political pitfall. It
would be a tragedy - both for our political system and our national welfare -
if the anti-nuclear movement is allowed to capture a plank in the platform of
the Democratic party that would turn the political decision about a nuclear
energy future into a Democratic vs Republican party victory. Nuclear energy
is a political issue - about what is best for our country .nd the world -
not a partisan issue - about what is likely to get votes for candidates for
one party rather than another.

CURRENT CULTURAL CONTEXT

With the advent of "the energy crisis" and predictable public skepticism -
plus a highly developed state of the art in measuring public risk pe.ceptiors
about the disputed "safety" of various energy technologies - a new stage in
the political arena has been set for a stirring psycho-drama aptly entitled,
"The Moral Equivalent of War." It has yet to be made clear whether the
intent behind this descriptive phrasc was to justify calling a state of
affairs equivalent to "war" or whether it was intended to justify war-like
energy strategies as "moral." In either case, several leading actors in our
current psychodrama appear to regard the political struggle over energy
technologies not simply as a matter of minimizing harms and maximizing
benefits to individuals and groups, but rather as a matter of survival or
extinction for our only habitable planet, Spaceship Earth.
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Indeed, public perception has been so shaped by prophets of
environmental doom that both coal combustion and uranium fission technologies
are now generally believed capable of having catastrophic consequencus for our
biosphere. This perception has transformed the public debate over energy
policy from technical arguments about cost-effective methods for maximizing
energy resource developwent, distribution and use, to moral and ethicai
assertions about the moral necessity of conserving limited resources, the
social inequities of energy distribution, the immoral materialism embodied in
Western uses of existing energy, and the abuses to which technology is put
by concentrations of corporate power.

The difficulties of dealing constructively with public perception, and
resolving conflicts about energy policy, are compounded by the widening gap
between two different universes of discourse. On the one hand scientists and
engineers are trained to function within a universe of discourse dictated by
the physical nature and limits of things. The risks of public safety which they
perceive ard try to minimize are derived from considering actually achievable
technical options.

On the other hand, the philosopher or humanist or social reformer is
accustomed to a universe of discourse dictated by a philosophical vision of
how things ought to be - quite apart from, even in spite of, the physical
nature of technological possibilities and constraints. This vision leads
to a negative perception of seemingly uncontrollable risks from powerful,
complex energy systems which appear to take on a life of their own as they
give aid and comfort to what many regard as man's myopic rape of the earth.

To characterize either level of discourse and perception of risk as
"subjective" versus "obfective" or "imagined" versus "real" is neither accurate
nor constructive. A continued use of these terms, or any type of put-down of
one party or other in the debate, only serves to divert us from getting down
to the moral seriousness of the problem of bringing an acceptable energy future
into existence.

We should realize that we are dealing with a new kind of technosocial problem
one which requires a new quality of intellectual analysis and institutionalized
processes of dealing with it. In order to deal constructively with public
confusion and anxieties, as well as the politics of managing energy risks, we
must become morally serious about responding to at least three ethical
priorities.

FIRST ETHICAL PRIORITY

A first ethical priority is that the moral objections to certain energy
sources and systems be made explicit, publicly debated, and resolved with
scme autoritative closure. (N. B. 1 use the word authoritative, not
authoritarian.)

To do this, we need to be equally explicit about the goal which moral
considerations are expected to achieve. Genuine moral discourse is not a
vehicle for "taking sides" and staking out claime to moral superiority. Moral
considerations would enable us to develop unifying, conceptually satisfying,
authoritative principles.
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In the case before us, energy policy, people take opposing positions on
the moral preferability of one rather than another public policy on energy
sources. Despite their differences, various parties to the energy controversy
are tacitly in agreement on these statements of purpose:

o A policy for conservation of energy - especially of petroleum
imported from OPEC - is a moral obligation.

2. A policy causing energy shortages that would have tragic effects on
human health, living standards of the poor, employment, and our
national security is morally unacceptable.

3.  Ar energy policy should be designed not only tc serve the basic
needs of the most vulnerable persons in our society, but also
to inflict the least harm on people and their environment.

4, An energy policy must protect democratic values of individual
freedom, social justice and equity, and preserve their institutional
embodiments.

However much they may agree on these statements of purpose, leading
parties to the energy debate are strongly opposed on the specific policy that
can and will fulfill these purposes. As a consequince, there is small wonder
that the citizens of this nation are confused an. bewildered when they hear
conflicting moral claims for or against a particular energy policy.

On the one hand, the American people are being told by the National
Council of Churches, the President's Council on Environmental Quality, and
Friends of the Earth, the Energy Project at the Harvard Business School, and
oth. r groups that our energy policy should Le to phase out any dependence on
sources that are branded as dangerous or immoral, on grounds that unacceptable
risks to people and the biosphere are being involuntarily imposed on unconsulted
prosent and future generations by radiation hazards from nuclear reactors,
by air pollution from coal plants,by massive hydro-electric dams and LNG
facilities. We should make up for any shortages by substituting a strategy
of conservation and rapid development of solar energy, biofuels, geothermal,
and other "soft" technologies. With such a policy, we cannot only be protected
against physical aug pyschic harm but also bring about greater advances in
social justice.

On the other hand, the American people are being told by the National
Academy of Sciences, the National Association for the Advancement of
Colored People, Resources for the Future, and various other groups that it
should be our national energy policy not only to pursue vigorous conservationm,
drastic red: tion of imported petroleum and phasing in of solar energy in its
varions formn ; but we should also continue developing coal conversion into
elercricity, .nto coke for steel and for synfuels, as well as all forms of
nuclear fission including reprocessing and breeder reactors. The risks from
coal combustion and uranium fission should be morally acceptable because they
are far less than those imposed by alternative technologies, including hydro,
solar, geothermal, etc., and give far more reliable protection against the
tragedy which energy shortages will inflict on masses of poor people. Omly
this policy will prevent personal and social harm and provide for rising expect-
ations of social justice.

There are serious discrepancies in these two sets of conflicting
recommendations about energy policy. To the extent that they are genuinely
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antithetical and mutually exclusive, they cannot both be enacted by authoritative
institutions.

Some consensus must be reached if the citizens of a democratic society
are to express their moral responsibility for present and future generations.
To that end, we must expect and demand that our elected leaders in Congrc.o
develop energy policy on the basis of principle, rather than on politlcal
gamesmanship based on capitulations of vacillating public opinion.

Permit me to suggest that the following bioethical principles might best
serve policy makers as a method for organizing scientific evidence for sorting
out competing moral claims, and to distinguish expression of idealism and hope
about an energy future from actual constraints imposed by technological
possibilities and institutional realities. I propose these, not in a spirit
of advocacy, but in the interest of seeking discussion, refinement and
consensus.

Bioethical Principles for Energy Policy

. Public policy should develop those energy technologies that
can be scientifically demonstrated to maximize the number of
persons on this globe who experience minimal basic harm. By
basic harm is meant - deprivation of basic goods necessaiy for
material wellbeing for all living human beings as a fundamental
condition for protecting the welfare of future generations
(nourishing food, shelter, clothing, health, jobs, self-
determined life style).

2. Social justice and equity require an equitable management of
sources of basic harm. An "equitsble mauigement” is that which is
proportional to actual, identifiable basic harm that can be reduced
by human effort, time and money.

To implement this principle we would have to evaluate (a) the »n'.ire

spectrum of both natural and man-induced biohazards from energy alternatives;
(b) make cost-comparisons of the available methods fo: per capita reduction

of these various hazards, giving priority consideration to those that are
certain in contrast to probable and merely possibiec, and (c) only then

make policies and set standards that will get the most public health protection
for the most people out of a finite amount of money.

I1f we are going to be morally responsible in decision making this method
of evaluation gives optimal expression to the reverence for human 1/f2 which
we all cherish.

8 Public policy should exercise wise stewardship in two ways:
(a) by giving priority development to energy-only resourcec -
i.e., uranium, thorium, deuterium - as to preserve for future
generations the basic goods derived from precious hydrocarbons
(medicines, fertilizers, and pesticides for increased food
production, petrochemicals, etc.) which have no known or feasible
substitutes; (b) by developing sources with net energy increments,
8o as to optimize their social utility, vet justifying energy
conversion processes with net energy defi_its when demonstrated that
they yield greater accessibility and versatility for meeting basic
needs that cannot otherwise be met.
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It is morally irresponsible and ethically unjustifiable to single out for
exclusive attention one or two energy sources - uranium or coal - as the
embodiment of moral disvalue simply because they are accused of causing
biological shortening of life. Bioethics require a scientific consideration
of the entire spectrum of biohazards from all candidate energy sources, as
well as from toxic chemicals and minerals in nature and industrial processes,
before making public policy.

The first ethical priority is for the public to reach a consensus (not
on nuclear energy) but on ethiczl and moral principles through which scienti:ic
evidence should be filtered. We have a right to demand that the representatives
we elect for democratic decision-making should be governed by principles with
which to tiansform evidence “rom scientific experts into public policy.

The neec for ethical principles in energy policy-making leads to the
question of che adequacy of our present democrati institutions which
purportedly protect public health and safety.

SECOND ETHICAL PRIORITY

A second priority emerges from the unwarranted stigmatization of nuclear
risks and radiation hazards. Our rancorous dispute over nuclear technology
appears to have resulted from two institutional deficiencies:

1. The manner in which some scientific experts have been included
and others excluded in the bureaucratic regulatory and standard-
setting process;

The unfortunate fact that each regulatory agency both sets
standards and enforces them by a process which is vulnerable
to arbitrary revision and limitless litigation as career
intervenors use the system for ulterior purposes.

Because the common good has become seriously jeopardized by legislative
ambiguities (e.g., the Delaney amendment) and their interpretations by self-
serving regulatory agencies, it has become an urgent ethical priority that
rhe regulatory-agency system be radically restructured by a more enlightened
legistative mandate.

As presently functioning, our regulatory agency system has been so
cartered and mandated as to be compartmentalized, fragmented, and virtually
unaccountable to any comprehensive guardian of the general welfare. Scientific
risk-assessments, economic cost-benefit ratios and petential hazard management
are forced to be piecemeal, ad hoc, haphazard, isolated for one-at-a-time
consideration. Each regulatory agency operates in such a way that one kind of
hazard is spotlighted for a time (because it is the current product of research
projects), giving way to another in unending succession: DDT, lead, cyclamates,
the Pill, red dye #2, PCB's and PVC's, triss, and now saccharin. Having
completed a decade of concern about the "carcinogen of the week," we are
entering a political climate that will doubtless force a decade of public
concern over the "low-level radiation source of the week."

Each regulatory agency has its own category of so-called hazards on
which to conduct research, at the same time making a case for more federal
funds to do more research in further risk-reduction of units of hazards. Not



only dces this peicemeal, selective concentration magnify certain potential
hazards at the data-gathering and risk assessment levels, but the public is
misled into perceiving that, just because some risks are the more studied,

they are by that very fact the more dangerous to public health and safety.

Not only is this not the case, but by capitulating to the policy of appeasement
only exacerbates public fears. For example, some nuclear proponents insist
upon throwing more monev and time and study into getring minor reductions

in the mere probability of nuclear accidents as if that reduction were actually
achieving a net increment in public safety. This insistence only signals

the public that indeed there must be a huge hazard. A policy of appeasement
siphons attention away from much more harmful hazards, and with that distraction,
makes it less likely that much more effective reductions in threats to public
safety will be given priority in budgetary allocationms.

The public needs to be confronted with a whole new perspective on
possible threats to health and safety. The average citizen needs to know,
with the most comprehensive overview,

How much tax-payer's money is being spent to reduce ordinary
diseases and ordinary accidents which cause premature deaths
to large numbers of the population;

8 The cost per capita that Congress is spending to reduce them;

3. Then how much ought to be spent to reduce them effectively;
and

4. Precisely at what point huge amounts of money are pouring into

budgets that can deliver only miniscule gains in the status of
public health - if any at all.

We have a surfeit of statistics on public health, but that data is not
arranged by any responsible public institution so as to look at basic harms
to the entire population relatively, to make comparisons, to maximize cost-
effectiveness so as to get the most public health protection for the many out
of the expenditure of a finite amount of money.

Instead of appeasing American citizens as if we were children - and
then multiplying regulators and regulations in the advanced stages of
Social Parkinsonianism, our regulatory-agency system must be profoundly altered.
Its deficiencies must be treated with moral seriousnese so as to assure that
regul~tive standards for prctecting health and safety actually consider the
common good of the many, and to assure that finite amounts of public money
are allocated in a just and equitable manner.

The time is long overdue for the institution of a separate cabinet level
Department of Health and Safety. It should fall to this department's
jurisdiction to make a comprehensive review of cost-effective health and
safety standards. It should be requi'ed to make social impact studies as a
justification for budgetary allocations. From an ethical perspective, the
Congress should have chartered and mandated this department to consolidate
and govern the following regulatory agencies: Environmental Protection Agency,
Nuclear Regulatory Commission, Federal Drug Administration, Occupational
Health and Safety Administration, Federal Aviation Administration, Public Health
Service, Department of Transportation, and any other agency currently engaged
in setting standards and regulating conditions affecting public health and
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safety. The Department of Health and Safety should not be conceive! as
still another bureaucratic level or agency, but rather the contrary - a
consolidating, streamlining, efficiency-centered governing organ to which
regulatory sgencies are answerable and accountable.

If properly mandated, this department could eliminate major jurisdictional
disputes, duplicative standards, piecemeal regulations which obstruct justice
and equity in protecting the quality of our common life. Moreover, if
properly chartered, this department wou'ld be set up to institutionalize a
more enlightened process of developing regulatory standards. Optimally, it
should fall to professionals in the sciences and engineering to set evolving
standards for health and safety according to strict procedures of peer review.
T.'s could remedy an unhealthy situation in which a regulating agency both
sets its standards and then enforces them with a self-serving goal.

An alternative, proven model has been successfully operating over fifty
years - ASTM's Voluntary Consensus System of professionally established
standards. If this model were adopted, the enforcing agencies would not be the
arbiters of conflicts among competing experts in any given profession. The
professions themselves by their own peer review would be responsible to
adjudicate conflicting judgments about scientific or engineering matters.
Policy-making and standard-setting could thus be derived from the best
scientific judgment avail >le at any given time. Haphazard or arbitrary
revisions could be avoidew..

THIRD ETHICAL PRIORITY

The Department of Health and Safety might also be the proper governmental
arm for institutionalizing a method of dealing with a third ethical priority,
namely, the resolution of newly emerging technosocial issues by some
authoritative closure for policy-making (beyond standard-setting) with respect
to public health and safety. Current public disputes over fetal research,
recombinant DNA research, and nuclear technology should be evidence encugh
that there is an urgent imperative to devise a new kind of social institution
for establishing public policy and guidelines to govern increasingly
controverted technological innovations.

Technosocial issues are of such a nature that they are seeking
a policy-making end-product, and traditional democratic institutions are no
longer adequate to that task. Heretofore, policy has been set by the courts,
reacting to individual cases, and decided by judicial fiat. Public policy has
also been set by legislatures whose members are responsive to a constituency
with vested interest, and policy is decided by political tradec(fs.

A new phenomenon in the sphere of public-policy-making emerged in the
aftermath of an outcry about fetal research at the National Institute of Health,
In 1974, a National Commission for the Protection of Human Subjects was
convened for the purpose of fact-finding and policy formation. Constituted
as a public commission, its members represented diverse backgrounds,
competencies, and convictions in various disciplines - law, medicine, various
sciences, ethics. It conducted public discussion, deliberated openly and
candidly, heard from each representative of public responsibility. This
commission may well offer a precedent that could be emulated, amended with a
broader objective in mind, and institutionalized for the purposes of policy-
making in the Department of Health and Safety.
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The application of a Science Court concept has many positive uses, yet its
role in policy-making seems to have serious drawbacks. According to its
originator, Arthur Kantrowitz, the intent is to adjudicate and judge the
preponderance of scientific fact on any given issue so as to settle a factual
dispute. But the term suggests that a legal adversarial model would dominate
the procedure. In practice, this model substitutes courtroom rhetoric, innuendo,
dramatic overstatement, and pre-structured questioning which seeks "an optimum

resolution of conflict" profitable to a victer, rather than an established
procedure which seeks the preponderance of scientific truth as a foundation for
wise policy. Granted that courtroom adversary models are an appropriate

method for adjudicating disputes over rights between individuals and groups,
they fail miserably to provide a method for making enlightened policy about
technological innovations.

1f we are to deal constructively with public misperceptions and rising
expec*ations about safety - and {f we are to avoid becoming a nation
o1 hypochondriacs - we would do well to ponder Max Singer's observations:

Safety is one of the reasons it i{s better to be wealthy than poor.

But as we get wealthier and safer, we become more concerned about
safety -- like most social problems, the death tool from hazards
requires a complex, balanced and limited cesponse. We cannot give
ourselves up to eliminating or even reducing hazards. As individuals
and a society we must not become cowardly, fearful or hypochondriacal.
The weakening of our character can do us more harm than all the auto
accidents and all the fires.

In conclusion, I would invite you to consider a thought-provoking analogy
proposed by Dr. Kraff: Ehricke. It offers us an entirely new horizon
for a re-interpretation of growing concerns about our environmental quality.

He asks us to consider an embryo in the wumb as it g ‘ows larger and
larger and enters the seventh month. Assuming an incipiert intelligence,
the embryo becomes increasingly sensitive to its environm:nt - its source of
nourishment, blood supply, oxygen, quantity of wastes to se disposed of. When
it extrapolates into the eighth month, into the ninth mouth, and then into
the tenth month, it is seized with panic at the prospect of destroying its
only habitable environment.

What the embryo fails to realize, however, 1is that the natural pressure
of events will - at the end of the ninth month - bring about a profound change
in its "frame of reference." Whereas in the w mb, the embryo lives parasitically
off its environment, with birth it rapidly develops its own metabolism - as
wvell as an entirely new mode of suitenance and supply of natural resouvrces.

What Dr. Ehricke has in view, of course, is the prospect of human
exploration and development of the vast resources of Space.

Clearly, the analogy has inherent dissimilar .ties, with the present state
of humankind as we become sensitive to rur environment ac the end of the
Twentieth Century. Yet, it is just as clear that we may indeed now be
standing at the threshold of a New Frontier through which our present limits
will be transformed i passages for a new universe inviting expansion and
greater maturity.
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B. RADIATION AND RADIATION EFFECTS
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The Potential Hazard from Radiation*

Francis L. Brannigan
Nucl. Safety, 5(3). 226-228 (Spring 1964)

We, as transient occupants of this terrestrial
sphere, are the inevitable recipients of sub-
stantial quantities of radiation whether we like
it or not, This radiation originates both from
cosmic sources and from sources in the earth
itsell. As a conscquence of these sources of
radiation, we are not only subjected to radiation
from our surroundings but, as a consequence
of our eavironment, are ourselves radioactive
sources. Considered in tbis light, the real
question i1s not how dangerous radiation is but
how much radiation i1s dangerous., Thi is par-
ticularly true when we realize not only that
man has never existed in a radiation-{ree
environment but also that 1t 15 possible that he
owes s own development to changes induced
in part by radiation,

"The background level of radiation to which
we are subjected varies widely all over the
world and scientists have not yet be °n able to
come up with any correlation between these
variations ir the background level and any in-
jury. We have on the one hand this background
level of radiation, and on the other hand the
fact that high doses of radiation can cause
death, The [real| question is: 'How much more
radiation over background can we take without
injury?" "’

This question may be compared to slapping
on's hand on the desk. “I* is possible to argue
that I have damaged my hand, . :ough the damage
1s anvisible. At a harder slap, I would get a
reddening. At even a harder slap, black and
blue marks. Harder than that, broken bones,
The ultimate degree of damage, of course, is
to break the hand off at the wrist. So the ques-
tion ‘Is it dangerous to slap your hand on the
desk?’ 1s answered by ‘It depends upon the
energy involved.' "'

*Except where noted the wnformation herein was
adapted trom a lo-mm bibm eatitied "*Radiation in
Perspective,' which preseats a lectare by Francis L.
Brannigas ol the ARLC, ivision of Health and Salety.

The film s avadable on loan trom the motion picture
libraries of the AEC,

On the basis of our knowledge of radiation
exposure delivered in a short time, we conclude
that the effects corresponding to various levels
of exposure (i.e., amounts of energy) are as
tabulated below:

Fotal body
vxposure,
r kllect
Below 25 No abservahle oifect
At about U5 Fhreshold lesvel tor detectable
vilcet
At ab 50 Shght twmpurary blood changes

At about 100
From 200 to 200

Nausea, latigue . vormating

Fatality possible, though recovers
more likely

Hall of the victuims might du

All victims would die

At about 500
Around 1000

Although the above «cifects and exposures
describe conditions that might be expected in
the event of nuclear hostilities or in the con-
fined environs of a nuclear facility following
an incident, it does not describe the significant
situation of public concern, viz., what is the
effect of repeated small doses of radiation,
each one of which is so low that there Is no
identifiable effect., This problem, in tura, di-
vides into two parts-—consideration of the
somatic effect and of the genetic effect. Thus,
if we attempt to extend the exposure vs. effect
relation (as in the above table) to smalizr and
smaller doses, we run out of information. The
most conservative extrapolation of this relation
is the so-called “dose equivalent” concept in
which we extend the dose-effect relation to
zero, assuming implicitly that for every dose
there is an “insult” — regardless of how small
and regardless of the fact that we cannot find it,
This s the approach adopted 1) the [ederal
poverpment an establishing recommended pa-
dution Tomits, In particular, radioactive opera-
tions are regulated by the government so that
no member ot the general publie receives a
whede bk dose an any ealendar year in excess
of 0.5 veu,”™ Thus in 50 years an twdividual
muember of the public conld receive a2 maximum



of only 25 rem (an amount that produces no
observable effect when reccived in a short
time) without taking any ctreut for the body's
natural repair processes, which would have
been quite cffcctive for low-level insults 10 a
prolonged period,

The other part of the problem is the genctic
elfect., However, although it s true that radia-
tion can produce genetic cffects, 1t has also
been estimated' that the background radiation
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(which in this country averages 0.13 r/year
and is preater than 1 r/year in some arcas) ac-
counts for only a small fraction of spontaneous
nmtations. Further, some hundreds of chemical
agents are acown to be mutagemic, although
none has been studied in such detail as radia-
tion. Some active mutagens are histed in Table
1-1 (from Ref, 19), These are substances that
affect the genctic material at concentrat,ons
lower than those which would cause cellular

Table 1-1 SOME EFFECTIVE MUTAGENS STUDIED IN DIFFERENT ORGANISMS*®

Neurospora Higher Source of
Mutagen Drosophila reversions plants Bacteria Cxpusure
Mustard derivatives 1 t t t Therapy
Nitrogen mustards
Eposidest t 1 1 1 Industry
Epoxade Domestic use
Dicporybutane
Imines 1 t t L Therapy
Tricthylencmelamine (TEM)
Alkane-sulfonic esters t 1 1 t Therapy
Limethylsulfonoxybulane
Mylcran)
Other alkyvlating agents \l A\ 1 1
Dimethyl sullate
iethyl saltate
Peroxide st Smog
Tert. bulyl hydroperoxide 1 1 ' i
Linydrosymethyl peroxide 1 1 ' ]
Aldehydest t t Al 1
tormaldehyde Industry
Prognonaidehyde Smog
verolein Disinfectant
Basic dyes] t i ] 1 Industry
Proflavine
Py romne
Acridine orange
Purines]
Calleine Al ' ' 1 Beverages
H-cthosy calleine o ] Chromstt L] Widespread use
Antimetabolitest " ] L ' Therapy
S5-bromouracil
Z-aminopurine
Pyrrolizidine alkaloids 1 i |l i Herbs
M.scrilaneous
Nitrous acid i 1 | T
Puenol t bl Chromstt i Industry
Mangancus chloride e L} ' '
L rethane 1 * Chromst? 1]
[hazomethare ? ! 1l ]
Beta-propiolactone t ' 1
Maleie hydrazidet e i Chroms1t . Food and agriculture
Ethyl alconol} L LA Chroms it - Widespread
Mcotine] e e Chromstt .o Widespread

* One or more typical examples listec in each class of mutagen.

¥ Matageme,

t Ul common occurrence, al least in certain human environments.

§ No relerence to mutagenic activity avrilable.
1 Weakly mutagemc.

*¢ Not mutagenic.,

11 Produces chromosome breaks in plants.



(somatic) damage, Although none of the results
tabulated are for the human species, it is
reasonable to presusae that these chemicals can
also produce mutations in man and may be
responsible for the majority of the mutations
known to occur,

We can get some feel for the conservative
aature ol the radiation regulations if we com=-
pare the ratio of the allowable to dangerous
levels for radiation with the ratio of allowable
to dangerous levels for another substance, such
as carbon monoxiie gas (see the ascompanying
tabulation),

This does not necessarily mean that the
prescribed maximum radiation levels are
80,000 15 or = 5000 times safer than allowable
exposure levels for carbon monoxide, since
“the two cases are not directly comparable,
However, .. (it is true| that there is a tvemend-
ouslv greater spread between the acceptable
level and the immediately dangerous level in
the case of radiation than there is for other
noxious substances” and this undoubtedly re-
fliets both the extremely conservalive approach
emploved in estabhislong permissible radiation
levels and the cmpirtcal approach used in
establishing permissible levels for other sub-
stances,

PR S ———

Carbon nronoxidke

Radiation

We are permitivd 1090 ppm
i dhe aie of carbon
monaxide gas tor breathing
over an extended period of
Lime

A dlevel of L0 ppm ol
carbon monoside gas in
the air is extvemely
hangerous Such that, it we
were to hreathe that level
of carbon monoxide gas
or 1 hr, woe would e in
serious danger of death

The ratio hetween the
acceptable level and the
dangerous level is 1:18

I we were to dhvide the
Hetime exposure figure
by the number of working
hours In a hifctime, we
would come out aith an
hourly average of
2.smr/hr

The dangerous level of
radialion exposure
comparable to the 1500
ppm of carbon monoxide
I8 200,000 mr/hr, inas-
much as 4 200-r dose Is
the level at which an
cmployce would be in
danger of death

The ravio between the ac-
ceptable level and the
dangerous level in the
case of radiation is
1: 80,000
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Explosion of Some Radiological Myths

Merril Eisenbud
Nucl. Safety. 6(8). 380-385 (Summer 1965)

Complex concepts can sometimes seemingly
be simplified by repeated use of phrases that
soon become familiar to the ears, that come
right to the point, that are completely un-
equivocal, and that in time become insidiously
convincing. Often the phrases express truths,
but more often only misleading half-truths, and
sometimes total untruths.

In the United States and other countries where
the acceptabil‘ty of nuclear energy as a source
of nuclear power {8 being debated, adages that
have come into being in the last few years are
misleading the public into unnecessary appre-
hension about the hazards of nuclear energy.
This article identifies some of these adages and
Jdiscusses the reasons why they are misleading.
Only a few have been selected, and these are
limited to references to the normally operating
reactor, as follows:

1, “We haven’t had enough experience,”

2, "The air and water will become radio-
active.”

3. “All unnecessary
should be avoided,”

4. "Very little is known ubout the effect: of
small doses of ‘onizing radiation.”

5. “There is no such thing as a safe dose.”

radiation exposure

That “we haven't had enough experience” is
a reminder of the lact that artificial release
of nuclear energy has been accomplished within
the present generation and that we have had
only a little more than 20 years of experieace
with reactors. In the present state of tech-
nological development, this is a long time, par-
ticularly in vie'v of the remarkable develop-
ments in the field of industrial safety since
World War II. A spectacular case in pointis the
current record of the space program. Never has
there been an undertakir~ more hazardo.s to
an individual than the program of manned
missions being conducted by the United States
and the Union of Soviet Socialist Republics. It
18 a remarkable accomplishment that all the
imanned flights into outer space conducted up to

the present ume have been completed without
loss of life. To he sure the risks will become
greater with each bolder step forward, and
there are undoubtedly tragedies somewhere
ahead at some stage of development in the pro-
gram of space exploration. Howwver, the fact
remains that man has demonstrated his ability
to project an astronaut, from the top of a giant
rocket containing an enormously explosive con-
coction of chemicals, into outer space at a
velocity of 25,000 mph, to place him into an
orbit, and to return him safely to a prede-
termined location or. earth. The fact that there
may be failures in the future does not detract
from the wonder that man can accomplish this
at all. What a ¢ ast with the repeated fail-
ures and tragedies among the polar explorers
before Peary reached the North Pole two gen-
erations ago, or among the aviators who at-
tempted to cross the Atlantic before Lindbergh
successfully flew from New York to Paris in
1927.

Modern safety derives basically from our
knowledge of the characteristics of materials
under various kinds of stress, from methods of
quality control in manufacturing, from modern
methods of educating and training people, and
from the desire at every level of government
and industry to keep accidents to an absolute
minimum. Contemporary industrial safety rec-
ords are astonishing in comparison with the
expericnce of a generation ago. I can recall, in
the mid-1930"s, the feeling of real accomplish-
ment among safety engineers when the [irst
industrial company accumulated a million man-
hours without a lost-time accident., Today thus
is a commonplace occurrence, and many large
companies accumulate more than 20 million
man-hours of experience between lost-time
accidents, Modern industry knows how to do a
job safely, as one cansee from the spectacularly
successful safety record of AEC and its con-
tractors.”

The fact that reactor safety can be achieved
by well-understood techniques of design and



operation is illustrated by the earliest experi-
e «2 of the program The Oak Ridge air-cooled
natural-uranium and graphite reactor was com-
pleted in 1943 and performed well and safely
throughout the years until it was f{inally re-
tired, late in 1943, after 20 years of practically
contin:ous operation, Similarly, three reactors
designed to produce plutcnium began operation
at Hauford in 1944 at their designed initial
power levels of 250 Mw, These powerful reac-
tors, with modifications in their designs, have
continued to operate to the present time Thus
it was possible to build four reactors during
World War II with essentially no prior ex-
perience. The designs were based on new
physical principles, and new construction ma-
terials and new techniques of fabri_ation were
used, Moreover, these reactors were built under
wartime conditions on a timetable that was
accelerated to an extent that is not likely to be
repeated, It is a compliment to the t -ough-
ness of the designers th2t recactors .. such
size were built during World War I and that
they have operated so successfully up to the
present time, The record also suggests that
perhaps to the nuclear phvsicists ana engirecrs
there are fewer mysteries in reactor design and
operation than most people believe '

The public frequently becomes alarmed that
if a proposed plant is constructed “‘the air and
water will become radioactive,” This is a hard
statement to deal with because many people are
unable to think quantitatively about radioactivity,
They know what can happen if their neighborhood
should be subjected to massive fallout from a
thermonuclear bomb, and, after all, are not the
radicact.ve substances discharged from a re-
actor very similar to bomb fallout? It will
take another yeneration of education before
people will differentiate between picocuries and
megacuries, and in the meantime we must be
patient in explaining that the presence of radio-
activity of 1teelf means nothing unless we know
how much . present and what kind, The public
must becoms better acquainted with the fact
that radioactivity 1s one of the ubiquitous phe-
nomena in nature ard that every living cell con-
tains radicactive substances of natural origin,

An interesting recent finding isthat relatively
large amounts of naturally occurring radionu-
clides are routinely discharged inlo the at-
mosphere by lants burning coal and oil.™ A
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1000-Mw coal-burning plant having ¢ d fly-as'
control will annually discharge abuut 10 mc
of mixed radium (***Ra + **Ra) isotopes into the
atmosphere, From the ratios of the max:mum
permissible concentrations, 1 mc of radium
consisting of equal parts of **Ra and ***Ra can
be shown to be comparable to about 400,000 mc
of ¥Kr and about 400 mc of '"'I. These two ra-
dionuclides have been selected for comparison
becaus® "1 is one of the major short-lived
constituents of fission products and “Kr is the
principal long-lived volatile constituent. Thus
the atmospheric effluents from a well-operated
coal-burning power plant of 1009-Mw(e) capac-
ity contain the “equivalent” of 10* curies of ®Kr
and 10 curies of '"'1. Piaaws that do not provide
mechanical or electrical dust separation will
discharge much more than this — about 1 curie
of mixed radium isotopes per year, which is
“equivalent” to more than 4 x 10° curies of ¥Kr
or 400 curies cf "I. An oil-burning plant of
this size wouln discharge considerably ;ess
radiun., “equivalent” to about 200 curies of "Kr
and about 200 mc of ‘¥,

Certainly no one would suggest that this
amount of radium being discharged into the
atmosphere of our large cities is a health
haza.d. In fact, only « small f: .ction (~0.2%) of
the daily radium intake of the average person
originates from this source, Most of the radium
we absorb (~4 pc ‘day) is ingested from food in
which radium 1s present as a trace element that
has been assimilated from the soils.

From these data we conclude that electrtic
generating stations that derive their thermal
energy from fossil fuels discharge relatively
greater quantities of radioactive substances in
the atmosphere than power plants that derive
their heat from nuclear energy. During 1961 the
Yankee Nuclear Power Station at Rowe, Mass,,
discharged only 1.9 mc of gaseuus wagstes 1ito
the atmosphere; that 18 much less than the ra-
dioactivity that would be discharged if this 141-
Mw(e) pressurized-water nuclear plant was
operated with coal' Similar comparisons could
be made for nuclear power plants employing
direct-cycle boiling-water reactors. The num-
ber of curies of activity discharged into the
atmosphere by such plants is higher than i'* the
case of pressurized-water reactors, Lu. ‘he
radioactivity 1s of far shorter half-life, -
correspondingly greater maximum permissitie



concentrations, The liquid-waste activities are
similarly minuscule, and, when the waste is
mixed with large volumes of water, the activity
results in insignificant environmental contami-
nation in the vicinity of commercial reactors,

We frequently hear that “all unnecessary ra-
diation exposure should be avoided.” Tus is a
statement with which we would not disagree, but
certainly the benefit of reducing exposure should
be weighed against the cost or inconvenience of
reducing exposure. This is certainly the every-
day attitude toward the radioactivity from na-
ture, which contributes the largest component
of the total dose received by people in most
parts of the world, We receive, on the average,
about 100 mr year from this source, but the
deviations from average are quite pronounced,
and in normal situations the dose from natural
radioactivity probably varies from 50 mr/year
to about 200, depending on altitude above sea
leve!, geo'ogical factors, the amount of radium
in drinking water, and the materials from which
our homes are constructed, If we accepted
literally the admonition that unnecessary ra-
diatior, exposure should be avoided, people
would avoid living in cities like Denver, Salt
Lake City, or Albuquerque, where the external
radiation levels are about twice those at sca
level, Hundreds of thousands of people in [llinois
and Indiana would be discouraged from drinking
their local water supply because the radi'm
coatent is above normal, In metropolitan areas,
such as New York, people would compete to
live in areas that have low levels of natural
radioactivity, there being a difference of al-
most 20 mr yezr between most areas of Brook-
lyn and Queens and upper Manhattan Island,
where the radiation level is normally higher
due to the igneous rocks on which almost all of
Manhattan Island is built,

It would be absurd to allowthe level of natural
radioactivity to {afluence where we live, and,
so far as I know, no one has suggested that we
do so. Convenience and economics diclate our
choice of living place, with logical disregard of
the levels of natural radiation. In respect to the
50 mr/year or more that could sometimes be
avoided by altering our place or manner of
habitation, the admonition “all unnecessary ra-
diation should be avolded” is a meaningless
platitude.
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We are often cautioned that “very little is
known about the effects of smal! doses of
jonizing radiation.” This of itsell ir - correct
statement that can be found in proper context
in most authoritulive studies on the delayed
et.ects of radiation. It will be found in the re-
ports of the United Nations Scientific Com-
mitee on the Effects of Atomic Radiation, the
National Academy of Sciences Committee on the
Biological Effects of Atomic Radiation, and in
many statements made by expert witnesses
testifying before the various hearings of the
Joint Congressional Committee on Atomic En-

ergy.

As a qualitative statement it is certainly true
that we know very little about the blological
effects of radiation at doses of a few milli-
roentgens to a few hundred milligroentgens
per year, but this is because the effects of small
doses cannot be measured, The effects, if they
occur at all, are so tufrequent that it is not
feasible to study them, even with the best tools
available to science and with the extensive
resources available for investigations of this
kind,

In fact, the effects of small doses of ionizing
radiation have been studied more thoroughly
than the effects of any other of the noxious
agents that maa has introduced into his environ-
ment, The policies established after World
War II by AEC, supported actively by the Joint
Congressional Committee on Atomic Energy,
have resulted in appropriation of public funds
on a scale that has yet to be matched in other
fields of environmental health, It is only in the
last year or two that there has been a general
awareness of the need to accelerate the in-
vestigations of the effects of possible environ-
mental hazards such as air and water pollu-
tions, insecticides, food additives, and tobacco
smoke, As yet, however, there is little com-
parison in size between the AEC budget for
investigating radiation effects and the budget
authorized for the study of the effects of chemi-
~al pollutants,

If people are told we know nothing about the
effects of small doses, they will understandingly
oppose «ny exposure to man-made radiation,
They are told that radiation canproduce cancer,
genetic changes, and a general reduction in



life-span, and, since so little is known about the
effects of small doses, their children might be
injured if a nuclear reactor were bullt near
their home. However, the implications of the
statement that we know little about the effects
of small doses of radiation are considerably
less ominous when it is added that this is be-
cause the effects occur so infrequently that they
cannot be observed in either humans or popula-
tions of experimental animals.

rlost people would say that the dose is safe
if the effect is so small it cannot be observed.
Yet, we are told that for radiation “there is
no such thing as a safe dose.” This is another
way of saying that “all radiation exposure is
bad,” which is a concept that is used all too
frequently to counter statements that a pro-
posed Installation will be operated safely and
that people in the environs will be exposed
to only a fraction of the permissible dose, The
idea that there is no such thing as a safe dose of
tonizing radiation derives from the hypothesis
that there is no threshold for some radiation
effects. This assumption 18 commonly accepted
for genetic effects, and, on the basis of data
obtained with experimental animals, 1t is some-
times applied to the carcinogenic and life-
shortening effects of 1onizing radiation, although
these data are far more equivocal, Actually a
strong case can be made for a threshold hy-
pothesis in the case of the carcinogenic effects
that have been studied ‘n experimental animals,

For the purpose of this discussion, we can
accept the “no threshold” hypothesis and con-
sider the effect of this assumption on the
proposition that there 1s no such thing as a safe
dose of lonizing radiation. To a considerable
extent, this involves quibbling about the absolute
meaning of the word “safe.” Most parents
believe that their children are safe in the home,
although the statistics of the National Safety
Council would disagree with this in the absolute
sense. As i1s well known, many children die in
accidents in the home, In almost all uses of the
word "saf " we mean "reasonably safe” rather
than safe in the absolute sense., We normally
say that something is safe when the risk of in-
jury 18 80 small that the person has a feeling of
security and is heedless of the very small but
finite danger, It was perhaps first in connection
with the potential dangers of ionizing -radiation
expo ure that the word "safe was required by
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some to have an absolute meaning. More re-
cently the same restriction has been placed on
the purported safety of insecticides and fooa
additives,

There are a number of reasons for the recent
concern with absolute safety., The very nature
of the times demands tuat we be more prudent
in our evaluation of environmental risk than has
Leen true in past generations, There 18 a new
public consciousness concerning environmental
risks of all kinds, a development that is de-
sirable and which everyone should encourage,
although we may wish sometimes for less ex-
tremism and fewer appeals to emotions.

It 1s only comparatively recently that man's
activities have resulted in contamination of the
environment on a naiional or even global scale.
It is no longer only the people living in less
cultured areas of industrial communities that
are exposed to the environmental contaminants,
Air pollution 18 now a metropolitan problem,
food additives and pesticides expose people ona
national scale; and the radioactive debris from
weapons tests can be detected all over the world
in all forms of life from single-celled organisms
to man,

A small probability of injury may be an
acceptable risk to an individual and may be of
minor concern to a population of small size,
However, the same probability of injury may be
totally unacceptable when it is applied to the
total population of the world, As a matter of
fact, it was this difference that was at the
basis of the fallout controversies of the late
1850’s in which scientists seemed to disagree
about the risks inherent in the atmospheric
testing of nuclear weapons. The difference was
primarily the basis for estimating the risk,
Some scientists considered the risk on an in-
dividual basis and, after concluding that the
probability that a given individual wonld de-
velop leukemia was of the order of lO", de-
cided that the risk was "“negligible.” However,
others took note taat the population of the world
was 3 x 10" and that, if such a population were
exposed to a risk of 10 ', there wouid be 3000
cases of leukemia' Thus we see that what may
be safe for an individual may nevertheless be
a risk of sufficient magnitude, when the entire
population is considered, to justify a further
reduction in exposure or, \f possible, elimina-
tion of exposure entirely.



Industrial atomic-energy installations ex-
pose a very few people in the ‘mmediate en-
virons of the plant to a very small fraction of
the permissible doses established by AEC regu-
lations. If there is a threshold dose that must
be exceeded before deleterious effects are pro-
duced, there may be no effects at all, If there
is no threshold, the effects produced by the
levels of permissible exposure would occur at
such a low frequency that the effect could not
be measured. If we make certain conservative
assumptions that (1) there is no threshold,
(2) the effect is ‘ndependent of dose rate, and
(3) the effect is linearly proportional to dose,
we can calculate the p ‘obability of injury. These
calculated values will be maximal figures, with
the true value being sumewhere between zero
and the calculated values. By these methods it
has been concluded that the risk of developing
leukemia from ‘onizing-radiation exposure is
about one case per million per rad for each
year at risk. A person exposed to the Federal
Radiation Council maximum permissible dose
of 0.5 rad/year would have 1 chance in 2 mil-
lion of developing leukemia. However, the ex-
posure of people in the vicinity of nuclear
reactors is far less than 0.5 rad/year and, even
in the case of reactors built in the center of
populated areas, need be no more than 10% of
this value or 0.05 r/year. In this case the maxi-
mum risk of developirg leukemia could be as
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high as 1 in 20 million, but tae actual risk might
be as low as zero. Certainly we can tell an in-
dividual living in the community that the plant
is safe so far as he and his family are con-
cerned and that in all probability he is much
better off living near a nuclear plant, since,
at a cost of a few miiliroentgens per year, he
avoids a whole spectrum of noxious agents that
are of necessity introduced into the aumosphere
from fossil-fuel plants.

This article bas been concerned with some of
the fallacies underlying five frequently quoted
reasons why nuclear reactors should not be
built near population centers. These are not all
the reasons why people object to constructionof
these plants, but the analysis does serve t0
illustrate the way in which these statements
contribute to the morass of misunderstanding
when they are taken out of context and repeated
over and over again in public discussions.
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Effect of Low-Intensity Radiation on Man

Francis J. Jankowski
Nucl. Safety, 7(1). 11-14 (Fall 1965)

The valio o rvadation-dose-vale thveshold for so-
matic dawage to the normal background dosc vate is
0! the dvder ol a few hundred (100 to 500), This is i
the vauge of the ratio of harmful concentration of
scvevdl chepucals to the amonnt necded or believed
lo be weeded jor health, This obsevvation vaises the
question as to whether all vadiation is harmful, a
yuestion whach has been vaised befove and which is
wneoy anvestigalion. It also suggests further experi-
weends af don or cery lon (delow background) dose

ales,

An analogy applied to phenomena not well
urderstood can be useful in suggesting new ap-
nproaches to a problem and in providing new
M.sight into the nature of a problem, An analogy
15 drawn here between the biological effects of
inorganic chemicals and the effects of radia-
tion. As a result of this analogy, suggestions
are made for future work.

Little 1s known at the present time about the
effects of small radiation doses, There is 10
firm basis for interpolating or extrapolating ra-
diation effucts to small exposures, and many
data®'" seem to show effects opposite to those
predicted; 1.e,, they show a lengthening of life-
span rather than a shortening, or they show an
ability of the body to tolerate the radiation
where deleterious effects might be expected, A
need for information on the effects of low ra-
diation doses 1s recognized, and projects cur-
rently under way or proposed can help to fill
this need.'"'" A further insight into radiation
effects will be sought through the analogy drawn
below,

Large doses of most chemicals are injurious
to the body, but, from studies and observations
of nutrition, we find that many chemical ele-
ments are essential in small quantities to main-
tain health. This suggests comparison with
radiation effects.

Such a comparison cannot be made to a high
degree of accuracy. Quantitative data needed on
nutrition, toxicology, and radiation effects are
not generally available and, when available, are
frequently expressed as ranges of values rather
than as single fixed values, Thus only “ball-

park” values can be expected In making the
comparison,

The comparisons are made between the so-
matic effects of radiation and the effects of
chemicals, both on adults, Ceietic effects are
not considered, nor are the effects on children,
who appear to be -much more sensitive both to
chemicals and to radiation,

Three sources of intormation on nutritional
amounts of chemical elements are available,
The first, and most accurate, i8 the compilation
of the U. 8, Food and Drug Administration laws
contained in the Code of Fedeval Regulations.,"
The amounts given are based on recommenda-
tions of the National Research Council, In addi-
tion, there are other elements that have been
found or suspected to be needed by the body but
for which agreement as to amount or certainty
as to need are lacking, Here it is assumed that
pharmaceutical companies have made a search
of this field and that their conclusions are re-
flected by the mineral content of their vitamin-
mineral tablets. This is taken as a second
source of nutrition requirements, A third
source is provided by reports on daily intakes
by the body of certain elements. These intakes
often vary over a large range; further, there is
the possibility that the average intake exceeds
the average need. However, intake values pro-
vide some information where information 1is
generally scarce,

The amount of a chemical that constitutes a
hazard is just as difficult to specify quantita-
tively as is the nutritional amount, Data on poi-
soning by ingestion are very scarce. Polsoning
by inhalation is a much more probable occur-
rence in industry and has been studied more.
An excellent review and summary of known in-
formation on inhalation hazards has been as-
sembled in an industrial hygiene handbook edited
by Patty.'® The threshold values used below
were all obtained from this volume., In most
cases these are limits set %, the American
Conference of Governmental Hygienists, but,



where such limits .r= absent, the thresholds
ire ones proposed by investigators in the field,
The thresholds set for inhalation hazards are
wven in meilligram: per cubic meter, These
were changed to daii, intake by multiplying by
an assumed breathing rate of 20 m?/24 hr.

A daily need has not been established for ra-
diation, it is generally believed, but not proven,
that the need is zero, However, the daily intake
is known quite well, It varies over the earth’s
surface and depends on altitude and local con-
centrations of radioactive materials, A general
average 1s 0.6 mrad/24-hr day.

The acute radiation dose that produces so-
matic damage 1s generally taken to be approxi-
mately 100 rads. However, to make a compari-
son with chemical poisoning, the thieshold for
chronic-exposure damage is required, This Is
less well understood, Taylor'® reports that ra-
diation effects have not been demonstrated in
cases where exposures of 50 to 500 times back-
ground have existed for years. Thus 500 times
background might be taken as a limit on the
threshold for chronic-expo=ure hazard, Another
measure of a threshold value is the daily per-
missible dose of 500 mr/week suggested by the
International Commission on Radiological Pro-
tection (ICRP) during the early days (1936) of
nandling radicactive materials beiore concern
over genetic damage developed strongly. Ad-
usting this tolerance to a cortinucus levelgives
a value of 120 times background as a measure
of the lower limit for the threshold for damage
from chrome exposure,

The data discussed above are summarized in
Table 1-1. In the last column of the table, a
ratio of threshold to need (or threshold to in-
1ike) is given for each element and for radia-
non, The relations are shown more clearly by
4 plot of the data in Fig. I-1, Where a range 1s
given, the extremes of the range are linked by
i dashed line. The por . .aay be identified by
reference Lo Table [-1,

It is not smprobable that an intake of 1 g/day,
i a substantial raction of a gram, continued
ver an extended period would be injurious,
cven if the element was not chemically poison-
as. Therefore we might expect a bulk, or
volume, effect in addition to any chemical poi-
soning effect. This would tend to place an upper
bound on the threshold curve,

In Fig. I-1 the heavy dashed line (showing the
volume effect) joining the lower solid line (a
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Table 11 SUMMARY OF NUTIITION, TOXICOLOGY, AND
RADIATION-EFFECTS DATA GIVING A COMPARISON OF

CHEMICAL AND RADIATION EFFECTS ON MAN

Threshold for  Ratio of

Need or chronic -expo-  threshold
Source of intake. sure damage. 10 inlake
Eiement  information mg/day mg/day valuen
(ron cFne ” 06 30
lodine CFR LB} i o
Aluminum intake 10 te 190 Jon Jw W
Copper VoMt ] 2w 80 210 80
Copper Intake 2 PRUE fied
Mercury Intake 0.005 1« 0020 2 190 10 400
Mercury V-M ] 300 )
Manganese V-M 1.5 120 a0
Manganese Intake Jwe 120 20 to 40
Zinc VM 14 00 m
Zinc intake 10 t0 1% 30 20 10 30
Radiation 0.6 mr/day s001
Radiation 0.6 mr/day 10 mr/day 130

SCodde of Federal Reguiations (wee Ref 13),
tVitamin-mineral tablets.
1From Ref 15,

0
1 1 i
» SOLID PONTS - vALUES SPELIFED BY
2 CODE OF FEOERAL REGULATIONS -t T
b3 0@ vh LS TAREN FROM viTawm- O O e )
f WAL RAL CAPSULE CONTENTS A
~ L6 MERAGE INTARE vALUES R o |
- 0F b= "0 magiaTion vALULS "1
= “w - INDICATES RANGE OF ¢ 9
P-3 vALULS P
3 i '
0 v !
3 Vol |
R P
~ | t
-4 ' i
k- P
: o 6 4
' i 1
w?! w?t Wt ' W0 w?

NEFQ O INTARE  mgiday o me/ény

Fig. -1 Threshold foy chronie ~exposur e damage vs
need o intake of chemical ¢lements and of radation.

constant ratio) was placed through the points
representing iron and iodine (CFR data") to
produce a reasonable fit, These results appear
to indicate some validity to a commeon value for
the poison-to-nutrition ratio for a chemical
element,

Poiuts representing the radiation believed to
represent the lower limit of the threshold for
somatic damage relative to that absorbed from
background (the intake) are also plotted in
Fig. I-1. These points may be seen to correlate
qQu.‘e well with the chemical data, This observa-
tion raises th's question of whether all radiation
ts indeed harmiful to biological systems or
might radiation perform some useful fuaction
in the operations of these systems, as do the
chemmcals.,



The nature of the analogy made is such that
conclusions are not justified, but questions and
experiments are suggested. The principal sug-
gestion is to attack the adiation-~ZLeo's pror -
lem by using the principles of chemical-eftects
experiments, Here the experiment important to
chemical nutrition but untried in radiation ef-
fects is to withhold the affecting agent from the
biologica! system.

To withhold radiation would require a reduc-
tion of the various sour.es of normal radiation
dose, which include cosmic rays, terrestrial
sources, and radiation in food, primarily “K.
These sources each contribute approximately
one-third of the total dose,

The cosmic-ray contribution couldbe reduced
to a negligibly small amount by performing the
experiments \n a cave or mine. At a depth of
1000 m, the cosmic-ray intensity would be re-
duced by a factor of approximately 10,000 from
the sea-level value.'"' The reduction of terres-
tric! radiation would require some attention and
effort, Tue intensity of the surrounding sources
would largely determine the effort required,
and selection of the location might be the single
largest factor in reducing this component,
Shielded rooms with low-activity wall materials
would likely be used. Low-activity steel plates
and water have been used.'’ Also, control of the
airborne actvity, primarily radon, might be
necessary and would depend on the surround-
ings. The radioactivity enteri.g the body via
food might also have to be controlled, as it
would be the largest single contributor oance
radiation from cosmic-ray and terrestrial
sources had been reduced.

In this low-radiation environment, several
generations of animals, plants, and insects
would be raised. The use of control groups
might or might not be required and would de-
pend on the environmental control possible. The
subjects would be examined for growth, health,
intelligence in animals), and any other factors
that might be significant. An initial experi-
mental group comparable in size to that which
would be used for nutrition studiesis suggested,

Continuing the analogy to chemical nutrition
Studies brings further suggestions which may
be fruitful (or which may be under way at some
laboratories). With radiation the initial studies
were on whole-body radiation, and these were
followed -y radiation-effects studies on indi-
vidual organs. It may prove profitable to in-
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vestigate the microscopic effects of radiation
on cell biology. Such studies would take note of
all effects of radiation known or suspected,
determine their probable magnitude, and as-
certain their effect on specific life processes.
Many other ideas follow from the reasoning
presented here. One of the more intriguing ones
comes from theories proposed by biologists. It
has been suggested that the ratios, and perhaps
even the concentrations, of inorganic compo-
nents of the blood are the same as those exist-
Ing in seawater at the £-art of the Cambrian
period, when life on e~rth was just beginning.
Perhaps the radiation ratios reported in Table
I1-1 and Fig. I-1 should be based on the radia-
tion background existing at the beginning of the
Cambrian period. Uf radiation is found to be
beneficial, this may be the optimum value (per-
haps the value leading to the maximum life-

span, if the experiments indicating lengthening
of life-span should be confirmed).

In conclusion, the need for further data on
effects of small doses of radiation is generally
acknowledged. Performing experiments in which
radiation is withheld could contribute signifi-
cantly to this need,
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Radiation Standards and Public Health

Merril Eisenbud
Nucl Safety, 12(1). 1-8 (January-February 1971)

Abstract: The radiation-safety record of the AEC has been
good, but changes in the present regulatory system are needed
1o reconcile differences between public attitudes and the AEC.
AEC regulations are based on the recommendations of the
JCRP and the NCRP, and the standards contgin extensive
builr in ~ .servatism. However, the emphasis on the maximum
permistible concentrations of radionuclides in air and drinking
water should be changed to specify the maximum permissible
daily intake from all sources to take into consideration
multiple sources and ecological factors. Further, the dual
responsivility of the AEC for the development of nuclear
power and the protection of the public has contributed to lack
of public confidence in the AEC Accordingly it is recom-
mended that responsibilities for setting radiation limits be
shifted to ancther agency of the federal government. The same
agency, in cooperation with the states, should assume responsi-
bility for evvironmental monroring in the vicinity of AEC-
licensed facilities

The AEC has relied from the beginmng of ils existence
on the National Council on Radiation Protection and
Measurements (NCRP) and the International Commis-
sion on Radiation Protection (ICRP) to recommend
the basic numerical values of permissible radiation
exposure. The AEC has assumed for its part the role of
translating the recommendations of the non-AEC
mdependent expert groups nto administrative language
that lends itself to use by regulatory authorities,

Ihe NCRP was founded about 40 years ago and
until recently had its headquarters in the Bureau of
Standards. In 1964 NCRP was granted a congressional
charter and now operates as an independen’ organiza-
tion financed by voluntary contnbutions from govern-
ment, scientific societies, and manufacturing associa-
tions. The 65 members of this council and about 175
members of the 18 NCRP scientific committees have
the responsibility for developing the technical reports
of the organization.

In 1928, | year before NCRP was formed, the
International Society of Radiology sponsored forma-
tion of the International Commission on Radiation
Protection. This group has operated in ciose coopera-
tion with NCRP and receives support from the World
Health Organization. It is essential to this discussion of
standards of permissible radiation exposure to under-
stand that AEC standards originate in the work of
these national and international bodies among whom

there is total harmony and whose recommendations are
based on objective evaluation of existing information
that is motivated by a common interest in the public
nealth.

ROLE OF U.S. ATOMIC ENERGY
COMMISSION

When the U.S. Congress passed the 1946 Atomic
Energy Act that established the AEC, it gave the AEC
responsibility for assuring the safety of atomic energy
workers and the public at large. The unusual step of
vesting this responsibility in a federal agency rather
than the states was taken for a variety of reasons,
among which were that (1) much of the required
technical knowledge was then highly classified, (2) the
specialists who had this knowledge were, for the most
part, located in a few large laboratories owned by the
federal government, and (3) the potential risks of this
new i tastry were not necessatily limited to state
jurisdictions

The record of the AEC to date with respect to
radiation safety can be easily summarized. There have
been no known radiation injuries to any member of the
public resulting from any of the civilian activities of
the AEC. “mnong the approximately 200,000 em-
ployees of ae AEC and its contractors, there have
been six fatal injuries due to nuclear accidents, all of
which occurred in the course of experimental research.
There was one additional death in a privately operated
industrial company licensed by the AEC. Further,
among this large population of industrial workers,
there are no known injuries from the cumulative
effects of exposure. During the same period, 1946 to
the present, there have been 276 on-the4ob accidental
deaths from all causes, such as vehicle accidents, falls,
etc. This indicates that the safety record of the AEC is
very good, with the occupational fatality rate being
about 25% of the average for all industry.' The
excellent occupational safety record is cited to illus-
trate that the AEC has demonstrated a high degree of
concern for protection of its personnel. It has exercised
similar concem for public safety.

Because of a technicality in the Atomic Energy
Act, responsibility for the health of uranium miners
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was not preempted by the AEC but, rather, has
contnued to reside with the states. The radiation-
safety record in the mines has been far less satisfactory,
and more than 100 deaths from lung cancer have
resulted from the cumulative exposure to the radio-
activity of the mine atmospheres.? It is regrettable that
federal preemption of health and safety matters in the
atomic energy program did not include the mining
industry, because this tragic record would have been
avoided had the AEC standards of permissible occupa-
tional exposure been enforced.,

Another governmental agenc;, concerned with radi-
aton protection is the Federal Radiation Council,
which consists of representatives of several federal
departments and agencies. It was established by the
President about 10 years ago to assure a consistent
governmental approach to radiation protection mat-
ters. The Council has promulpated a number of
radiation protection guides to assist in evaluation of
hazards from nuclear weapons testing and, more
recently, for control of radiation exposure in uranium
mines.

RADIATION STANDARDS

The recommendations of ICRP and NCRP were
onginally intended for protection of workers exposed
to ionizing radiation. Prior to World War 11, there was
so httle use of these radiations that the need for
standards *- protect the public had not yet arisen.

The pre-World War Il students of radiation protec-
tion did not have the benefits of governmental grants
that were later available, nor did they have the sophisti-
cated laboratory equipment now used in research. How-
ever, the tragic misuses of onizing radiations during that
period provided an all too ample research resource
from which to dewvise protection measures. Although
before World War Il there were relatively few X-ray
machuines and the radioactive material to which people
were exposed was some part of the approximately 2 |b
of radium that had by that time been extracted from
the earth’s crust, hundreds of deaths and many injuries
resulted from inadequate understanding of the princi-
ples of radiation hygiene. Fortunately the effects of
the misuses of these sources of ionizing radiation were
studied with such extraordinary diligence and percep-
tion by our colleagues of a generation ago that much of
the basic information needed for protecting the em-
ployees of the atomic energy program was already on
hand when it was needed during World War II. Two
very basic recommendations were already available that
pertained to the upper limit of permissible exposure to
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external X-rays and gamma radiation and to the
maximum permissible body burden of radium. The
recommendation that the permissible body burden of
*2%Ra be limited to 0.1 uCi has not been changed
since 1t was first established early in World War 11, This
yardstick has had a strong influence in setting the
pernussible body burdens of other bone-seeking radio-
nuchdes.

The maximum permissible dose of external radia-
tion exposure permitted before and during W.:ld
War Il was 0.1 R/day, based on the scanty information
available up to that ume, and was equivalent to 20
R/year. If we allow for the difference between roent-
gens and rads and for the fact that the radiations now
encountered n the atomic energy program are more
penetrating than the 75- to 125-kV X-rays that were
the principal source of radiation before World War 11,
we find that the permissible dose for oceupational
exposure recommended by NCRP as long as 30 years
ago is within a factor or 2 of the tssue dose permitted
today for occupational exposure.

The problem of setting standards for protection of
the general public is much more complex for several
reasons. Because radiation workers comprise a rela-
tively small fraction of the total population and
because the genetic effects are related to the per capita
gonadal dose of the population, genetic effects are less
imporiant than somatic effects, insofar as occupational
expocure is concerned. The probability of somatic
injury at a given level of exposure in the general
population is increased by the fact that children and
fetuses are involved. Additionally, it 1s necessary .
become more conservative as the size of the exposea
population increases, and n this country th- gencral
population is about one thousand times **.¢ population
industnially exposed.

Leukenua and genetic muta wns are believed to be
the effects of 1omizing radiation xposure that should
be of greatest concern relative tc the general popula-
tion, and the following discussior of AEC standards
focuses on these. An increased mcicence of leukemia®
has been reported among several groups of humans
exposed to relatively high doses of 1onizing radiation
These may include such groups as Japanese survivors of
the atom bombings of Hiroshima and Nagasaki, pa-
tients irradiated for ankylosing spondylitis, radiologists
exposed to jomizing radiation in the course of ther
work, and children irradiated in urers i the course of
pelvic Xeray examinations. This epidemiological expe
nence nvolves mainly single or multiple exposures af
high dose rates compared with thos. permitted by
existing standards. To estimate the expected effect of



doses of a fraction of a rad delivered in small bits, we
must extrapolate from these epideriological data. In
the interest of maximum safety, this i1s done by
assuming that there is no threshold and that the
biological response is proportional to the dose and
independent of the dose rate. Both the United Nations
Scientific Committee on the Effects of Radiation® and
the ICRP* have emphasized that the estimates made in
this way represent an upper himit of risk and that the
actual risk may in fact be very much less. Subjec’ 1o
these conservative assumptions, the epidemiological
evidence suggests that a dose of | rad deli red to 1
million psople may produce a maximum of about 20

extra cases of leukemia during the lifetime of the
population. The incidence of leukemia m the normal
population is about 70 cz.2s per million per year.

Insofar as genetic effects are concerned, there are
no epidemiological data on which to draw. However,
extensive research has been done with lower animals
which suggests that there 1s no threshold for genetic
effects and that the frequency of mutation is directly
proportional to dose but the relation s not inde-
pendent of dose rate* According to these data a per
capita dose of about 10 rads per generation, delivered
to successive generations, will eventually cause the
spontareous mutation rate to double It has recently
been shown.® however, that, when the dose is frac-
tionated, the genetic effect is less by a factor of about
6. Thus for continuous exposure a dose of A rads per
generation, delivered to many successive generations,
might be expected to cause the spontaneous mutation
rate to double For a reproductive span of 30 years, the
doubling dose would thus be about 2 rads/year

The ®-sic criterion for the upper limit of permissi-
ble occupational exposure is that an employee should
not accumulate more than S(V — 18) rads, where N 1s
the employee's age in years*” Stated another way,
the employee should not work with 1onizing radiation
until he is 18 years old and then should not be exposed
to more than an average of 5 rads/vear

When internal radiation exposure is involved, the
ICRP methodology introduces the concept of the
“critical organ,” which is the organ in which a given
radionuclide tends to accumulate and give the highest
radiation dose and/or most significant effect.® For
example. the cntical organ for radioiodine is the
thyrod. and for 08¢ it is the skeleton. With a few
exceptions, exposure to internal emitters 1s controlied
by limiting the quantity of radionuclides that may be
absorbed by mgestion or inhalation to that amount
which will result in exposure of the critical organ to
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less than S rads/year. The ideal, of course, in every case
is to hold the absorption to as little as possible
consistent with the activity,

The maximum permissible mean dose to the gonads
or blood-forming organs, according to AEC regulations,
is one-thiriieth of the permissible occupational dose.
The regulations are based on this average not being
exceeded if the individual with the hughest exposure in
a given population s not exposed to more than
one-tenth of the permissible occupational dose. In
short, the mean exposure of a given population should
not exceed 0.17 rad, and the maximum individual
exposure should not exceed 0.5 rad.

NATURALLY OCCURRING SOURCES
GF IONIZING RADIATION

It is helpful to review what is known about the
radioactivity of the natural environment” so that we
may have a yardstick with which to compare the AEC
standards. An appreciation of the kinds and amounts
of :onizing radiation exposure duc to navaral sources is
relevant to this discussion of the significance of
reactor-produced radiation,

Radioactive substances are naturally piesent in the
air we breathe, the water we drink, and the food we
eat. These substances become mcorporated into our
tissues 1n such amounts that on the average our body
tssues are literally disintegrating at a rate of sbout
S00.,000 atoms/min due to radiactive decay.

The total-body irradiation received by man in most
parts of the world is about 0.1 rad/year. This tigure
varies somewhat from place o place, with an addition
of about 0.028 rad/year for each 1500 m of altitude
above sea level. Further desiitions from the norm
occur in places where the thorium or uranium content
of the rocks and soils is above notmal, In one vil2ze in
Brazil, some people can be exposed to as much as 12
rads/year.

The lung and skeleton are selectively exposed over
2nd above the dose received by the body as a whole. A
large component of the dose to lungs is due to the
presence of atmospheric radon, the concentration of
which varies from about 107" uCi/ml to about 2 X
10'° uCi/ml n different parts of the world, A
concentration of 107%° uCi/ml will deliver a aose of
about 1.3 Rems/year to the basal cells of the bronchial
epithelium, which is the tissue of the lung known to be
particularly radiosensitive.® Doses as high as 10 times
this value are possible indoors, particularly when the
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buding s made of materials having a high radium
content.

Radon-222, which ... a halfife of 3 8 days, decays
progressively through several shorter lived progeny to
P1OPb, which has a halflife of 22 years, and this
radioactve substance ultimately deposits on the earth’s
surface. {inly in the last few years hs. * we begun to
appreciate that mankind has always been subject to
Lus form of natural fallow. - 1 that broad-lesfed
plants in particular have relatively high concentrations
of this sotope because of foliar deposition of *1OPh,
According 10 o~e investigator this phenomenon con-
tnbutes an additional 41 mRems/year to the lungs of
indwiduals smo’ing one pack of agatettes per day.'®

Two natually ocewiag nuchdes, * “*Ra and
“3%Ra, which are chemically similar to calcium, enter
our bodies through the foods we eat, and they deposit
with calcium in our skeletons. The daly radium
ingestion  of w.dividuals in this country s about
5 pCi/day, approximately equally divided between the
two nuclides. Studies of food and water in vanous
parts of the world have sho~n hat there arc wide
variations fzom these mean values. In certain parts of
the Middle West, the radium intake is elevated owing to
the presence of abnormally high amounts of 1adium in
the drnking water, ard the dose to the skeleton is
thereby increased by about 0.06 Rem/year. Consider-
ably higher doses have beew reported from Brazil and
India, where there are radiosctive anomihes of the
type mentioned earlier.’

I'bus we can conclude that the whole-body dose
trom natural radwactivity i most parts of the world is
about 0.1 Rem/year. The lung recetves a greater dose
due to the supenimposed radiation from atmospheric
radon, as does the skeleton in certain geographical
areas where the radwm content of food and water is
elevated above normal.

EXTERNAL RADIATION

The actual external radiation exposure to the
general population from nuclear power plants does not
approach the so-called permissible dose rates because
of ceriain inherent factors, For example, the heas
shielding required to protect men working aroun .
reactor in the normal course of their activities gives
assurance that the external radiation dose to the public
will not be detectable 1 know of no case in which
radiation from the plant proper has caused a percep-
tible change i the levels of radiation exposure bevond
the property boundary.
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I the case of a boiling-water reactor, the principal
way in which the general population would be exposed
to external radiation would be by direct irradiation
from the passage of radiactive gases discharged from
the stack of the plant, but, if the maximum exposed in-
dividual received no more than 0.5 rad, the per capits
exposure would be very much less than 0.17 rad. For
example, consider a hypothetical situation in which a
boiling-water reactor stack s located 100 m from a
360° fence at which the dose s assumed to be 500
mrad: ‘year. In this situation, people living right on the
fence would receive no more than the AEC maximum
permussible dose to ndividuals. Frorm known rates of
diffusion of gaseous effluents fron point sources, st
can be calculated thar the dose r .te beyond the fence
would, on the average, diminish inversely with the 1.8
power of distance from the st2  The per capita doses

have been calculated for po dations of 10°, 107, and
107 people uniformly distributed around the fznce at a
density of 1000 people/km?®. The annual per capita
doses tor the three populations turp out to be 1.9
mrads, 0.28% mrad, and 0.04 mrad, respectively, We
must recognize that this, in fact. overestimates the per
capita dose because a dose of S00 mrads would occur
only i the downwind sector, which would be perhaps
one-eighth of the plant fence cucumierence. For
seven-eghths of the plant cucumference, the dose
would be ve, * much less than S00 mrads/year We now
begm ¢ & he kind of builtsin conservatism that
eXIsts n C regulations and that, even under the
WOTSt Coi - conditicns, 10 mullion people distrib-
uted - woiling-water reactor would receive no
more o total of 400 man-rads instead of the 1.7

Yo ancrads permitted under a literal mterpreta-
tion o* _arrent regulations

As mentioned earlier, 10° man-rads may produce
2C cases of leukemia in the lifetime of the exposed
population. Four hundred man-rads may on this basis
cause 0.GOR case per million exposed people. Assuming
the mean sensitive life-sspan 1o be 60 years, 400
man-rads/year could produce 0.5 case per million
people per generation of 60 years. As explained earlier,
this is an upper limit of nsk, and the true risk is
somewhere between zero and thas upper estimate,
Since the incidence of leukemia wn the general popula-
tion 1s about 64 cases per million per year, the 0.5 case
m 60 years would occur aganst a normal background
of 4200 cases.

With respect 1o genetic effects, if the doubling dose
tor spontanecus mutations is a per capita exposure of
2 rads/year, 0.17 rad year delivered over many genera-
uons would result in about an 8% increase .. the
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spontaneous mutation rate. However, since the man at
the fence can receive no more than 0.5 rad, the
external radiation dose from the plume would, at the
limit of pernussible exposure, result in a per capita
annual dose of 0.04 mrad in a population of 10 million
people, as previously shown. On the improbable
assumption that these 10 million people constitute a
closed breeding population for as many generations as
it takes to reach equilibrium, the spontaneous muta-
tion rate woulc eventually be raised by about 0.05%.
This rise is equivalent to the change in radiation
exposure that nught be expected from living at a
difference of about 10 ft in alt:tude.

To place all this in further perspective, note not
only the well-established fact that increased tempera-
ture, hke ionizing radiation, can cause genetic muta-
tions but also the suggestion that as many as 50% of
the mutations that occur normally i contemporary
man might be due to the crease testicular
temperature caused by the male practice of wearing
trousers. Although this observation on the effect of
trousers appeared m the hterature n 1957, 1 am
unaware of any subscquent popular movement O
prescribe kilts in place of the more mutageme habit of
dress of the American male '?

STANDARDS PERTAINING TO
ENVIRONMENTAL CONTAMINATION

The ICRP and NCRP standards for permussible
human exposure to radivactive substances are based on
the assumption that the permissible amount of radio-
active substances accumulated within the body or in
the critical organ should not cause the permissible
annual dose to be exceeded. These figures are then
translsted into maximum permissible concentrations of
each radionuclide in air or water by using a set of
physiological parameters that describe the movement
of each element to the critical organ and the daily rate
al which the contaminants are inhaled or ingested. In
the case of ingestion, the AEC regulations give only the
maximuin  permussible  concentrations drinking
water. This 1s a defect since ingestion may be by way
of food or water. The Federal Radiation Council
approach is different and more logical since their
recommendations, which they call radiation protection
guides, focus on the permissible daily intake of a given
nuchide, regardiess of the source

Where several nuchides are present, the AEC regula-
tions provide a method tor weighmg the effects of each
W telation to the others i such 4 way that the
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maximum permissible radioactivity of the mixture of
nuclides takes into consideration the contribution of
the individual nuchides, In this case the method errs on
the side of safety. For example, if **' 1 and *“Sr are
present in drinking water, the maximum permissible
concentration of the mixture mught allow 50% of the
131) permissible concentration and S0% of the *°Sr
permissible concentration despite the fact that one
nuclide irradiates the thyroid, the other irradiates the
skeleton, and the effects are not thought to be
additive,

Another safety factor exists insofar as the long-
lived radionuclides are concerned because the maxi-
mum permissible concentration is taken as that concen-
tration  which will result in accumulation of the
lifetime permussible body burden in 50 years., It can be
shown from the mathematics of *?Sr accretion in the
skelcton that this provides a significant additional
safety factor.

Since the AEC regulations are stated in terins of
the maximum permissible concentrations of radio-
nuclides in air and water, the regulations implied for
many years that, if the maximum permissible concen-
tration i not exceeded at the point of discharge to the
environment, the dose to humans will not be exceeded
anywhere beyond the site boundaries. In most cases
this is an enormously conservative assumption since
dilution up to several orders of magnitude can and does
take place beyond the pont of release. However, it is
also possible for physical or biological concentration to
take place, and when this occurs the risk can be
coreespondingly increased.

Within the past few years, the AEC standards have
been modified to allow for biological concentration. In
the case of ' *' 1, the maximum permissible concentra-
tion in air has been reduced by a factor of 700 o allow
for the fact that exposure to man is increased by the
tendency of iodine to deposit on forage and eventually
pass to cow's milk. In addition, the regulations have
been modified to require the licensee to demonstrate
that accumulations in the food chair we not taking
place. The discharges to the environ” 2t are consid-
ered to be excessive if the radionucli  ngested by a
sample of the population by any route of exposure
exceed one-third the annual intake permitted for water
and air,

It should be noted that the Commussion has always
had the right to place upon the prospective licensee the
responsibility of demonstrating that such concentra-
tion will not take place, and, although the AEC
regulations were formerly silent on this point, no one
wh  has followed the course of reactor licensing



procedures over the years has ever doubted that the
AEC has meticulously probed into questions of biologi-
czl concentration beyond the point of discharge. Under
the AEC regulations a licensee can cischarge radio-
active waste to the environment in oncentrations
greater than those permissible for immed ate inhalation
or ingestion if he can demonstrate the erten? 1o which
ditution takes place. .

The AEC requires the licensee to cunduct moni-
toring programs in the vicnity of the reactor. This
provides information about the concentration of radio-
active substances i air and water and also in whatever
tood products may be grown in the vicinity, Thus the
question of human sa’ety 15 not left to conecture but
is based on actual rieasurement of samples collected
from the environaent, Some of the AEC facilities,
such as Oak R uge and Hanford, have been collecting
data for more than a quarter of a century, and
expenience at these places has produced valuable
mnformation that in many cases is directly applicable to
cavilian power reactors,

For several years many of us in the field of public
health and environmental protection have argued that,
on the balance, electrical generating stations powered
by nuclear fuels make better neighbors than those
using coal or oil. It is true that nuclear plants of the
current generation discharge more heat to the environ-
ment than do the newest tossil plants. This places more
stogent limitations on the use of water for condenser
cooling, but regulations dealing wath this problem are
being promuigated in the vanious states Jor application
to both nuclear- and fossil-fueled stations.

Much has been said about the ecological effects of
radiwactivity discharged to the environment, but there
1s no evidence that this occurs at ur above the levels of
radioactivity  permitted by AEC. Putting it more
strongly, there is a considerable body of scientific data
that demonstrates that such effects do not take place.
In contrast, we do know that certain vegetation is
adversely affected by traces of sulfur dioxide and
possibly other comp  nts of the combustion products
of coal and oil."® There have been millions of dollars
spent nvestigating the ecological effects of low levels
of 1omizing-radiation exposure, but there have been
comparatively few studies of the ecological effects of
the chemicals in fossil-fuel effluents, despite the fact
that we know these effects take place and can be
observed.,

In most parts of the country, fossil fuels are the
only practical alternative to nuclear fuels, We know,
beyond »ay doubt, that sulfur dioxide discharged to
the environment by plants burning fossil fuels has been
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responsible for many deaths in the general population,
particularly during periods of meteorological stagna-
tion. Even the innocent gas, carbon dioxide, produced
by combustion of fossil fuels, is accumulating in the
earth’s atmosphere and is regarded as a long-range
threat to the world’s heat balance, with the possibility
of eventual climatic changes on a disastrous scale.'*
Finally, it is a curious fact that, because radium and
other radioactive substances are normally present in
fossdl fuels, the radioactive atmospheric enussions from
fossil-fueled plants are not insignificant compared with
those from many nuclear plants.’ **'® These are among
the reasons that some of us are convinced thai nuclear
reactors make good neighbors,

Additionai reasons are to be found in the actual
operating experience of the civilian power-producing
reactors. The atmospheric and liquid effluents are in
most cases less than 1% of the amounts permitted by
AEC standards, and the public-health risks, though
finite, are so small as to be more than offset by even
the most modest of the benefits of increasing man’s
available electnical resources,

CONCLUSIONS

From the foreguing it i1s possible to draw certan.
conclusions which constitute the thesis of this presen-
tation and which indicate that, although the record of
the AEC has been a good one from the point of view of
the publichealth official, (hanges in the present
regulatory system are being duiianded to continue to
lessen differences between public attitudes and the
AEC that are stll not completely resolved after 15
vears of almost continuous debate.

The AEC regulations are substantially compatible
with the recommendations of ICRP and NCRP. More-
over, they are both scientifically and philosophically
compatible with evaluations of the state of our
knowledge of radiation effects that have been under-
taken from time to time by other national and
international bodies, including the United Nations
Scientific Committee on the Effects of Atomic Radia-
tion, our National Academy of Sciences,® and the
British Medical Research Council,'?

The AEC regulations have resulted in a safety
record that is unsurpassed for any major industry. In
the 27 years that have passed since the first reactor
went cnitical in December 1942, there has been ample
time to evaluate the basic adequacy of the systems of
control that haw tee * derived.

Although thei: are ambiguities, inconsistencies,
and perhaps even deficiencies in the AEC regulations
for permussible discharges to the environment, they are



adequate to protect the public health, The standards
contain enormous built-in conservatism,

The present system of AEC regulation, which puts
major emphasis on the maximum permissible concen-
trations of radionuciides in air and drinking water,
should be changed in favor of specifying the maximum
permissible daily intake from all sources. This is the
method used by the Federal Radiation Council and 1s
preferable because it automatically takes into consid-
eration such factors as multiple sources of exposure
and ecological factors,

Although neither NCRP nor AEC s sacrosanct,
considerable weight must be given to the fact that the
ponderous procedures of these organizations have
produced a set of regulations that are workable and
that have successfully protected the public health for
more than a quarter of a century,

An examination of 27 yeas of experience would
seem to indicate that the AL has been fully prudent
in discharging the responsibilities Congress bestowed
on it in the health and safety field, However, it is clear
that this judgment is not shared by many people. | or
reasons probably related to factors other than the
excellent safetv record it has achieved in the nuclear
power field, the AEC does not have the high degree of
public confidence ‘hat is necessary for smooth develop-
ment of the electrical generating industry, There
remains a credibility gap that has not been close * after
more than 15 years of debate.

A significant factor in the credibility gap is the
unusual dual responsibility of the AEC for both
development of civilian nuclear power and protection
of the pubiic health. Although I personally belicve that
the AEC has an excellent record of accomplishment in
both areas and has retained a high degree of objectivity
in facing its responsibihities for health and safety, the
public is not fully convinced that this is so. For this
reason | believe it would be in the public interest to
begin active consideration of the means by which the
reguiatory responsibilities of th AEC can be trans-
ferred to some other agency of government or shared
with them, Only in this way can we hope to assure the
public that the present apparent conflict of missions is
not operating te its detriment, However, a transfer of
regulatory responsibility  cannot  be accomphished
casily The AEC has well-developed regulatory
machinery of a type that does not exist in any other
branch of government, Although in theory it would be
possible to transfer this organization in foro to another
agency, this would not be wise because interagency
transfers are always disruptive of morale and working
efficiency.
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As a compromise the newly created Environmental
Protect:on Administration (EPA) should be given 3
more prominent role in the regulatory program. The
EPA rather than the AEC should promulgate the
numerical standards of permissible exposure. The AEC,
with its highly developed capability to evaluate reactor
designs, should continue to consider applications for
new reactors and should continue to monitor construc-
tion and operation to assure comphance with the terms
of the license. However, the EPA, in collaboration
with the states, should undertake the responsibility of
effluent momtoring and ecological surveillance. By
sharing its present statutory regulatory authonty with
the EPA in this way, the credibility gap that now exists
between AEC and many segments of the puhlic can
hopefully be closed
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Natura! Radiation in the Urban Environment

D. B Yeates, A. S. Goldin, and D. W. Moeller
Nucl. Safety, 13(4) 275-286 (July-August 1972)

Abstract: Natural radiation is the largest source of population
dose and is important as a base line with which radiation-
protection standards may be compared. In this article previous
work on natural background radiation levels is summarized,
and some new data from Boston Mass., are reported. Gamma
dose rates, corvected for cosmic radiation, were measured with
large ionization chambers: dose rates inside wooden siagle-
family dw!bmml’jw.mﬁlomtmmwwmdc;h
masonry mudtiple-family dwellings, they were about 10%
lower, Concentrations of rador daughters in the air were
measured by predecay and postdecay alpha spectrometry:
concentrations in dwellings were comparable with outdoor
concentrations, but concentrations in basements were higher
by a factor of about 5. Concentrations in office buildings were
quite low, the radon daughters being removed by the ventila-
tion system. Effects of building type, construction materials,
and ventilation on human dose are discussed. as are possible
wavs of reducing population dose.

Radiation of natural origin is widely recognized as the
largest source of human exposure to jonizing radiation.
Natural radiation is generally considered to contribute
a dose equivalent of 80 to 200 mrems/year to people in
the United States.' This may be compared with the
genetically significant dose-equivalent average of 55
mrems/vear® from medical radiation and of less than §
mrems/year from all other man-made radiation sources.

| Note Added in Proof: A genetically significant
dose from medical radiation of 36 mrems/year was
reported from a 1970 survey at the 49th annual
meeting of the American Congress of Radiology, Miami
Beach, Fla., Apr. 6, 1972, by R. Brown, R. R. Fuchs-
berg, and J.* Gitlin in “Preliminary Dose Estimates
from the U.S. Public Health Service 1970 X-Ray
Exposure Study.”]

The natural radiation to which man is exposed in
the United States has not yet been delineated in detail;
however, it seems that such a description is necessary
as a basis for the evaluation of the significance of
man-made increments to radiation exposure Presented
in this article is a preliminary report of a study to
determine the feasibility of establishing the dose of
natural origin and of exploring possible methods for its
reduction. Sources of natural origin include cosmic
radiation, radiation from naturally occurring radio-
nuclides in the earth or in materials in man’s immediate
environment. and radiation from radionuclides within
the body. llowever, for purposes of this study,

naturally occurring sowces were considered only if
they had not been intentionally concentrated. Thus
masonry materials were included, whereas such sources
as uranium mill tailings, radium dials, and medical
radium sources were omitted. Also included is a review
of previous measurements of natural-radiation doses
supplemented by measurements of cosmic-radiation
doses, terrestrial gamma doses inside and outside
various buildings, and concentrations of radon-
daughter products in the air.

BACKGROUND DATA

Measurements of natural background radiation
have been made at numerous places throughout the
world. In the United States thesc measurements tend
to fall into three categories. First, single measurements
were made at widely varying locations selected on the
basis of their convenience to a given laboratory or their
unusual geological characteristics. Many of these mea-
surements were made in studies of nuclear weapons
fallout.** Second, aerial surveys were conducted in
the vicinity of nuclear installations, and, third, special
studies were conducted to estimate background radia-
tion dose rates to a particular group of people
American studies of natural background radiation have
not generally been corcerned with the variability of
the radiation background over small areas or short
spaces of time. This aspect has been studied, however,
by some European investigators.” '°

The experimental data in this article are expressed
in terms of absorbed dose rate in soft tissue (muscle),
usually in microrads per hour (1 prad/hr = 8.77 mrads/
year). Data from the literature, many of which were
originally given in terms of exposure rates, have been
expressed as absorbed dose rates, using a conversion
factor of 1 R as equivalent to 095 rad. Where a
conversion from absorbed dose to dose equivalent was
desired, a quality factor of 1 has been assumed for low
linear energy-transfer radiation (beta, gamma, and
cosmic), so that the absorbed dose rete is the same as
the dose-equivalent rate. For the neutronic component
of cosmic rays and the alpha radiation from radon and
its daughters, the specific quality factor used is given
with the data.



Cosmic Radiation

Cosmic rays, at the altitudes where man can live,
consist of an ionizing component, mainly muons
(u-mesons) and electrons, and a neutron component "'
Estimation of the dose equivalent received from cosmic
radiation has been difficult because of uncertainties as
to the neutron spectrum and its associated quality
factor. The dose raie from the ionizing component at
sea level in middle latitudes is considered to be abous
28 mrads/year (Ref.11). The best value for the
neutron dose rate, again at sea level in middle latitudes,
is probably about 0.7 nwad/year (Ref.11), as com-
pared with a previous estimate of 2 mrads/year
(Ret. 1)

The variation of exposure rate from cosmic radia-
tion with altitude and latitude is well docu-
mented.' "' ' '? At 507 geomagnetic latitude, the
cosmic-ray intensity at 5000 ft is 60% greater than at
sea level. at 10,000 ft, it 1s more than three times the
sea-level value. Variation with latitude is much less. At
sea level the cosmuic-ray intensity at the poles is perhaps

29 greater than at the equator. There is a somewhat
greater latitude effect at higher altitudes, but even at
10,000 ft it is only about 50% greater at the poles than
at the equator. Within the United States the latitude
effect may be n.glected for all practical purposes.

The cosmic-ray dose to people in aircraft is of some
interest. (’Brien and McLaughlin' * estimated the dose
rate from cosmic radiation at S5° geomagnetic latitude
to be 0.24 to 0.29 mrad/hr (0.28 to 0.38 mrem/hr) at
11 km (36,000 ft) and 081 to 093 mrad/hr (1.05 to
1.35 mrems/hr) at 20 km (65,500 ft). An International
Commission on Radiological Protection iask group'®
estimated the dose rates in polar latitudes to be 0.70
mrad/hr at 60,000 ft, 0.81 at 70,000 ft, and 1.34 at
80,000 ft. The corresponding dose-equivalent rates are
123, 180, and 310 mrems/hr. The average dose
equivalent to the U.S. population from air travel can
Ye estimated at less than | mrem/year from data given
by Scl.aefer'*

Terrestrial Radiation

Terrestrial radiation includes beta and gamma rays
from radionuclides in rock and in soil. The major
contributors to terrestrial gamma-radiation dose are
49K and the ***U and **?Th decay series, in the
approximate ratio 2:1: 2. A number of literature
surveys of ‘errestrial gamma dose are avail
ahle.l,lLl?.l&-lG

Terrestrial gamraa-radiation exposure is strongly
influenced by geology.' ' ? Over large freshwater lakes,
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for example, there is virtually no terrestrial gamma
radiation. Highest values are observed over acidic
igneous rocks, such as granites, where dose rates up to
350 mrads/year have been found. In . few places,
primarily monazite areas, dose rates as high as 1300
mrads/year have been observed. Radiation from ter-
restrial gamma sources is also affected by meteorologi-
cal conditions. Probably the most important effect is
shielding by snow cover and by moisture in the soil
after heavy rains.” '?

Published data on the beta contribution to the
terrestrial dose differ somewhat. At I m above the
ground, beta radiation hzs been estimated to contrib-
ute from 4% (Ref. 20) to 25% (Ref. 21) of the total.
More recent estimates®'?? of the beta dose rate at I m
above the ground are 3 to 4 wrads/hr (26 to 35
mrads/year), or about 30% of the total. The beta
contribution to genetic dose is less than this because of
shielding by the body.

Radon and Daughters

The naturally occurring radioactive gas radon
(**?Rn) is a daughter of *?*Ra. It reaches the
atmosphere by effusion from the earth. The isotope
thoron (*2°Rn), a member of the thorium decay
series, reaches the atmosphere in a similar manner but
to a much smaller extent since its half-life is much
shorter. Both radon and thoron have a number of
short-lived radioactive daughter nuclides that become
attached to air particulates, Radon concentrations in
the atmosphere vary from about 0.01 to 1.0 pCi/liter.
Thoron cencentrations outdoors vary from about
0.0001 to 0,01 pCi/liter. Concentrations of these gases
and of their daughters are markedly affected by
geology. by ease of diffusion from the ground, and by
meteorological conditions, The daughter products
become attached to dust particles and may be removed
by natural aerosol clearing processes,

Radiation Within Buildings

The radiation dose within a building is affected by
the nature of the building materials, which act as both
a source and a shield. Since an average person (in
western urbanized cultures) spends upward of 80% of
his lifetime indoors, population dose estimates that
disregard this fact can be very unrealistic. Exposure
levels within brick, concrete, and stone buildings tend
to be substantially higher than those in wooden houses
or outdoors, as shown in Table 1, which gives duta on
measurements within kuaildings in various countries. It
should be noted that measurements were made by



Table | Gamma Dose Rates Inside Buildings

Exposure rate,

Country mrads/year Technique*
Germany (East)'® 106, up to 1200 a
Germany (West)?*  120% of outdoor 3

and Switzerland
Japan®* 29 to 41 (wood, Tokyo)
80 to 100 (wood, Kyoto) ¢
48 to 68 (concrete)
Japan?* 20 to 40 c
Poland® 84 to 106 (97 apartments, ¢
Warsaw, Lodz, Silesia)
Sweden® 48 to 57 (wood)
99 to 112 (brick) a
158 to 202 (concrete)
United Kingdom?®* 73 to 94 (wood) d
87 to 122 (granite. Leeds,
Aberdeen)
United Kingdom?®’ 26 to 70 (brick, concrete, d
London, Sutton)
United Kingdom?®* 145 (granite, Corwall) d
United States®* 60 (wood) b
130 (concrete)
United States*® 55 to 110 (wood) a
60 to 120 (brick, stone)
United States® 70% of outdoor, wood a
Australia®’ 11 to 35 (wood and
asbestos, coastal plain)
41 to 127 (bnck, eoastal b
plain)
32 to 193 (brick, Darling
range)

*a = lonization chamber, gamma + cosmic, b = jonization
chamber, cosmic contribution subtracted; ¢ = sodium iodide
scintillator; d = Geiger - Mueller counter, cosmic contribution
subtracted; and e = plastic scintillator

several techniques, so that the results ar~ not com-
parable. In particular, several investigators subtracted
the cosmic-ray contribution, so that their data refer to
terrestrial gamma contribution only, whereas others
did not. Scintillation techniques, especially with
sodium iodide scintillators, prot-%" anderestimate the
cosmic-ray component, so that v.'ues obtained by
these techniques represent dose levels between gamma
only and gamma plus cosmic. Most of the results are
for one- and two-story buildings. Pensko® and
Ohlsen'® have recently provided data for multistory
buildings in Poland and East Germany, but no com-
parably extensive data appear to be available for the
United States. The weighted average of Ohlsen’s values
is 101 mrads/year, but value. up to 200 mrads/year
were not uncommon. The two highest values were 450
and 1200 mrads/year.

A few authors*** have examined building ma-
terials for their radioactive-material content. As would
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be expected, the dose rates were found to vary
considerably depending on the origin of the building
materials.

The concentrations of radon and thoron and of
their daughters within buildings are of importance
since, in general, the levels indoors are higher than
those outdoors and are dependent on the construction
materials and on the ventilation rate. Radioactive gases
may be evolved readily from some building mate-
rials.’***® This effect may be particularly great when
the materials are warmed, as occurs especially with
radiant heating systems. Sievert’ ” has summarized the
concentrations of radon and its daughters in vanods
types of buildings. The average level of radon in
buildings has been estimated' ' as 0.5 pCi/liter, with a
corresponding thoron average of 0,02 pCi/liter,

METHODS AND RESULTS
Cosmic Radiation

In the new measurements reported here, two kinds
of 16-liter ionization chambers were used for gamma-
plus cosmic-ray exposures. One chamber® ™ (MEC) had
6-mm muscle-equivalent walls and contained muscle-
ecuivalent gas. The other chamber®®** (FFC) was
filled with dry Freon-12 (dichlorodifluoromethanre)
containing less than 1.5% impurities. The walls of this
chamber were polymethylmethacrylate (PMMA),
400 mg/cm? .

Each chamber was connected to a Cary vibrating-
reed electrometer, which in turn was coupled to a chart
recorder and to a voltage-to-frequency converter and
scaler. The converter—scaler combination made it
possible to integrate the very small ion currents over a
period of 5 min, giving results reproducible to within
2%.

The two chambers were calibrated with a 1.72-mCi
226Ra standard source. The sourcechamber distance
was 4 m. Corrections were made for the absorption in
air and in the source container and for wall scattering.

A daily calibration check of tre FFC showed that
the response declined with time. It was also observed
that the pressure dropped from 41.7 torrs above
atmosphere to 81.0 torrs below atmosphere over a
period of 4 months. Both the change in response and
the loss of pressure were attributed to loss of Freon-12,
apparently by dissolution in the PMMA walls followed
by evaporation from the outer surface of the chamber.

Cosmic radiation was measured with these instru-
ments in a boat on Quabbin Reservoir, a large
freshwater lake. Under such conditions, virtually the
total ionization is due to cosmic radiation since the



instruments are shielded from terrestrial radiation by
the water and the long air path to shore,

Cosmic-ray physicists normally report their data in
terms of /, the number of ion pairs produced per
second per cubic centimeter of air. This measurement
is essentially the same as the measurement of exposure
rate in roentgens, one ion pair per second per cubic
centimeter being equivalent to 1.7 uR/hr, Since neither
the MEC nor the FFC is air filled, the / vaiues were
calculated from the ionization current by correction
for the nature of the gas.

With the FFC, the ionization density / was found
to be 2.18 ion pairs per cubic centimeter per second, or
2.06 when corrected to sea level.*® This measurement
compares well with ‘ported values of 2.1 (Ref. 40)
and 2.18 (Ref. 38) ion pairs pe: cubic centimeter per
second. The measurement of / with the MEC was 2.57,
corrected to sea level, or 25% higher. This discrepancy
may be due to an incorrect ionization-efficiency factor
for the gas (as compared with air), to response tc the
neutron component, or to some unknown effect. It
was not due to instrument malfunction, since the
exposure-rate measurements or the instruments, which
are relative to radium calibrations, agreed. They were
4.27 uR/hr (37 mR/year) for the FFC and 4.43 uR/hr
(39 mR/year) for the MEC, both corrected to sea level,
In terms of absorbed dose, these measurements become
4.06 prads/hr (35 mrads/year) and 4.21 urads/hr (37
mrads/year) for the two instruments.

Whern these measurements were made, the air
concentrations of radon daughters were not deter-
mined. Failure to correct for their contribution iniro-
duced an error into the measurements. However, this
error can be estimated as about 3% from the work of
Pensko,*' in Poland, who found the contribution to
gamms radiation from radon daughters to be 0.13
prad/hr in 1964 and 0.14 yrad/h: in 1965, In spite of
diurnal variations in radon content, the error is not
expected to be greater than this because the readings
were made during the afternoon on a clear, sunny day.
Under these circumstances, radon-daughter concentra-
tions are generally not at a maximum,

Gamma Radiation

Gamma-radiation dose was measured at | m above
the ground or floor with the MEC and FFC chambers
described previously, Use of two chambers simulta-
neously provided a check-against spurious readings that
sometimes occur in measuring extremely small currents
through very high resistors. These chambers had been
calibrated in roentgens, using gamma radiation from
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radium. The readings have been converted to zsbsorbed
dose, however, as previously described. To the extent
that beta radiation can penetrate the chamber walls
and produce ions, the beta dose is also included. In the
actual situation, of course, the ionization in the
chambers is produced by gamma radiation from the
surroundings (plus beta, if any) and also by cosmic
radiation. The dose from terrestrial sources is therefore
obtained by subtracting :he cosmic-ray dose values
from the total. The values obtained at Quabbin
Reservoir, corrected for the difference in altitude
between Quabbin and Boston, were used for the
subtraction. No correction was made for absorption of
cosmic rays by building materials, since the cosmic
radiation at sea level is very hard.

In these measurements the chief concern was the
radiation levels within buildings. In many cases, out-
door levels were also measured for comparison.

Single-Family Dwellings. Table 2 shows the absorbed
dose rates due to natural gamma radiation in seven
single-family dwellings. These were wood-frame houses
with poured-concrete basements. Since no significant
differences were found between measurements with
the MEC and the FFC, the dose readings were
averaged.

Table 2 Gamma Dose Rates (urads/hr)

in Single-Family Dwellings*
First Second

Place Outdoors Basement floor floor
ASG 6.2 53 5.0

MW 7.3

FSH 9.0 6.5

WAB 4.4 49 4.2 2.5
sp 8.1 6.2 4.1 4.1

[ AY 58 6.0 44

DWM 6.5 6.8 6.2 3.2

*A cosmic-ray contribution of 4.1 urads/hr has been
subtracted from all values,

It can be seen that the dose from natural gamma
radiation is reduced by 25% inside on the first floor
and 50% on the second floor (assuming cosmic rays are
not attenuated in a wooden building). The dose rates
will of course not be reduced by this large a per-
centage, since a constant cosmic-ray contribution of
4.1 urads/hr must be added to all values to obtain the
total dose rate.



Multiple-Family Dwell
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explanation is shielding by heavy machinery on the
10th floor.

Measurements were also made on four floors of the
John F. Kennedy Federal Building (JFK) in Govern-
ment Center, Boston. This is a 23-story steel-and-
concrete building that was completed in 1966, Interior
walls are Sheetrock partitions. All measurements n this
building were taken in office spaces. In addition,
messurements were made on three levels of an older
office building (SO) housing part of the Massachusetts
Department of Public Health and on the second-floor
level in the main building at the Holyoke Center (HC)
of Harvard University. The HC building had a slightly
higher dose rate than the other buildings tested. This
may be attributed to differences in the radionuclide
content of the concrete. The data for these three
buildings are also presented in Table 4. The average
gamma dose rate in these buildings was 7.3 urads/hr,
the cosmic-ray contribution having been subtracted.

The data of Table 4 fail to show any significant
change with height in the buildings. It can be inferred
that the gamma dose measured originates primarily in
the building itself and that the cosmic-ray dose is not
significantly attenuated. This is in agreement with
Ohlsen,'® who reported no change in radiation-
exposure rates on various floors of multistory build-

ings.
Radon-Daughter Concentrations

The daughter products of ***Rn are not generally
present in the air in equilibrium concentrations. It was
therefore necessary to measure the absolte concentra-
tion of each daughter, using a modification of Dug-
gan's*? method. Radon-daughter products, attached to

e B

air particulates, were collected on & membrane-filter
apparatus, shown in exploded view in Fig. 2. An alpha
spectrum of these particulates was taken during the
30-min sampling period and again after a 30-min decay
period, Figures 3 and 4 show typical examples of these
two spectra. The first is characterized by peaks at alpha
energies of 6,00 and 7.68 MeV, corresponding to
8P, and ?'*Po; the second shows only the single
7.68-MeV peak. The counting rates in each peak were
corrected for geometric efficiency”* and peak overlap.
Self-absorption loss was taken to be zero. At a flow
rate of 135 to 20 liters/min, sensitivity was about 0,01
pCi/liter for each of the three significant short-lived
daughiers *'*Po, *'*Ph, and *'*Bi. At this level
precision is poor, but the method s guite satisfactory
over the range 0.1 to 100 pCi/liter. The determination
does not give the concentration of *?#Ra itself, but
this can be approximated*® by using the ratio
333/ ¥po = 1 .12.

Ventilation rates, which affect the state of equi-
librium of the radon daughters, were measured by
injecting about 0.51h of COy into the room from 3
CO, fire extinguisher., The U0, concentration was
measured with, Kitagawa low-range tubes after & mixing
petiod of several minutes and again at a suitable later
time. The ventilation rate (air changes per hour) was
then calculated.**
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Because of the exchange of air between the room
being measured and the remainder of the building, the
ventilation rate obtained by this method may have
been greater than that for the whole apartment or
building in which the roon: was located. In some cases,
however, it was not feasible to fill the whole apartment
or building with an equal concentration of CO;, so
more accurate determinations were not possible

All measurements of radon-daughter concentra-
tions in this study were made in the summer months
and therefore are limited by any seasonal effects that
may exist, The concentrations of the various nuclides
and the ratios of these concentrations for single- and
multiple-family dwellings are summarized in Table 5, It
can be seen that the concentrations in basements were
4 to 23 times those found on the first floors, with the
exception of the basement of WAB, which was
ventilated just before this measurement. The concen-
trations outside and inside wood houses are not
significantly different. The low levels of concentration
in apartment buildings are thought to be due to better
ventilation,

Concentrations of radon daughters in the fou:
office buildings were also quite 'ow, All the buildings
had central air conditioning except the SO building,
which had a number of individual units. Most of the
radon danghters i office buildings were thus removed
by the filtering system and the rapid circulation of air,
Lable 6 shows the concentrations measured

The data of Tables S and 6 show a general decline
of radon-daughter concentrations with increased venti-
lation, The concentration of the third radioactive
daughter, *'*Po, relative o the others, seems 1o be a
little lower in dwellings with hree or more air changes
per hour, but this trend is not apparent in the office
buildings (Table 6). It may be that the filtration
provided by the air-conditioning systems in the office
buildings removes all the daughters to an extent
sufficient to hide the depletion of *'*Po

Calculation of the absorbed dose and of the dose
equivalent from radon daughters is not straightforv.ard,
primarily because of uneven distribution of 1%e daagh-
ters in the respirstory tract and in the body. Much
work has been adone on this proklem, particularly in
connection with vranium miaers, Parker®® has aptly
described the situatica as “The Dilemiuna of Lung
Dosimetry.” He 'as suggested 'hat exposure to radon
davghters amos . ag to one “working-level-month”
(WLM) corresp v s to a dose of 7 rads to a portion of
the bronchial epithelium. An approximate calibration
for the levels observed in air in buildings may be
obtained from this, The “working level™ was defined®”
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as that amount of radon daughters that would liberate
1.3 x 10° MeV of alpha energy per liter. This corrs-
sponds to a concentration of 100 pCi/liter of each of
the three nuclides ' *Po, 2" *Pb, and ?' * Bi. The WLM
8 equivaient to exposure at this level for 173 hr. If
these values are translated to the building situation and
if exposure for 24 hr/day, 365 days/year is assumed,
then a concentration of 1 pCi/liter would correspond
to

(700G0) (365) (24)
(173)(100)

= 3500 mrads/year

Quality factors of 10 to 20 have been recommended
for alpha radiation, so that a concentration of 1|
pCi/liter corresponds to 35 or 70 rems/year,

DISCUSSION

The data presented in this paper indicate that there
can be substantial differences in the doses received
from sources of natural origin, depending on the mode
of lite of the individual. For example, cosmic dose
would be highest for those population groups living at
high altitudes or !atitudes, for those whose recreation
involves skiing or mountain climbing, and for those
whose work or pleasure includes considerable air travel.
The greatest dose from terrestrial sources would be
received by those population groups living on land
containing high concentrations of naturally occurring
radionuclides and those living iz, certain brick, “tone, or
concrete buildings. Thos: living in poor’, ventilated
homes, especially in “asement apartments, or working
in poorly ventilsted buildings would receive the
greatest Cose 1 the lungs.

The Licreased doses received by some people vrder
the avove-mentioned conditions are not t:ivial. Based
on data collected in the greate: Boston area, the
differences in dose rates {or persons living on the
second floor are a< jnuch as 35 mrads/year. These dose
(rad) value: are the same as dose-equivalent (rem)
vah:Zs since the quality factor of this beta—gamma and
cosmic radiation is 1. A difference of 35 mrems/year is
more than half as much as the estimated genetically
significant population dose from medical uses of
radiation’ and far higher than any projections of
population dose from nuclear power applications in the
near future. Of course, the population or genetic
significance of dose differences from various kinds of
buildings depends on the fraction of the population
living in each type. Relatively few people live in
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Table § Radon-Daugh:er Concentrations in Dwellings

Concentrations, pCi/liter
Number of air
Code location *'*Po *''Pb ''Po Raro changes per hour
Single-Family Dwellings*

ASG Outside 0.04 0.04 0.03 1:1:08

15t floor <0,005

Basement  ~0.1
MWF 15t floor 0,04 0.04 0.02 3:0:88 6
FSH Outside 0.01 0.01 0,007 1:3:0%

Inside 0.06 0.06 06 $ikz) 2
WAB Outside

1st floor 023 0.17 0.17 1:07:07 2

2nd floor

Basement 0.14 0.16 0,05 1:1.2:04 3
sp Outside 0.03 0.02 0.04 1:07:13

1st floor 0.03 0.03 0.02 1:1:0.7

2nd foor 0.03 0.02 0,01 1:0.7:03

Basement 0.30 0.26 0.16 1:09:03 3
LAY Outside <001

Ist floor 0.04 0.04 0.04 1:1:1 3

Basement 0,94 0,97 0.84 1:1:09 1
DWM Qutside

15t Noor 012 215 0,13 1:13: 1) 2

2nd floor

Basement 0.52 0.46 0.34 1:09:06 1

Multiple-Family Dwellings*

M 2nd floor 0,01 0.01 0.01 1:5:%
IS 2nd floor 0.07 0,07 0.03 1:1:04 9
O Outside 0.15 0.09 0.07 1:06:05

2nd floor 0.19 0.18 0.13 )

* All single-family dwellings were wood frame with poured-concrete basements.

+ All multiple-family dwellings were brick.

Table 6 Radon-Daughter Concentratiens in Office Buildings

Concentration,

Number of
Type of Interior pCi/liter sir c}
Code building walls Location RaA RaB RaC per hour
HSPH Offices and Cinder block Basement
laboratories 15t floor ~0.02 0,02 0,02 6
State Offices Sheetrock Sth floer 0.08 0.08 0.08 6
offices 12th floor 010 011 0.13 7
Basement 005 004 005
Holyoke  Offices Sheetrock 2nd floor 0.05 0,04 0.04 7
Center
JFK Offices Sheetrock Sth floor 003 002 002 12
20th floor 005 004 001 5
23rd floor 0.04 0.03 0.03 14
Basement 0,07 007 0.03




basement apartments; a much greater percentage live in
brick or masonry homes.

More dramaic differences exist in the dose equiva-
lents to lung, specifically to basal cells in small bronchi.
Radon daughters are the major contributors to the
dose equivalent. The concentrations of these daughters
in basements with one air change per hour were from 4
to 15 times higher than those on the first floors of the
same houses, with two to three air changes per hour.
The average level of ' *Po in five basements was about
0.4 pCi/liter. Using the previously calculated relation
between dose and radon-daughter concentration, this
average level would correspond to a dose rate of 1400
mrads/year. Reduction of radon-daughter concentra-
tions by a factor of 10, which is approximately the
average ratio between basements and first floors, would
amount to a dose reduction of 1250 mrads/year.
Application of the recommended quality factor of 10
to 20 for alpha radiation would convert this to 12.5 or
25 rems/year to some basal cells in the bronchial
epithelium.

Implications

Health physicists generally have paid little attention
to the control of radiation exposure received by the
pooulation from natural sources. It appears provable,
however, that significant reduction of radiation dose
may be achieved in the design of living and working
environments. s he relative constancy of dose levels on
various floors of masonry office buildings, noted here
and by Ohlsen, suggests that most of the gamma
radiation originates in construction materials rather
than in the ground. Provision of better ventilation and
air-filtration systems, reduction of the number of
basement dwelling units, and screening of construction
materials to eliminate those which emit excessive
radiation would seem to be promising areas of investi-
gation, Such reduction of population dose equivalent
received from buildings may well be comparable with
the projected increase from development of nuclear
power,

Although definitive data are lacking, it may well be
that some people, because of the nature of their
environments, are experiencing unnecessarily increased
exposure to radiation from sources of natural origin
and that this increased exposure is greatey than that
expected from many man-ma-e sources. Considering
this possibility, it would seem wise that greater
attention be given to obtaining dita on the population
dose equivalent from natural sources and the influence
of man’s living habis on this dose,

Prospectus

Older construction, even in central cities, was
largely wood. The data for Boston*® may be cited as
an example. As of January 1968, 68.5% (96,689) of all
buildings in Boston were of wood construction. The
remaining 31.5% (44,546) were made up of a variety of
types, the older ones being predominantly brick and
the newer ones concrete or cinder block.

In the newer construction, there is a shift from
predominantly single- to multiple-family-dwelling con-
struction, The Bostor building-permit records for the
period 1959 to 1968 indicate that the number of
single-family dwellings decreased from 95% of the total
number constructed to 33% and that multifamily
(three or more) dwellings increased from 1% of the
number constructed to 58%. There was an increase in
two-family awelling construction from 2% in 1959 1o a
high of 26% in 1965, followed by a decline to X% in
1968,

The laige increase in the number of multifamily
dwellings implies a large increase in the fraction of the
Boston population living in masonry buildings sir.ce
virtually all the new multifamily dwellings are of
masonry construction. Although quantitative data are
not availabie, obse vations indicate that more masonry
apartment buildings are being tuilt in the suburbs as
well. It therefore appears that the urbanization and
suburbanization of the population are accompanied by
an increase in the fraction living in masonry construc-
tion.

To the extent that masonry construction is increas-
ing, higher external exposure of occupants may be
expected. To the extent that newer buildings include
modern ventilation systems, lung exposure to radon
daugl.ters may be decreased.

1. Radiation from Natural Sources, United Nations Scentit
Committee on the Effects of Atomic Ruadiation, Official
Records: Seventeenth Session, Supplement  Noo 16

(A/S5216), pp. 202 232, 1962,

2. Populetion Dose from X-Ravs, U.S., 1964, U, S, Publ
Health Service Publication No, 2001, Superintendent o
Documents, U. S. Government Printing Otfice, 19649,

3.H. L. Beck, W, J, Condon, and W. M. Lowder, | nvaran
mental Radiation Measurements in the Southeastorn, Cen
tral, and Western United States, 1962 1963, 1SAl¢
Report HASL-145, New York Operastions Ottice, Health
and Safety Laboratory, 1964,

4. H. L. Beck, W. M. Lowder, B. G, Bennett, and W, 1,
Condon, Further Studics of Lxternal b avironmental Radia
tion, USAFC Report HASL-170, Now York Operation
Office, Health and Safety Laboratory, 1966,



48

5. A Segall and R. Reed, Human Exposure to External 23, W. Herbst, Investigations of Eavironmentai Radiation and
Backgrour:> Radiation, Arch, Environ. Health, 9: 492499 Its Variability, Proceedings of the Ist International Sym-
(1964). posium on the Natural Radiation Environment, Houston,

# W, M. Lowder and W. J. Condon, Measurement of the Texas, 1963, pp. 78179, 1964,

Exposure of Human Populations to Environmental Radia- 24.7T. Doke, Y, Takami, and A, Sasaki, Measwements ol
tion, Narure, 206: 658 -662 (1965). Radiation Doses Due to Background Gamuna Rays by

7.5. G. Levin and R. K. Stoms, Natural Background Plastic Scintillators, Japanese Report AJACB2/G/L.397,
Gamma-Radiation Dose Kate Measurements in Michigan, Rikkya University, Tokyo, 1960,

Colorado, and Minnesota, Amer. J. Pub. Health. §9: 25 M, Yamashita, S. M. Oguchi, and H. Watanabe, Measurc-
102-109 (1969). ment of Natural Gamma Radiations Inside Residential
8.B. Hulgvist, Studies on Naturally Occurring lonizing Structures. in National Institute of Radiological Scicnces,
Radiations, Kgl. Sv. Vetenskapsakad Handl., 6(3). (1956). Annual kcport, USAEC Report NIRS-S, p. 65, National
9.). Pensko, Environmental Radiation Measurement in Institute ! Radiological Sciences, Chiba, Japan, 1966.
Poland by Means of Scintillation Methods, in International 26.F. W, Spicrs and H, D, Griffith, Measurements of Local
Congress on the Environmental Radiological Protection Gamma-Ray Background in Leeds and Aberdeen, Brir. J,
Connected with the Development of the Peaceful Uses of Radiol 29: 175176 1956).
Nuclear Energy, Tonlouse, Mar. 1416, 1967, 27.). Vennart, Measurement of Local Gamma-Ray Back-
10. H, Ohisen. Zur Ermittlung der Bevolkerungsbelastung ground at Sutton, Surrey, and in London, Brir. J. Radiol.,
darch nattrliche Sussere Strahlung auf dem Gebiet dex 30: 55-56 (1957

DDR (Messungen in Hausem), Kemenergie, 13: 91-96 54 p y g willey, Natural Levels of Radioactivity in Comwall,
(March 1970), Brit. J. Radiol., 31: 31, 56 (1958)
11, Radiation from Natural Sources, United Nations Scientific 29. H .V‘ Netwt' ('.lmn‘m Ruys !‘mm Local Radioactive
a " - - e 3 . 2Es v s L 4
Committee on the Effects of Atomic Radiation, Official Sousces, Science, 125: 10881089 (1957),

R ds: -first  Session, S No, 14 )
o o gy RE— "~ 30. L. R, Solon et al., Investigations of Natural Environmental

(A/6314), pp. 13-43, 1966, 4 : :
. i 4 e Radiation, Science, 131: 903906 (1960),

S tion Nat s , U Nations Scientific ’ = :
. Rl foom Nos wal Serszons, United ‘Nations Sciem 31. D. B. Yestes and B, E, King, Fstimation of the Population

Committee on the ects of Atomic Radiation, Official :
Records: Thirtew o Session, Supplement No. 17 Dose Due to External Natural Gamma Radiation to the

(A/3838), pp. 4959, 1955, People Living in Perth, Western Australia, State X-Ray

13. K. O'Brien and 1. E. McLaughlin, Calculation of Dose and Laboratory, Perth, Western Australia, in preparation.
Dose-Equivalent Rates to Man in the Atmosphere from 32, ), Pensko and M, Bysick, The Gamma Radioactivity of
Galactic Cosmic  Rays, USAEC Report EASL-228, Building Matenials for the Comstruction of Low-
New York Operations Office, Health and Safety Labora- Background Laboratories, Polish Report CLOR-20, 1963,
tory, 1970, 33.H. A, Wollenberg and A, R. Smith, Farth Materials for

14, A. C. Upton et al, Radiobiological Aspects of the Low-Background Radiation Shiclding, VSAPC Report
Supersonic Transport, Health Phys., 12: 209-226 (1966), UCRL-9970, University of California, Lawrence Radiation

15. H. ). Schaefer, Radiation Fxposure in Air Travel, Science, Laboratory, 1962,

173: 780 783 (1971).
| ar 34, H. A, Wollenberg and A, R. Smith, A Concrete Low-
16. W. M. Lowder and L. R. Solon, Background Radiation: A Background Counting Fnclosure, Health Phvs.. 12: 53060

Literature Search, USAFC Report NYO-4712, New York (1966)

e ‘:":“";’k?:;'“-cm:“‘;“":““":_k""""d'“;"(: '9;‘;‘;0 35.A. ¥, Gabrysh and F. J. Davis, Radon Released from
aNe - She. i PWONPIGRES, S % - Concrete in Radiani Heating, Nucleonics, 13(1): 50
Exposure of Man to lonizing Radiation from Natural and (January 1955)
Astificial Sousces, Handbuch Med. Radiol., A2): 334371 36. A. ¥, Gabrysh, N, D, McKee, and H, Fynng, Determination

(1966). of the Radon Emanation from Carbonate Rocks and s

18. D, B, Yeates, A, S, (k')ldm, and D, \ﬁ b!oellﬂ. Radiation Potent ] Hazard in Building Materials, Mazer, Res. Stand.,
from Natural Sources in the Urban Environment, Report 2: 265 268 (1962)

HSPH/EHS 70-2, Harvard School of Public Health, 1970. 39 3 Kagtner, F. R. Shouka, and J.E. Row, A Muscle-
19. Utfect of Radiation »n Human Heredity, World Health F&uhlknt.FnVilonnwrlm Radiation 'Mru‘r S B

Organization, Study Group Report, Geneva, pp. 74-75, Sensitivity, in Proceedings of 1st International Symposium

1957 Ean
EREY . . on the Natural Radic-ion Environment, Houston, Texas,
200V, b, Hess and G, A, O'Donnell, The Rate of lon 1963, Pp. 655660, 1964,

Formation at G I Level and at One Meter Above the ! '

Ground, 1. Geophys, Res, S6(8): $57-362 (1951). MO I Sharsis e A s BT, /& S Simiehimt bt
MK O'B;'i\'.n WM low'dﬂ and' L. R. Solon .;e“ b the Intensity of Cosmic-Ray lonization at Sea Level, J,

Gamma Dose Rates from Terrestrially Distributed Sources, Geophys, Res., TI(19); 4651 -4659 (1966).

Radiat, Res., 9: 216 (1958). also USAEC Repors HASL-3, 39. M. H. Shamos and A, R, Liboff, New lonization Chamber

New York Operations Office, Health and Safety Labora Technique for the Measurement of Environmental Radia-

tory, 1957,

33 New York University, The Measurement of Environmental

Radiation, Department of Physics Annual Report, July ),
1960,

tion, Rev, Sci Ivstrum., 39(2): 223229 (February 1968).

40, W, M, Lowder and H, . Beck, Cosmic-Ray lonization in

the Lower Atmosphere, J. Geophys, Res,, T1: 4661 4668
(1966).



41. ). Pensko, Sodium lodide Scintillation Counter for Ac-

42,

43,

curate Measurements of Gamma-Ray Background, in
Solid-State and Chemical Radiation Dosimetry in Medicine
and Biology, Symposium Proceedings, Vienna, 1956,
pp.421--443, International Atomic Energy Agency,
Vienna, 1967 (ST1/PUB/138).

M. J. Duggan and D. M. Ho 211, Method for Measuring the
Concentrations of the Short-Lived Daughter Products of
“*'Rn in the Atmosphere, Int. J. Appl. Radiat. Isotop.,
19: 865 - 870 (December 1968).

M. P. Ruffle, Geometrical Efficiency ¢! a Parallel-Disc
Source and Detector System, Nucl, Instrum, Methods, 52:
354356 (1967).

49

44, A. Toth, Metrological Problem: of Determining the Con-
centration of Radon-Daughter Products in the Air of Living
Rooms, in Symposium on Health Physics, Pécs, Hungary,
1966 (CONF-660948), Vol. II, pp. 75-79, 1968

45.W. L C. Hemeon, Plant and Process Ventilation, p. 231,
Industrial Press Iac,, New York, 1955,

46.H, M. Parker, The Dilemma of Lung Dosimetry, Health
Phys,, 16: 553-561 (1969).

47.D. A. Holadayet et al., Control of Radon and Daughters n
Uranium Mines and Calculations of Biologic Effects, U, S.
Public Health Service Publ.cation ™o. 494, Superintendent
of L -uments, U, S, Government Printing Office, Washing-
ton, 1957,

48, City of Boston, Builaing Department.



Population Doses from the Nuclear Industry to 2000 AD

. Nuclear \-\‘,0,.-' Editorial Staftt
Adapted from WASH-125(
1 £ f Fel ) 1974

.

NUMERICAL GUIDES FOR VIA| \INING

RADIOACTIVE RELEASES AS LOW

AS PRACTICABLLE
-




51

an aversge annual concentration of 5000 pCi/liter or
less prior to dilution in a natural body of water.

Operating Experience
The quantities and concentrations of radioactive
materials in liquid erfluents from the operating major
light-water-cooled nuclear power reactors in the United
States during 1971 are given in Table 1. The maximum
quantity released was 81 Ci, and the minimum was
~0.01 Ci: 7 of the 1S stations listed had releases that
exceeded the proposed design objective of 5 Ci. The
average of all releases to date is greater than the design
objectives; however, existing nuclear facilities would
have to upgrade their effluent-control systems at such
time as more restrictive lhicensing guidelines are
adopted, as proposed in 10 CFR 50, Appendix I:°
. In any evemt, all holders of lLcenses authorizing
operation of a light-water<ooled nuclear power reactor
should, after 36 months from effective date of this guide,

develop techmical specifications in conformity with the
guides of this section.

The related concentrations ranged from a high of
220 pCi/liter to a low of 0.041 pCi/liter, and S of the

15 stations had release concentrations in excess of the
design objective of 20 pCi/liter. The average concentra-
tion is about 1.4 times the design obdjective.

Tritium concenirations were in the range <20 to
7800 pCi/liter, and three of the stations (all PWRs) had
concentrations greater then the design objective of
5000 pCi/liter. The release data and .omparisons with
the design objectives for 1969 to 1971 are given in
Tables | and 2.

Estimated Maximum Doses to People

If it is assumed that all of an individual's drinking
waier is ob? ‘ned from a reactor effluent canal that
contains the design-objective concentrat.on of 20 pCi/
liter of mixed fission and activation products, his
annual whole-body “ose would be 0.68 mrem. If the
water also contains the design-objective concentration
for tritium of 5000 pCi/liter, he would receive an
additional whole-body dose of 0.83 mrem. If this
individual also eats an average of 50 g/day of fish
grown in this effluent, he would receive an additional
annual whole-body dose of 3.8 mrems, making the
total annual whole-body dose about 5.3 mrems. For a

Table ! Releases in Liquid Effluents During 1971 Compared with Proposed Design Objectives*

Mix:d fission and corrosion products Tritium
Ratio of Ratio of Ratio of
release release release
Curies 10 design oncentration, to design Curies Concentration, to design
Facility released objective Ci/liter obiective released Ci/liter objective

Prescuized-Water Reactors

Indian Point 81 6 220
Yankee Rowe G.'18 0.0058 0.041
San Onofre 1.54 0.31 24
Connecticut Yankee 5.88 1.17 1.3
Ginna 0.96 0.19 1.38
H. B. Robinson 0.736 0.147 1.5
Point Beach 0.15 0.03 0.27

11 725 1890 0.378
0.002 1685 5940 1.19
0.12 4570 7200 14
0.065 5830 7800 1.56
0.069 154 210 0.042
0.57 118.3 1860 0.372
0.014 266 450 0.09

Boiling-Water Reactors

Oyster Creek 12.1 24 11.3
Nine Mile Point 3.2 6.4 69
Dresden | 6.15 1.2 21
Dresden 2 and 3 23.2 46 17
Humboldt Bay 1.84 0.37 114
Big Rock Poni 346 0.79 34
Millstone 19.65 319 26
Monticello 0.014 0.0028 0.054

0.56 21.5 78 0.016

345 124 27 0.0054
1.05 8.7 30 0.006

(.85 8.5 30 0.006

0.57

1.7 10.3 60 0.012

1.3 12.7 18 0.0036
0.0027 0.59 24 0.0048

*Numerical guides for hiqud-efftuent design objectives in proposed Appendix | to 10 CFR 50 are: for radioactive maierial
except tritium. S Ci annually and an average concentration of 20 pCi/liter, and, for tritium, an average concent:ation of

S000 pCi/liter



Table 2 Comparison of Releases in Effluents for 1969 to 1971

Releases in liqusd effluents

in gaseous eff)

Total, Ci
(less *H and
Tritum, Ci

Halogens and
particulates with half

Nobile gases, 10° Ci lives >3 days, Ci

Facility 1969 1970

1971

1969 1970 1971 1969 1970

Pressurized-Waser Reactors

Indian Point |
Yankee Rowe

San Onofre
Connecticut Yankee
R. E Gians

H. B Robinson

78
0.02 0.03
8.0 7
120 6.7
0.02

811
0.01
1.54
59
0.96
0.74

410
1500
4800
1400
110

Point Beach |

725
1680
4570
58M

154

118

266

060
0.004
0.26
0.19
<0.001

0.08
<0.001
0.001
0.002
0.05

0.025
<0.00!
0.001
0.001
<0.001

<0.0001
0.0001
0.03
0.17
None de-
tected
<0.0001

0.0128
167
3.25
318
0.018

0.838

Boiling- Water Reacton

Oyster Creek
Nine Mile Point
Dresden |
Dresden 2 and 3
Humboldt Bay
Big Rock Pount
Milistone !
Monticello

3

12.4
87
i85
<1.5

10.3
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Operating Experience and
Estimated Doses to People

The quantities of noble gases released from the
major light-water-cooled nuclear reactors operated dur-
ing 1971 and the cal:ulated annual doses at the plant
boundary and to the population within 50 miles of the
reactor sites are given in Table 3. The calculated annual
whole-body doses that could have resulted at the
boundaries from the measured gaseous releases range
from a minimum of 0.035 mrem to a maximum of

160 mrems. The average doses for people residing
within a S5O0-mile radius range from 0.00002 to
0.5 mrem. Release daia and comparison for 1969 to
1971 are given in Table 2.

The quantities of iodines and particulates released
in gaseous effluents for 1971 are given in Table 4. The
total annual releases of iodines and particulates in
gaseous effluents range from a minimum of less than
0.0001 Ci to a maximum of 4.3 Ci. Release data for
1969 to 1971 are given in Table 2.

Quantities and concentrations higher than those
discussed above may be deemed to meet the require-
ment for keeping levels of radioactivity in effluents as
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low as practicable if the applicant provides reasonable
assurance that proposed higher quantities and/or con-
centrations will not result in annual exposures to any
organ of an individual in excess of 5 mrems from liquid
or gaseous effluents. The Commission may specify
lower quantities and concentrations than those dis-
cussed above if it appears that the use of the design
objectives is likely to cause an annual exposure in
excess of 5 mrems to the whole body or organ of an
individual from liquid or gaseous effluents.

Applicable Technology for
Effluent and Dose Reduction

On the basis of data from currently operating LWR
stations, it appears to be well within the capability of
currently available technology to maintain LWR gas-
eous and liquid effluent releases at levels that provide
assurance that annual radiation doses to the whole
body or to any organ of an individual will not be in
excess of 5 mrems. In some cases, only relatively minor
changes in the equipment and practices currently used
will be required. Reductions in the release of radio-
active materials can be achieved through the increased

Table 3 Noble Gases Released, Boundary and Average
Individual Doses, and Population Doses for 1971

Within 50 miles
Average Population
Noble gases Boundary individual dose,*
Facility released, Ci dose, mrems dose, mrem man-rems
Pressurized-Water Reactors
Indian Point 360 0.038 0.00005 0.77
Yankee Rowe 13 03 0.0003 041
San Onofre 7,670 22 0.002 6.3
Connecticut Yankee 3,250 56 0.003 11
Ginna 31,800 5.0 0.004 45
H. B. Robinson 18 0.05 0.00002 0.015
Point Beach 838 ves 0.0008 0.15¢%
Boiling-Water Reactors

Oyster Creek 516,000 31 0.013 46
Nine Mile Point 253,000 48 0.009 8.2
Dresden 1, 2, and 3 1,330,000 32 0.057 420
Humboldt Bay 514,000 160 0.54 61
Big Rock Puint 284,000 46 0.026 31
Millstone 276,000 5.5 0.0056 15
Monticello 76,000 44 0.0036 44

*The man-rem dose for a group of people is the product of the average dose to those people and

the number of people.

+Man-rem dose is for the population within 40 miies for this facility



Table 4 Releases of Halogens and Particulates for
1971 Compared with Proposed Design Objectives

Ratio of
Proposed release
design Release, te design
Facility objective® Ci/year objective
Pressurized-Water Reactors
Indian Point 0.083 021 40
Yankee Rowe 0.0007 0.0001 0.14
San Onofre 0.0056 0.0001 0.018
Connecticut Yankee 00014 0.031 22
Ginna 0.012 0.17 14
Robinson 0.0011 Not
detected
Point Beach 0.0001
Boiling Water Reactors
Oyster Ureek 0.88 214 24
Nine Mile Point 0.33 08 24
Dresden 1, 2, and 3 052 4.3 18
Humboidt Bay 0.039 0.3 .7
Big Rock Point 0.27 0.6 22
Millstone .66 4.0 6.1
Monticello 0.07 0,082 0.74

*Permissible release times 0.007. The permisuble release 1s a site-dependent constant
times the effective maximum permissible concentration (MPC) for the radionuchde
mixture divided by 700. The proposed design objective 1s the same constant times the

effective MPC divided by 100,000,

use of conventional technology to process previously
untreated sources and through the utilization of
additional collection and de.ontamination processes.

Examples of the use of existing technology include
the addition of evaporators or demineralizers to treat
liquids from floor drains and other sources which are
treated with less effective means or which are not
treated at all. Complete recycling of water within the
power plant is the only available means for trtium
effluent control. Extensions of existing practices to
reduce radioactivity in gaseous awborne effluents in-
clude longer holdup times through the use of gieater
compression in pressurized storage tanks and the
addition of high-efficiency filters and cnarcoal ad-
sorbers for potentially contaminated plant air sources

A number of additional processes are available to
reduce radioactivity in gaseous releases. One is the
previously mentioned additional holdup time through
the use of charcoal beds for the decay of short-hved
radioisotopes. A variation of this technigue is adsorp-
tion on charcoal at liquid-nitrogen temperatures for
recovery and retention of Krypton and xenon. This
process was demonstrated at an AEC-operated fuel

reprocessing facility at a gas throughput which was the
same as that for plant-scale operations. Other processes
for recovery and retention (bottling) of radioactive
gases from LWR off-gas systems have been developed
or are in advanced stages of development.” The
wstallation of equipment for this purpose is planned
tor several LWRs now being designed.

Specific data relating to the efficiency of radwaste
systems for removing specific radionuclides from efflu-
ents of power reactors operating at design power levels
and over long operating periods are needed to provide
firm answers on the feasibility of meeting all of the
proposed nume rical guides, particularly those for ragio-
jodines. Such definitive data are limited at this time
because releases of radioactive material in effluents
from operating nuclear power stations generally have
been well below the limits specitied in 10 CFR 20 and
generally are only a few percent of those limits."
Licensees have been required to make measurements of
the radioactive material in effluents. Since the limits
have not been approached, even for the more conserva-
tive unidentified radionuchde limits, licensees have not
been requited to routinely perform detailed analyses 1o



determine concentrations or quantities of individual
radionuchdes in effluents. The Environmental State-
ment addressed 1o the proposed numerical guides'
indicates that some difficulty may be anticipated in
achieving some of the proposed guideline values,
particularly for radiotodine

THE YEAR 2000 STUDY

About 2 years ago the AEC* undertook a detailed
study to ascertain the kinds and amounts of radioactive
materials that would be reaching a large segment of the
U.S. population from the nuclear industry by the year
2000. The area selected for initial investigation in this
pilot study comprises the watcrsheds of the upper
Mississippi River (above its confluence witn the Ohio
River) and of the lower portion of the Missoun River
(below Pierre, S Dak). The swudy arcs encompasses
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303.230 sq mules and includes the entire state of lowa
and portions of Minnesota. Wisconsin, Hlinois, Mis-
sourn, Kansas, Nebraska, and South Dakota (Fig. 1).

It was recogmzed that an evaluation would be
needed of the effects on radiation dose to the
population resulting from the airborne contribution of
radionuclides from adjacent areas. To account for this
contribution, a peripheral zone some 200 miles wide
and surrounding the basic study area was defined and
designated as the “air envelope,” also shown in Fig. 1.

The study area has a population today of about 18
million, roughly 70% of which may be classified as
urban, 10% as tarming, and 20% as rural nonfarm, By
the year 2000, this population is projected to reach 29
million. Today and in the year 2000, the area accounts
for and will continue to account for about 10% of the
total electricenergy generation and consumption of
the United States, With the air-envelope boundary
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Table 5 Average Annual Doses and 50-Year Dose Commitments Received
from Radionuclide Releases by Population of Study Area

Average individual Average of maximum population group®
Organ Chilkd Teenager Adult Child Teenager Adult
Annual Dose Rate, mrem
Total body 0.122 0.1:9 0.199 0.132 0.125 0.211
G.L tract 0.034 0.045 0.058 0.036 0.0478 0.061
Thyroid 1.038 0.601 0.889 1.680 0.797 1.090
Bone 0.044 0.231 0.030 0.065 0.040 0.037
Lungs 0.0742 0.071 0.110 0.081 0.075 0.115
Skin 0.038 0.038 0.038 0.038 0.038 0.038
Liver 0.146 0.133 0.206 0.175 0.150 0.223
50-Year Dose Commitment, mrem

Total body 0.106 0.101 0.181 0.117 0.109 0.195
G.1L tract 0 0 0 0 0 0
Thyroid 0.940 0442 0.637 1.580 0.638 0.893
Bone 0.039 0.021 0.017 0.073 0.039 0.030
Lungs 0.183 0.181 0.204 0.190 0.185 0.209
Skin 0 0 0 0 n 0
Liver 0.128 0.115 0.187 0.158 0.132 0.205

*The maximum population group consists of those individuals in each centroid whose dietary
habits and patterns of work and recreation tend to maximize their exposure to radionuclides in the
environment. This group should not be confused with the few individuals living near the
boundaries of nuclear plant sites.
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Fig. 2 Average individual total-body dose rate (year 2000
study). Maximum = highest centroid average dose calculated
for any of the 300 centroids considered.

receive a total-body dose rate of 0.02 to 0.15 mrem/
year from that one installation, depending on the type
of plant installed. A persop living | mile from a nuclear
fuel-reprocessing plant could receive a skin dose rate of
approximately 7 mrems/year. Only a very few individ-
uais would be expected 1o live within 1 milc of these

plants. In terms of the regional study, these dose
contributions are not significant.

The natural-background values include roughly
25 mrems/year due to natural radiation sour. =s within
the body (*%C, *K, etc.). The incremental body varden
of radionuclides resulting from operation of nuclear
facilities is only a very small fraction of this. For a
person exposed for | year to the average radionuclide
concentrations estimated in this study for the year
2000 the total dose commitment to his body, over a
50-y ar period, resulting from the decay of the added
radionuclide burden, would be less than 0.2 mrem—
less than 1% of the annual dose from the natural body
burden.

Specific Radionuclide Contributions
to Dose Rate

Of the 45 radionuclides* considered in the study,
isotopes of only three eiements contributed the bulk of

the radiation dose rate. These three elements (tritium,
iodine, and cesium) contribute about 95% of the

*Transuranic elements were not considered in this study.
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total-body dose rate and 80% or more of the dose rate
to the organs considered (except for the skin, where
krypton and xenon contribute about 50%). The dose-
rate breakdown by radionuclide for the various organs
considered is given in Fig. 3.

Examination of Fig. 3 reveals tritium to be & major
contributor to many of the organs and to the whole
body. This is due partly to the fact that no tritium
removal from effluents was assumed. The development
programs for tritium-removal technology which were in
progress at the initiation of thi. study were not
considered, since the state of the art did not comply
with the study ground rule of involving presently
available technology. However, if the study had as-
sumed treatment systems for removal of 99% of the
tritium from fuel-reprocessing-plan ettluens, che cal-
culated average dose rate woulu have been ubout
0.03 mrem/year instead of the previously stated
0.2 mrem/year. Technology related to tritium »  .oval
is being developed.’
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Effects of “Advanced’” Treatment Systems

The following effects on results of the year 2000
study might be expected if the use of alternate types of
waste-treatment systems were 1o be assumed.

1. If the LWRs were assumed to be equipped (as
were all other nuclear plants in the study) with systems
for bottling noble gases, with an assumed decontamina-
tion factor of 300, then average reductions of 20 to
30% in skin dose might occur; neghigible changes would
be seen in the dose to other organs or to total-body
dose.

2. If no reprocessing plants or power plants in the
study had bottling systems for noble gases, regional
population dose would increase to approximately
0.26 mrem/year (an increase of only about 30%),
primarily from the additional *Kr released from
reprocessing plants. A reduction in the release of
tritium by a factor of 100 would reduce the total-body
dose to the population by about a factor of 5.
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CONCLUSIONS

The year 2000 study represents a detailed and
thorough analysis of population dose due to nuclear
facility effluents, projected to a time when electricity
generated by nuclear power plants will exceed the total
amount of electricity now generated by all types of
plants. The results indicate that, with relatively modest
changes in equipment and practices for effluent con-
trol, radiation doses from the nuclear industry can be
maintained at a very small fraction of the unavoidable
natural-background radiation dose. Moreover, the
study shows that with more advanced effluent-control
technology, which is being developed, radiation doses
from the nuclear indus*~ _.uic -~ held to even jower
levels.

Although it is planned to extend the year 2000
study to include other major sectors of the country,
the study of other sectors is also expected to ndicate a
small contribution to background radiation. Thus it
appears that radiation doses from the nuclear industry
will remain low throughcat the country as the industry
grows. The fact that the average population dose due
to nuclear power will evidently increase from the

estimated 0.003 mirem per person per year in 1970 to,

pethaps as much as 0.2 mrem in 2000 may be of some
significance,'” but it is difficult to ascribe any great
significance 1o this change. After all, this small dose is
added to a base of over 200 muems/year from all other
sources (Fig. 4) and can differ by as much as
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Fig. 4 Sources of total-body dose rate (yvar 2000 study ).

30 mrems/y2ar for an individual living in a brick house
as compared with one living in a wooden house.
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Natural Background Radiation in tho United States

Adapted from NCRP Report 45
Nucl. Safety, 17(4): 471-474 (July-August 1976)

Editor’s Note: Kadiation in the environment from natural
sources is the majo. «ource of radiation exposure to man. For
this reason it is frequently used as a standard of comparison for
exposures from medical uses, weapons tests fallout, and
nuclear power. To make natural background radiation data
more adaptable, the National Council on Radiation Protection
and Mes-wements (NCRP) defined the sources of exposure in
explv.. detail in a comprehensive report, complete with about
30 pertinent references. This Nuciear Safety article contains
the Summary from that report and some excerpts from
Appendix B of the report. The report is entitled “Natural
Background Radiation in the Uvited States™ and is available as
NCRP Report 45 from NCRP Publications, P. 0. Box 30175,
Washington, D. C. 20014. An attractive feature in the presenta-
tion of the data is that they are expressed in terms of the
critical organs which are exposed.

Aithough the major contribution to radiation dose to
humans is from natural background, the greatest portion of
man-made radiation dose is due to exposures accrued during
medical diagnostic procedures. The estimated annual geneti
cally significant dose contributions from radiographic examins-
tions in the United States in 1970 is approximately 20 mrads
(=20 mrems) (Source: “Gonad Doses and Genetically Signifi-
cant Dose from Diagnostic Radiology U. §., 1969 and 1970,
Bureau of Radiological Health. U.S. Department of Health,
Education, and Welfare, April 1976). Also, the con‘ribution
from developing nuclear power industry is expected to
contribute a population dose of less than 1% of natural
background.

The following text (with minor editing added) is the
Summary from NCRP Report 45, pages 107 to 111:

Average Values of Dose Equivalent Rate

The previous sections in this report [NCRP Report 45)
have described the various exposures of man to natural
background radiation. The descriptions were intended to
indicate the sources and the various pathways which are of
interest, as well as those which are most significant in
evaluating human exposure. This section provides summary
tables of tcial dose equivalent rates for the tissues of
interest: lung, bone (surface and marrow), gonads, and
gastrointestinal tract. Although the thyroid is not specifi-
cally listed, the dose equivalent rate would be the same as
for the gonads.

It should be pointed out again that many of the basic
data for external radiation are in terms of absorbed dose
rate in air. This has been converted to absorbed dose rate in
tissue by the factors described in the preceding sections.

The tissue dose rates from all sources have been converted
to dose equivalent rate using a quality factor of 1 for
gamma .ays, electrons, ani muons; a factor of § for
cosmic-ray neutrons; and a factor of 10 for ¥ >.nal alpha
emitters. No weighting factor for dose rate was applied.

A number of the estimated dose equivalents are
uniform over the whole body, and these estimated values
are applied to all of the organs listed. In other cases the
exposures are localized, and calculations have been made to
estimate the pertinent dose equivalents. This has been
particularly necessary for inhaled radon and its daughte:
products, wher» the critical dos.s are those to the seg-
mental bronchioles. Certain other minor doses described in
the text are not included in the summary tables, for
example, the skin doses from airborne natural radioactivity.

The data have been aligned in two ways. Table 1 shows
the dose equivalents for each of the organs of interest
according to the source of the radiation. Table 2 uses the
same information, but arranged in order of the radio-
nuclides contributing the dose. In Table 2 the dose equiva-
lents to the lung are separated into those from radio-
nuclides in the body and from inhaled radionuclides.

It is intended, within the limitations of the data, that
the information .n this report will allow an estimate of the
dose equivalent rate from natural background for many
segments of the population in the United States. The
summary tables merely supply the mean dose to the
population, and it is necessary to go to the individual
sections of the report to obtain detailed imurmation on
variability. The general considerations on variability are
described below.

Variability

Cosmic Radiation. The average dose equivalent ratc to
all important body organs for cosmi radiation is
28 mrems/year. This value takes into account the altitude
distribution of the U.S. population and includes a 10%
reduction factor to allow for structural shielding. The
cosmic radiation i highly penetrating, and the dose
equivalent is considered to be uniform throughout the
body.

The variations of cosmic radiation with latitude, solar
cycles, and the amount of structural shielding within the
United States are of the order of 10%. Altitude is a
significant factor, with a doubling of the seadevel dose
equivalent rate at about 2000 m.

Cosmogenic Radionuclides. The total contribution of
cosmogenic radionuclides to the average dose equivalent
rate is less than | mrem/year, so that variations are not
significant.

External Terrestrial Radiation. The overall population-
weighted absorbed dose rate in air in the United Ststes
from ex'emal terrestrial radionuclides is estimated to be



Table | Summary of Average Dose Equivalent Rates (mrems year) fron

Various Sources of Natural Background Radiation in the United State

Bone

Gonads Lung Surfaces Marrow

Summary of Dose Lquivalent Fates
nuchdes Composing the Natural Bac kground Radwa

ited States for External (E), Airborne ( and srnal (1) Exp

Mode

eXposure Gonads Lus




40 mrads/year. The absorbed dose is corrected by a housing
factor of 0.8 and a body screening factor of 0.8 to obtain a
dose equivalent rate of 26 mrems/year. This dose is
essentially all from gamma rays and X rays, and the dose
equival=:® is considered to be uniform throughout the
body. ihis is not strictly true for skin and other surface
organs, however, it is within +10% for the organs con-
sidered here.

The variability in external terrestrial radiation s larger
than that for other natural sources of human exposure. The
dose is largely determined by the concentrations of *°K
and the members of the uranium and thorium series in the
soil. The three general areas described in Section 5.4 [in
NCRP Report 45] are characterized by external terrestrial
dose equivalent rates to the whole body of 1§, 30, and
$5 mrems/year for the Atlantic and Gulf Coastal Plains, for
the majority of the United States, and for an indeterminate
area along the Rocky Mountains, respectively .

Other factors which can influence the terrestrial dose
equivalent include the moisture content of the soil, snow
cover, shielding by buildings, and the exposure from
radiation originating from radionuclides in building mate-
rials.

Inhaled Radionuclides. The significant exposures from
natural airborne radionuclides are from the alpha-emitting
daughters of **?Rn. The short range of alpha radiation
means that the doses are delivered locally to the lung tissue,
particularly to the bronchial epithelium. The average dose
equivalent rate to the total lung is about 90 mrems/year,
while segmental bronchioles receive about 450 mrems/year.
This latter point is of possible significance since most of the
tumors have originated in this region for the uranium
miners exposed to high levels of radon daughters.

Variability is dependent on local concentrations of
133 Rn. There is some increase in areas with elevated soil
radium levels and a decrease in coastal regions during
periods of on-shore winds, It should also be noted that dose
equivalent rates to the lungs of stnokers from the long-lived
daughters of **? Rn may be up to three times higher than
for nonsmokers.

Radionuclides in the Body. This mode of exposure is
dominated by the 20 mrems/year whole-body dose equiva-
lent rate from *°K, which is under homeostatic control in
the body. Variations with age and sex were shown in
Figure 26 of Section 7 [in NCRP Report 45] . Variations in
inhalation and ingestion do not produce large changes in
dose equivalent for the air and diet levels existing in the
United States for all radionuclides. The greatest variations
would occur in the *?*Ra contribution from drinking
water and in the lung dose from the long-lived daughter
products of *¥?Rn. There is also some contribution of
these latter radionuclides from smoking.

Overall Variability. In looking at the possible exposure
variability, keep in mind that many differences become
blurred in an urbanized society. Most city dwellers have
little exposure to bedrock or soil, building materials are
rarely of local origin, and diets are frequently based on
foods with nationwide distribution, Thus the exposure of
the total U.S. population is probably more uniform than
would be indicated by comparison of terrestrial gamma
radiation levels on a geographic basis.
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As a simpie example, consider the whole-body dose
equivalent rates received by groups at sea level in the three
general areas mentioned in Section 8.2.3 [in NCRP Report
45] for external terrestrial background. These areas are
characterized by external rates of about 15, 30, and
55 mrems/year. The internal and cosmic-ray dose equiva-
lents to the gonads sura to about 50 mrems/vear, so the
subtotals would be about €5, 80, and 105 mrems/vear,
respectively, for the three areas.

The dose equivalent rates for g-oups living at an altitude
of 1.5km would be increased by about 79 mrems/year
from the increased cosmic radiation. The « :hest whole-
body total of 125 mrems/year from all sou ces essentially
represents the situation for the city of Denver, where both
the cosmic and terrestrial components are higher than
average.

Appendix B [of NCRP Report 45] describes radiation
exposures from nuclear weapons tests for comparison with
those from natural sources. It must be pointed out that the
data on natural radiation are in terms of annual dose
equivalent rate, while the fallout data are 1, terms of dose
commitment. This latter concept is discussed in Ap-
pendix B.

The following excerpts (with minor editing added)

are from Appendix B of NCRP Report 45:

Fallout from Nuclear Weapons Tests

The fallout of radioactive debris from nuclear weapons
tests was most significant for atmospheric testing carned
out through 1962. Most of the continental testing at the
Nevada Test Site took place in the period 19511957,
These were mostly low-yield nuclear devices, while the
high-yield thermonuclear tests were in the Pacific area or in
the Soviet Union. Additional atmospheric testing by France
and China since 1962 has added several percent to the
radioactivity, but this addition is not sufficient to modity
our dose estimates significantly. This brief summary i
intended to indicate the range of levels of exposure to the
population of the United States. Estimates of doses wiil be
included at the end of this Apvendix,

The Dose Commitment Concept. During attempts to
evaluate the measured and calculated doses to man from
fallout, a number of obvious difficulties have appearcd. One
is that the annual doses have varied markedly , depending on
the test pattern. This made it difficult to make compansons
with more umform sources of exposure such as natural
activity. Another is that an honest evaluation of fallout
required inclusion of doses to be recewved in the future
from tests already carried out. These and other problems
led to the development of the dose commutmen  oneept
which has been defined by UNSCEAR (1964) a . the

integral over infinite ume of the averape dow  rates
delivered to the world's population as a result of a spegitic
practice, e.g. a given series of nuclear caplosions, The

actual exposures may ocour over many years alter the
explosions have wken place and may be recoved by
individuals not yet born at the time of the oaplosions, . .



Dose Commitments. The dose commitments estimated
from the data in previous tables are summarized in Table 3

Tstde 3 Mean Dose Commitments (mrads) in the
United States from Nuc) ar Testing Through 1970
Mean dose
commitment

External

Internal
Y981, marrow
*O8Sr, endostca
*7(Cs, gonads
shaie’ lung
' 3% Py, bone
Y11, thyroud
YKr, skin
H, gonads
‘C., gonads
" Fe, gonads
% Fe, red blood cells

*This is the dose commitment
2000. The total dose mmitment
ered over many lifetimes, is 140 mrad

It must be noted that these ve'ues cannot be added together
to give a useful quantity. On the other hand, adding the
gonad doses would give an underestimate, since the other
radionuclides such as '*'1 also contribute to the general
soft tissue absorbed dose. Since all of the comporents
except plutonium are betagamma emitters, the dose
commitment in terms of dose equivalent would be the same

as in terms of absorbed dose
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Trends in Public Health in the Population Near Nuclear
Facilities: A Critical Assessment

C. H. Patrick*
Nucl. Safety, 18(6). 647-662 (September-October 1977)

Abstracy: Ten studies that have looked specifically at changes
in public health in area. near nuclear facilities are critically
reviewed. All but one of these studies have been unable to
show adverse health effects in the local population that mighi
be reiated 1o radiation exposure. The one study that purports
to find an adverse effect has severe methodological limitations,
which preclude any meaningful interpretation of the data.

Also presented is an analysis of the indicators of public
health in the area of Oak Kidge, Tenn., which shows cancer
mortality rates that are not significantly higher than would be
expected in the general U. S. population.

Although muck more research is needed before all the
effects of ver - low levels of radiation from nuclear reactors will
be known, the existing studies suggest that nuclear power
plants will not have a significant impact on public health as a
result of normal operations.

There are numerous conflicting reports concerning the
health hazards from very low levels of radioactivity
from releases made during normal operations of nu-
clear facilities.'"™ This is due in part to the lack of
knowledge of the effects on man of exposure to very
low levels of radiation®* However, if the conse-
quences of low-level releases from a nuclear facility are
deleterious, then increases in measures of il health
associated with radiation exposure should be obsei ved
in the population living near the facility as compared
to a control population.®™" !

To properly study the public health effects of
nuclear facility operations, one must have data on

*Clifford . Patrick is a member of the Human Health
Studies Program, Division of Biomedical and Environmental
Research, ['nergy Rescarch and Development Administration
(ERDA). He is currently on leave of absence from Oak Ridge
National Laboratory, where he has been a member of the
research staff since 1971. He received the Ph.D. Jegrec in
economics (with a specialization in demography) trom Duke
University in 1971, He was a Postdoctoral lellow in Epi-
demiology at Johns Hopkins University during the 1975 to
1976 academic year. In 1974 he was codirector of occupa-
tional safety and health training programs in the College of
Industrial Management and Textile Science at Clemson Uni-
versity, He has been principal investigator of an .. RDA-funded
study to determine the adequacy of data and methods for
examining the impact of power-plant operations on the health
of the gencral population. His ficlds of interest are occupa-
tional health and safety and the regional, social, economic, and
public heaith impacts of encrgy-production systems,

relevant measures of ill health for the nearby geo-
graphic areas for periods both before and after the
facility begins operations. A preliminary analysis of
vital statistics datat (such as deaths, illnesses, births,
and population sizes), adjusted for demographic vari-
ables (such as age, race, and sex) that reveal significant
time and geographical trends apparently related to
nuclear power-plant operations leads to additional
analyses, including the social and economic structure
of the population, which must be considered. These
additional analyses could include, for example, the
abrupt shifts in the socioeconomic composition of the
local population due to site construction.'®'? If the
trends of ill heaith apparently related to power-plant
operations persist after correcting for demographic and
sociveconomic  factors, then, whenever possible,
records of radioactive releases into the environment
must be obtained, dose to the population must be
estimated, and ill health must be correlated with
dose.?® All studies to date that have made these
analyses have found no significant trends of ill health
related to nuclear power-plant operations.?* *?

The purpose of this article is to critically review the
studies of trends in public health in areas near several
nuclear facilities, some of which have been uperating
since the mid '940s. In addition, three topics of
research are briefly reviewed: (1) change® in measures
of ill health which are related to radiation exposure of
the population surrounding nuclear plants, (2) the
problems in using vital statistics tor such studies, and
(3) the types of analy..s needed in research and in
environmental impact statements.

+Vital statistics data are gencrally published annually by
cach state for counties and large cities in a vital statistics series,
The data are usually Sroken down by race, but seldom by
other traits.'* Vital statistics data scldom contain migration
data und usually contain morbidity information only on
communicable discases. However, the Burcau of the Census
publishes estimates of population change and migration and
some morbidity data, which are available through the U S,
Public Health Service.'?> "% The federal government also
pubkshes annual vital statistics and related demographic data
through the National Center for Health Statistis and through
the Burcau of the Census ' <17
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The somatic and genetic effects that are believed to
be associated with radiation exposure are well docu-
mented.? *?® Both types of eftects are of interest to
the epidemiologist trying to determine the effects of
“ww-level radiation releases on public health. Chinically,
many health effects induced by radiation are littie
different from these induced by other causative
agents.’® Therefore the presence of a heaith effect
does not ensure that the causative agent has been
correctly identified. On the other hand, the absence of
the hypothesized effect when the agent is present often
is taken to indicate that causation has been disproved.
To truly test the hypothesis, one must estimate the
expected size of the effect and determine if the
population and methodology 2re adeguate to detect
the expected effect.

The possible somatic effects of radiation include
various types of cancers, most of which have relatively
long latent periods. The cancers most often cited as
caused by radiation exposure are leukemia and cancers
of the thyroid, bone, breast, lung, and gastrointestinal
tract. The noncarcinogenic diseases associated with
radiation exposure include cataracts, central-nervous-
system disorders, premature aging (“life shortening™),
fertility impairment, congenital defects, and cardio-
vascular - renal diseases.

The possible genetic effects of radiation exposure
include gene or point mutations and chromosomal
aberrations, which may produce increased rates of
spontaneous abortion or fetal wastage, neonatal and
infant mortality, infertility, and congenital malforma-
tions.

The human health effects associated with nuclear
facilities have been examuned in a wide variety of
studies (see Table 1). These studies generally fall into
one of two categories, both of which are reviewed in
this article. Those in the first category analyze vital
statistics for the area near a potential source of
radiation exposure, usually a nuclear power plant.
These studies look for changes in selected vital statis-
tics of local population groups compared to population
groups that are not near the nuclear power plant, and
they usually look for a dose-dependent effect. Often
the vital statistics before and after the facility starts
operation are compared. Studies in the second category
compare the vital statistics of the work force in a
nuclear facility with the vital statistics of the general
population. Mortalities of radiation workers and non-
radiation workers have occasionally been compared. In
addition. an analysis of mortality in the Oak Ridge,
Tenn., urea is presented.

06

SELECTED VITAL STATISTICS
OF POPULATIONS
NEAR NUCLEAR FACILITIES

The work of Bailar and Young is an example uf the
first category of study.*® Their research was under-
taken because of a concern over the possible adverse
health effects of low-level radivactive releases from th:
Hanford nuclear reservation near Richland, Wash.,
which had been raised in an earlier study by
Fadeley.' Bailar and Young corrected several basic
errors in the Fadeley study and specifically tested the
hypothesis that the aigher otserved incidence of cancer
mortality (leukemia was considered separately) was
related to the presence of the Hanforu facilities The
basic errors in the Fadeley study are as follows: (1)
several counties in the geographic area being studied
were omitted without explanation; (2) basic data
(numbers of deaths) were not reported, and statistical
variations of rates calculated on small samples were not
considered: (3) rates were not adjusted for age or sex
even though population structures of the counties
varied: (4) urban—rural variations in cancer rates were
not considered; and (5) cancer mortality prior to
operation of the nuclear facilities was not analyzed.*®

Bailar and Young analyzed county data from
Oregon and Washington and data from the U.S.
Bureau of Vital Statistics for groups of counties near or
downstream from Hanford in both states for the years
1934 to 1963. These data were corrected for dif-
ferences in cause-of-death classifications and stan-
dardized for age and sex by an indirect method using
the 1950 U. S. white population.

In terms of the hypothesis tested, the findings are
quite interesting. Although the total cancer mortality
rates in the counties of Oregon and Washington that
were studied have been consistently lower than in the
United States as a whole, the leukemia rates in these
areas have been consistently higher. Moreover, these
higher death rates from leukemia have persisted since
the mid-1930s, a decade before the Hanford nuclear
facilities existed. In addition, leukemia rates in the
“river counties,” including Hanford and downstr am
areas, have actually decreased since 1950, reversing an
earlier upward trend.

Bailar and Young conclude, “No evidence was
found that persons living downstream from the Han-
ford reservation or along the Pacific coast of Oregon
had had an excess risk of death from cancer in general
or leukemia in particular.” It can be argued that
migration has not been considered and that less than
70 years of data from the beginming of Hanford



67

Table | Summary Review of Studies of Nuclear Facilities

Measures of
Study Nuclear facility Year(s) health effect Findings and comments
Bailar and Young Hanford Wash. ‘plutonium 19341963 County vital statistics; total No effect found; control
(Ref. 30) production plant; miscel- cancer rates; leukemia areas employed ; standard-
laneous research facilities) rates ization used ; before and
after analysis, nuigraticn
not considered ; latency a
potential problem
Tompkins et al, Humboldt Bay Power Plant 1958 1962, County vital statistics: No effect found ; direc-
(Ref. 32) (boiling-water reactor) 19641967 infant mortality and tional quadranis used. re-
Dresden Nuciear Power 1955-1959; rates; neonatal mortality gression analysis usad but
Station (oiling-water 1961 - 196§ and rates not reported; no racial
reactor) adjustment
Big Rock Point Nuciear 1957 -1961;
Plant (boiling-water reac- 19631967
tor)
DeGroot Dresden Nuclear Power 19501967 County vital statistics; Linear regression only;
(Ref. 33) Station (boiling water infant mortality rates overall no effect statisti-
reactor) cally; one positive result
Shippingport Atomic Power 19501967 (Brookhaven ), one nega-
Station (pressurized-water tive resuit (Shippingport)
reactor) reported; indepeadent
Indian Pouit Station (pres-  1950- 1967 variables: time, radioac-
surized-water reactor) tive discharges, infant
Brookha' «n National Lab- 19511968 mortality in control
orgtory (research reactors; areas; no racial adjust-
miscellaneous facilities) ments; R? (coefficient of
determination) not re-
ported
Sternglass Hanford, Wash. (plutonium 19401945, State and county vital Author interprets each
(Ref. 34) production plan*; miscel- 1946 1949 statistics; state and analysis as showing a
luneous research facilities) county infant mortality; positive effect ; several
Dresden Nuclear Power 19551968 premature birth rates; errors in data presented
Station (botling-water leukemia rates in tables and figures; no
reactor) demographic adjust-
Big Rock Point Nuclear 1962 - 1968 ments; questionable
Plant (boiling-water reac- interpretation of data,
tor) often only two points;
Humboldt Bay Power Plant 19581969 weak statistical analyses;
(boiling-water rcactor) omissions and selective
Nuclear Fuel Services, 1960 - 1968 inclusions never justified,
Cattaraugus, N Y. (fuel- dubious use of states as
reprocessing plant) units of analysis; see text
Peach Bottom Atomic 1962 - 1969 for further comments
Power Station (gas<ooled
reactor)
Indian Pcint Station (pres- 19581969
surized -water reactor)
Brookhaven National Lab- 1955 1967

oratory, Upton, N. Y. (re-
s 2arch reactors; miscel-
laneous facilities)

(‘1able continues on the next page.)
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Table 1 (Continued)

Study

Nuclear facility

Year(s)

Measures of
effect

Firdings and comments

Tokuhata et al.

(Ref. 35)

Grahn
(Ref 36)

Moshman and Holland

(Ref. 39)

Mason et al.
(Ref. 37)

Larson et al.
(Ref. 40)

Scott et al.
(Ref. 41)

Shippingport Atomic Power
Station (pressurized-water
reactor)

Big Rock Point Nucleur
Plant (boiling-water reac-
tor)

Oak Ridge, Tenn,
(gaseous diffusion plant;
uranium processing plant;
research reactors; miscel-
lancous facilities)

Grand Junction, Cole.
(uranium mill tathings)

Qak Ridge, Tenn.
{see above)

Oak Ridge, Tenn,
(sce above)

19611971

19501971

1948

1950-1971

1950--1971

1951 1969

County vital statistics; total
and selected cancer ruves,
fetal deaths, infant
deaths, neonatal deaths

County vital statistics; in-
fant mortality ; immature
births; cancer mortality

Cancer morbidity

National Cancer Institute
county data; cancer death
rates; lung cancer;
lcukemia

Actual deaths vs. expected
deaths from all causes
using man-years

Actual deaths vs, expected
deaths, man-ycars analy-
sis

No effects found attribu-
table to radiation; demo-
graphic adjustments;
migration considered;
matched comis unities;
fairly thorougi discussion
of needed adjustments in
use of vital statistics;
good methodological sec-
tion

No effects found; male and
female rates anaiyzed,
local area rates compared
to state rates; demo-
graphic factors considered

Significantly lower cancer
morbidity in Oak Ridge
compared to nation;
latency a potential prob-
lem; only study of mor-
bidity, limited io | year;
apparently the first study
of population near a nu-
clear plant

No trend found attributable
to mill tailings; demo-
graphic adjustments;
comparison with other
parts of Colorado, latency
problem

I'ound 692 deaths, while
992 were expected, based
on U. S. 1962 rates man-
years analysis; problem
of comparability of
population

Uranium workers have
lower mortality than non-
uranium workers, U, S.
1962 life tables used for
relative comparison;
demographic adjustments
made; death information
from Social Security pos-
sibly incomplete foi
either group; uranium
group 5 years older on
the average, with more
males




operations is insufficient to allow for discernible
“excess” cases because of long latency periods. Yet,
given the data wvailable at the time and the comparison
of the pre- ad postoperational periods, the research
suggests thit no apparent carcinogenic effect over the
period was due 1o the Hanford operations,

In 1970 Tompkins et al'? DeGroot,** and
Sternglass®® published studies that set out to deter-
mine if any adverse health effects on infants in utero
were caused by the operation of nuclear power plants.
None of the three studies appear to have standardized
for maternal age or race. Tompkins et al. examined
infant and neonatal mortabity rates for the S years
before and after start of operations at the Humboldt
Bay (Eureka, Calif.), Dresden (Morris, HL ). and By
Rock Point (Big Rock Paint, Mich.) power stations *?
This study was undertaken in response to claims that
nuclear power stations expose surrounding populations
to radiation which, even at low levels, results in
increased infant mortahity. For a geographical distribu-
tion to be established county infant mortality data
from vital statistics were determined for four con-
centric bands extending a total of 200 miles from the
facility. These bands were then divided into quadrants
to allow prevalling wind directions to be taken into
consideration. Data from the 1960 U. S. Cersus were
used to determumne population, live births, and deaths in
each quadrant. Infant mortality rates were based on
S-year aggregates to reduce statistical fluctuations due
to small sample size.

No relation between the operations of any of the
three plants and changes in infant and neonatal
mortality rates was found in the Tompkins et al
analysis. The authors further checked their results, via
regression analysis, for sensitivity to either the band
width or compass direction from the plants. In both
these latter tests, no statistically significant relation
was found. This study differs from the Bailar - Young
study in (1) its measure of dl health, (2) the use of
quadrants of concentric bands, and (3) the use of
shorter time peniods. Nonetheless, neither study finds a
relation between changes in their measures of ill health
and the operation of local nuclear facilities.

DeGroot's study®® of the relation between trends
in infant mortality and effluent releases from four
nuclear reactors utilizes regresston analysis solely. The
four reactors he studied were the Dresden reactor
(Morris, I11), the Shippingport reactor (Shippingport,
Pa.), the Indian Point reactor (Indian Point, N, Y. ). and
the Brookhaven ractor (Upton, N. Y.). He examined
the relation using a regression model of the form
M, = By + BiX;, where M; 15 the annual infant mortal-
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ity rate for a given county of study for the years 1950
to 1967. The independent vanables he used vary from
case to case and niclude (1) the year, (2) a measure of
liquid discharges, (3) annual infant mortality rates for a
control area (state, nation, or other county groups), (4)
gaseous discharges, and (5) background radiation (for
the Brookhaven reactor).

Although DeGroot fits both linear and semilog
models, his results are essentially unchanged by the log
transformation of the dependent variable. Unfortu-
nately. he does not report all the slope coefficients in
his equations, and so it is difficult to assess how well
the independent vanables “explain™ the trends in
infant mortality rates. However, he does report the "
statistics for each variable. The annual infant mortality
rates and the measures of radiation effluents he used,
in all but two cases, are not statistically related at the
95% confidence ievel. In the two cases in which there is
a statstical relation, one was small and positive and
one was small an  negative.

in the analysis of Suffolk County mortality rates,
DeGroot finds a statistcally positive correlation (b
coefficient of +0.01S, ¢ value of +4.17) between the
annual infant mortahty rates and the 2-year moving
average of trittum discharges from the sand filter beds
of the Brookhaven reactor. On the other hand, in the
analysis of mortality rates tor Allegheny County, Pa.,
which 15 southwest of the Shippingport reactor, he
finds a negative effect (b coefficient of -0.021, ¢ value
of ~2.60). DeGroot states that the differing statistical
signs illustrate his contention “that it is not possible to
denive strong conclusions about either the existence or
nonexistence of an effect from the simple regression
models. . . "

DeGroot’s paper emphasizes the lmited value
denved from testing hypotheses using vital statistics for
a large area in conjunction with a singie point source
of an effluent. Although this method may pomnt out
areas for hypothesis testing using more prec e epi-
demiological and statistical methods, it can r. er be
sufficient to prove or disprove a hypothesis beca. je of
the inevitable wviolations of the assumptions of the
linear regression method.

Only one author (Sternglass) found a relation
between infant mortality and luw-level-radiation re-
leases.** Sternglass examined the vital statistics for
selected years and selected areas and found a rise in
infant mortality near nuclear power plants. For the
Hanf rd facilities, several examples showing a positive
relation were presented. First, he compared state data
on percent change in infant mortality from 1946 to
1949 to the leastsquares-fitted trend from 1940 to



1945. Whereas Washington and Oregon showed nega-
tive changes (declines) in each year from 1946 to 1949,
Sternglass interprets positive increases in infant mortal-
ity in Montana and North Dakota for all 4 years and in
Idaho for 2 of the 4 years as indicating a positive effect
due to Hanford’s operations in Washington. He further
“confirms” his interpretation of the 4-year data by
presenting a bar graph of the percent increase of infant
mortality (not mortality rates) in 1945 over the 1943
level-—before and after Hanford went into opera
tion—for counties surrounding Hanford and for cther
distant control counties. He does not note that this
increase in the number of infant deaths is related to the
population growth in the area as a result o the
construction of the Hanford facilities.

Sternglass also studies mortality rates for the areas
near the Dresden reactor in IHinois. He finds the infant
death rate in Elinois dunng 1959 to 1968 is con-
sistently highe: than that of Ohio. Even though the
rates in llinois were decreasing over the previous year's
rates (except during the llinois rubella epidemic of
1964 and 1965), the difference in the states’ rates is
correlated (0.865) with radioactive releases from
Dresden. He also cites companisons of [linois infant
mortality with that of North Dakota, Indiana, and
Michigan but fails to account for the overall decline in
these rates or for demographic differences among the
populations.

Sternglass then compares infunt mortality rates tor
1964 with those for 1966 in six counties surrounding
Dresden (including Will County in the Chicago metro-
politan area and Grundy County in which Dresden is
located) and makes the same comparison . Six
noncontiguous counties in northern and western Iih-
nots. The infant death rate in the six counties around
Dresden increased from 20.8 to 24.3 per 1000 live
births, whereas the rates in the six control counties
rose from 229 o 233 in the 2 years. Neither a
standardization for demographic variables nor a com-
parison of data for other years is cited.

Sternglass also compares premature birth rates in
his six control counties with those in Grundy County
alone. Grundy, with an estimated 1964 population of
23,500, had premature birth rates for 1964 to 1968 of
3.6, 6.3, 8.7, 7.2, and 5.0%, respectively.’* Among his
control counties, the smallest of which had a 1964
estimated population o1 39,500, the lowest rates for
those years were 5.5, 4.6, 5.1, 5.2, and 6.1% and the
highest were 7.5, 5.9, 8.2, 7.3, and 7.7%, respectively.
Sternglass cites the large rise in Grundy County in
1966 (the vear of peak emissions) as evidence of the
adverse effect of the Dresden reactor. However, his
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control counties also showed evidence of such a peak,
which he does not explain,

Sternglass uses similar interpretations of limited
data to show that infant mortality has risen in the
vicinity of Humboldt, Calif.; Cattaraugus, Westchester,
and Suffolk, N.Y.; and York. Pa., as a “‘result” of
radioactive releases, and again he fails to take into
account normal statistical fluctuations and other
factors associated with differential infant mortality
rates.

The Sternglass paper is discussed in detail here
because of his gross errors in using vital statistics, not
because he clabas to see an “effect” due to nuclear
power reactors. The paper illustrates a number of
methodological pitfalls in using wital statistics and
limited quantitative analysis. He adeptly chooses iso-
lated data from selected years and locations and uses
various “analyses”; he uses no consistent methodology,
nor does he standardize the rates to account for real
differentials due to population characteristics. Yet he
unfailingly interprets the outcome to show an adverse
effect of radiation when the data are inadequate to
support such an interpretation. Such studies do little to
clarify the true relation between changes in public
health and exposure to low levels of radiation.

Two additional studies, by Tokuhata et al.** and
by Grahn,*® have examined the public health impact
of nuclear faciities. These studies were undertaken in
response to clair. s of increased rates of mortality due
to releases from these plants. In 1974, Tokuhata et al.
published a study analyzing health hazards to the
public living near the Shippingport nuciear reactor in
Shippingport, Pa*® Using vital statistics and census
data for 19¢€1 to 1971 for Aliquippa and communities
of similar demographic background without nuclear
power plants, they examined fetal and infant mortality
rates and those from leukemia and other neoplasms.
Additional anaiyses were also made to determine if
geographically distributed radiation-dose-related effects
were present. Mortality rates at S-mile intervals from
the reactor and the differences in mortality rates for
“on-river” and “off-river” communities downstream
from Shippingport were examined.

On the basis of their comprehensive analysis,
Tokuhata et al. concluded that “there is no systematic
evidence to support the allegation that radioactive
releases from the Shippingport plant have had signifi-
cant effects on the health of the population in the
vicinity of the plant . . " that cannot be explained, at
least to some extent, by reporting errors or other
known sociological characteristics of the population.



Although the Tokuhata results confirm those of
earlier studies, perhaps the major value of the paper lies
in its discussion of the problems associated with
analyses of this genre, especially the shortcomings of
published vital statistics. The paper clearly points out
sources of potential error and, more importantly,
errors in the public health data. It also attempts to
correct for these shortcomings where possible. For
example, black intant mortality rates were consistently
higher, by a factor of 2. than white rates. Therefore
communities that have bad a high recent influx of
black families or have a relatively high proportion of
blacks, as Aliquippa does, compaied to the state
population will have higher rates of infant mortality.
Further analysis by race is then necessary to correct for
this source of bias.

Grahn presents another analysis of the Big Rock
Point nuclear plant in Michigan.’® In addition to
infant mertality, which was also examined by
Tompkirs et al., Grahn analyzes cancer mortality and
premature birth rates for eight counties surrounding
Big Rock Point. The decade prior to 1962, before Big
Rock Point began operations, and the following decade
ending in 1971 are included in the analysis. In
addition, Grahn considers changes since 1950 in the
socioeconomic and demographic composition of the
population, both in absolute terms and relative to
Michigan as a whole.

Overall, Grahn finds no evidence to indicate that
releases from the Big Rock Point nuclear station
increase il health in the surrounding population,
Specifically, he finds that (1) thie rate of premature
births is equal to or below the state mean; (2) infant
mortality has been above the state averages for the past
20 years, includicg a decade prior to the reactor
startup, but has been declining in recent years; (3)
cancer death rates in the area are below state averages,
and, for women, have been dechming, especially in
Charlevoix County where the nuclear power plant is
located; and (4) leukemia rates are lower than the state
average for females and are about the same as the state
rates for males.

Because of concern over the use of uranium mill
tailings as construction fill material in western Colo
rado, a study of the counties surrounding Grand
Junction, Colo., was conducted by Mason et al. to
determine if higher than normal cancer rates were
discernible.*” Mason et al. examined the age-adjusted
cancer mortality rates for white males and females
from 1951 to 1967 for leukemia, lung cancer, and all
other cancers compared to cancer mortality rates {or
the 1960 Colorado white population.
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In comparing the data for the counties, the
investigators could find no carcinogenic effect due to
radiation exposure from the mill tailings. Cancer
mortality rates for females and for males under 20
years of age showed no statistical difference from the
rates in other counties. Leukemia mortality rates for
males were no different from those in other counties,
but the male mortality rates for lung cancer and for
other ca cers were higher than those in other counties
in the state. However, these rates for males in the one
county where tailings were used extensively in con-
struction were consistently below those of counties
where tailings were not used. The authors correctly
point out that latent periods of 1S years or more may
be involved and, if so, that the effects would not yet be
observed in the data. Therefore the evidence remains of
limited value until it is possible to extend the study
over the longer period. In such studies population
migration also may be a serious complicating factor, as
are personal factors such as smoking history.

Moshman and Holland®® have studied the popula-
tion near Oak Ridge, Tenn., although only for the year
1948. Moshman and Holland compared the incidence
of cancer morbidity in the Oak Ridge population with
the expected incidence to determine if Oak Ridge
residents were more susceptible to cancer than the
general population. They computed age-standardized
cancer incidence rates, based on the 1940 U.S.
population age structure by primary site and total
cancers for males and females. They found that cancer
incidence in Oak Ridge was only 123 per 100,000
compared to the national average for whites of 230
(and the death rate from heart disease was 46 per
100,000 compared to the national rate of 320),
reflecting the healthy, highly selected Oak Ridge
population, Incidence rates for both males and females
were lower than the national norms. On a relative basis
the distribution of pnmary cancer sites in whitt
females in Oak Ridge was not significantly differcit
from the nationally observed distribution. A higher
proportion of respiratory cancer was found in white
males than would have been expected. The authors feel
this was due to the increase in lung-cancer rates over
the decades since the 1940 population was analyzed.

Overall, this study of Oak Ridge cancer morbidity
is rather a limited use of vital statistics, but it must be
considered in perspective. It appears to have been the
first study recognizing that nuclear facilities may be
potential sources of ill health, and the study set out to
test this hypothesis. To my knowledge, it is still the
only study using morbidity, or illness, rates as opposed
to the more readily available death rates. Given these
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Table 2 Deaths from Selected Causes in the White Population Proximate to
Oak Ridge, Tern_, 19291971
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Anderson County® Roane County® City of Oak Ridge*
Yer Popd () @ ) @ Ppl ) @ B @ Ppt! ) @ B @
1929 18971 4 25 7 9 2257 19 S0 12 16
1930 19283 1S 32 S 15 23024 29 48 12 17
1931 19418 13 N 4 15 DM N N W 1”2
1932 19554 22 35 1 12 23024 19 S2 1119
19339 19,689 21 4 12 24 23024 20 39 13 14
1934 19825 32 31 5 16 23024 19 22 11 9
1935 19960 26 45 9 10 23024 11 41 2 15
1936 2009 22 SI 11 21 2.024 i1 49 14 I8
1937 20232 18 35 8 I8 23024 12 47 18 18
1938 20,367 19 32 14 14 23024 24 46 11 16
1939 20,503 8 24 12 11 23024 13 24 14 7
1940 26,176 10 29 11 19 26471 17 41 24 13
1941 26,851 10 42 9 28 687 10 26 9 11
1942 27,526 2 3 B 13 27,144 9 3% 17 12
1943¢ 28,201 14 26 9 8 27480 14 28 17 1l Oak Ridge built
1944 28876 15 45 12 32 22816 17 53 25 25
1945 29,551 23 71 23 43 28153 23 $3 13 22
1946 30226 24 64 39 46 28489 21 43 19 4
1947 30901 43 65 30 49 28825 23 33 29 13 No data before 1949
1948 31,576 40 S8 35 46 29,161 i 33 32 135
1949 54997 23 61 36 46' 29852 25 42 2 ' 31099 w0 16 9 15
1950 S7.518 22 52 37 34 301090 16 30 3T 17 28864 11 13 17 13
1951 57594 30 S3 40 43 30608 8 30 34 23 29027 18 24 1 2
1952 57,594 18 37 34 27 30983 21 24 37 17 29027 10 13 15 10
1953 57594 24 45 39 34 31358 14 37 29 30 29077 6 21 11 19
1954 57,9t 20 S8 48 39 31,734 1S 36 45 24 29027 3 20 17 17
1955 5755 25 43 48 32 32,109 9 27 33 20 29027 8 13 13 13
1956 57,594 25 39 45 31 32484 11 25 35 18 29,027 6 16 20 19
1957 57,594 20 34 44 23 32859 17 24 33 18 29,027 4 713 €
1958 57,594 17 35 42 24 33234 15 28 38 23 29,027 9 15 2 1
1959 596418 14 28 SOF  28%F 384328 9 27 37 208 27250F 2 9 198 |38
1960 57973 19 30 26 37512 23 22 40 '8 25,782 6 9 14 9
1961 $7.973 22 31 S0 31 31512 13 29 34 23 25782 8 9 23 10
1962 37,915 13 26 61 19 39074 13 14 45 11 25782 4 5 2 s
1963 £2.537 19 27 48 22 40211 16 22 46 22 25782 55 19 s
1964 59578 14 32 S5 26 41655 15 24 36 20 28,166 4 10 22 10
1965 S9,048 10 20 60 17 37,634 3 18 40 7 28,166 1 3 28 2
1966 60969 12 23 T 15 37612 9 18 40 12 28340 s 6 28 5
1967 59,659 1 18 $9 16 37,861 4 16 48 13 29473 1 6 20 s
1968 60,062 9 17 8 17 38335 13 14 S6 14 30244 4 6 29 6
1969 60,281 19 12 ® 10 38504 13 9 S8 10 30927 7 3 4 3
1970 60,300F 14 10 B6F 14F 3R BRIE || 13 628 98 28,3198 6 7 348 8E
1971 58,977 16 23 7N 19 37846 12 18 S$7 14 26,603 3 8 29 7

Source: Tennessee Department of Public Health, Annual Bulletin of Vital Statistics, 1929 -1971, Nashville, Tenn.
PResident population after 1933 Recorded location before 1934.
€(1) Stillbirths (fetal deaths). (2) Infant mortality. (3) Cancer deaths. (4) Congenital malformation deaths.

Ypopulation totals as recorded in Annual Bulletin of Vital Statistics. Lack of intercensal estimation is obvious for Oak Ridge

from 1952 - 1964, for Anderson from 19521961, and for Roane from 1931 -1939.

“Oak Ridge established but, until 1949, omi‘ied from population totals, aithough not from mortality counts.
TAfter 1948, 6th revision of International Classification of Diseases, Adapted USHEW-PHS, in effect. Not strictly comparable
to earlier data. (ICD 750-776.)

ETo1al population data used in the absence of data for white population alone.

PNote the increase after 1968 due to changing to the Bth revision of International Classification of Diseases, Adapted
USHEW-PHS.
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Table 4 Deaths and Death Rates from Selected Causes in the White Population

of the State of Tennessee?®
Deaths” Death Rates”
Year  White population ) ) 3) “) ) ) ()] “)
1929 2,155,034 1813 2908 1229 1112 423 679 S70 260
1930 2,144,781 1827 3016 1297 1192 411 679 605 268
1931 2,169,427 1722 2713 1272 1071 384 605 S8 6 239
1932 2,194,073 1659 2767 1308 1389 374 623 <, 265
1933 2,218,720 1584 2679 1343 1105 375 635 605 262
1934 2,243,366 1602 2924 1447 1159 363 662 645 262
1935 2,268,013 1578 2600 1492 1081 355 S84 658 243
1936 2,292,659 1433 2639 1561 1077 338 623 681 254
1937 2,317,306 1460 2371 1601 1072 336 546  69.1 247
1938 2,341,952 1402 2613 1775 1112 309 576 758 245
1939 2,366,599 1288 2157 1706 1102 287 480  72.1 24r<
1940 2,413,698 1236 2411 1830 1129 456 49.8 741 231
1541 2,440,866 1116 2482 1908 1188 223 495 782 237
1942 2.468,07 1091 2383 1914 1278 201 439 776 235
1943 2,495, | 1186 2410 2004 1254 203 413 803 215
1944 252,367 1077 2412 2095 1276 101 428  83.1 226
1945 2,549,536 1075 2398 2141 1245 201 448 840 233
1946 2,576,706 1271 2300 2352 1488 198 358 913 232
1947 2,603,876 1344 2451 2426 1624 187 341 932 226
1948 2,531,041 247 2393 2549 1622 186 357 969 242
1949°¢ 2,715,653 1240 2554 2732 1696 185 381 1006 62.59
1950 2,758,918 1130 2186 2837 1472 175 339 1028 534
1951 2,806,084 1172 2095 2994 1562 175 313 1067 557
1952 2,842,740 1114 2000 2993 1444 171 306 1053 508
1953 2,879,409 1008 1784 3097 1346 154 273 1076 468
1954 2,916,072 1048 1859 3180 1423 155 275 109.1 488
1955 2952730 998 1728 32728 1311 150 259 1093 443
1956 2,989,392 1035 1665 3334 1313 157 252 1124 438
1957 3,026,051 958 1651 3380 1280 146 252 i11.7 423
1958°¢ 3,062,717 960 1704 3564 1324 148 262 1164 432
1959 2,988,879 886 1694 3636 1369 137 262 121.7 457
1960 2,977.153 923 1610 3678 i1 145 253 1218 439
196! 2,977,153 920 1607 3775 1307 144 252 1268 439
1962 3,032,532 929 1543 3810 1264 148 245 1256 417
1963 3,081,233 884 1459 1187 1196 142 235 1359 388
1964 3,168,049 886 1547 4019 1225 142 247 1269 387
1965 3,210,400 799 1327 4215 1095 142 235 1313 342
1966 3,246,900 826 1186 4277 993 154 221 1317 306
1967 3,251,200 728 1107 4535 950 137 209 1395 291
1968¢ 3,322,600 769 1039 4713 916 146 197 1418 264
1969 3,294 331 716 1031 4704 863 130 187 141.2 258
1970 3,294,331 765 1061 4964 934 135 187 1507 284
1971 3,349,611 698 1054 SO48 888 124 188 1507 5

3Source: Tennessee Department of Public Health, Annwal Bulletin of Vital Statistics,
1929 - 1971, Nashville, Tenn.

B(1) Stillbirths (fetal deaths). (2) Infant mortality. (3) Cancer deaths. (4) Congenital
malformation deaths.

ENew International Classification of Diseases, Adapted USHEW-PHS, in effect.

d8ixth revision of International Classification of Diseases, Adapted USHEW-PHS, in effect; rate
per 10* population; previously computed per 10* live births.
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Fig. 1 Trends in fetal, infant. and congenital malformation deaths in the whire population in the state

of Tennessee and in the Gak Ridge area, 1949 1971. Source: Ref. 42,

which would suggest that the Oak Ridge area has been
or is becoming a relatively hazardous locale. Since the
number of deaths is small, the statistical fluctuations
could be large, bnt the trends are fairly consistent. The
city of Oak Ridge, which is closest to the nuclear
facilities, does not show any consistent increases, nor
do Anderson County and Roane County. All three
area. reflect the general mortality trend indicated for
the state of Tennessee,

Although crude annual rates are frequently used, as
discussed previously, age-adjusted annual rates are the
only appropriate data for comparing the city and state
death rates. However, age-adjusted rates are not pub-
lished for the state of Tennessee. Even those rates
which are published may be erroneous. For example,
misreporting of a few deaths could introduce a large
bias into the smaller reported figures, and misreporting
is likely because of changes in death classifications
every decade.

A second source of error is obvious in the crude
death rates for the Ouk Ridge area. The crude death
rates are based on the ratio of the number of deaths to
the estimated size of the population. As shown n
Table 2, these population estimates are unguestionably
inaccurate for many, if not most, intercensal years. For
example, between 1943 and 1949 Anderson County’s
base pupulation, upon which the rates are based, did

not include Oak Ridge, but the mortalities did. For
these reasons the data wre only plotied and discussed
but not analyzed statistically.

More reliable dzta - age-adjusted cancer mortality
from the National Cancer Institute for the years 1950
te 1969 for Anderson and Roane counties-- were
analyzed statistically to determine if a geographical
pattern could be observed.** The city of Oak Ridge is
located partly in Anderson County and partly in Roane
County; two of the three nuclear facilities are in Roane
County, and one is in Anderson County. Figure 3
shows the location of the three facilities and the city of
Oak Ridge. Actual deaths from all cancers (including
lenk *mia) were compared with the expected deaths,
which were computed using the mortality rate for each
cancer and each of four race—sex classes of the
population in each county. The results are given in
Table S

The analysis indicates that for every cancer, the
number of actual deaths is statistically no different
from the number expected tor males of both races and
far white females. For black females, actual deaths are
no different statistically from expected deaths in all
cancers examined with two exceptions. For leukemia
and fung cancer in nonwhite females in Anderson
County, two deaths occurred, whereas only 0.5 would
have been expected based on Tennessee rates. (This
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Fig. 2 Cancer deaths in the white population in the state of
Tennessee and in the Oak Ridge area, 1949-1971. Source:
Ref. 42.

result is not statistically significant at the 0.05 level
using the more appropriate Poisson distribution.) The
overall results indicate cancer mortality rates that are
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not significantly higher than would be expected in the
general population. Problems in this analysis include
(1) no time trends, (2) migiation, and (3) socio-
economic factors, as have been mentioned in regard to
previous studies.

CONCLUSIONS AND IMPLICATIONS

Although high levels of radiation are a proven
threat to man's health, little evidence has yet be..
found that low levels of radiation such as might result
from the normal operation of nuclear facilities are
harmful to the general public. Although much more
analysis is needed in this area, existing studies using a
variety of methods generally have been unable to
detect a rise in measures of ill heaith in populations
living nea: nuclear facilities. Increases that were ob-
served were either representative of general trends for
the state or nation or thc continuation of trends
existing in the area before the nuclear facility went
into operstion. The results, although tentative because
of the limited scope of research in this area, do suggest
by their consistency that no correlation between
nuclear facilities and increased mortality in the general
public can be substant..red.

Since the National Environmental Policy Act of
1969 considers human health impacts as a major
portion of _verall environmenial unpacts, more empha-
sis shoula be placed on the inclusion ot health and
mortality data in environmental impact statements.**
If such data were included, past trends in an area where
a power plant. whether nuclear or nonnuclear, is to be
located could ke used as a baseline against which to
measure future changes in health in the area. When
widesp -ead utilization of such public health statistics is
begun, inore meaningful health and mortality statistics
will be needed and, hopefully, will be m.de available.
Then trends in various measures of health in areas
where power plants are located will allow us to make a
rrore definitive determination of the relative risk of
such plants to the public.

Until that time, we must rely on the few studies of
public health effects, on results from animal experi-
ments and occupational exposures, and on federal
safety regulations as indicators of the safety of
powe -plant operations to the general public. To date,
studies using mortality data from vital statistics have
been inadequate for hypothesis testing. These studies
should be used solely to indicate the need for more
in-depth studies examining hypotheses suggested by
trends seen in the vital statistics.
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Radiological Quality of the Environment in the United States, 1977

Adapted from EPA 520/1-009
Nucl. Safety, 19(6) 617-622 (September-October 1977)

[Editor's Note: The following article was adapted by the
Nuclear Safety Stalf from Chap. 1, “Introduction, Summary,
and Conclusions,” of a report of the same title, which was
published in September 1977 by the Enviconmental Protection
Agency as EPA S20/1.009. The report and ifs summary here
provide significant data on dose a essment for evaluating the

radiological quality of the environment |

This article summarizes Report EPA 520/1-009, which
is intended to fulfill the Environmental Protection
Agency Office of Radiation Program’s responsibility
for determining individual and total U. S, population
doses from all sources of radiation In addition, the
infoxmation is used for analysis of radiation trends,
identification of radiation problems, and support for
establishing standards.

The sources of radiation have been considered in
two general categories: (l)iomzing radiation and
(2) nonionizing radiation. In the ionizing radiation
category, sources were further grouped under the
headings of ambient environmental radiation. tech-
nologically enhanced natural radiation, fallout,
uranium fuel cycle, federal facilities. radiopharma-
ceuticals, medical, occupational -industrial, and con-
sumer products. The nomonizing radiation category is
concerned mainly with the measurement of environ-
mental sources,

Literature searches were conducted for each of
these categories, and the data were organized to provide
the following information:

L. General information about each source category
and the availability of data.

2. Description of data bhase (includes who reports
data to whom, under what authority , and what data are
being reported)

3 Status of data-base analyses (to indicaie what
has been done with the data).

4. A summary of dose data for each source
category

S. Companson of actual dose data reported with
estimates from previous publicat.ons.

6. Discussion, evaluation of the adequacy of the
data base and needed improvements. and conclusions.

A special effort was made to acquire data sup-
ported by direct measurements in contrast to estimates
made by extrapolations involving numerous assump-
tions. Most dose information falls in the latter category
because of the difficulty or cost of making direct
measurements. Therefore most of the data available
represent the product of several calculations involving
an understanding of the source term and the inter-
action of that source term with the environment and
man.

Report EPA 520/1-009 tries to include the most
current data. For some categories, however, the only
available data are for the early 1970s. Because of this
time spread of the available data, the latest data
available are compiled for each source, regardless of the
vear for which they were determined. This report,
therefore, and those of future years, will represent a
compilation of the latest data available at the time of
preparation.

The information for Report EPA 502/1-009 was
obtained primanly from published reports. such as
those appearing in professional society journals and in
symposium proceedings, as well as other technical
reports. The regional offices of the Emvironmental
Protection Agency (EPA) were instrumental in obtain-
ing reports of the monitoring activities of the states.
Operating and environmen al surveillance reports from
nuclear power reactors were obtained from: the Nuclear
Regulatory Commission (NRC). Data for Energy Re-
search and Development Administration® factlities
were taken from the contractors’ annual environmentz!
surveillance reports. Med cal Xeray and consumer
product information was taken from reports of the
Food and Drug Administration’s Bureau of Radiologi-
cal Health,

In addition to the radiation data provided by other
agencies, EPA obtains ambient monitoring data from
its own national networks. This program s conducied
by the Eastern Environmental Radiation Facility
(EERF) in Montgomery, Ala.. and involves the analyses

*The functions of the Lacrgy Rescarch and Development
Administration have sinve been transferred to the Department
of Energy



of samples of air, milk, and water. The data from these
analyses are published quarterly in an environmental
radiation data report. A comprehensive analy s of past
Environmental Radiation Ambient Monitoring System
(ERAMS) data is being made.

Report EPA 502/1-009 summarizes the individual
and population doses in the United States resulting
from each category of radiation source, and these data
are assessed. When the literature on radiation sources
was searched. it became readily apparent that an
immense amount of data had been published during
the past 15 years. Therefore it was necessary, first, to
organize the sources of radiation into the categories
described and, second, to summarize, examine, and
interpret the data with respect to these categones. In
doing so, it was also necessary to assume that the data
obtained from the literature were valid Because the
data acquired for this report were generated originally
for many different purposes, the results are not only
expressed in different units, but also they were
accumulated over different time periods and frequently
were obtained without quality control. For this reason,
many tables of data in Report EPA 502/1.009 carry
detailed notes and annotations. Readers are cautioned
that before data in the report are used for their
purposes, they should read the text and the notes to
ensure a correct interpretation

The data on individual and population doses
resulting from the various categornes of radiation
sources discussed are summarized in Table 1. The
information in this table is divided according to
whether the primary mode of exposure is external or
internal. Exposure to direct radiation from radio-
nuclides in the ground, water, buildings, and air around
us. or from radiation-producing machines, such as
X-ray equipment and particle accelerators, is con-
sidered 1o be external exposure. Exposures of this type
usually result in a radiation dose to the whole body of
the person exposed. In contrast, internal exposures
occur when radioactive materials are inhaled, ingested,
or absorbed through the skin. Internal exposures result
in radiaiion doses to specific organs of the body. such
as the lung. gastrointestinal (ract, or bone.

As shown in Table 1, there are radiation sources for
which data are not available. Consequently the discus-
sion and comments in the report are based on the data
that were available at the time of writing. Also, it 1s
worth noting that, although population doses from the
different source categories generally can be added
together to gain a perspective of overall impact. it does
wot necessarily follow that individual doses can be
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added together, since a person in one pepulation group
generally does not receive the radiation dose common
to another population group. Therefore the data in
Table 1 only show totals for population doses in the
various source categories.

Dose to the U. S. Population

On the basis of the limited data in Table 1, we see
that the source category with the highest population
dose is the external dose from cosmic radiation. An
averall dose from ambient ionizing radiation is not
given because population doses from the worldwide
radiation and terrestrial radiation components are not
available. If we judge from the figures given for
individual doses from there three categories, it would
appear that the population doses from terrestrial
radiation might be equal to or greater than the dose
from cosmic radiation (10 million person-rems per
year). The second largest source of population dose is
from medical and dental X rays. This dose was
estimated to be about 148 million person-rems per
year to the U. S. population.

The third largest category of population dose for
which data are available is radiopharmaceuticals for
medical radiation purposes, which are estinated to
contribute an internal dose of approximately 3 million
person-rems per year to the population dose. The
fourth largest category is estimated to be from tech-
noiogically enhanced natural radiation that contributes
approximately 3 million person-rems per year to the
population dose. Finally, we note that all the popula-
tion doses from all other source categones for which
data are available are less than 0.1% of the total
population dose.

We must mention that the population dose values
noted here are based on the data available to us at the
time this report was written. It is possible that these
values. and thus the relative contributions of popula-
tion dose from the source categones considered, could
change in the future as more information on this
subject becomes available.

Dose to Individuals

For individual persons, the largest dose is derived
from technologically enhanced natural radiation. This
natural radiation contributes internal doses as high as
or higher than 100,000 mrems/year to the tracheo-
bronchial surface tissue of the lung as a result of the
inhalation of radon daughter products from uranium
mill tailings.
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Table | Summary of Dose Data from All Sources in the United States in 1977
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Source

Externzl

Internal

Indwidual
dose
(mrem year)

Population Individual
dose dose

(person-rem year) imic.nyear)

Population
dose
(person-rem/year)

Ambient iomzing radhition
Cosmic radiation
loniaing component
Neutron component
Worldwide radioad tivity
Tritium
Curbon-14
Krypton-85
Terrestrial radiation
Potassium-<40
Tritium
Carbon-14
Rubidium-87
Uranium-238 scries
Thorium-232 series

Technologically enhanced natural radiation

Ore mimng and milling

Inactive uranium mill tailings piles

Phosphate minmg and processing

(occupational)

Vertilizer

Thoram mining and milling
Radon in putable water supplies
Radon in natural gas
Rudon i hquefied petroleum gas
Radon i “health™ mines

Radon daughter exposure in natural caves
Radon and geothermal energy production

Radioactivity in construction maternal
Airplane travel

Jet (cosmic ), per trip over the Atlantic
SST (cosmic), per trip over the Atlantic

Coal-fired electric generating station

Oil-fired electric generating station
Fallout
Uraniam fuel cycle

Mining and milling

I uel ennchment

Iuel fabnication

Power reactors (BWR)

Power reactors (PWR)

Research reactors

Transpostation: nuclear power industry

Fransportation: radiotsotopes
Reyprecessing and spent-fuel storage
Radioactive waste disposal
I ederal faciities
FRDA (now Department of Energy)
Department of Defense
Accelerators
Radiopharmaceuticals
Medical radation
X rays
Cardiac pacemukers

4] 48
28- 35
033-68

0.035%4
30 95
17

13
25

10 300*
i.7*

26 (500 + crew)*
200100 + crew)*

~2¢

<0.1¥

76 max*

4 max*

<0.1 258k
<001
0.04 4%

103!

9.7 x 10¢
92 x10*
49 x10°

0.04
1

18-25
16

dx 10
I

0.6
2-6°
7.

100,000*
140 14,0000

6,00040

4.0000(1,2509)*
15540
| -4

5-70*
0.04*

2014

45 x 10
<01 p.n

2x 107
1564™
21m

100 9600
<1
2w 142577

4809
<1180

04 65
<0.1"

148 x 10*
<5000

92x10°

273 x 10*

2.5 70.000¢

273 x 10*
30,000

012-2x10%*
15*

25
0.64
0.66/

33 x 10%°
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Occupational and mdustnal radiation

Al BWRs 1230

At PWRS 1080

AlFbecupations 0 80% 2R 400)
Consumer products

Timepieaes <0.5%* ~6 100

Smuke detectors 0007 %* 0001

Artifiaal teeth 140 1 3902

Television 0025 D043k

Individual exposure
(uW cm')

Nontonizing electromagnetic radiation

Broadcast towers and anrport radars 10

All sources 01 -1

*Indicates new or revised information 41965 data

IMaxvimum individual dose (o skin surface

P rachea  bronchial dose

CLung-rems/year

a1 0mach dose

“Sh-vear dose commitment divided by S0

’r‘\wmgc individual lung dose within an 8O-km radius

Muximum potential exposure per tacility

M Maximum potential exposure

Cumulative exposure per faclity within an 8(0-km radius

Testimated bone dose within an B0-km radius

k) ¢nce-line boundasy dose

MWithin a radius of 80 km.

Mg stimated for the year 1973

Pror the Nuclear Fuel Services Reprocessing Plant at West
Valley . N. Y

The second contributor to a high individuai dose is
medical radiation which contributes internal doses as
high as 5000 mrems/year from radioactive cardiac
pacemakers. Because of their uranium content, arti-
ficial teeth contribute s local-tissue dose as high as
1390 mrems/year to the person wearing them. Occupa-
tional and industrial operations contribute a dose of
1230 mrems/year to the individual worker, essentially
to maintenance personnel working around “oiling
water nuclear power reactors. Finally, the next larger
dose is that which might be received by persons at the
boundary of federal facilities—— 258 mrems/year.

As mentioned previously, the relative contributions
from each of the source categories are subject to
revision as may be required by new da’*~

Evaluation of the Data Base

Table 1 shows that most of the values on individual
and population doses are based on calculations that
lead to estimated data. Such doses may be considered
to be reliable and conservative estimates if it is
understood that, in all probability, the values for the

"Based on daty from live insttutions

"t stimated 1980 dose

T stimated mean active bone marrow dose to adults,
mrad 'year

¥ Average occupational exposure per year

YAverage o xposure for all occupations and 3.7 radiation
workers per 1000 persons in the United States

I'rom digital watches.

Vi rom timepieces containing tritium or radium-activated
duls

fEstimated

@@ Nose 1o the superficvial layer of tissue

BB cm from TV set; units of mR/hr

actual doses are appreciably smaller than the estimated
values.

In determining individual doses, we need to under-
stand that these doses are for specific categories and
are additive only if it is reasonable to expect that the
same persons would be exposed to the sources in these
categories. For example, in general, the individual dose
from uranium mining and milling should not be added
to other source categories in the uranium fuel cycle
because different persons are involved in these expo-
sures.

In addition to this evaluation of the dsta base, each
chmpter in the report contains a more detailed evalua-
tion of the data base pertinent to that chapter.

CONCLUSIONS

1.On the basis of the population dose data in
Report EPA 502/1-009, the four major source cate-
gories of radiation dose to the population of the
United States are ambient ionizing radiation. medical
and dental radiation, the use of radiopharmaceuticals



in medicine, and technologically enhanced natural
radiation. The relatively high dose values are due to the
large populations that are exposed to the sources in
these categonies.

2.0n an individual basis, the largest scurces of
radistion dose are from technologically enhanced
natural radiation, riedical radiation. ambient ionizing
radiation, consurer products, occupational and in-
dustrial operations, and federal facilities. The source
responsible for high individual doses in the category of
technologically enhanced natural radiation is uranium
mill tailings that had been used in the construction of
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residences. The risk to a person from the dose received
from the use of a cardiac pacemaker must be weighed
against the benefit derived from this device. It is quite
conceivable that, if the dose from other sources in this
category were availab’c. additional high individual
doses would be observea.

2. There are many gaps in the dose data compiled
for tais report. For this reason. the observations and
com nents made here are necessarily re<t=i~*ad to this
data base There is a need to greatly improve i * data
base for dose assessment in the Uniied States.
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For all these changes the severity of the effect depends
on the magnitude of the dose received. and there is
likely to be a clear threshold of dose t ow which no
detrimental effects are seen.

The aim of radiation o, n should be to
prevent detrimental nonstochastic ¢ fects and to limit
the probability of stochastic effects to levels deemed to
be acceptable. An additional aim is to ensure that
practices i, olving radiation exposure are justified.

The prevention of nonstochastic effects would be
achieved by setting dose-equivalent limits at suf-
ficiently low values so that no threshold dose would be
reached, even following exposure for the whole of a
lifetime or for the total period of working life. The
limitation of stochastic effects is achieved by keeping
all justifiable exposures as low as is reasonably achiev-
able, economic and social factors being taken into
account, subject always 1o the boundary condition that
the appropriate dose-equivalent limits will not be
exceeded.

Most decisions about human activities are based on
an implicit form of baancng of cosis and benefits
leading to the conclusion that the conduct of a chosen
practice s “worthwhile.” Less generally, it is also
recognized that the conduct of the chosen practice
should be adjusted to maxinmize the benefit to the
individual or to society. In radiation protection it is
becoming possible to formalize these broad decision-
making procedures, although it s not always possible
to quantify them. However, the application of these
procedures does not always provide sufficient protec-
tion for the individual. It is therefore necessary, for
this reason also, to establish dose-equivalent limits in
situations where the benefits and detniments are not
received by the same members of the population.

For the above reasons the ICRP recommends a
system of dose limitation, the man features of which
are as follows

1. No practice shall be adopted unless its introduc-
tion produces a positive net benefit

2. All exposures shall be kept as low as reasonably
achievable, economic and social factors being taken
into account.

3. The dose equivalent to individuals shall not
exceed the limits recommended for the appropriate
circumstances by the Commission.

In applying these recommendations, we must
recognize that many present practices give rise to dose
equivalents that will be received in the future, These
dose-equivalent commitments should be taken into
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account so that necessary developments of present or
future practice would not be liable to result in undue
exposure of any members of the public.

Although the principal objective of radiation
protection is the achievement and maintenance of
appropriately safe conditions for activities involving
human exposure, the level of safety required for the
protection of all human individuals is thought likely to
be adequate to protect other species, although not
nec ssarily individual members of those species. Thus
the ICRP believes that if man is adequately protected,
then other living things are also likely to be sufficiently
protected.,

BASIC CONCEPTS
Detriment

The deleterious effects of exposure to radiation
may be of many kinds. Among the effects on health,
there may be both stochastic and * onstochastic effects
in the exposed individual and sto _hastic effects in later
generations. In additio.  th'.e may be deleterious
effects not associated witn wealth, such as the need to
restrict the use of some areas or products.

The ICRP has introduced the concept of detri-
ment to identify and, where possible, to quantify all
these deleterious effects. In general, the detriment in a
population is defined as the mathematical “expecta-
tion” of the harm incurred from an exposure to
radiation, taking into account not only the probability
of each type of deleterious effect but also the severity
of the effect. These deleterious effects include both the
effects on health and the effects not associated with
health. On some occasions it is convenient to deal
separately with the effects, or the potential effects, on
health, These are then characterized by the concept of
detriment to health. For effects on health, if p;, the
probability of suffering the effect ¢, is small and the
=averity of the effect is expressed by a weighting factor
gi, then the detriment to bealth, G, in a group of P
persons is given by

G=P£P,ﬁ
L

Dose Equivalent

The absorbed dose,' D, is insufficient by itself to
predict either the seventy or the probability of the
deleterious effects on health resulting from irradiation
under unspecified conditions. in radiation protection it
is convenient to introduce a further quantity that
correlates better with the more important deleterious
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expression §
E=aD+ bD?

where £ denotes the effect, D the dose, and @ and b are
constants. The quadratic term (bD?) in this expression
predominates at high absorbed doses (generally above |
Gy) and high absorbed dose rates (of the order of |
Gy/min); however, the linear term (aD) and the slope
that it represents come to predominate as the dose and
dose rate are reduced. Although a relationship of this
form has been documented for a variety of effects, the
relative values of the parameters 2 and b vary from one
observation to another.

For human populations in particular, kncwledge of
dose-response relationships is too limited to enable
confident prediction of the shapes and slopes of the
curves at low doses and iow dose rates. Nevertheless, in
a few instances the risk estimates can be based on the
results of irradiation of human populations involving
single absorbed doses, of the order of 0.5 Gy or less, or
such doses repeated at intervals of a few days or more.
In these cases it can be reasonably assumed that the
frequency per unit absorbed dose of particular harmful
effects resulting from such exposures is not likely to
overestimate greatly the frequency of such effects in
the dose range of concern in radiation protection, even
though the latter may be received at much lower dose
rates,

In many instances, however, risk estimates depend
on data derived from irradiation involving higher doses
delivered at high dose rates, In these cases, it may be
appropriate to reduce th.se estimates by a factor to
allow for the probable difference in rsk. The risk
factors discussed later have therefore been chosen as
far as possible to apply in practice for the purposes of
radiation protection.

The use of linear extrapolations, from the fre-
quency of effects observed at high doses, leads to an
overestimate of the radiation risks, which in turn could
result in the choice of alternatives that are more
hazardous than practices involving radiation exposures.
Thus, in the choice of alternative practices, radiation
risk estimates should be used only with great caution
and with explicit recognition of the possibility that the
actual risk at low doses may be lower than that implied

$At high doses this expression would have to be modified
to take account of the decreased tumor risk caused by ceil
sterilization. This effect is not significant st the doses
encountered in normal exposure conditions. (However, see the
discussion of hot spots under Significant Volumes and Areas.)
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by a deliberately cautious assumption of propor-
tionality.

IMPLICATIONS OF ASSUMPTIONS
ABOUT DOSE—-RESPONSE RELATIONS

Significant Volumes and Areas

From the assumption about the proportionality
between dose and response, it would follow that for
stochastic effects it would be justifiable to consider the
mean dose* over all cells of uniform sensitivity in a
particular tissue or organ. This use of the mean dose
has practical advantages in that the significant volume
can usually be taken as that of the organ or tissue
under consideration.

When the irradiation of a tissue is nonhomoge-
neous, the use of the mean dose over the tissue ceases
to be strictly valid if doses to individual cells differ
more widely than the range of doses over which the
dose-response relationship for the tissue can be
regarded as linear. An example of this may be the
‘rradiation of th~ lung by radioactive particulates.
However, on the basis of theoretical considerations and
of available epidemiological evidence, the ICRP be-
lieves that, for late stochastic effects, the absorption of
a given quantity of radiation energy is ordinarily likely
to be less effective when due to a series of ‘hot spots™
than when uniformly distributed because o' the effect
of high doses in causing the loss of reproductive
capacity or the death of cells. Thus, with particulate
radioactive sources within a tissue, to assess the risk by
assuming a homogeneous dose distribution would
probably overestimate the actual risk. Moreover, for
nonstochastic effects the limited amount of cell loss
that might result at moderate dose levels would be
most unlikely to cause any impairment of organ
function.

For exposure of the skin, either to external sources
or as a result of skin contamination, it is not generallv
appropriate to average the dose equivalent over the
entire skin.

Rate of Dose Accumulation

The ICRP believes that it is sufficient to set annual
dose-equivalent limits and does not recommend any

*Unless specifically qualified, the term “dose equivalent”
refers to the mean doee equivalent over the entire oigan or
tissue.



further restrictions either on the instantaneous rate or
on the rate at which the dose equivalent may be
accumulated, except in the case of occupational
exposure of women of reproductive capacity and
piegnant women.

TISSUES AT RISK

For the purposes of ra( tion protection, it is
necessary to specify a number of organs and tissues
that have to be considered because of their suscepti-
bility to radiation damage, the seriousness of such
damage, and the extent to which this could be
treatable.

Some of the quantitative risk factors are clearly
age- or sex-‘»~endent, as for example those for the
developmeni  breast cancer or for the induction of
hereditary detects. In addition, the risk factors for the
occurrence of malignancies are reduced in older
persons because of the long latent penods involved in
the development of these effects. For these reasons the
total risk from an individual exposure will vary
somewhat with age and with sex, aithough in fact the
variations from the average value for all ages and both
sexes are not considerable. Thus for protection pur-
poses sufficient accuracy is obtaingd by using a single
dose-equivalent limit for each organ or tissue for all
workers regardless of age or sex. These limits, which
are discussed under The System of Dose Limitation,
are based on the average risk levels listed in Table 1 for

Table 1 Risk Factors for Radiation

Protection Purpoies
Risk factor,
Organ or tissue Sv ' Effect
Gonads 107" Hereditary ill health within
first two generations
Red bone marrow 2x10 " Leukemia mortality
Bone S x 10 * Bone cancer mortality
Lung 2x10"" Lu. tcancer mortality
Thyroid Sx 10 * Thy: id cancer mortality
Breast 2.5 x 107" Breast « ‘ncer mortality
All other tissue $x 107" Cancer mortality
Any other single <! x 10 " Cancer monulity
tissue
Uniform whole-body 107* Cancer mortalit,
irradiation
Uniform whole-body 4 x 10 *  Hereditary effects within
irradiation first two generations
Uniform whole-body 8 x 10 *  Hereditary effects in all
irradiation subsequent generations

the various organs or tissues. The same principle applies
also for different members of the general public.

The risk factors for different tissues are based on
the estimated likelihood of inducing fatal malignant
disease, nonstochastic changes, or substantial genetic
defects expressed in liveborn descendants. It is recog-
nized that the appropriate basis for quantifying detri-
ment should include the evaluation of all other forms
of hurt and suffering that may result from exposure.
This problem is the subject of a task group report being
prepared for the ICRP. It appears likely that the forms
of detriment mentioned above would be regarded as
the dominant components of the harm which may be
caused by radiation and those on which risk factors
should most appropriately be based.

Children and Fetuses

Exposure before birth or during childhood may
interfere with subsequent growth and development,
depending on such factors as dose and age at irradia-
tion. Susceptibility to the induction of certain malig-
nancies also appears to be higher during the prenatal
and childhood periods than during adult iife.

Tissues of Low Sensitivity

It is now established that there are various tissues,
such as muscle and adipose ussue, in which the
development of malignancy following irradiation seems
to be very rare, as evidenced by the fact that
epidemiological surveys have so far not shown excess
rates of malignancy in such tissues. For these tissuc:.
dose limitaticn is based on the possibility of vascufar or
other deleterious changes. There may also be some
tissues, for example, those containing nonnucleated
cells, the irradiation of which can be ignored for the
purpose of radiation protection.

Other Effects

Other than the specific effects already discussed,
there is no good evidence of impairment of function of
organs and tissues at the levels of dose normally
encountered in radiation work. The evidence for
life-shortening from effects other than tumor induction
is inconclusive and cannot be used quantitatively.
Moreover, it seems unlikely that anv major hazard
from irradiaiion at recommended levels has been
overlooked, as judged by the evidence from heavily
irradiated populations, observed for periods up to 30
years,
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THE SYSTEM OF DOSE LIMITATION

The ICR? recommends a system of dose limitation,
the main purposes of which are to ensure (1) that no
source of exposure is unjustified in relation to its
benefits or those of any available alternative, (2) that
any necessary exposures are kept as low as is reason-
ably achievable, (3) that the dose equivalents received
do not exceed certain specified limits, and (4) that
allowance is made for future development.

[t may thus be necessary to make subjective value
judgments in order to compare the relative importance
of the costs imposed on human health by radiation
exposure with other economic and social factors. In
this respect, radiation is not unique, and the same
statement could be made in respect to a number of
other agents to which mankind is exposed.

Dose-Equivalent Limits: General

The total absorbed dose rate in most human tissues
from natural radiation is about one-thousandth of a
grey per year, but absorbed dose rates up to one-
hundredth of a gray per year or more have been
reported from certain limited areas of the world.

Man-made modifications of the environment and
man’s activities can increase the “‘normal” exposure to
natural radiation. Examples of this include mining,
flight at high altitudes, and the use of building
materials containing naturally occurring radioactive
nuclides. Even living within a house is often sufficient
to increase radiation exposure because restricted venti-
lat.on tends to lead to an accumulation of radioactive
gases and their decay products.

In radiation protection the Commission's recom-
mended dose-equivalent limits have not been regarded
as applying to, or including, the “normal” levels of
natural radiation, but only as being concerned with
those components of natural radiation that result
from man-made activities or in special environments.

Maoreover, it should be emphasized that, on the
premise that the frequency of radiation effects is
linearly proportional to the dose received. such harm as
may be caused by natural radiation could be regarded
as independent of, and simply additive to, the amount
of harm that may be caused by any of the man-made
practices wnvolving radiation exposure to which the
Commission’s limits apply. In this sense, regional
variations in natural radiation are regarded as involving
a corresponding vanation in det.ment in the same way
as, for example, regional variations in meteorological
conditions or volcanic activity involve differences in
the risk of hanm in different areas. On this basis, there
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is no reason why differences in natural radiation should
affect acceptabie levels of man-made exposure, any
more than differences in other natural risks shouid do.

Medical Exposuras of Patients and
Dose-Equivalent Limits

Medical exposure is, in general, subject to most of
the ICRP's system of dose limitation, that is, unneces-
sary exposures should be avoided; necessary exposures
should be justifiable in terms cf benefits that would
not otherwise have been received; and the doses
actually administered should be limited to the mini-
mum amount consistent with the medical benefit to
*he individual patient. The individual receiving the
exposure is himself the direct recipient of the benefit
resulting from the procedure. For this reason it is not
appropriate to apply the quantitative values of the
Commission’s recommended dose-equivalent limits to
medical exposures. With certain medical exposures, a
very much higher level of risk may in fact be justified
by the benefit derived than by the level judged - the
ICRP to be appropriate for occupations' cxposu e or
for exposure of members of the pukiic.

Dose-Equivalent Limits for Workers

The ICRP believes that for the foreseeable future a
valid method for judging the acceptability of the level.
of nsk in radiation = ork is by comparing this risk with
that for other occup.dons recognized as having high
standards of safety, which are generally considered to
be those in which the average annual mortality due to
occupational hazs ds does not exceed 10 * (Ref. 3).

The Commission believes that the calculated rate at
which fatal malignancies might be induced by occupa-
tional exposure to radiation should not in any case
exceed the occupational fatality rate of industries
recognized as having high standaids of safety.

It should be mentioned that an accidental death
appears to involve an average loss of about 30 years of
life in many industries and to be associated with an
approximately equal total loss of working time from
industrial accidents. A fatal malignancy induced by
occupational exposure to radiation would be expected
to involve the loss of about 10 years of life, owing to
the long latency in the development of such a
condition, without appreciable associated time loss
from accidents.

In many cases of occupational exposure where the
Commission’s system of dose limitation has been
applied, the resultant annual average dose equivalent is



no greater than one-tenth of the annual limit.*
Therefore the application of a douse-equivalent limit
provides much better .otection for the average worker
in the group than that corresponding to the limit. For
example, in the case of uniform exposure of the whole
body, in circumstances where the ICRP’s recommenda-
tions, including the annual dose-equivalent limit of 50
mSv, have been applied, the distribution of the annual
dose equivalents in large occupational groups has been
shown very commonly (2 fit a lognormal function,
with an arithmetic mean of about 5 mSv, and with very
few values approaching the limit. The applicaticn of
the risk factors given in Table 1 to the above mean
dose indicatec that the verage risk in these radiation
occupations is comparable with the average risk in
other safe industries.

Recommended Dose-Equivalznr Limits. The ICRP
recommenda’’ s given in Table 2 are intended to
prevent nonsy hastic effects and to limit the occur-
rence of stoch .tic effects to an acceptable level. The
Commission believes that nonstochastic effects will be
picvented by applying a dose-equivalent limit of 0.5 Sv
(50 rems) in a year to all tissues except the lens, for
which the Commission recommends a limit of 0.3 Sv
(30 rems) in a year, as indicated in Table 2. These
limits apply irrespective of whetiwer the tissues are
exposed singly or together with other organs, and they
are intended to constrain any exposure that fulfills the
limitation of stochastic effects.

For stochastic effe-is the ICRP's recommended
dose limitation is based on the principle that the
should be equal whether the whole body is irradiated
uniformly or whether there s nonuniform irradiation

Table 2 Recommended Annual Dose-Equivalent

Limits
Recommended
limit Application Tissue or organ

0.5 Sv (50 re ns) Workers All tissue except
lens of eye

0.3 Sv (30 rems) Workers Lens of eye

SO mSv (5 rems) Workers Uniform irradiation
of whole body

Individual members  Whole body

5 mSv (0.5 vemb}

50 mSv (§ rems) of the public Any one organ or
tissue including
skin and lens of

eye
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This condition will be met if

; WrHr S Hyp |

where Wy is a weighting factor representing tp2
proporuon of the stochastic risk resulting from the
irradiation of tissue (7) to the total risk when the
whol¢ body is irradiated uniformly; Hy is the annual
dose equivalent in tissue (7)., and M, ; is the
recommended annual dose-equivalent limit for uniform
irradiation of the whole body, i.e., 50 mSv (5 rems).

Table 3 Tissue Weighting Factors

Tissue Weighting factor /W'
Gonads 0.2§
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surfaces 0.03
Remainder 0.30

The values of Wy recommended by the ICRP are
given in Table 3. The value <f Wy for the remaining
tissues requires further clarification. The Commission
currently recommends that a value of Wy =006 is
applicable to each of the five organs or tissues of the
remainder receiving the highest dose equivalents and
that the exposure of all other remaining tissues can be
neglected. (When the gastrointestinal tract is irradiated,
the stomach, small intestine, upper large intestine, and
lower large intestine are treated as four separate
organs.)

Although the ICRP no longer proposes separate
annual dose-equivalent limits for individual tissues nd
organs irradiated singly, the irplied values of such
limits can be obtained, if required, by dividing the
dose-equivalent limit by the relevant value of Wy. Such
values would be subject to the limits, based on
nonstochastic effects, given in Table 2.

Occupational Exposure of Women of Reproductive
Capacity. When women of reproductive capacity are
occupationally exposed under the recommended limits
and when this exposure is received at an app-oximately
regular rate, it is unlikely that any embryo could
receive more than 5 mSv during the first 2 months of
pregnancy. Having regard to the circumstances in
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whia such exposures could occur, the ICRP believes
vat this procedure will provide appropriate protection
during the essential period of organogenesis.

Occupational Exposure of Pregnant Women. It s
likely that any pregnancy of more than 2 months’
duration would have been recognized by the voman
herself or by a physician. The ICRP recommends that,
when pregnancy has been diagnosed, arrangements
should be made to ensure that the woman can continue
to work only where it is most unlikely that the annual
exposures will exceed three-tenths of the dose-
equivalent limits.

Dose-Equivalent Limits for Individual Members of
the Public. Radiation risks are a very minor fraction of
the total number of environmental hazards to which
members of the public are exposed. Thus it seems
reasonable to consider the mapnitude of radiation nsks
to the general public in the light of the public
acceptance of other nsks of evervday life.

An examole of such risks i that ol using public
transport. From a review of available information
related to risks regularly accepted in everyday life, it
can be concluded that the level of acceptability for
fatal nisks to the general public s an order of
magnitude lower than for occupational risks. On this
basis a risk in the range of 10 % to 10 * per vear
would be likely to be acceptable te any individual
member of the public.

The assumption of a total risk of the order of 10 *
Sv ' (Table 1) would imply the restriction of the
lifetime dose to the individual member of the public to
a value that would correspond to 1 mSv per year of
lifelong whole-body exposure. Because the application
of an annual dose-equivalent limit of 5§ mSv to
individual members of the public is likely to result in
average dose equivalents of less than 0.5 mSy, providad
that the practices exposing the public are few and
cause little exposure outside the critical groups, the
ICRP’s recommended whole-body dose-equivalent limit
of 5 mSv (0.5 rem) in a year, as applied to critical
aroups, has been found to provide this degree of safety,
and the Commission recommends its continued use
under the conditions specified in JCRP Publication 26.

In the calculation of the dose equivalent incurred
by members of the public from intake of radionuclides,
account must be taken of differences in organ size or
metabolic charactenstics of children. Data on such
differences are in the report of the task group on
Reference Man (ICRP Publ: ation 23).
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As with workers, an increase in the average dose to
members of the public could result from any large
merease in the number of sources of exposure, ever
though each satisfactorily met the criteria of justifica-
tion and optimization and caused no exposures above
the recommended limits. National and regional authori-
ties should therefore ke under surveillance the
separate contributions from all practices to the average
exposure of the whole population so as to ensure that
no single source or practice contributes an unjustified
amount to the total exposure and tha. no individual
receives undue exposure as a result of membership in a
number of critica! groups.

Exposure of Populations

In these recommendations the ICRP does not
propose  dose limits  for populations. Instead, the
Commission wishes to emphasize that esch man-made
contribution to population exposure has to be justified
by its benefits, and that limits for individual members
of the public refer te the to*al dose equivalent received
from all soutces (except as already noted). The limit
o wtadisnon of @ whole population is thus cleary
seen as the total reached by a summation of minimum
necessary contributions and not as a pennissible total
apparently available for apportionment. Thus the
Commission’s system of dose limitation is likely to
ensure thai the average dose equivelent to the popula-
tion will not exceed 0.5 mSv per vear.

Accidents and Emergencies

Under conditions in which accidental exposures
oecur, questions arise as to what remedial actions niay
be available to limil the subsequent dose. In such cases
the hazard or social cost involved in any remedial
measure must be justified by the reduction of risk that
will result. Because of the great varability of the
circumstances in which remedial action might be
considered, it 15 not possible for the ICRP to recom-
mend “intervention levels” that would be appropriate
for all occasions. The setung of such levels for
particular  circumstances is considered to be the
responsibility of the national authorities. However,
with certain types of accident that are to some extent
foreseeable. it may be possible to gauge, by an analysis
of the costs of the accident and of remedia! action,
levels below which it would not be appropriate to take
action. The Commission’s recommended limits are set
at a level that is thought to be associated with a low
degree of risk; thus, unless a limit were to be ev.eeded
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The value of three-tenths of the basic limits for
occupational exposure is thus a reference level used in
the organization of protection; it is not a limit.

The main aim of the definition of Working Condi-
tion A is to ensure that workers who might otherwise
reach or exceed the dose-equivalent limits are subject
to individual monitoring so that their exposu.-< can be
restricted if necessary. In Working Condition v = di-
vidual monitoring is not necessary, althoug. it may
sometimes be carzied out as a method of confirmation
that conditions are satisfactory.

The practical application of this system of classi-
fication of working conditions is greatly siraplified by
introducing a corresponding system of classification of
workplaces. The minimum requirement is to define
controlled areas where continued operztion would give
rise to Working Condition A and to which access is
limited.

It is sometimes coivenient to specify a further class
of workplace. It is called a “supervised area” and has a
boundary chosen so as to make it most unlikely that
the annual dose equivalents outside the supervised area
will exceed one-tenth of the limits.

There is no simple parallelism between the classifi-
cation of areas and the classification of working
conditions, because the classification of areas takes no
account of the time spent by workers in the area
during the course of the year and because conditions
are rarely uniform throughous an area.

Individual workers are usually classified to simplify
the arrangements for medical supervision and for
individual monitoring. In principle, this can be done in
terms of the class of working conditions in which they
operate, but in practice it almost always must be d sne
in terms of the areas where they work, the type of
work done, and the time to be spent in the area, if this
can be forecast with sufficient reliability.

Provisions for Restricting Exposure

As far as is reasonably practicable, the arrange-
ments for restricting occupational exposure should be
those applied to the s~ ce of radiation and to features
of the workplace. In general, the use of personal
protective equipment should be supplementary to
these more fundamental provisions. The emphasis
should thus be on intrinsic safety in the workplace and
only secondarily on protection that depends on the
worker's own actions.

Since there is no ICRP recommendation on individ-
ual monitoring in Working Condition B (i.e., where it is
most unlikely that the exposure will exceed three-
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tenths of the appropriate dose equivalent, secondary or
derived limits), it is ofter appropriate to use this figure
of three-tenths in setting investigation levels for indi-
vidual monitoring. However, for an investigation level
to be useful, it should be set in relation to a single
measurement, not the accumulated dose equivalent or
intake in a year. In addition, the investigation level
should be based on the fraction of three-tenths of the
limit corresponding to the fraction of a year to which
the individual monitoring measurement refers. The
monitoring is associated with a single event, although
not necessarily a unique one, and the choice of an
investigation level depends on the expectation of the
number of occasions on which similar ev-nts will occur
during the year. In /CRP Publication 10 the ICRP
recommends that the investigation level should corre-
spond to one-twentieth of the annual dose-equivalent
limits, if it is assumed that events requiring @ program
of spec.al monitoring may occur in relation 1o a single
dividual about six times in a year

Although investigation levels are suitabie for initiat-
ing investigations into specific situations, it may be
convenient to record dose equivalents at somewhat
lower levels. The ICRP recommends that the recording
ievels should be based on an annual dose equivalent or
intake of one-tenth of the annual dose-equivalent limit
or intake limit.

For the special case of monitoning of skin, two
situations occur in routine practice. In one situation,
for external radiation, a dose equivalent is measured by
one or two dosimeters, and the results are treated as
representative of the whole skin or of substantial areas
of the skin. No problen of averaging then arises, and
the results are related directly to the relevant dose-
equivalent limit. In the other situation the irradiation
results from surface contcmination on the <kin. Surface
contamination is never uniform and occurs preferen-
tially on certain parts of the body, chiefly the hands.
However. surface skin contamination does not persist
over many weeks and does not always occur again at
exactly the same places. For routine purposes it is
adequate to regard the contamination as being averaged
over areas of about 100 cm? . Routine monitoring for
skin contamination should therefore be interpreted on
this basis and the limit applied to the average dose
equivalent over 100 cm?®.

In accidents or suspected accidents, more detailed
information should be sought on the distribution of
absorbed dose, dose equivalent, or contamination. An
estimate should be made of the average dose equivalent
over 1 ¢cm? in the region of the highest dose equivalent
This dose equivalent should then be compared with the
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Preliminary Dose and Health impact of the Accident
at the Three Mile Island Nuclear Station

The Ad Hoc Population Dose Assessment Group
Nucl. Safety, 20(6) 591-594 (September-October 1979)

[Editor's Note: The Ad Hoc Population Dose Assessment
muwpﬂu«mumummm
Commission, the Department of Health, Edncation, and
Welfare, and the Environmental Protection Agency. This group
has examined the available data for the period following the
accident and has concluded that the off-site collective dose
associated with the radioactive material represents minimal
risks of additional health effects to the off-site population, 8.,
an increase of | cancer death over the 325,000 which would
otherwise be expected. Furthermore, the collective dose will
not be significantly increased by extending the period past
April 7. The 100-page report of the Ad Hoc Group, da:.d
May 10, 1979, is on sale by the Superintendent of Documents,
U.S. Government Printing Office, Washington, D. C. 20402,
Stock Number 017-001-00408-1, Presented here is the sem-
mary and discussion of finaings from that report. |

An interagency team from the Nucwar Regulatory
Commission (NRC), the Department of Health, Educa-
tion, and Welfare, and the Environmental Protection
Agency has estimated the rollective radiation dose
received by the approximately 2 million people resid-
ing within SO miles of the Three Mile Island Nuclear
Station resulting from the accident of March 28, 1979.
The estimates are for the penod from March J
through April 7, 1979, during which releases occurred
that resulted in exposure to the off-site population.
The principal dose estimate is based on ground-evel
radiation measurements from thermoluminescent
dosimeters located within 15 miles of the site. These
estimates assume that the accumulated exposure
recorded by the dosimeters was from gamma radiation
(ie.. penetrating radiation that contributes dose 1o the
internal body organs). The data were obtained from
dosimeters placed by Metropolitan Edison Company
before the accident fas part of their normal environ-
mental surveillance program), from dosimeters placed
by Metropolitan Edison after the accident and covering
the period to April 6, and from dosimeters placed by
NRC from noon of March 31 through the afteroon of
April 7, 1979, These measurement programs are con-
tinuing. The results for the period beyond April 7,
1979, have not been fully examined. An additional
dose estimate developed by the Department of Energy
(DOL) using acrial monitoring that commenced about
4 p.m. on March 28, 1979, is also included. A variety

of other data helpful in assessing relatively minor
components of collective dose was also reviewed.

The collective dose to the total population within a
50.mile radius of the plant has been estimated to be
3300 | rson-rems. This is an average of four separate
estimates that are 1600, 2800, 3300. and 5300
person-rems. The range of the collective dose values is
due to different methods of extrapolating from the
limited number of dosimeter measurements. An esti-
mate provided by DOE (2000 person-rems) also falls
within this range. The average dose to an individual in
this population is 1.5 mrems (using the 3300 person-
rems average value).

The projected number of excess fatal cancers due
to the accident that could occur over the remaining
lifetime of the population within 50 miles is approxi-
mately one. Had the accident not occurred, the
number of fatal cancers that would be normally
expected in a population of this size over its remaining
lifetime is estimated to be 325,000. The projected total
number of excess health effects, including all cases of
cancer (fatal and nonfatal) and genetic ill health to all
future generations, is approximately two.

These health-effects estimates were derived from
central risk estimates within the ranges presented in the
1972 report of the Adv.ssory Committee on the
Biological Effects of lonizing Radiation (BEIR) of the
National Academy of Sciences. Preliminary informa-
tion on the recently updated version of this report
indicates that these estimates will not be significantly
changed.

It should be noted that there exist a few members
of the scientific community who believe the risk
factors may be as much as 2 to 10 times greater than
the estimates of the 1972 BEIR report. There also is a
minority of the scientific community who believe that
the estimates in the 1972 BEIR report are 2 to 10
times larger than they should be for low doses of
gamma and beta radiation.

The maximum dose that an individual located off
site in a populated area might receive is less than 100
mrems. This estimate is based on the cumulative dose
(83 mrems) recorded by an off-site dosimeter at 0.5
mile east-northeast of the site and assumes that the



individual remained outdoors at that location for the
entire period from Maich 28 through April 7. The
estimated dose applies only to individuals in the
immediate vicinity of the dosimeter site. The potential
risk of fatal cancer to an individual receiving a dose of
100 mrems is about 1 in 50,000. This should be
compared to the nomal risk to that individual of fatal
cancer from all causes of about | in 7.

An individual was identified who had been on an
island (Hill Island) 1.1 miles north-northwest of the
site during a part of the period of higher exposure. The
best estimate of the dose to this individual for the
10-h period he was on Hill Island (March 28 and
March 29)is 37 mrems.

A number of questions concerning this analysis are
posed and briefly answered below. More detailed
discussions are included in the body of the report.

What radionuclides were in the environment?

The principal radionuclides released to the environ-
ment were the radioactive xenons and some '*'I.
Measurements made by DOE in the environme ..,
measurement of the contents of the waste gas tanks, of
the gases in the containment buildirg, and the actual
gas released to the environment confirmed that the
principa! radionuclide released was '??Xe. Xenon-133
15 & noble gas (which is chemically nonreactive) and
does not persist in the environment after it disperses in
the air, It has a short half-life of 5.3 days and produces
both gamma and beta radiation. The risk to people
from '?*Xe is primarily from external exposure to the
gamma radiation, which penetrates the body and
exposes the internal organs.

What were the highest radiation exposures
measured outside the plant buildings?

Some of the Metropolitan Edison dosimeters
located on or near the Three Mile Island Nuclear
Station site during the first day of the accident
recorded net cumulative doses as high as 1020 mrems.
These recorded exposure readings do not apply directly
to individuals located off site. However, the on-site
dosimeter readings were included in the procedure for
projecting doses to the off-site population. This proce-
dure 1s described in the report.

What is meant by cc ' tive dose (person-rem)?

The collective dose is a measure of the total
radiation dose which was received by the entire
population within a 50-mile radius of the Three Mile

Island site. It is obtained by multiplying the number of
people in a given area by the dose estimated for that
area and adding all these contributions.

Were the radiation measurements adequate
to determine population health effects?

The extensive environmenta' monitoring an! food
sampling were adequate to characterize the natu:e of

the radionuclides released and the conceatrations of
radionuclides in those media. The measurements
performed by DOE (aerial survey) and Metropolitan
Edison and NRC (ground-level dosimete s) are suf-
ficient to characterize the magnituue of *..e collective
dose and therefore the long-term health effects. How-
ever, a single precise value for the collective dose
cannot be assigned because of the limited number of
fixed groundlevel dosimeters deployed during the
accident.

How conservative were the collective
dose estimates?

In proiecting the collective dose from the ther-
moluminescent dosimeter exposures, several simplify-
ing assumptions were made that ignored factors that
are known to reduce exposure. In each case, these
assumptions introduced significant overestimates of
actual doses to the population. This was done to ensure
that the estimates erred on the high side. The three
main factors that iall into this category are:

1. No reduction was made to account for shielding
by buildings when people remained indoors.

2.No reduction was made to account for the
population known to have relocated from areas close
to the nuclear powcr-plant site as recommended by the
governor of Pennsylvania, or who otherwise left the
area.

3. No reduction was made to account for the fact
thai the actual dose absorbed by the internal body
organs is less than the dose assumed using the net
dosimeter exposure.

What is the contribution of beta radiation to
the total dose?

Beta radiation contributes to radiation dose by
inhalation and skin absorption. The total beta plus
gamma radiation dose to the skin from '**Xe is
estimated to be about 4 times the dose to the internal
body organs from gamma radiation. This additional
skin dose could result in a small increase in the total



potential health effects (about 0.2 health effeci) due to
skin cancer, The increase in total fatal cancers over that
estimated for extemal exposure from gamma radiation
alone would be about 0.01 fatal skin cancer. This
contribution would be considerably decreased by
clothing. The dose to the lungs from inhalation of
133 Xe for both beta and gamma radiation increases the
dose to the lungs by 6% over that received by external

exposure.

What radionuclides were found in milk and food
and what are their significance’?

lodine-131 was detected in milk samples during the
period March 31 through Aprl 4. The maximum con-
centration measured in milk (41 pCi/liter in goat’s
milk, 36 pCifliter in cow’s milk) was 300 umes iower
than the level at which the Food and Drug Administra-
tion (FDA) would recommend that cows be removed
from contaminated pasture, Cesium-137 was also
detected in milk, but at concentrations expected from
residual fallout from previous atmospheric weapons
testing. No reactor-produced radioactivity has been
found in any of the 377 food samples collected
between March 29 and April 30 by the FDA.

Why have the estimates of radiation dose changed?

The onginal Ad Hoc Group estimate of collective
dose (1800 person-rems) presented on April 4 at the
hearings before the Senate Subcommittee on Health
and Scientfic Research coverea the period from
March 28 through April 2. The data used for this
estimate were obtained from preliminary results for
Metropolitan Edison off-site dosimeters for the period
March 28 through March 31 and preliminary results for
NRC dosimeters for April 1 and 2. On April 10 the
estimate of 2500 person-rems presented to the Senate
Subcommittee on Nuclear Regulation by NRC Chair-
man Hendrie included the time period from March 28
through April 7. The data base for this estimate
included additional NRC dosimetry results for Apnl 3
through 7. The Ad Hoc Group’s preliminary report of
April 15 stated a value of 3500 person-rems for the
time period from March 28 *hrough April 7. This value
resulted from better information on the dosimeter
measurements and an improved procedure for analyz-
ing the measurements.
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The current repe .« states an average value of 3300
person-rems (with a range of 1600 to 5300 person-
rems) for the time period from March 28 through
April 7. Additional dosimeter data were available and
better methods were used to determine the collective
dose, Also, the on-site dosimeter measurements = - all
included in the analysis.

The originral estimate of maximum dose
(80 mrems) to an individual presented on Aprnl4
increased to 85 mrems in the April 15 preliminary
report as a consequence of adding the contribution
from April 2 to April 7. This es.imate has now been
revised slightly to 83 mrems, which is presented as less
than 100 mrems so as not to imply more precision than
this estimate warrants. New information on dosimeter
readings on or very near the site was received after the
initial analysis. It was also learned that an individual
was present on one of the nearby islands (Hill Island)
for a total of 10h during the period March 28 to
March 29. The best estimate of the dose that may have
been received by the individual is 37 mrems. The text
includes a range of dose estimates for that individual.

Will these estimates of dose change again?

The dose and health effects estimates contained in
this report are based on the dosimeter results for the
period March 28 to April 7, 1979. There still remain
some questions concerning interpretatior of the dosim-
eter results. For example, the best values for subtract-
ing background from the NRC dosimeters have not
been determined. Recently available data from addi-
tional dosimeters exposed during the March 28 1o
April 7 period have been reviewed briefly but could
not be included in the calculations in time for this
report. The actual contribution to collective dose from
the period after April 7, if any, has not been fully
assessed. Therefore the numerical dose values may be
subject to some modification.

The Ad Hoc Group feels that these factors
represent only minor corrections to the present esti-
mates. In any case, none of the above refinements
should cause an increase in any of the current estimates
that would alter the basic conclusion regarding the
health impact due to the Three Mile Island accident.



101

Effects of Low-Level Radiation: A Critical Review

V. E Archer*
Nucl Safety, 21(1) 68-82 (January-February 1980)

[Editor's Note: In view of the continuing controversy concem-
ing the biological effects of low-level radiation, the editors
asked Dr. Archer 1o summarize the literature in the field. If the
extensive data on mammals taken at high doses and dose rates

are extrapolated linearty to dose rates near background levels,
the effect: are so small as 10 make statistically meaningful
experiments impossible. If, however, low doses are much more
effective on a per rem basis, then low-dose effects may be
observable. Dr. Archer is of the opinion that he and other
investigaturs have probably observed such effects. Although we
have reservations about the vatidity of that conclusion, we are
pleased to publish this comp’ cnensive survey of the literature. |

Abstract: Both negative and positive reports on the zffects on
man of lowdose and protracted radiotion exposures are
reviewed. Such effects are observable only in large populations
by epidemiological tech~ wes. Although not conclusive, there
is considerable evider = to support the hypothesis that
background rediation ana . tificial radiation in comparable
doses probably have detectable ffects on man. Ce “ginly this is
the prudent conclusion to re.ch. This = “hat nuclear
power should be assessed on the basis of ris —nefir, The
same type of as:essment should be appliec to vanuclear
POWer Sotrces.

Public opposition to the siting of nuclear power plants
has become an important issue. Such opposition is
based in part on a fear that environmental release of
radionuclides would iead to cancer and genetic damage
in the surrounding population. Is that fear justified?
Does it reflect a nebulous fear of a new and unfamiliar
hazard, or does it reficc: a lack of faith in pubhc
officials who state that such facilities are safe? It
probably reflects a little of both.

This review relates only to the effects of low-level
radiation which might be associated with the normal
operation of nuclear facilities, not to the possibility of
sabotage, theft, or accidentai release of radioactive
material.

There is no question that ionizing radiation in
sufficient dosage can causs a variety of somatic and
genetic effects.'™® Many of these same effects cre
thought to also occur following low-level (below
current exposure standards and near background)
exposures ** The principal difference postulated is
that, at low levels, the frequency of the effect is so low
that it cannot easily be differentiated from normal

disease * It is impractical to use a sufficient number of
experimental animals for such testing. However, sufti-
cient numbers of people have been exposed at different
levels of radiation so that sensitive epidemiological
techniques might reveal effects.

Most types of injury which might be caused by low
levels of ionizing radiation involve the genetic appara-
tus of ceils.” Such injury to somatic cells may result in
a variety of malignant diseases (leukemia, carcinoma,
or sarcoma of any organ); to germ cells it may result in
harmful mutations (congenital malformations and in-
creased neonatal or fetal mortality). One characteristic
of such injury to man is the long time between the
occurrence of the injury and its manifestation. Indu-ed
dominant mutations may be seen in the first generation
(but they are rare), the more common recessive
mutations may not be evident foi many generations;
induced cancers may not appear for years or decades ®
In chronic exposures the lower the exposure rat- |, the
longer is this latent period.'® Such time de’ ,s pose a
difficult problem for epidemiology. They may also
contribute a false sense of security secause negative
results are certain to be obtained when studies of
exposed populations are made within 10 or 15 years
after initiation of exposure. Two approaches—
evaluation of chromosome aberrations'' and watching
infant mortality' ?+' > have been proposed as sensi-
tive methods of circumventing the characteristically
long latent periods. Their value for this purpose,
however, has not yet been proven.

This review does not include results from high
exposure studies, since they have been adequately
reviewed elsewhere.'™ Those studies which sought to
observe effects at low levels of exposure are reviewed
below by groups.

*Dr. Victor E. Archer is an epidemi logist with the
National Institute for Occupational Saf ty and Health
(NIOSH). For the past 22 years he has condu ited epidemiolog-
ical studies on uranium miners and other oo upational groups.
He received his M.D. degree from Nort*v. *“~rn University
Medical School in 1 949. Prior to his employment at NIOSH, he
worked in other Public Health Service research activities,
including the National Institutes of Health where he was
Radiation Safety Officer for 4 years.
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NUCLEAR FACILITIES
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OTHER STUDIES RELATED TO
NUCLEAR FACILITIES

Several studies examined infant and neonatal mor-
tality rates. Tompkins etal'? used quadrants of
concentric bands about three nuclear plants to permit
consideration of prevailing wind direction. Neonatal
mortality rates were determined in S-year groups. No
association was found between operation of the facility
and the mortality data. DeGroot®* sought a relation
between annual infant mortality by counties and
effluent releases from four nuclear reactors using
regression analysis. No association was found between
the mortality and the effluent relelises. Sternglass,'?
by selecting data from certain years and locations,
claimed to demons’.ate increased infant mortality in
counties or states aear nuclear plants. His conclusions,
however, are uoubtful, since, in addition to his
selectivity, he failed to take into account normal
statistical fluctuations, demographic variables, growth
rates of developing areas, or local trends in infant
mortality. Grahn®*® examined cancer mortality in eight
counties surrounding a nuclear plant. He considered
socioeconoraic and demographic changes since 1950
and compared mortality for 10 years before and
9 years after the plant started oprating. No associa-
tions between cancer mortality and the plant were
found. Tokuhata et al.®® compared death rates for
leukemia. other neoplasms, and fetal and infant mortal-
ity rates in communities near a nuclear power plant
with those in more distant ones. They found no
associations between the mortality rates and the
nuclear plant. Because of the many factors influencing
fetal mortality, it is probably an insensitive indicator of
radiation effect in man. Malignant-chsease mortality
associations in those studies were not only done in an
insensitive manner, but were probably premature be-
cause of the prolonged latent period for radiation-

induced cancer.
There have been four reports on mortality at Oak

Ridge, Tenn.*”"*® Moshman and Holland®” calculated
age-standardized cancer-incidence rates that were gen-
erally lower than expected, presumably because most
residents of Oak Ridge were immigrants who had been
selected because they were young, healthy, and had
specified skills (healthy-worker effect). Larson et al.*®
calculated expected deaths in three ruclear plants from
1950 to 1965 and compared them to observed deaths.
Again, observed deaths were considerably lower than
the expected deaths. Scott etal.®® compared the
mortality of those who worked with uranium at Oak
Ridge National Laboratory and those wno did rot.
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They compared mortality in the two groups from 1941
to 1969 and found that both groups had lower than
expected mortality but that the uranium workers had a
lower mortality than did the non-uranium workers. Itis
not clear that those who work with uranium had the
higher radiation exposures, although there were more
clerical workers in the non-uranium group. Patrick*®
compared expected deaths with various specific age-
adjusted causes of deaths occurring in the city of Oak
Ridge and the two counties in which the nuclear
facilities are located for the 1950 to 1969 period, using
two approaches. The first compared mortality for the
14 years prior to establishment of the facility with
mortality for the subsequent 29-year period. Several
defects in this trend analysis were noted, but no
significant differences in mortality trends were found
between these three areas and the state of Tennessee.
In the second approach, age-adjusted mortality for all
cancer and for selected sites for the period 1950 to
1969 was compared to the expected rates for the two
counties. The sexes and two racial groupings were
analyzed separately. With the exception of leukemia
and lung cancer among black females, there were no
statistically significant differences between the ob-
served mortality rates and the expected mortality rates
in these two counties for total cancer, for ieukemia, or
for cancer of the lung, bone, or thyroid. The two
significant findings were based on only two cases for
each of the two cancer sites. It is not known whether
these four individuals worked at the nuclear plants.

These four studies are best noted for the insensitive
methods employed. Large groups of unexposed persons
or recently hired individuals were included with ex-
posed persons when comparisons were made. In some,
the healthy-worker effect was ignored. In all but the
study by Patrick, there was no attempt to look at
specific causes of death. In only one of them was
consideration given to the latent period; i.e., the deaths
for the years when no excess cancers from radiation
could be expected were combined with the deaths for
later years when some might be expected.

Voelz et al*' compared the expec a rates for
cance: of selected sites with those observed tor white
males in Los Alamos County, most of whose residents
are associated with the nuclear facility. There was a
possible excess of malignant disease of the lymphatic
and hematopoietic tissues and of the digestive tract.
The radiation exposures of those individuals with
malignant disease were not known. This situation is
being studied further.






due to inadequate methodology than to an abrrce of
effect. Probably their most serious problem vsas in
assessing exposure. When the population is mobile, an
estimate of cumulative lifetime exposure for purents is
likely to be much more important than an esfimate of
current exposure. Othe. problems may have been
inad-7uate birth records, inadequate population size,
and insensitive measuring parameters such s sex ratio,
total congenital anomalies, or t¢ al neonatal deaths.

Studies that reported positive associat.on between
background radiation and an observable eifect are of
varying quality and cover several differert effects.
Kochupillai et al. ** reported an elevated rate of
Down's syndrome and relatea congenital abno, maiitie;
among a population living on thorium sands. Bar.insk
etal ** Gopal-Ayengar et al.*¢ Kochupillai et al **
and Verma etal®’ reported increased chromosome
aberrations in cultured lymphocytes among human
populations or in plants living on thoriurn sands.
Pincet®® reported a correlation between human mor-
tality due to tumors and natural radinac’wity in food
and water. Gentry etal®® reported an association
between the incidence of congenital ma formations and
geologic formations ranked by their estimated content
of radioactive material. Plewaetal.”® reported a
corielation between levels of background radiation and
leukemia in Poland. Novak et al.”" found an associa-
tion between the incidence of malignant tumors and
area measuiements of gamma radiation in a Yugo-
“lavian province. Wesley®? noted a correlation between
the incidence of fatal congenital malformations and
horizontal geomagnetic flux (HGF).

Since the HGF tends to divert charged particles
(primary cosmic radiation) away from the geomagnetic
equator tov.ard the geomagnetic poles, where the HGF
is weakest, it may be regarded as a surrogate measure
of cosmic radiation. Elwood,”? in a multiple-
correlation study, noted strong correlations between
both latitude and longitude and the rate of anen-
cephaly in Canadian cities. Archer®® reanalyzed his
data, showing that the primary correlation was prob-
ably with HGF and cosmic radiation. Archer®” also
showed a correlation between the cancer rate for a
number of organs and HGF. He divided malignancy of
various cancer sites into conforming and nonconform-
ing sites. Cancer of the kidney throughout the world
was shown to have a strong association with HGF *?
Since cosmic radiation had been carefully measured at
several sites in the United States, Archer calculated
total background radiation and showed a strong corre-
lation with the rates for cancer of the kidney and
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breast, averaged from six adjacent counties. Mortality
from congenital abnormalities was similarly associ-
ated.’® Since cosmic radiation increases with altitude
above sea level, Archer compared the rates for cancer
of several sites in Colorado (the highest state) with the
average rate for 10 other states which have about the
same HGF but are at lower elevations. The rates for
cancer of conforming sites were significantly higher in
Colorado than in the other 10 states®® Because
variations in the gamma component did not seem to be
large enough to account for the biological d:ifferences
noted, Archer postulated that the high LET com-
ponent (neutrons, pions, and alpha particles) of back-
ground radiation might be the most important factor in
inducing cancer and congenital anomalies. The reason-
ing was (1)the efficiency of gamma radiation in
inducing effects such as mutations and cancer declines
with decreasing dose, whereas the efficiency of high
LET radiation do=s not decrease and may increase at
low doses and dose rates”*”* and (2) the high LET
component changes more with geomagnetic latitude
than does the low LET component.”® 3ince the
cosmic-ray component is not the largest component of
background radiation and its variation with HGF and
latitude is not very great, Archer estimated that a
majority of the cancers of conforming sites would have
to be caused by background radiation for this effect to
be apparent *?

Axelson and Edling”” reported a preliminary case-
control study in which persons living in rural stone or
brick houses with basements were found to have a
higher rate of lung cancer than persons living in wood
house* without basements. The difference was attrib-
uted 1o the fact that lower levels of radon were found
in the wood houses. Cigarette smoking was not fully
investigated, but there was 0 reason to think that
smoking patterns we-c associated with the type of
dwelling. Ujeno”™ found an association between mea-
sured background radiation and stomach cancer as wel!
as total cancer in Japan, but not with cancer of the
lung, pancreas, large bowel, breast, or uterus. However,
he was unable to consider age differences, migration,
standards of medical care, or urban—rural differences.

The above studies that found an association be-
tween background radiation and a biological effect can
be criticized for not hazving considered all relevant
factors. Epidemiological studies rarely can. For in-
stance, the reports on chromosome studies, congenital
anomalies, and cancer rates did not consider possible
differences in exposure to medical X rays or socioeco-
nomic differences between populations. Gentry used a



rather poor index of background radiation; Plewa,
Gentry, and Novak used rather insensitive indicators of
radiation injury. Fur the associations of congenital
anomalies and can::: deaths with HGF found by
Wesley and Archer, it should be noted that there are a
number of other environmental factors that also vary
in the north-south direction. Mean annual tempera-
ture, for instance, varies similarly and was shown by
Lea’® to have a similar correlation with breast cancer.
In view of the many uncontrolled variables, which are
likely to confuse things and result in negative rather
than pouitive findings, as well as the relatively small
ditferences in radiation exposure, it is surprising that so
many of these studies had positive results.

STUDIES OF THE EFFECTS OF
DIAGNOSTIC X RAY ON MAN

Because of the relatively la.ge radiation doses
involved, it is not surprising that increased rates of
malignant disease were found among patients who had
received therapeutic doses of X rays*®*' and among
radiologists.®? However, radiation doses from diag-
nostic X-ray procedures are much lower, on the order
of 0.05 to Srads. The relation of these doses to
background radiation may be seen by comparing them
to the estimate that the average person would receive
about 100 mrems from background radiation per year,
or about 7 rems during his lifetime.

Increased rates of cancer and leukemia were found
among children who received radiation in utero when
their mothers had diagnostic X rays for obstetrical
reasons.*? Stewart**** showed that there was not
only an increase in cancer rates, but also the cancer
rate was directly proportional to the number of X-ray
films that had been taken. These observations have
been supported by a number of studies which found
associations between leukemia and diagnostic X-ray
exposure of the fetus®*®* and among adults **'°°
Some of them also reported a similar association for
preconception exposure of the mother’s
ovaries ******!  One reported a change in menstrual
problems and pregnancy rates among females when
they had been exposed inutero to diagnostic
X ray.'®' One reported the identification of a high-
risk subgroup.®' Bross et al.' ®? used these subgroups,
along with a statistical model, to calculate the risk
from exposure to X ray at doses below 5 rads*®:'°?
They concluded that previous estimates of risk from
diagnostic X ray were low by a factor of 10. This
approach has been strongly criticized by Boice and
Land' ®® on the grounds that estimates were treated as

106

known constants and that “incorrect statistical manip-
ulations” were used in connection with the complex
model. Their reanalysis, however, confirmed an associa-
tion of excess leukemia with diagnostic X-ray exposure
of adults.' °?

Four studies either ha.! equivc.al ~esults or failed
to find ¢« 2ssociation between leukemia and diagnostic
X ray.' ©*'?7 It is likely that the populations in these
studies were too small or there was too small a dose to
reticuloendothelial tissue to exp.ct positive results

Increased rates of breast cancer have been re-
peatedly found among women following fluoroscopic
examinations.' ¢ '% A dose-response relation, which
is probably linear, has been shown.'®"''% A number
of studies seeking an association between Down’s
syndrome (mongoh..n» and diagnostic X ray of »a-
tients were reviewed in 1970 by Wald et al..''" who
concluded that radiation might be an important cause
of Down's syndrome, but that more studies were
needed. Their principal reservation was due to the fact
that an excess of Down's syndrome had not been
observed among the offspring of Japanese A-bomb
survivors.''? However, since then, three excellent
studies, which considered known variables, have all
found the association: Cohen and Lilienfeld''* found
that mothers who had been X-rayed had 1.5 times the
usual risk of having a child with Down's. Alberman
etal.''* matched 465 parents of children with Down’s
with controls on age and time of birth. They found no
excess of X-ray exposure among fathers, but there was
a statistically significant excess of X.ray exposure
among mothers o: children with Down’s when the
X rays were received more than 10 years before
conception. They concluded that recent radiation and
radiation of fathers had little effect but that distant
maternal radiation was quite important—that 2 rads
would approximately double the risk of having a child
with Down’s ‘yndrome. Uchida,'' ¥ using a prospective
method, found eight cases of Down's among uic
children of women who had abdominal X rays vs. one
among controls—a statistically significant excess.

Alberman et al.,''® using a case-control technigue,
compared the amount of chromosomal aberrations and
radiation received by 845 mothers who had spontane-
ous abortions with matched mothers who had live
births. The mothers who had aboruons received signifi-
cantly more diagnostic radiation than the controls.
About one-fourth of the aborted fetuses had abnormal
chromosomes. Mothers of the fetuses that had ab-
normal chromosomes received significantly more radia-
tion than the controls.



Changes in the sex ratio of human offspring
associated with parental exposure has been
reported a number of tir ~s,"" 7' *® but this ratio is
considered to be a pcor indicator of radiation effect in
man because of the many variables (parental age, birth
order, etc.) known to affect it.'?" Experimental data
from animals have been used to predict genetic effects
in man.* Generally, all radiatior that reaches repro-
ductive tissues is regarded as harmful, and induced
mutations are proportional to the dose. One exception
is that low LET raditti ons have a decreased effective-
ness at low dose rates.® This decreased effectiveness
may be the result of DNA repair mechanisms,'?’
which seem to be partially effective against damage
from low LET radiation but less effective against
damage from: high LET radiation. Such repair mecha-
nisms, plus evidence from A-bomb survivors and animal
experiments, have led some observers to conclude that
there is little or no genetic injury to man at or near the
usual environmental levels of radiation. ' ??

Jablon and Miller' **1%% in two reports compared
the -ause of monality of 6560 army radiological
technologists with that for other kinds of medical
technologists. The radiological technologists during
training had practiced radiologic techniques on each
other but averaged less than 3 years as such tech-
nmicians. o stadstically significant differénces for
individual sites of cancer or for deaths from other
causes were noted when comparisons were made with
the general population, but there was excess respira-
tory cancer among those exposed to radiation when
the two groups were compared in the first report. In
the second report this difference had disappeared, but
there was a trend toward excess leukemia among the
technologists exposed to radiation. Comparative ciga-
rette smoking information on the two groups was not
available
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A general lifesshortening effect was noted among
American roentgenologists, which was only partly due
to excess malignant diseese.'?*'?® This was attrib
uted to occupational exposure to radiation which was
poorly quantitated. Other studies have confirmed the
excess malignant disease among medical radiation
workers 2241 27-130

OTHER REPORTS ON LOW-LEVEL
EFFECTS

Chromosome aberrations in cultured lymphocytes
have been found in workers exposed to quite low levels

of external radiation'''?' and to internal radiation
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substantially below present permissible levels,!32~!3%
Although the .tudy of chromosome aberration has
replaced other blood studies for the detection of
low-level-exposure effects, counting binucleated
lymphocytes' *¢'*® and other parameters showed
effects at quite " w levels.'** Although ch-omosome
aberrations induced b, raciation in blood cells are not
harmful in tnemselves, they almost certainly reflect
similar injury in other bod  cells. This type of injury to
nuclear proteins is thought to be the basic mechanism
for caucer induction. However, a definite relation
between chromosome aberrations in blood cells and
subsequent cancer has not been established.

Increased rates of lung cancer have been reported
among underground miners exposed to radon daughter
levels little above those encountered in many
dwellings.'*®"'** An increased mortality rate from
childhood leukemia has been noted in Utah following
exposure to fallout from nuclear weapons.'*® Al-
though there is dispute as to the magnitude of
radiation exposwes, it appears to have beea below
10 rads. Although etiology has not been firmly estab-
lished, this observation appears to be consistent with
the findings from diagnostic X ray noted above.

A biological effect on cell cultures at the surpris-
ingly low dose of 0.3 to 2 mrads/h for 24 to 72 h was
found in cultures of Chiorella." *® They lost synchrony
of multiplication at these exposures while controls did
not. A somewhat similar study noted increased prolif
eration of Paramecium attributed to background radia-
tion.'*” Increased chromosomal nondisjunction was
found in aged mice at doses of 5 rads.'*® Two studies
have reported findings in wild animals which suggested
an effect from naturally occursing radiation ex-
posures.'**1 5% In 3 review, Grahn'®' noted several
apimal studies in which low-level radiation appeared to
have been beneficial.

DISCUSSICN

There is a surpnsingly large volume of data in the
literature on effscts of low levels of ionizing radiation
in man. However, quantitative effects at low levels are
generally obtained by downward extrapolation from
atomic bomb survivors or other groups with relatively
high exposures.® Data from the atomic bomb survivors
in Japan have given us muci .aformation on radiation
effects, but the application of these data to the present
subject is limited for two reasons: (1) the dose rate was
extremely high—at the opposite extreme from envi-
ronmental radiation, an? (2) the extreme stress on
survivors of the blast undoubtedly resulted in many






those which considered more of the pertinent and
possibly interfering variables, which used the more
sensitive techniques, and which focused on specific
effects rather than on broader ones such as total cancer
or neonatal mortality rates,

Epidemiological mechods appear to be the only
way to approach the effects of low-level radiation on
man. Such methods can rarely be used to “prove” a
cause-and-effect relation because the epidemiologist
can never control all possible variables as can be done
in animal experiments, However, the large numbers of
subjects with which he can deal usually minimize the
effects or such variables. If they are varying randomly
while the radiation exposure and effects are not, then
all the uncontrolled variables do is decrease the
sensitivity of the method. However, there is always the
possibility that some uncontrolled vanable will not
vary randomly bat will vary with the parameter one is
measuring. This could result in spurious positive
results. It is for this reason that little reliance ~n be
placed on any single positive result. However, since the
number of ways in which the problem has been
ipproached has increased and has yielded positive
results, one’s confidence in the reality of observable
effects in man from small exposures to ionizing
radiation must increase.

One must realize that all of the earth’s animals
evolved in a radiation environment. Some of the
background radiation effects may have been helpful
(such as speeding up evolutionary changes), but most
have probably been harmful. It is not likely that
harmful radiation effects have appeared only with the
onset of the atomic age. They are neither new nor
different. We have always lived with them, just as we
have always lived with injury from accidents and
infectious disease. Just as we have developed immuno-
logic resistance against infectious disease, we have also
developed resistance to radiation, as noted above. It i
unreasonable to ask that any industry eliminate all
accidental injuries or to never allow anyone to develop
pneumonia, It is equally unreasonable to ask that all
radiation injury be eliminated, It has seemed reason-
able to some people only because radiation injury has
been recognized recenily; it appeared to them to be a
new and different plague visited on us by man's new
technology. Most health risks are accepted reluctantly,
although a few (like those from alcohol, cigarettes, and
fast cars) are accepted willingly. Certainly, if the risk to
workers in an industry is high and cannot be reduced
to reasonable levels, the industry should be prohibited
unless its benefits are very great. But when risks from
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accidents, radiation, etc., can be reduced to low levels,
the most that can be asked of any industry is that it
exert its best efforts to keep the risks minimal. The
public must realize that radiation is not something new
and different that should be forbidden, but an old
antagonist that we long ago learned to live with——just

as we have learned to live with bacteria and viruses.
Some of the studies noted above, especially those

of Marks etal.?® and Sanders,® serve to put the
hazard from ionizing radiation in perspective. Regard-
less of whether one agrees with their conclusions, it is
apparent that the effect of occupationally acquired
ionizing radiation on the Hanford population has been
very small. This is true even though more sensitive
analytical methods may demonstrate an effect from
radiation in that population. It is important that we
maintain a reasonable perspective on radiation effects.
One way of doing this is to calculate the expected
radiation effects from occupational exposure and
compare those effects with other commonly recog-
nized\ hazards.'®™"7? Using this approach, Pochin
calculated that an exposure of 4 mrems/year (his
estimate of the average dose per person from 1 kW of
nuclear power) woulc res.It in about the same degree
of health nsk to an indiridual as that incurred by
smoking one cigarette every two years or driving 64 km
in a private auto each year.' ®7 These comparisons may
seem absurd, but they do serve to put radiation risks
from nuclear power in perspective. The risk of lung
cancer from radioactive materials (radium, etc.) re-
leased to the atmosphere from a coal-fired power plant
has been calculated to be 400 times greater than the
risks incurred from using a plutonium breeder reactor
of equivalent size.'7? The total health risks incurred
from coal-fired power plants was ~lated to be
substantially greater than those incu. . from equal
amounts of electricity proauced by means of nuclear
reactors or natural gas.' 73

'se estimates are based on linear extrapolation
¢ :d and do not consider possible effects from
disc.iers that might occur from earthquakes, lightaing,
sabotage nuclear accidents, theft of fissionable mate-
rial, nuclear war, or inadequate disposal of radioactive
waste. Such possibilities can be minimized by special
precautions, but they cannot be climinated. One can
quarrel with the actual quantitative risk estimates
obtained by these authors, and the numbers may be
changed somewhat with additional quantitative knowl-
edge on reactor emissions, on effects of low levels of
radiation, and on the effect of air pollutants from coal
burning, but they are most likely correct within an



order of magnitude if one ignores the possibility of a
large-scale nuclear accident. They serve the purpose of
removing radiation hazards from the caiegory of a
nebulous unknown danger and putting such hazards in
terms that can be understood.

If one considers the risk of large-scale nuclear
accidents separately and considers that the published
risk estimates are approximately correct, it is apparent
that the small release of radioactive matenals from the
normal operations of nuclear reactors will cause little
human injury when compared to the risk from other
commonly accepted health risks—such as the risks
incurred from automobile driving, cigarette smoking,
and the buming of coal for heat or electricity.
However, further research is needed on the effects of
low levels of radiation as well as on the risk of nuclear
accidents.
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Some Observational Bases for Estimating the
Oncogenic Effects of lonizing Radiation

J. R Totter"
Nucl. Safety, 21(1). 83-94 (January-February 1980)

Abstract: Data extracted from several studies on human
subjects who received partial or whole-body exposures to
ionizing radiation are presented. The use of these data to
estimate the expected mortality from whole-body irradiation is
discussed. The interp -tations of rhe results from retrospective
case-control studies, as exemplified by the Oxford survey of
childhood cancers, are critically reviewed. It is found that the
Oxford data of 1972 do not support conventional dose-
response relations any better than do random numbers with
similar ranges and means. Also discussed is @ method for
analyzing the results of whole-body radiation studies, which
relates the number of deaths from cancer to those from all
other causes excluding accidents

Two kinds of scientific studies are useful in determin-
ing the mechanisms and extent of cancer induction by
ionizing radiation. One type of study depends on data
derived from model experiments on animals exposed
under controlled conditions. The other consists of
epidemiological studies conducted on groups of people
who were accidentally or incidentally exposed under
uncontrolled conditions to a variety of radiations of
different qualities, dose rates, and spatial distributions
and, in addition, on some who were subjected to
radtation for diagnostic or therapeutic purposes under
{usually ) well-defined conditions.

For brevity this review will be limited almost
exclusively to the nformation derived from human
studies. Important somatic effects of exposure to
jonizing radiation, besides cancer, have been thor-
oughly reviewed in various documents published by the
United Nations Educational, Scientific, and Culiural
Organization (UNESCO)'*? and in reports of the
International Committee on Radiological Protection
(ICRP)® and National Council on Radiation Protection
and Measurements (NCRP)* The effects on induction
of developmental abnormalities have been discussed in
ICRP Publication 27 (Ref. ) and in the 1977 report to
the United Nations General Assembly by the United
Nations Scientific Committee on the Sources and
Effects of Atomic Radiation [UNSCEAR 1977
(Ref. 1)] . Data on human cataract induced by radiation
were reviewed by Merriam and Focht® All somaiic
effects were most recently reviewed by a committee of
the National Acadeny of Sciences (see the BEIR
report®).

Selected for review here are a few of the better
known epidemiological studies whih contain much of
the available statistics on radiation-induced cancer in
humans. Included are some studies, such as those of
Stewart and Kneale,” which purport to show ex-
tremely high sensitivity as well as some which appear
to indicate low sensitivity toward ionizing radiation.
For brevity, many important sources of information on
some aspects of radiation-induced carcinogeresis in
humans are not reviewed.

There are many ways to present the results of
epidemiological studies. An attempt was made here to
provide a uniform format to facilitate comparisons.
Where possible, the observed and expected number of
cases are shown as well as the size of population and
years at nisk. If not given in the original sources,
calculations were made to show all results in terms of
excess mortality from cancer or incidence of cancer per
10° persons at risk per year per rad. There may be
objections to this procedure, and it should not be
taken as an implicit endorsement of any hypothesis
concerning the real nature of a dose--response relation-
ship. It does, however, provide a useful quick indica-
tion of the magnitude of the response in different
studies. There are differences in whet are called latent
periods, and there is a likelihood of different response
curves for different cancers, qualities of radiation, dose
rates, and dose distributions. For these reasons and

*John R. Touver is a staff member of the Institute for
Energy Analysis at Oak Ridge Associated Universities, Oak
Ridge, Tenn. He received the Ph.D. degree in chemistry (with a
specialization in biochemistry) at the University of lowa in
1938, After several years of teaching biochemistry at the
University of Arkansas Medical School, he joined the Biology
Division of Oak Ridge National Laboratory (ORNL) in 1952.
During the years 1962 1967, he was in charge of the research
program of the Atomic Energy Commission’s Division of
Biology and Medicine; from 1967 to 1972 he was Director of
that division and its successor, the Division of Biomedical and
Environmental Research. In 1972 he rejoined ORNL as
Associate Director for Biological and Environmental Sciences,
returning to laboratory work after 2 yr. Following his retire-
ment from ORNL in 1978, he joired the Institute for Energy
Analysis 1, his present position.



others, complete reciprocity between persons at risk,
doses, and time at risk is not to be expected.

No epidemiological studies of any size on radia-
tion-induced carcinogenesis, even those started decades
ago, have covered the entire life span of any group
containing pec ¢ of all ages. The estimation of the
lifetime risk of cancer from any dose of radiation
therefore contains a considerable clement of extrapola-
tion intu the future. This, together with other duffi-
culties associated with statistical treatment of data, has
allowed sufficient scope for claims of »sopulation
sensitivity to radiation to vary as much as twn or three
orders of magnitude.
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Cancer Mortality in Atomic Bomb Survivors

The largest nearly instantaneous exposures to
radiation occurred in August 1945 during World War 11
when atomic bombs were dropped on Hiroshima and
Nagasaki. A selected group of the survivors from both
cities has been studied continuously since 1950-—at
first under the auspices of the National Academy of
Sciences of the United States alone [Atomic Bomb
Casualty Commission (ABCC)] and more recently as a
joint effort with the Japanese Ministry of Health and
Welfare [The Radiation Effects Research Foundation

(RERF)]

Table | Bone Sarcomas in Female Dial Workers with Radium Intake*

Weighted Excess sarcomas
mean Number of  Number of per 10°
dose, dial bone Person-years person-years
radst workers sarcomas at risk at risk per rad
28 396 7 2 169 04
15 099 18 18] 449 1.6
6 347 26 10 818 1.9

149 3 11 1162 2.5

1 751 32 4 1172 1.9

132 440 0 20 371 0.0

Total 1 071 554 i8 24 141 1.5

*Saurce: Ref. 8.

1See Ref. 8 for the method of calculation

SUMMARIES OF DATA AND DISCUSSION
Bone Cancer Induced by Radium

For historical reasons, data on induction of bone
cancers by radium are given first. The studies on
radium dial painters is the longest study still in progress
in the United States on persons who have suffered
exposure to internal or external tradiation. According
to Rowlaad, Stehney, and Lucas,® about three-fourths
ol the female population exposed 1o radium ntake in
the United States betore 1930 have been identified.
Table 1 is condensed from Table 7 of their paper and
gves data derived from 759 of the 1474 identified
subjects. The response appears somewhat erratic, and
no simple dose -response relationship seems very con-
vinging.

The radium-dial painters have been the subject of
several extensive epidemiological repoits (Evans® and
Finkel, Miller, and Hasterlik' ") and served as the basis
for the development of a radiobiological theory (eg..
Marshall and Groer'').

Very extensive reports have been produced b
ABCC and RERF. The latest complete report con v s
data for the period 1950 to 1974, and a conden .d
version. of this report appeared in 1978 (Beebe, Kato,
and land'?). Mu-h of the data on observed and
expected cancers is presented so as to appear indepen-
dent of the control group. The condensed values given
here (in Tables 2 and 3) were recalculated to make the
“expected” values conform exactly to the observed
rate for the zero-dose goup as a “control.” For
example. from Table 6-i0, page ASO of the 1979
RERF report,'? the 1950 to 1974 observed value for
the zero-dose group at Nagasaki is 168, while the
expected value is given as 197.5, a value that can be
obtained by assuming no radiogenic cancers and
prorating the observed cancers according to the size of
the groups. All the expected values for the 1950 to
1974 exposad groups were therefore multiplied by
168/197.5 so that the expected values correspond to
the observed value for the zero-dose group. Table 2
gives data from the summar; tables in the 1978 RERF
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Table 2 Cancer Mortality in Persons Exposed to Atomic Radiation (Nagasaki)*

Excess cancer
Mean Cancer mostalit mortality per 10*
No. of personst dom, tads person-years at risk
(male and female) Years y ray Neutron Observed Expected per rem{
19501958 42
19591966 49
4790 (00 19671974 ¢ . 7
1950--1974 168
19501958 124 103.3
1959- 1966 152 105.0
10455 (2273) 19671974 10.2 0 183 154.1
19501974 439 3624 34.0
1950 1158 22 23.5
19591966 13 27.8
2705 (507) 19671974 108.0 0.8 P 4.2
19501974 112 95.5 2.5
19501958 26 10.9
19591966 23 13.7
1396 (273) 19671974 3320 5.7 30 22.3
1950-1974 79 469 29
Total
14 556 (3 053) exposed 59.1 0.69 630 5048 6.0

Fraction of total deaths due to cancer: exposed group 0.194
zero~dose group 0,169

*Source: Ref. 12, For a statistical treatment of the data, the original tables should be consulted.
+The weighted mean ages of the four groups were, respectively, 27.25, 28.09,27.13, and 25.92 in 1945. The values in

parentheses are the deaths from all causes excluding accidents.

tCalculated by adding five times the neutron do . to the y-ray dose. Numbers in this column cannot be calculated

directly from the other data 1. *he table. See Ref .2,

report'? for Nagasaki but is aggregated into 8-yr
instead of 4-yr periods as well as into three dose groups
instead of seven. Doses are given separately for gamma
radiation and neutrons or are combined, a quality
factor of 5 being used for neutrons. Table 3 gives
stmilar data for Hiroshima.

Cancer Induced by Therapeutic Radiation

A fairly large group of patients suffering from
ankylosing spondylitis has been treated with lonizing
radiation to the spine. The doses vary and are ditficult
to calculate. A summary of these data by Court-Brown
and Doll'* is given in Table 4. Tabies 5 and G show the
observed and expected tumors of the breast in female
patients following radiation treatment for mastitis'*
(Table 5) and after fluoroscopy'® (Tabie 6). Thyroid
tumors, which result in 2 mortality of only a few
percent, are also increased by relatively low doses of
ionizing radiation. Some data on these are shown in
Table 7 (Refs. 16-18).

Numerous other studies on individual cancer sites
are available but for reasons discussed below will not
be examined here.

Rei: ospective Case-Control Studies

Many of the epidemiological studies with results
that have been interpreted as indicating great sensi-
tivity to radiation are of the retrospective case-control
type. This method usually consists of comparing the
relative exposures of two mutually exclusive popula-
tions, e.g., those who have died of cancer with those
who are living and do not have cancer. No method has
yet been devised to prove that the comparison group
(the “controls™) properly represent those members of
the total population who eventually contract cancer.
To do the exhaustive investigations that would be
required to determine to what degree the comparison
goup may be properly considered a control would
probably make the case-control study as expensive and
time-consuming as the equivalent prospective-type



119

Table 3 Cancer Mortality in Persons Exposed to Atomic Radiation (Hiroshima)*
Excess cancer
Mea C eali mortality per 10*
No. of personst dom, s b person-years at risk
(male and female) Years y ray Neutron Observed Expected per rem 1
19501958 436
19551966 5§27
29943 (713, 19¢ 7-1974 0 0 563
1950-1974 1526
19501958 320 360.7
19591966 480 4375
24 557 (5 776) 1967-1974 9.37 2.3 475 467.9
19501974 1275 12656 0.9
1950-1958 7 70.1
19591966 112 854
4439(1152) 19671974 77.00 19.8 98 89.1
1950-1974 287 2456 2.5
19501958 40 20.2
19591246 46 25.4
1531 (39%4) 19671974 266.80 94.1 60 27.9
1950-1974 145 744 3.0
Total
30 527 (7 322) exposed 32.1 95 1707 15846 24

Fraction of total & ths due to cancer: exposed group 0.219
zero-dose group 0.200

*Source: Ref. 12. For a statistical treatment of the data, the oiiginal tables should be consulted.
+The weighted mean ages of the four groups were, respectively, 32.72, 31.74,34.17, and 31.19 in 1945. The values

in parentheses are the deaths from all causes excluding accidents.

tCalculated by adding $ tires the neutron dose to the y-ray de.e. See note in Table 2.

Table 4 Observed and Expected Deaths in Persons
Treated with a Single Course of lonizing

Radiation for Ankylosing Spondylitis
(Dose Not Specified)*
Observed Expectedt
All causes 1759.000 1061.700
All neoplasms 397.000 256.900
Leukemia 31.000 6.500
Cancer of the colon 28.000 17.300
Cancers of heavily irradiated
sites 259.000 167.500
Cancers of lightly irradiated
sites 79.000 65.600
All other causes 1362.000 804,800
Fraction of all deaths due to
neoplasms 0.226 0.242

*Source: Ref. 13. For a statistical treatment of the data,
the original source should be consulted.
+From national mortality rates for England and Wales.

study. The Oxford study’ of childhood cancer is a case
in point. The direct observational data available in
1970 from this study are presented in Table 8. The
bulk of the material presented in the numerous
research papers emanating from this study group
before and since the 1970 publication (Stewart and
Kneale” ) seems mostly directed toward justification of
the assumption that the “control” group experience is
indeed suitable (e.g., Bithell and Stewart'® and Kneale
and Stewart??).

Radiation-Induced Cancer in Children

The Oxford study is the most extensive and
exhaustive retrospective case-control type yet con-
ducted for the purpose of determining radiation
sensitivity. Therefore it will be used here as an
example, and the numerous other similar studies (many
of which are reviewed by Archer’' in this issue of
Nuclear Safery) will not be examined. The data of
Tul'2 8 are from Stewart and Kneale.” Note that the
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Table 5 Breast Cancers Developed in the Interval 10-34 Yr
Following Radiation Treatment for Mastitis*

C Excess cancers
Mean dos»  Person-years per 10° person-years
rads at risk Observed  Expected at risk per rad
0 15767 28 28.00
112 2620 7 4.78 76
193 2971 12 5.22 11.8
294 1804 9 3.09 111
392 683 4 1.27 10.2
584 974 + 1.79 39
Total number of
uradiated
people 257 9052 36 16.15 83
*Source: Ref. 14. For a statistical treatment of the data, the onginal source shounld be
consulted.
Table 6 Ex.ess Breast Cancers in Women After Repeated
Fluoroscopies 1 -44 Yr Following Initiation of Treatment*
P — Excess cancers per
Dose range, Dose mean,  Person-years 10° person-years
rads rads at nisk Observed  Expected at risk per rad
0 19025 15 14.1
1-9 « 37 10 990 10 9.6 1.0
100-199 147 7097 12 5.7 6.°
200-299 244 5584 12 4.8 53
300-399 355 2020 3 1.5 P A |
400+ 578 1735 4 | 8 | 29
Total 1+ (1-44 yr) 150 27426 41 233 43
Total 1+ (1044 yr1) 150 18 511 38 20.9 6.2

*Source: Ref. 15. For a statistical treatment of the data, the original source should be consulted.

Table 7 Thyroid Tumor (Benign + Malignant) Incidence

Following Irradiation in the Young*
Dose to 1 Excess tumors per
thyroid.  Person-years 10¢ person-years Reference
rads at risk Observed  "xpected per rad number
155.00 69 401 76 3.59 6.7 16
399.00t 8 088 RE} 0.04 10.2 16
6.54 96 236 12 2.00 7.8 17
6.00 44 300 6 2.65 12,6 18

*Source: Refs. 16 18. For a statistical treatment of the data, the original sources
should be consulted.
tSubgroup C, see Ref. 16.
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Tabl> 8 Recalculated Data from Stewart and Kneale (1970)*

Women receiving  Women receiving

Number of fitms¥

prenatal no prenatal Total number
Years X rays X rays 1 2 3 4 >41 of women
Cases
19431949 212 1610 » 69 39 160 29.0 1822
19501954 437 2298 144 125 70 470 51.0 2733
19551959 381 1772 167 108 54 29.0 23.0 2153
1960- 1965 111 828 68 26 7 5.0 5.0 939
Total 1141 6508 438 328 17 970 1080 7649
Controls
19431949 110 1712 54 31 4 8.0 3.0 1822
19501954 316 2419 110 112 45 23.0 26 .0 2735
1955-1959 248 1905 116 77 27 130 15.0 2153
19601965 100 839 69 21 7 3 939
Total 774 6875 349 24) 93 45.5 45.5 7649
*Source: Ref. 7.

+Cases and controls with no record of number of films are Gistributed proportionately wn groups having |

to >4 films.

tFor population dose calculations, the average number of films in this column was assumed to be 5,

which is an underestimate.

cases and controls having an exposure from an undeter-
mined number of films are distributed in the groups (or
cells) having 1 to >4 films in proportion to the
numbers already there. The “extra” cases presumed to
be caused by prenatal irradiation were calculated for
each cell pair (the case and the control constitute a
pair) by subtracting from the probability of a case
receiving prenatal irradiation the probability of a
control being irradiated corrected for differences in the
numbers of unirradiated cases and controls. The
population exposure was ca.culated from the dose per
film times the number of films times the probability of
the control being exposed to that number of films.
Stewart and Kneale assume that there is the
induction of childhood cancers by radiation and that
the radiation sensitivity changed over the 20-yr period
of the Oxford study. If there is such an effect,
however, it would not be expected to show changes
before many generations as a result of selection toward
or away from the sensitivity. The assumption adopted
here is that, if there are radiation-induced childhood
cancers, their number is proportional to population
dose and the sensitivity to radiation does not change
over the period of the study. On the basis of these
suppositions, the data in Table 8 have been analyzed
by aggregation of the calculated excess cancers into
four groups, first, in order of increasing population

dose and, second, in order of increasing extra cancers.
The results are shown in Table 9 when the doses per
film in the four periods used by Stewart and Kneale’
were applied to Table 8 and in Table 10 when the
doses per film suggested in the 1972 UNSCEAR
report? were used.

Data in the la-* column of Tables 9 and 10 show
that the number . extra cancers per 10° person-years
per rad decreases when the data are aggregated by
increasing population dose but increases when they are
aggregated by increasing excess cancers. Since there is
no apparent biological reason for such trends, a
statistical examination of the data in search of relevant
trends seems called for. (A slightly different value of
the mean response per rad per year, 60.2, was obtained
by the procedures used here compared with the 57.2
with standard error of the mean of 13.3 found by
Stewart and Kneale 7)

This has been done in Table 11 by regressing either
the excess cancer risk ECR = /P,y used by Stewart
and Kneale” or the excess cancers per case, E, against
the number of films as they did or against average
individual dose. Dj. The results show that, in any
case-control study of the same nature as the Oxford
survey, the use of the relative risk or a similar measure
can be very misleading. This apuears to be the result, in
this study, of the highest exposures being received by



Table 9 Calculated Excess Cancers from Prenatal Irradiation

Arranged in Groups of Increasing Population
Dose and of Increasing Excess Cancers*

Calculated excess
Total dose, Average dose, Calculated excess cancers per 10° person-years

rads/10® person-years rads cancers/10° person-years per rad
Increasing population dose

3435 0.937 373 108.7

9149 0848 6.07 66.3

14 181 0.389 942 66.4

21 098 0.738 9.59 454

Total 47863 0.602 28.81 60.2
Increasing excess cancers

7138 0.314 1.15 16.1

1237 0.890 4.46 345

13321 1.520 8.46 63.5

14 500 0.454 14.78 101.9

Total 47 863 0.602 28.85 60.3

*There are five pairs of corresponding values in each group. Data from Ref. 7.

Table 10 Calculated Excess Cancers from Prenatal Irradiation
with Data Arranged in Groups of Increasing Population
Dose and of Increasing Excess Cancers*

Calculated excess
Total dose, Average dose, Calculated excess cancers per 10° person-years
rads/10° person-years rads cancers/10° person-years at risk per rad

Increasing population dose

5674 0.726 261 46.0

18 537 0.624 9.32 50.1

36 529 ' 894 9.14 25.0

58680 584 7.80 13.3

Total 119420 1.502 28.87 24.2
Increasing excess cancers

15078 0.665 1.15 1.6

30371 1.882 446 14.7

37 369 4.276 8.46 226

36 597 1.148 14.78 404

Total 119421 1.502 28.85 242

*There are five pairs of corresponding values in each group. Data from Ref. 7, with doses per X-ray

film from the 1972 UNSCEAR report, Ref. 2.

the smallest number of persons. Therefore data points
with the greatest relative error are multiplied by the
reciprocal of the lowest frequency which is itself
expected to have a large error. The resulting numbers
in an ordinary regression analysis may carry wie
greatest weight rather than the least weight (they may

be the farthest from tie origin rather than the nearest).
The effect is brought out in Table 11 in which it is seen
that the only regiessions with small probabilities of
occurring by chance are those for which both Y and X
contain the lactor 1/P.y, since N =Dy//{DP.x). The
last four ¢ ries show that the duse response claimed
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Table 11 Relationships Between Extia Cases and Population
X-Ray Dosages in the Oxford Childhood Cancer Survey*

Yt Xt Slope Intercept rt pt
£CR = EfPey N 0632 —-0.6700 0465 <0.050
E Dj 0.280 0.0067 0.266  >0.200
E D;/Dy 0.0447 0.0085 0.130  >0.400
E N ~0.0020 0.0148  -0.296  >0.100
E(reversed)/Pey N 06860 —-0.7140 0617 <0.010
“E™(random, normal) § /Pey N 0.8050 -1.0780 U642 <0.010
“E™(random, normal)§ /Pey  “D;"/(DgPcw) 0.0284 0.5040 0.789  <0.001
“E™(random, uniform)§ /Py N 1.540  -2.2200 0.563  <0.016
“E™(random, uniform)§ Pey  “D;"/(D@cN) 0.120 0.9680 0.766  <0.001

*The data from Table 1 of Stewart and Kneale” were used, but those falling in the column
designated “no record™ were distributed in the columns listing one to >five films in numbers

proportional to those already there.

tAbbreviations used: N =number of films in exposure; p = probability of radiation
occurring by chance; r = correlation coefficient; E = extra cases per case; ECR = excess cancer
risk; Pey = probability of control being X-rayed with N film; D; = PoyNDy = average dose per

individual ia the cohort population.

$In this row the relationship of £ to N was reversed; i.e., the £ for five films was matched
with N = |; for four with N = 2; for three with N = 3; for two with ¥ = 4; and for one with

N=3§,

§The observed E’s and Dj’s were replaced by computergenerated and randomly selected
numbers from either a uniform or normal distribution, with mean and standard deviation
approximately the same as those of the observed values for £ and Dj.

by Stewart and Kneale” can be duplicated or improved
by substituting random numbers in place of the actual
numbers derived trom Table 8. When the Oxford data
are used in the usual way to relate population dose to
excess cancers, no significant correlation is obtained. In
fact, only a maximum of 7% of the variance can be
accounted for by the radiation dose.

These considerations apply chiefly, but not ex-
clusively, to the supposed dose—-response calculations.
The overall ratio of exposed cases to exposed “con-
trols” remains unexplained. Additional case-control
studies do not help because they are all subject to the
same uncertainty about applicability of the controi
experience. Neyman discussed this problem a number
of years ago and showed the pitfalls that can occur.??
Prospective studies such as those of Oppenheim,
Griem, and Meier’”’ serve to place an upper limit on
the possible sensitivity to radiation in utero, which is
not restrictive enough to be helpful. The largest
prospective-type study was conducted by Jablon and
Kato,** who examined survivors of the atomic bomb-
ings in Japan who were pregnant at the time. T' :)
found no excess cancers among the children L0 were
irradiated in utero. The total number _, person-rads in
the Jablon and Kato study was 17 500, which can be
compared with the figures in column | of Tables 9 and

10. Numerous ad hoc explanations for the discrepancy
between the results of the two studies have been
advanced (Morgan,’® Rotblat,?® and Stewari®”+?®),
suggesting reasons that the Japanese data were un-
suitable. They are usually not accompanied by 27,
effort to examine the Oxford study to determine if ti.»
interpretation of those data was faulty.

An alternative way of estimating any relationship
between childhood cancer and radiatioa exposure 's
discussed in the following section.

Hanford Mortality Study

Among the studies that have led to results support-
ing the claims for extreme sensitivity to radiation, one
of great current interest and controversy is the Hanford
mortality study reported, among others, by Mancuso,
Stewart, and Kneale;?® Stewart, Kneale, and Man-
cuso;*®  Gilbert;®' Raloff;®® Marks, Gilbert, and
Breitenstein;®® and Brodsky.®* The data from this
study are not summarized here because they are not
readily accessible in original form and the reviewer has
been unable to examine them in depth. However, some
considerations relating to the atomic bomb survivors
developed below have a strong bearing on the Hanford
studies as well as on the childhood cancer work.



ESTIMATION OF THE LIFETIME RISK

The maternial presented here in Tables 1 through 10
is sufficient to acquaint the reader with the major
problems confronting those who have undertaken the
task of deducing the lifetime risk of cancer from the
sparse data available on human response to radiation
and the overwhelming variety of interpretations al-
ready proposed.

The fir¢ problem that arises is determining which
studies are most relevant to che task. If we examine the
breast cancer and thyroid data in Tables 5, 6, and 7, we
note that the mortality or incidence data for a single
cancer may equal or exceed the total cancers from the
bomo survival data. This observation appears to be part
of the basis for a belief expressed by some (see
Morgan,>® Rotblat,>® and Stewart?”***) that the
bomb survivors are a select group highly resistant to
cancer as compared to “normals.” Unfortunately for
this view, the death rate for the survivors is not
significantly different (except for cancer) from the
death rate for those not exposed to bomb trauma
(Beehe, Kato, and Land''). This is really the only
accessible test that provides any information con-
cerning the possibilitv of selection involving relative
susceptibility, but it seems adequate for this purpose.

Cancers as causes of death compete with all other
causes of death including other cancers. Radiation or
any other carcinogenic agent when applied to a specific
organ may accelerate the appearance of a cancer in that
organ relative to its presumed usual time of occurrence.
In a population in which a specific organ or organs had
been exposed to radiation, any radiation-accelerated
cancers would appear at an earlier age when there are
f~wer competing causes of deathi. The mortality from a
specific cap er under these conditions could reach a
rauch higher figure than would be expected if it
appeared at the usual (later) age or if th2 pcpulation
had received whole-body radiation so that all organs
were equally exposed and therefore presumably more
or less equally affected.

For this reason, the values for cancer incidence or
mortality given by partial-body irradiation cannot be
summed to provide an estimate for the effect of
whole-body exposure, even if they were available for
every cancer site. Partial-body irradiation studies are
otherwise useful but are good only for loose guidance
with respect to responses to whole-body irradiation
doses.

We are forced, then, to use the only extensive
whole-body exposure studies that are availabie, what-
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ever their shortcomings may be, namely, the Japanese

studies.
The summary of the 1979 BEIR report® gives a

lower value of 160 for the lifetime excess cancers per
10® persons per rad; the upper limit suggested is 820.
If we compare these values for the four concordant
values of 2.3, 3.0, 2.5, and 3.0 from Tables 2 and 3 for
excess cases per 10° person-years per rad, we see that
the lower figure could be derived by multiplying the
average value, 2.73, by S8.6 yr and the upper figure by
multiplying by 300.4 yr. In practice, these values are
determined by a complicated process involving pur-
ported differential sensitivities, latent periods, and
plateau periods. It is instructive, however, to make the
comparison in this way. The lower figure is reasonably
consistent with what would be expected if the Japa-
nese data are considered to be, and to remain, rehiauiy
applicable to radiation exposure received in other ways
and if we ignore the hint in the Nagasaki data at the
lowest dose level that the low figures at other dose
levels are not representative of the entire dose re-
sponse. This apparent discrepancy is examined below.
The BEIR upper limit was doubtless strongly affected
by consideration of data similar to those in Tables 5, 6,
and 7 and by the “model” that was used to estimate
the future course of the observed-to-expected cancer
ratios as the population ages after exposure.

The low- and zero-dose statistics from the Nagasaki
survivors have been the source of some puzzlement and
of not a few ad hoc hypotheses offered in explanation.
Perhaps the following analysis may indicate why
epidemiologists associated with the RERF-ABCC
studies have shown little concern over the apparent
differences between the two cities.

From Table 2 we see that the va'ue of 34 excess
cancers per 10° person-years per rad is associated with
a zero-dose group which has a low mortality rate when
compared with th. Hiroshima zero-dose group. As
previously noted, the mortality rate over a period of
time may be the Yest wsy to characterize a population
sample —especially with respect to its susceptibility to
natural causes of death. Thus the ratio of cancer
mortality to all other nortality may provide useful
information when regressed against dose. This was
done in Fig. 1 with data from Tables 2 and 3 and
Ref. 12. The least-squares line gives a slope of ( 00041
and an intercept of 0.23. The line is drawn througu: the
five of the eight points from Tables 2 and 3 that fall on
a straight line.

Ouly the zero-dose groups and the low-dose group
from Hiroshima fail to conform to the line. Hcwever,
an additional correction seemns to be indicated because



the groups do not have the same mean age; they differ
by about S yr. As discussed elsewhere (Totter®), the
“spontapeous” cancer rate can be expressed as the
equivalent of a dose of ionizing radiation being
continuously received, and the age can be expressed as
an accumulated dose. Extrapolation of the line of
Fig. 1 to its origin at the x axis gives such an equivalent
dose corresponding to the mean age of the two
population samples (about 58 yr in 1974).

Any of several procedures can be applied to the
data. In this case use was made of the ratio of cancer
deaths to deaths from all causes excluding accidents
(this procedure seems somewhat preferable to using
uncorrected total mortality as in Fig. 1) less cancer
deaths after adjusting for mean age. The annual
radiation dose equivalent to 1 yr of age came out to be
a minimum of 8 to 10 rads. The difference in ages was
corrected for by subtracting 24 rads (equivalent to
2.5yr) from all the Nagasaki points and by adding
24 rads to all Hiroshima groups, and the result is shown
in Fig. 2. The final ratio for the zero-dose groups,
which will be reached when all persons in the
groups have died, is expected to be about 0.20
(Beebe, Kato, and Land'?), If this corresponds to
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Fig. 1 Regression curve of the ratio of cancer mortality to all
other mortality against dose of ionizing radiation, using a
relative biological effectiveness of 4.6 for the neutron dose.
Da‘a are from Beebe, Kato, and Land (Ref. 12),
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Fig. 2 Regression curve of the ratio of cancer mortality (MyN)
to mortality from all causes excluding accidents (My) less
cancer mortality. The doses are crudely corrected for the
difference in weighted mean ages between the Nagasaki and
Hiroshima subjects, as described in the text. Data are from
Beebe, Kato, and Land (Ref. 12).

74 X 9 rads = 666 rads lifetime dose equivalent, the
lifetime excess cancers per 10° person-rads would be
about 300. A more revealing way of expressing this
result is that it implies a life shortening equal to 1/9 yr
per rad for the ~16% of the Japanese population who
are expected to die of cancer, or a life shortening of
6.5d per rad of exposure when averaged over the
entire population. These values should be taken as
maximum since no possible effect of low dose rate has
been taken into account. All the calculations are based
on high doses of radiation acutely delivered.

THE HUMAN DOSE—-RESPONSE CURVE

The procedure previously outlined uses linear
extrapolations of a ratio of cancer mortality to
mortality from all causes excluding accidents and
cancer. The linearity of this ratio, as so far observed,
does not imply a similar linearity in the human
dose -response relationship. In fact, it results from the
age distribution of an aging cohort. With the advance in
age. it must eventually deviate from linearity. The
implication of the approach used is that the human
response to an 2xposure at the beginning of life would
simply be a shift of the curve relating spontaneous
carcers to age in a direction giving the population an
apparent age older than its aciual one. The in:zz-al
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response in a population consisting of all ages at
exposure would be governed by its age distribution.
For populations with similar age distributions, the
lifetime responses would quite possibly have a linear
relationship to dose.

If the response in the population is indeed a
leftward shift of the spontaneous cancer incidence (or
mortality), the procedure already outlined can be
followed to set upper limits on the sensitivity (appar-
ent, not real) of the population at any age. For
example, there are about 78 childhood cancers per year
per 10° live births in the studies of Stewart and
Kneale.” At 9 rads per year owing to age, that means
9 x 10° rads of radiation equivalent dose, or a maxi-
mum of 8.7 childhood cancers per 10° person-years
per rad. This is about 15% of the 57.2 derived by
Stewart and Kneale. The real value may be much
lower, because the slope of the increase during the first
10 yr of life is much lower than is indicated by this
calculation.

Similar calculations need to be made on the
Mancuso, Stewart, and Kneale studies.>7-?® The maxi-
mum “sensitivity” should appear at 50 to 60 yr of age
when the ratio of cancer mortality to all other
mortality is highest. Note that the dose could be
delivered at any age sufficiently early to allow for
growth of the cancer.

In any case, the minimum value of 8 rads per year
age equivalent dose. if it proves to be generally
applicable, reinforces our experience with the diffi-
culty of actual epidemiological measurements of the
effects of doses of the order of 10rads to human
populations.

The method just outlined is, like all other methnds,
subject to change pending the final outcome of the
ratio between observed and expected cancer mortali-
ties. Because more than two-thirds of the population
studied were sull living in 1975, the uncertainty is
large.

CONCLUSION

Data on hwnan radiogenic cancers from several
studies were presented in condensed form, and some
considerations that upply to the interpretation of the
data were discussed. It wa. concluded that retro-
spective case-control studies, as represented by the
Oxtord childhood cancer survey, have not established
quantitatively a connecticn between prenatal irradia-
tion and childhood cancer. A method for treatment of
the ABCC data o reconcile Nagasaki and Hiroshima
data was suggested. By this method a minimum value

for the acute radiation dose equivalent of spontaneous
cancers was found to be 8 to 10 rads per year.
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Biological Risks, An Editorial
Alvin M. Weinbe _

the incident at Three Mile Island, Pennsylvania Governor Richard
Thorn evacuation of pregnant women. Few people realize
that this precaution was based on the contention by A. Stewart and G. W,
Kneale (Lancet, June 6, 1970, pp. 1185-1188) that to double the natural
mnuinchildnnnguinsbulan:of'mumondiatiﬂn.somoloo-to
400-fold less than is required to double the lifetime cancer risk. The Stewart
and Kneale finding is based on a retr tive study of 7649 English children
who died of cancer between 1945 1960. These children received more
prenatal X rays than did a matched group of children who did not die of
cancer. According to Stewart and Kneale, this proved that prenatal X rays

cancer study (A. Stewart, J. Webb, and D. Hewitt,
British Medical Journal, 1958, pp. 1495-1508), summarized by Stewart and
Kneale, has been controversial ever since it was published almost 20 years ago.
The most compelling evidence to the contrary is the experience at N
Mwmmmhmwpmmlmwlomdu tion
doses (between 1 and 250 rads to fetus) in these cities. Were the Stewart
and Kneale finding correct, about five cancers should have shown up among
the children exposed in utero. In fact, only one cancer appeared —about what
one would expect from the unirradiated controls. Two attitudes toward this
discrepancy have appeared in the literature: (1) assume Stewart and Kneaie are
correct and explain the atomic bomb data, or (2) assume the atomic bomb
data are correct and find the weaknesses in the Stewart and Kneale argument.
In contrast to the retrospective Stewart and Kneale study, the atom bomb
constitute a prospecrive study —that is, irradiate randomly first and
determine the consequences. A priori, one would expect these findings to be
more reliable than those of the retrospective study. It is therefore
that H. G. MacPherson and J. Totter at the Institute for Analysis (IFA
have found a basic methodological error in the Stewart Kneale analysis.
For a retrospective radiation study to be sound, the probability that idiopathic
cancer cases received radiation must be proved to be the same as the
probability that the control population received radiation. In fact che
idiopathic cancer cases in the Stewart and Kneale study may have rece 'ved
more radiation than did the controls. In addition, the entire effect claimed by
Stewart and Kneale seems to diminish with date of exposure, there being
essentially no effect among children exposed after 1960. These findings cast
serious doubt on the often-quoted contention that fetuses or young children
are much more sensitive to carcinogenic effects of radiation than are mature
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But the effects of low-level insult are intrinsically uncertain. In the face of
such uncertainty, H. Adler of IEA and Oak Ridge National Laboratory has
suggested that standards of exposure be set at a minimum level—that is, a
level below which damage, if any, can be ignored. The level Adler suggests for
ionizing radiation is the standard deviation of the natural background. He
E::emed these views at a meeting in Vienna of the International Atomic

gy . His point of view is now receiving serious attention within the
National Council on Radiation Protection and has been used by B. Shleien of
the Food and Drug Adininistration to arrive at standards for exposures in case
of emergency.
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C. RISK-BENEFIT CONCEPTS
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Comparative Risk-Cost-Benefit Study of Alternative
Sources of Electrical Energy

Adapted from WASH-1224, Chapter 1
Nucl. Safety, 17(2): 171-184 (March-April 1976)

{Editor's Note: The following article is excerpted from a
report on the same subject prepared by the U.S. Atomic
Energy Commission and issued as WASH-1224; it consists of
the “Introduction and Summary” of that report, which the
editors believe represents the most comprehensive assessment
of the risks, costs, and benefits of coal, oil, natural gas, and
nuclear fuel cycles when used to produce electric power. Of
the extensive references included in the original document,
only the more substantive are included herewith as a bibliog-
raphy. Persons interested in reading the complete 243-page
report and its 51-page appendix, entitled “Energy Expendi-
tures Associated with Electric Power Production by Nuclear
and Fossil Fueled Power Plants,” may purchase them from the
Superintendent of Documents, U.S. Government Printing
Office, Washington, D.C. 20402, for $3.20 and $1.20,
respectively.]

Abstract: This study quantifies, normalizes, and compiles
conventional and societal costs associated with the production
of electrical energy by currently available alternative systems
based on coal, gas, nuclear fuels, and hydroenergy. Particular
emphasis is placed on examining each energy system in its
entiretv —both the power plant and its supporting fuel cycle.
However, the study is restricted to routine impacts, including
routine accidents whose frequencies can be established from
historical data. From the available data, which are thoroughly
referenced herein, it is concluded that natural gas incurs
minimal environmental- and human-impact costs but remaining
supplies are small, oil presents considerably greater environ-
mental and human impacts but substantigily less than those
from coal, which is both the most serious environmental
offender and the most abundant domestic fuel source. Nuclear
fuels, which are abundant natural resources, have somewhat
less environmental and human impacts than gas. The conven-
tional fuel costs of coal and nuclear fuel cycles are comparable
and considerably less expensive than gas or oil, but it appears
that the cost of abatement and health and safety measures will
significantly increase the cost of energy fro 1 coal over that
from nuclear fuel.

Reprinted below is Chap. 1, entitled “Introd::ction and
Summary,” of WASH-1224.

1.1 INTRODUCTION

The role of energy in sustaining and advancing civilization is
fundamental and pervasive. It is difficult to identify a single
artifact or activi'v of modern society which does not
involve, either directly or indirectly, an expenditure of
energy veyond that associated with man's muscular exer-
tions.

In general, the production of a quantity of useful
energy, such as a kilowatt-hour of electricity, involves
several dimensions of cost:

(a) the diversion of conventional labor, material, and
capital resources, all of which are normally reflected in the
market price of energy;

(b) the consumption of a quantity of a nonrenewable
fuel resource, thus precluding its use in the future;

(c) degradation of natural and man-made environments,
including disruption of natural material, energy, and biolog-
ical balances, and damage to man-made structures and
materials;

{d) impacts on human health and safety.

Recently, popular attention has been drawn to the last
two of these cost groupings, as evidenced by the staggering
proliferation of energy and environmental studies in the
past few years.

Concern over environmental impacts of producing
electrical energy has often focused on very narrow aspects
of individual electrical energy production systems,* such as
thermal effects of discharge heat from power plants, mining
impacts, and air pollution. For this reason, the quantitative
environmental literature on electrical energy production is,
to a large extent, fragmentary and redundant.

A more balanced and coherent view requires that costs
and impacts throughout entire fuel cycles be identified,
auantified, normalized, and compared on a consistent basis.
As part of a continuing analysis of the role of nuclear
power in providing the Nation's energy requirements, the
Division of Reactor Research and Development of the
United States Atomic Encrgy Commission has undertaken
such an assessment-—the “‘Comparative Risk - Cost - Benefit
Study of Alternative Sources of Electrical Energy ™

Purpose and Scope

The purpose of this study s to provide a quantitative
basis for making comparisons of societal costs across and
within alternate electrical energy production systems. The
principal tasks in achieving this goal are to assign internal
and external costs of the alternate systems to a common
unit of electrical energy produced (kilowatt-hours) and to
capross such costs, where possible, in consistent units
(dollars). Fuel cycle material balances provide the central
“armat for assembling and normahzing data and provide the
quuntitative link between an impact or cost anywhere in
the system and a corresponding quantity of electrical
energy (benefit) produced.

*The terms “‘electrical cne.gy production system' and
“fuel cycle™ are used synonymously in this report.



Such information could provide a preliminary basts for
numerous apcillary comparnisons and cost benefit trade-
offs, ncluding. (a) comparisons of total costs (nternal plus
external) of producing electrical energy from alternate
fuels, (b) comparsons of external and internal costs “or
each process step within each fuel cycle, mn onler to
determine which steps are the most envirommentally of-
fending, and i order to measure the cost- effectiveness of
abatement measires, (¢) companson of external costs of
alternative methods for the same functional step in a given
fuel cycle; and (d) comparison of the total costs associated
with altemative encrgy strategies, or mix of fuels, to moet a
given energy demand projection over & penod of time and
fe)coherent judgments regarding abatement measures,
which, while reducing an impact at one Stage in an energy
system, may increase impacts at another

The following restrictions and assumptions serve to
further define the scope of the study

e The study is confined to electrical encrgy. A more
comprehensive  assessment would include all forms of
end-use energy (“totl energy). Benefits and costs of
substituling electrical energy for other forms are nol
addressed, although the coefficients developed in the course
of this study cun be useful in such analyses

@ The study is restricted 1o /ectncal encrgy production
and embraces entire fuel cycles and their renduals. Ques-
tions regarding electrical energ/ use ¢ not addressed,
although alternative electrical ene gy -use patterns may have
significant envitonmental and econmic ditferences

o Attention s restricted to modern, commercial size,
base load power plants and (hew supporting fuel cycle
facilities, and to those systems based on rechnologies whose
commercial application s proven, The analyss includes
only those systems expected to make major contabutions
to base load power production in the near term, ie., the
next ten or Nfteen vears. Systems considered are those
based on coal, residual fuel oil, natural gas, nuclear fission
(LWR) [hght-water-reactor] fuels, and hydroenergy. Al
though two types of advanced nuclear fission reactors - the
HTGR |bigh-temperature gas<ooled reactor] and the
LMFBR [hgud-metalcooled fast breeder reactor|  are
expected to make significant contributions to base load
power by the end of this century, these concepts are not
addressed quantitatively it this report. Blectricity genera
ton using gasified coal is sunilarly excluded

® The study s restricted largely to quantification of the
environmental and human impacts of the encrgy systems
under normal operating conditions. Certain classes of
routine industral aceidents, for which reliable statisbos are
available, are treated, however. Large, hypothetical aecr
dents at a nuclear power plant are excluded, since other
concurrent USAFC studies are addressing this topic

® “"Benefit™ m this study is defined as a quantity of
clectnical energy, e g. one kilowatt hour No attempt is
made to determine the absolute soctetal value of electnaty
That is, the question addressed s not whether & umt of
electrical energy should be produced, but instead how it
shouk! he produced.

® “Risks” we treated as “costs” in this study. the
product of the probability of an undesirable event (per unit
of electrical energy ) times the consequences of the event
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® "Costs” include both “internal” and “external™ costs.
Internal costs are those costs already borne by electricity
consumers. Internal costs are already imbedded in the price
of electricity (mills/kWhe) and include the conventional
components- labor, materials, and costs of capital. Ex-
ternal costs are the environmental and human impacts not
accounted for in the price of electnicity.

With the definitions of benefit, nsk, and cost estab-
hished above, the study reduces to a comparison of total
costs to produce electricity by altemative fuels.

o Much of the information assembled in this report is
based on caggregate national data. In this sense, the
assessment assumes a national homogeneous model, at the
expense of displaying regional variations in unit costs,
impacts, engineering and economic constraints, local utility
company practice, stte-specific considerations, and the like.
For example, in order to properly burden a quantity of
electncal energy with coal mining inpacts, it is necessary to
assume production fractions from surface and underground
miming technigques. Although the umt impacts of produc-
tion methods are disaggregated and displayed separately in
the body of the report and in other supporting materials,*
production fractions representative of the current national
pattern (=~ 50% underground, ~50% surface) are assumed
for the purpose of constructing summary tables. The same
general approach was taken in several other elements of the
assessment

o [he bases for normalization of costs und iImpacts are
1000 MWe of electrcal generating capacity, or the annual
operation of one 1000-MWe unit at 75% capacity factor
(6.57 billion kWhe ).t All fuel cycle parameters are normal-
wed to these quantities thiough equilibrium fuel matenal
balances The resulting evaluation is a static comparison of
costs and impacts associated with altemate energy systems
It s recognized, however, that the overall problem of
ranking alternatives 15 a time<dependent one, and that
alternatves must be regarded as changing mixes of energy
SOUTCes o energy .o cteaies  Latner than as individual,
wolated sources. The development of static impact coeffi-
cients, the central task of this study, is a prerequisite of the
broader assessment of comparing energy strategies,

1.2 SUMMARY AND CONCLUSIONS

Summuary

For purposes of making gross comparisons, representa-
tive costs and impacts of alternative electrical energy
production systems were assembled and normalized 1o 657
billion kilowatt hours (kWhe), the annual energy produced
by one 1000-MWe unit operating at 75% capacity f2ctor
Systems considered were those based on coal, oil, natural
gas, and nuclear fission fuels. § Attention 1s restricted to

*And are available to the reader in substituting his own
Mmsumptions,

tSome impacts and costs are related to a umit of
electnes energy produced (kWhe ), while others are related
to power capacity (MWe).

T The hydroenergy system s discussed gualitatively in
Chapter 3. Little guantitative information is developed,
since relatively hittle additional hydro capacity is expected
to be installed.
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modern, commercial size, base load power plants and their
supporting fuel cycle facilities, and to those systems based
on technologies whose commercial gpplication are proven.
Although two advanced reactor types, the HIGR and the
LMFBR. are expected (o make significant contributions to
base load power production by the end of the century, this
study includes a quantivative appraisal only of the current
generation of power reactors  the LWRs. Emphasis of the
report is on quantifying effects thyoughout the respective
fuel oycles, from fuel extraction to power generation, as
conceptualized in Fig. | Where possible, nonconventional
costs were reduced to a common basis (same umt of
electrical energy produced) and to commaon units (dallarsy,
thus rendering them comparable and, perhaps, additive

The information assembled and normaiized n this
report emerged from an extensive literatare survey anned at
quantifying numerous individual inpacts and costs. In most
cases, the individual wnpacts and costs displayed in this
report are derived quantities. Individual stems of data were
rately found in the desired format, that is, restricted to the
particular impact or cost under consideration and normal-
ized to & unit of electncal energy producad or to & unit of
production capacity  For each item addressed, considerable
mantpulation — disaggregation,  migrpretation, averaging.
normalization - ~was necessary to reduce the guantily to
consistent and meanmgful mformation. In several Cases,
only source terms, e¢g, pollutant emission rates, are
presented. Ideally, one would reduce all such quantines to
ultimate impacts in consistent damage units to permit their
display as added costs.

Table 1 summarizes compaiative data for the alternate
fuel cycles nomalized to production of 6.57 bilhon kWhe
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or 10 a gencrating capacity of 1000 MWe * The format of
Table | warrants some explanation. First, much of the data
represents sums over the individual fuel cycle process steps.
Chapters 3 and 5 give similar data for each process step,
permitting the reader 1o make comparnisons among process
steps of individual fuel ¢ycles or among similar process steps
(e.g., mining) across competing fuel cycles. Further, it is rec-
ognized that the organization of a table such as Tabie 1 can
prejudice and distort a comparative assessment, e.g., the
grouping of data under descriptive headings, th-. sslection
of “typical” or “representative™ parameters, the omission
of impacts not quar tifiable, etc. In this regard, great care
was taken to present aq objective set of impacts and costs,
assembled in a coherent, but uncontrived, matrix. I ntries in
Table | are arranged to conform roughly to the four
conceptual groupings of costs and impacts established in
the Introduction. (a) conventional costs; (b) consumption
of nonrenewable fuel resources; (¢) environmental degrada-
tion, and (d) impacts on human health and safety

The majos categories of Table 1 are discussed briefly
below.

Power Plant and Energy Sy <tem Efficiencies

Power plant net thermal efficiencies for the fossil plants
are  eéssentially the same — 38-39%, The LWRs, PWR
| pressurized-water reactor] and BWR [boiling-water reac-
tor] , have somewhat lower ret thermal efficiencies, ~32%,
owing to their coolant temperature limitations.

*Some impacts and costs are related to a unit of
production, while others are related to system capacity.

Electrical
energy
(benefit)
Recovery and
Upgrading processes waste disposal
mncluding transpor tation including transportation
S ’
s ) T o
Mining or . . Power . |
pumping . I plant

-
P Ra—
P g—

Fuel nrocess step

Internal cost

External cost

RS —

- - -

- -
- -
- -

Fig. | Schematic of a fuel cycle (energy production system). From WASH 1224,
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Table I Comparison of Costs and Impacts of Alternate Electrical Energy Production Systems*

Basis: 1000-MWe Power Plant, 75% CF, 6.57 x 10* kWhe

Coal Ol Gas LWR
Power plant and energy system efficiencies
Electrical energy (billion kWhe/year) 657 657 6.57 657
Power plant heat rate (Btu/kWhe) 8900 8,830 9,110 10,850
Power plant thermal efficiencies
(kWe/kwt, %) 38 39 I8 2
Energy system efficiency (kWhe
consumer/kWht input, %) 35 35 34 28
Consumption of nonrenewable fuel resources
Power plant fuel consumption
(annual) 2.3 M tons 10 M barrels 64 B cubic ft ~130 M tons Ut
Fraction of reserves consumed
{annual) 0.000006 0.0001 0.0004 0.0002
Conventional costs (mills/kWhe)i
Plant 78 7.2 64 1.7
O&M 08 0.6 0.6 08
Fuel 98 274 360 6.0
Total 184 35.2 43.0 18§
Sclected abatement costs (milis/kWhe )1 47 20 0.6 0.6
Occupational health and safety
Occupational health (MDL/year) 600 U U 480
Occupational safety
Fatalities (deaths/year) 1.1 0.17 0.08 0.1
Nonfatal injuries (number/year) 468 13.1 53 60 70
Total man-days lost (MDL/year) 9,250 1,725 780 900 10600
Public health and safety
Public health
Routine pollutant release
(MDL/year) U U U 180--210
Public safety
Transportation injuries
Fatalities (deaths/year) 05§ U U 0.009
Nonfatal (mjuries/year) 1.2 U U 008
Total man-days lost (MDL/year) 3,500 U v 60
Environmenial degradation
Land
Land use, inventory (acres) 22,400 ~ 1,600 ~3.600 ~1.000
Land use, consumption
(acres/year) 740 S S 12
Aur
S0, release, without abatement
(tons/year) 120,000 38,600 20 3600

*The number of digits shown is not generally indicative of precision. In many cases. several digits are retained merely for

calculational purposes. U = unevaluated; S = small; M = mithon; B = billion; T = thousand

tAbout 99% of this figure is not irretrievably consumed; rather, it is available in the form of enrichment plant tails for use

in breeder reactors.
11980 dollars.



Environmental degradation (continued)
Air (continued)
SO, release, with abatement

(tons/year) 24,000
NOy release, without abatement

(tons/year) 27,000
Particulate releases, without

abatement (tons/year) 270,000
Particulate » “5, with

abatement ... /vear) 2,000
Trace metals relea.=s

(tons/year) 05 Hg
Radioactivity releases

(Ci/year) 0.02
Thermal discharge, power plant

stack (billion kWht/year) 1.64

Water

Cooling water use (billion

gal/year) 263

Process water use (bilhon

gal/year) 1.46

Radioactivity releases
(Ci/year) 0
Other impacts (billion

gal/vear) 168

Thermal discharge, power
plant (billion kWht/vear) 9

21,000 0 720
26,000 13,400 810
26,000 518 8,000

150 4 60
1,500V U S

0.0005 S 250 500 T
1.71 2.2 0

263 263 424

1.75 1.42 0.095

0 0 5001000
79 0 S

9 9 4

Overall energy system efficiencies include corrections
for process heat and electrical energy requirements of the
supporting fuel cycle operations. For all systems, process
heat requirements for the supporting fuel cycle are negli-
gible compared to the heat input at the power plant. Fuel
cycle electrical energy requirements are also negligible,
except for the diffusion-enrichment plant requirements for
the LWR systems, which are of the order of 3 to 5% of the
power plant output. Transmission losses are assumed the
same for all systems

The fossil fuel cycles have similar systems effi-
clencies— ~35%, The LWRs have lower system efficiencies,
~28%, due both to their lower power plant efficiencies and
their enrichment plant power requirements

More detailed analyses of the overall fuel cycle energy
balances are given in Chapter § and in the Appendix.

Consumption of Nonrenewable Fuel Resources

The availability of fuel at acceptable cost is a major
consideration in selecting a power plant type. For example,
fuel shortage offsets the environmental benefits of the
natural gas system. Annual fuel consumption of each
1000 MWe plant is expressed in Table 1 as a fraction of
reserves available for U S, electric power production, at
current extraction costs and with current extraction tech-
nology . Current alternative-use fractions were used to

establish the reserve base available to the U. S. electncity
production. Residual fuel o1l (RFO) assumed to be available
from Africa and Venezuela is included in the RFO reserve
base.

Coal is seen to be the most abundant fossil fuel
resource, natural gas the least. Foreign deposits place the
RFO system on a par with the LWR systems.

Fuel resource data are given for each of the mineral
fuels in Chapter 3 and reduced to equivalent quantities of
electrical enerpy in Chapter 5.

Conventional Costs

Conventional costs are those definable costs already
imbedded in the price of electricity te the consumer —the
costs for labor, materials, and use of money. They include
the capital cost of power plant amortized over the life of
the plant, plant operating and maintenance costs, and fuel
costs. Fuel costs include ¢ ts incurred throughout the fuel
cycle, including capital costs of fuel cycle facilities. These
costs are ultimately transferred to the utility company and,
together with utility company working capital changes
associated with fuel, borne by the consumer

Representative conventional costs, corrected for escala-
tion to the year 1980, are shown in Table 1. The purposes
of including conventional costs in this report are to show
roughly the market competitiveness of the alternate energy
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systems and to provide reference points for comparison of
nonconventional costs. Where possible, costs associated
with abatetseni and restoration measures have be-n sepa-
rated fror the conventional costs,

It should be recognized that convuntional costs are
quite sensitive to power plant location. Further, a number
of factors cause such costs to vary with time — routine
inflation, abundance of fuel resources, capacity/throughput
effects, legal and regulatory actions, technological maturity,
etc,

Abatement Costs

Abatement costs in Table | include SO, removal from
stack gases (coal), desulfunzation of residual fuel oil,
natural-dratt evaporative cooling towers (all plants), near-
zeto radwaste systems (LWRs), and surface-mined land
reclamation. This is not, of course, a complete list.

Abatement costs in the coal cycle are the greatest, due
to the large cost projected for SO, removal. The desulfur-
wation of residual fuel oil is the dominant abatement cost
in the oil cycle. The near-zero ~adwaste trestment systems
add hittle to the LWR energy ¢

Environmental Degradation

Burden rates on the environmental receptors® - land,
air, and warer —are displayed in Table |, with the intent of
presenting crude measures of relative environmental im-
pacts of the alternate energy tystems. In most cases, these
burden nites are merely source terms, e, emission rates
normalized 1o a quantity of electncal energy produced.
Ideally, these quantities would be reduced to incremental
quantities of damage 10 ultimate receptors, such as natural
flora and fauna, structural materials, crops, and the like.
Dollar costs could then be assigned to units of damage.
Owing largely to the lack of damage-function information
for each pollutant  receptor combination, this procedure
could not be followed ngorous:

Two aspects of land use are included in Table | land
tied up or vommitted by the power plants and their
supporting fuel cycle; and the land “consumed™ snnually,
e.g, land disturbed by surface mining, or land inundated by
disposal of fuel cycle residuals. The coal fuel cycle has the
greatest land impact, owing mainly to its mining operations
and waste disposal. Inventory land requirements for the
nuclear fuel cycles are magnified by excluston-area require-
ments but are still an order of magmitude less than that of
the coal cycle

Annual emissions of sulfur oxides, nitrogen oxides,
particulates, radioactivity, heat, mercury, and vanadium 1o
the atmosphere are shown in Table 1. The coal energy
system releases greater quantities. per unit enemgy pro-
duced, of $O,, NOy, and particulates than do the other
fossil systems. For purposes of comparison, electrical
energy required for the gaseous diffusion enrichment of
LWR fuel is assumed to be provided by a coal-fired plant,

*Effects on human health and safety are frequently
included in the term “environmental effects.” In this siudy,
human health and safety are considered separately. The
next two sections deal, respectively, with accupational and
public health and safets.
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and prorated quantities of coal cycle pollutants are,
accordingly, assigned to the LWR fuel cyclet It is
interesting to note that on this basis, the LWR « <cle
“emissions” of SO, and particulates are greater than those
of the natursl gas fuel cycle. Thermal releases to the
atmosphere are about 15% of the total heat rejected by
fossil power plants. There are, of course, no atmospheric
thermal releases at nuclear power plants. Minu*r quantities
of radioactive materials are routinely released 11 nuclear
facilities to the atmosphere. These emissions are of primary
concern 10 public health, and are discussed below, togethe)
with fossil pollutants, under the heading ““Public Health and
Safety.”

Light-water reactors, because of practical coolant tem-
perature limitations, operate at lower thermal efficiencies
and, therefore, reject more heat than modern fossil fuel
plants of the same generating capacity. For this reason and
because about 15% of the heat from fossil- ueled plants is
discharged into the atmosphere through the stack, LWRs
discharge about one hird more waste heat to cooling water
than do modem fossil-fueled plants.

Process water use in the LWR fuel cycie is essentialiy
negligible compared to that in fossil fuel cycles, due both to
the nature of the processes themselves and to the relatively
small masses and volumes of fuel materials involved.
Chemical contamination of waterways Is similarly small,
Chemical contamination in the fossil system includes acd
mine drainage in coal fields, black water from coal cleaning
plants, and oil spills, ballast discharge, and refinery efflu-
ents in the od system,

As discussed in Chapter 4, damage functions for each
pollutant -receptor combination are not well established.
Thus, any measure of damage costs, normalized to annual
emission rate, must be regarded as a gross preliminary
estimate. Section 4.9 gives crude measures of the dollar
vosts imposed by damage from coal, oil, and natural gas
plant SO, and particulate emissions. Section 4.10 presents
estimates of dollar costs associated with impacts (largely
consumptive water use) of waste heat rejection by natural-
draft wet cooling towers. Estimates of other dam. g
costs— assoctated with mine Jand disruption, oil spills and
ballast discharge, and biological oxygen demand of refinery
effluents — are given in Section4 11, All of these damage
costs gre summarized in Table 2. More detaled discussions
are provided in the Appendix,

Oceupational Health and Safety

Table | displays occupational health effects for coal
and nuclear energy systems in units of mandays lost
(MDL),

The dominant occupational health effect in the coal
fuel cydle is coal workers' pneumoconiosis (CWR), or
“black lung,” a respiratory discase resulting from the

tThis is, of course, a purely arbitrary assumption,
although the existing diffusion capacity is powered by
coal-fire power plants. Notwithstanding recent publicity to
the contrary, coal s not usiguely reguired for the
production of enriched nuclear fuel. Some electricity (a few
percent of the eguivalent electrical energy yield of the
nuclear fuel) is required, and any fuel which produces
electricity will do.

T ——
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Table 2 Compa.ison of Conventional Costs and Some Evauated

Nonconventional Costs of Alternate Energy Systems *

Basis: Annual Operation of One 1000-MWe Power Plant and
Supporting Fuel Cycle (6.57 biluon kWhe), in 1980 Dollars

Coal Ol Gas LWR
Conventional costs ($10% /year)
Capital plant s1 47 42 77
Fuel cycle [ 180 237 39
O&M 54 40 37 5.2
Rounded totals 120 231 283 121
Abatement costs ($10* /year)
Cooling towers 6 59 7.1 24
Sulfur/SO, removal 259 49 NA NA
St ip-mined land reclamation 0.1 NA NA S
Near-zero radwaste NA NA NA 1.2-18
Rounded totals 30 1 7 34
Conventional and abatement ($10* /year) 150 242 290 125
Abstement component (%) 20 5 2 3
Safety ($10* /year)
Occupationalt 046 0.086 0.039 0.08
Publict 0l U U 0.0q3
Subtotal 064 a 086 >0.039 0.053
Health ($10% /year)
Occupational 0.038 U U 0.024¢
Public L ,U,_ u U 0.01**
Subtotal >0.03 U U 0.034
Total human health and
accident costs ($10% /year) >0.67 >{).086 >0.039 0.087
Environmental effects ($10% /year)
Water base 04 04 04 0.6
Air base 08 0.6 0.1 S
Land base 02 S S S
Subtotal 14 10 0.5 06
Total human and environ-
mental ef _.ts ($10* /year) 2.1 1.1 0s 0.7
Percent of conventional (%) k) 1 0s 09

-

*U = unevaluated; NA = not applicable; S = small.

tConventional injuries in routine industrial accivents, including fatal and nonfatal injuries; | death = 6000 MDL =

$300,000.
tConventional injuries in accidents in transportatio, of fuels; I death = 6000 MDL = $300,000.
§Coal workers' pneumoconiosis (CWP).
€ Radiological health effects, including lung cancers among uranium miners.
**Radiological health effects from routine emissions,



asccumulation of coal dust in the tungs of underground
miners. An advanced stage of this disease is progressive
massive fibrosis (PMF). Crude estimates of the frequency
(normalized to 657 billion kWhe) of CWP cases are
compared to estimated occupate sial health effects in e
Iight-water reactor fuel cycles - lung cancers among ura-
niwn miners duc to inhalation of radon gas, and cancers
resulting from occupational exposures to radiation at the
1eactor and reprocessing plants (6000 MDL is assigned to
cach malignancy , 1000 MDL is assigned to each case of
simple CWP).

It is estimated that on the order of one case of black
lung can be attributed to the mining requirements asso-
cuted with one 1000 MWe coal-fired plant per year.* By
comparison, on the order of one malignancy would be
expected in the light-water reactor fuel cycles, per 1000
MWe plant, during the life of the plant (~30 years).

Occupational health is addressed in more detail in
Sections 4 4,4.6,4.7 and in the Appendix

Occupational ijuries due to routine industrial accidents
occur throughout the alternate fuel cycles. Table | gives
iury rates, normalized to the annual operation of a
1000-MWe power plant. Injuries in the coal cycle exceed,
by far, those in the other fuzl cycles. About one occupa-
tional fatality per year can be attributed to each
1000-MWie) coalfired plant. The dominant « e of
conk-cycle injunes is underground mining.* The ijury rates
in the oil, gas, and LWR fuel cycles are roughly equiva-
lent - an order of magnitude below that of coal. Mining in
the nuclear fuel cycles accounts for most of the injuries in
these cycles Because of the high-energy content of nuclear
fuels, nuclear fuel mining injury rates ar® much lower than
those in coal miming.

Public Health and Safety

Public health effects of electricity production are
extremely difficult to assess. Pollutant emission rates at the
power plant or at a fuel process step in the supporting fuel
cycle are iirst estimated. A thorough understanding of the
process in question and a careful description of the material
flows involved in the process are normally sufficient to
yield a fairly accurate emission rate, normalized to a given
quantity of electrical energy produced. Transport of the
pollutant through various pathways to man, or to alternate
fates, must next be analyzed. Factors involved in this step
are local meteorology, hydrology, pollutant reconcentra-
tion mechamsms, pollutant loss mechanisms, biological
uptake mechanisms, population distribution, and the life
style, including diet, of the population. Human exposure
fevels and rates must then be assessed to determine dose.
Finally, the health damage corresponding to this dose
fusing an appropriate dose -response function or coeffi-
cient) must be evaluated, and, if warranted, a dollar cost
may be assigned 1o the incremental health damage

*| This| assumes SO% production in the power plant
from underground mines. [It] also assumes that future
U S coal mining health impacts, after implementation of
the 1969 Act, will be similar to British experience

tOccupational injury figures of Table 1 assume SO0%
production from underground mines, S0% from surface
mines.

The establishment of dose - response relationships s at
present the weakest link in this procedure. The relation-
ships between health effects and pollutant concentrations
(or dose levels) are generally established by epidemiological
studies on statistical samples of the human population, or
laboratory studies on animals. Animal studies require that
results be scaled in some manner in order to estimate
human effects

Table | contains crude estimates of public health
effects (in units of man-days lost) of the routine radioac-
tivity emissicas from the nuclear fuel cycles (A total of
6000 MDL is assigned to each malignancy ) These figures
are based on a very conservative dose - response coelficient
of the order of ~0.0001 malignancy per rad and the
emission rates in curies per ton of fuel processed or per
MWhe estimated in the present study. Section 4.4, the
Appendix, and the footnotes of Section 3.5 describe these
calculations in more detail.

Unfortunately, human health hazards from fossil fuel
pollutants are not as well understood and quantified as the
health hazards from radiation. Theie are no dose - response
data comparal in quality to therpeutic wradiation and
atomic bomb cesualty data and no linear dose - response
model, both of which are so useful in estimating (however
conservatively ) radiation effects. Numerous measures of
health effect have been investigated but no preeminent
measure has emerged which is analogous to malignant
neoplasm in the case of radiation. Toxicologic studies on
amimals have demonstrated that massive doses of specific
chemicals such as sulfur dioxide may wmpair health
Likewise, chromic exposures of animals have demonstrated
health effect. Correlations between various measures of
human respiratory impairment, including death, and levels
of air pollution have been observed duning and following
episodes of exceptional’y hiy h concentration of au pollu-
tants, However, there s no “omation on the effect of
individual exposure 1o specitic pollutants during such
epiades, and no dose - response relationship can be formu-
lated. This same lack of exposure information plagues the
attempt  to  establuh  poliutant - response  correlations
through study of chronic exposure. Several regression
formulas have been developed which relate measures of
mortality and morbidity to measures of general air poliu-
tion levels, such as sulfur dioxide concentrations and
concentrations of particulate matter. These formulas are of
no use for the prediction of health effect as a function of
pollution level because they have not been based on known
and controlle | populati ns, the exposure measures relate to
concentrations made at several geographical locations but
are not a mesure of personal exposure, and the full
spectrum  of at poilutants s not represented i the
equations  Althovgh a quantitative comparison between
radiation health effect and fossil air pollution health effect
is an essential part of the comparisont of nuclear and fossil
fuel cycles, no quantitative estimate of fossil aw pollution
health effect, normalized to a4 umt of elecirical energy
produced, can be made at this time.

While it is not feasible, at this time, to normalize public
health effects to a umt of energy produced, some perspec-
tive can be gained by comparisons of naturgl background
levels, man-made exposures, regulatory standards, und
broad ranges of pollutant concentrations known 1o result in



some health effect, Figure 2 illustrates the comparisons for
sulfur dioxide, nitrogen oxides, and whole-body irradiation.
The arcas labeled “medically perceivable effects” are
adapted from a recent Unive.sity of California study.*
Several tentative conclusions may be drawn from Figure 2.

(a) Environmental Protection Agency standards for SO,
and NO,, applicable 1o fossil-fired power plants and other
man-made sources of these pollutants, are sbove natural
background levels of these pollutants. Current USAEC
regulations (10 CFR 20) for radiation exposure are about
equivalent to doses from natural background sources
However, the new proposed “as low as practicable™
guidelines (10 CFR S0, Appendix 1), applicable to light-
water reactors, would restrict individual doses to orders of
magnitude below that from natural sources.

When man-made and natural sources are added, the
tota: levels pe.mitted by repulations or guidelines are

@ about a tactor of 100 over natural background for
SO,

® about 4 factor of 4 over natural background for NO, ;
and

*D. Hausknecht, Public Health Risks of Thermal Power
Plants. University of California, May 1972,

Whole-body radiation (rads!
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50, lppm| with particulates

eabout a factor of 2 over aatural background
(I0CFR 20) or about a 1. tor of 1.01 over natural
background (10 CFR 50, Appenuix )t for radiation.

(b) As expected, ranges of medically perceivable effects
are well above natural backgrou.d levels for all three

pollutants.
(<) With the vxception of SO, the standards are well
below the rang>  mnedically perceivable effects,

(d) Actual ave. e annual radiation whole-body expo-
sures from nuclear power facilities in 1970 were several
orders of magnitude below the existing standards
(10 CFR 20) and natural background. Concentrations of
fossil pollutants (together with backgiound) were substan-
tially above background levels in 1970,

The discussion above was restricted to effects on public
health of routine pollutant releases from the energy system.
Of concern also is public safety, more specifically, the
hazards to the public from conventional accidents in
transporting fuels.t Of the various process steps in the

tProposed.

1Hypo hetical, large scale —low probability accidents at
power plants and supporting facilities are not addressed in
this study .

NO, lppm) with particulates
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| Fig. 2 Comparison of pollutant standards, background levels, man-made exposures, and health
| effects. From WASH-1224,
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clectneity production systems, fuel transportation is the
dominant source of accident risk to the public since it is in
the transportation of fuel that the public comes in closest
contact with the energy production system. Routine
industrial accidents at power plants and fuel processing
facilities usually aifect only occupational personnel
Table | compares public injury rates associated with trans
porting fuel required for 1000-MWe coal-fired and LWR
power plants.

Radiological and chemical risks associated with trans-
porting fuels, which are orders of magnitude below risks of
conventional impact-injury * have been excluded.

Because of the large masses and volumes of fuel
involved, coal transportation imposes a much more severe
public safety hazard than transportation of nuclear fuels.
Public injury rates in coal transportation are, in fact,
comparable to occupational injury rates in coal mining. The
transportation of coal for a 1000-MWe plant results in a
statistical public death about every two vears— this almost
entirely due to accidents at railroad grade crossings. Thus,
about one-third of the total fatalities attributable to the
coal fuel cycle are pubhic fatalities, the other two-thirds
being occupational fatalities largely in underground mining

A more detailed treatment of conventional injury rates
in fuel transportation is given in the Appendix.

Nonconventional Costs in Perspective

Although normalized to the same quantity of electrical
energy produced or production capacity, the quantities in
Table 1 are in a vanety of physical and nonphysical units.
Quantities along a single row are, however, in consistent
units, so that comparisons can be made across competing
energy systems. Ideally, one wishes to veduce all such
guantities to the same dimension, ¢.g., dollars, in order to
make dissimilar categories of impact within each energy
system comparable, and perhaps, additive, making possible
comparisons of total societal costs across competing energy
systems. For example, one might wish to compare the
occupational radiological health impact in the LWR system
to the conventional costs of producing electrical energy in
this sy stem.

Efforts to assign dollar values to nonconventional costs
are highly preliminary, subjective, and generally imperfect.
However, in several specific cases, it is possible to make
gross assessments useful in making order-of-magnitude
comparisons

Table 2 compares conventional costs of producing
electrical energy by zlternate energy systems| and several
categories of environmental and human impacts which were
reduced to dollar costs [for the same systems] . This table
represents the highest degree of summation and condensa-
tion considered feasible, useful, and appropriate in this
study  The table aggregates numerous quantities derived
and presented in a labyrinth of supportive materials in the
main report and the appendices. Further condensation
could lead to misinterpretation and gradual vitiation
ihrough succeeding generation of studies. The limitations
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CUSALC, Nuclear Fuel Transportation Study (to be
wsyed)
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and uncertainties of the information displayed in Table 2
watrant further discussion. These qualifications do not,
however, invalidate the major conclusions and findings of
the study.

Additive Costs

One of the tasks of the study was to reduce numerous
quantities to a consistent basis (same unit of electrical
energy produced) and to consistent units (dollars) in order
to render them comparable and additive. All costs, internal
and external, should be summed to obtain a total societal
cost.

Adding any set of quantities to obtain a total requires
that they not only be in consistent units, but also that they
be (a) exhaustive and (b) mutually exclusive. Put another
way, this means that one should include all of the costs,
and that one should avoid counting something twice.

The categories and quantities of Table 2 are not
exhaustive. One notable omission is the public health effect
of airborne fossil pollutants, which, for reasons discussed in
more detail in the text, could not be quantified. For this
reason, the health subtotal for the coal system may be low
by an order of magnitude.

Neither are the quantities of Table 2 mutually exclu-
sive. For example, the conventional costs displayed may
indeed contain components such as workers' compensation
and insurance, tending to internalize occupational health
and safety impacts. In many such cases an exact separation
of costs could not be achieved.

Uncertainties

There are several degrees of uncertainty among the
quantities presented in Table 2. Uncertainties increase,
generally. as one moves from top to bottom and from left
to right in Table 2. In general, it was found that small
quantities were attended by the greatest uncertainty, This is
understandable, since small quantities are frequently
masked by large ones; the hazards of dealing with small
differences between large numbers are well known among
scientists and engineers. Fortunately, in the context of this
report, small quantities are less important than large ones.

Conventional costs, the largest of the quantities pre-
sented, are the most accurately known. A band of £ 15% is
assigned to cover regional and local variances and uncertain-
ties in escalating labor, materials, and money costs to 1980.
Abatement costs, because they can be tied to specific
equipment and procedures, are roughly as accurate as the
conventional costs displayed.

Rates of occupational injuries in the coal cycle are
considered quite accurate and representative. For example,
statistical fluctuations in fatalities per million miner-hours
appear very slight; the gradual reduction in mining injuries
from 1955 to 1967 appears systematic, suggesting that such
injuries may be regarded for practical purposes as deter-
ministic and accepted. By contrast, injuries in uranium
mining, because they are fewer, appear highly random.
Accordingly, a broad confide ce band of +50% is assigned
to nuclear system injuries. Similar comments apply to
public injuries in transporting coal and nuclear fuels.

Accidental injuries can be counted as discrete events
and assigned to specific activities, e.g., mining, transporta-



tion, etc, By contrast, health effects are amorphous,
difficult to define, and often impossible 10 assess quanti-
tatively with cutient knowledge of dose response char
acteristics. For this reason, health d smage costs displayed in
Table 2 should be regarded only as orderofmagnitude
estimates based on the best avallable information. Radio-
logical health impacts of nuclear power production are
considered to be conservative, 1e., overestimated, in that
they are based on a hnear dose  response extiapolation.

Life Values

Health and injury costs were assessed at $50 per
manday lost, leading to a life value of $300.000 if one
assumes 6000 man-days lost per death. These are arbitrary
figures, assi_ned to permit rough comparisons, and carry
with them no implied comment on the absolute value of
human life. The $300,000 per death figure is, however, in
accord with several independent assessments. The reader
may adopt his own values by scaling the health and
accident costs of Table 2.

Summary of Limitations

To summanze, several limitations and shortcomings of
Table 2 were discussed above:

o the costs tabulated do not form a complete set, nor
are they mutually exclusive; tor this reason, the table does
a0t yield 1otal social costs of producing electricily |

ein several categorwes, only very crude estimates of
nonconventional costs could be made; in general it was
found that small quantities are attended by the greatest
uncertainty ; and

e the unit costs of SS0/MDL and $309.000/death,
assigned more or less arbitrarily to permit comparisons of
health imparment and injury costs with conventional costs,
are highly subjective, and may be readily challenged on
emotional and moral grounds. None of these shortcomings,
however, invalidate the major conclusions and findings of
the study. reviewed in the next section. The salient point 1
that even drustic changes in the very small quantifies in
question will not propel these quantities to dominant
importance

Chowce of life value, if applied consistently, will not
distort the relative impacts of the compeling energy
systems. Further, whatever value is assumed, within reason,
the health and injury costs will remain small compared to
the conventional costs of producing electricity. Similarly,
the large uncertainties in the environmental, health, and
injury figures do not alter the conclasion that these costs
are small compared to conventional costs. The same general
argument could apply to overlaps and omisstons in the
table

Conclusions

I Costs associated with human health and injury
effects, both occupational and public, of new power
sations and their respective protated supporting  fuel
cycles, are small compared to conventional energy Costs
(less than 1%). This conclusion escludes public health
effects of airborne fossil pollutants SO, NOy. partice-
lates, trace metals ——which could not be Guantified
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2. Total nonconventional costs — including health, in-
jury, and environmental unpacts- are small compared to
conventional eneegy costs (less than 3%).

3. In view of conclusions | and 2, ultimaie fuel resource
availability s apt to have grcater influence, in making
pational choices among energy systems, than environmental
considerations. Coal and nuclear fuels are the most
abundant domestic fuels for electricity generation. This
assumes that greater nuclear fuel utilization is achieved
through the conversion of fertile nuchides to fissile nuclides,
as in the fast breeder reactor. A host of factors affecting
supply of residual fuel oil and natural gas make extensive,
long-term base load use of these fuels doubtful.

4 Uealth and injury impacts are greater for occupa-
tional personnel than for the public.

5. Specific judgments concerning the cost - effectiveness
of various abatement measures cannot be supported by the
dats avallable. Although costs of abatement measures can
be estimated with some degree of accuracy, corresponding
incremental costs of damage avoided are difficult even to
estimate by order of magnitude, owing to the lack of
damage funcuon (dose response funcbon) information.

6 The overall problem of ranking alternatives is o
time dependent one, and alternatives must be regarded as
mines of enegy sources through lime rather than as
individual isolated sources. It is probable that all sources
will be welcome 1o meet the nsng demand for electrical
encigy . For this reason, a guantitative ranking or worng
among indwidual energy systems, based on static param-
cters, Is unwamanted. However, some qualitative conclu-
stons, based on the quantitative assessment summarized in
preceding tables are in order.

® The narural gas system enjoys low plant capital costs
and ocurs mmimal envirommental and human impacts.
However, remaining domestic reserves are small, imports at
acceptable costs we uncertain, and there is competition
from alternate uscs of this fuel, such as commercial and
residential heating. Supply problems also face the residual
fuel oil (RFOY system, Domestic yields of RFO are low
tless than 107%) because of the incentive to maximize
production of more valuable refinery ends; thus, 4 pre-
ponderant share of RFO consumed in the U. S.is imported,
and foreign sources cannot be considered secure and
permanent Environmental and human impacts mvolved in
the RFO system are large compared to those of the natural
gas system, but substantially Jess than those of the coal
system, Because of fuel supply related problems and
attending conventional costs, RFO and natural gas are
expected to have diminishing roles in fueling new gener-
ating capacity after 1980.

o Coal, the most gbundant of domestic fuel resources, is
the most seviere environmental offender. This results largely
from the sheer quantities— masses and volumes - of mate-
rials handled in the fuel cycle Impacts of the coal energy
system are more visible and, to some extent, more casily
measured than those of other systems. In almost every
category addressed, nonconventionai (or external) costs are
greatest in the coal system. Quantified external costs of
producing electricity from coal are, however, less than 3%
of conventional costs. Abatement costs, particularly SO,
retention systems if proved feasibie, may add as much as
2008 to internal costs. However, the compelling fact is that



coal is an abundant domestic fuel, and”its environmental
disadvaniages are not likely to preclude its continued
explotation as a source of electrical energy,

® Nuclear fuels, including both fissile and fer..o nu-
chides, are abundant domestic resources, and are expected
to share, with coal, a major role in electrical eergy
proGaction from 1980 through the year 2000 and beyond,
provided reactors with substantially improved fuel utiliza-
tion characteristics are introduced on a commercial scale.
Gross, direct environmental impacts of extracting, pro-
cessing, and transporting fuel —-so visible in the coal fuel
cycle — are essentially absent in the nuclear fuel cycles,
because of the high energy content (on a mass or volume
basis) of nuclear fuels. Similarly, nuclear power plants do
not discharge large, visible quantities of airbome poliutants,
The curtent generation of nuclear power plants— the
hight-waier reactors - discharge about one-third more heat
to the environment than do modern fossil plants. Though
relatively small in mass and volume, material flows and
ressduals mn the nuclear fuel cycles are not without very
substantial potential hazard. For this reason, nuclear
systems are designed, fabneated, and operated with numer-
ous ssfeguards, high performance radwaste systems redun-
dancies, and with increasingly v -dant quality-assurance
programs and standards.
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Risk-Benefit Evaluation for Large Technological Systems
D. Okrent*
Nucl. Safety, 20(2): 148-164 (March-April 1979)

Abstract: The related topics of risk -beneti: analysis, risk
analvsis, emd risk--acceptance criterie (How sote is safe
enough®) are of growing importance. An interdiscolinary
study on various aspects of these ropics, including applice“ons
to nuclear power, was recently completed at the University o
California, Los Angeles (UCLA), with the support of the
National Science Foundation. In addition to more than 30
topical repores aud vanous open-literature publications, a final
report (UCLAENG-T777) to the study, titled A Generalized
Evaluation Approach to Risk - Benefit for Large Technological
Svstems and Its Application to Nuclear Power,'" was issued in
early 1978 This article brieflv summarizes portions of tie final
report dealing with general aspects of risk -benefit method-
ology, societal knowiedge and perception of nisk, and risk
acceptance criteria

The pioneering work of Starr’ has provided consider-
able perspective and insight concerning risks in society
and has been one of the principal focal points for the
developing field of risk -benefit evaluation. In 1971
the National Academy of Engineering (NAE) held a
2-day colloquium, “Perspectives on Benefit - Risk Deci-
son Making,” in order (1) to help make the issues of
benefit—risk decision making explicit enough for
public discussion; (2) to ascertain the current status of
benefit —risk decision making as a field of study and in
terms of current practice; and (3) to 1’ atify promising
lines of inquiry that might lead to improvements in
methodology and implementation. The proceedings of
the NAE colloquium? constitute another of the basic
references in the field, which is due, in large part. to
the insight provided by the diversity of viewpoints and
approaches presented by the participants.

*David Okrent s Professor of Engineering and Applied
Saence at the Umiversity of California, Los Angeles, and s 4
long-time member of the Nuclear Regulatory Commussion’s
Advisory Committee on Reactor Safeguards, which he served
as chawrman in 1966, | ollowing graduate studies in physics at
Harvard University, he spent about two decades at Argonne
National Laboratory where for many years he had responsi-
bility for the program on fast reactor physics and safety.
Dr. Okrent s 4 fellow of the American Physical Society and
the Amenwcan Nuclear Socrety and 4 member of the National
Avademy of Engincering. In 1970 he received the first Argonne
Universities Association Distinguished Appomtment Award. He
was 4 Guggenheim Fellow in 1961/1962 at Cambndge Uni-
versity and again in 1977/1978 at Technion - Israel Institute
of Technology . where he held the Issac Taylor Chaw,

Since 1971, activity in risk-—-benefit assessment has
grown substantially. Works that provide a review of
much of the field include those by Lowrance.® Rowe.*
and Van Horn and Wilson.® A second conference.
“Risk ~Benefit Methodology and Application,” was
neld at Asilomar in 1975 (Ref. 6); it was sponsored by
the Engineering Foundation as part of a study*
undertaken at the University of California, Los Angeles
(UCLA), which is the subject of this article. And some
very thoughtful insights into the regulation of poten-
tially hazardous material are to be found in the
proceedings of the National Academy of Sciences
Forum, How Safe Is Safe? The Design of Policy on
Drugs and Food Additives.”

The following excerpts from the review by Van
Horn and Wilson® indicate some of the major concerns
that must be addressed.

Decision makers are faced to an ever increasing
extent with evaluating uncertain risks and benefits
to human health and to the environment Without
reliable knowledge of the implications and conse-
quences of alternative projects or possible courses of
action, their ability to make scund judgments is
diminished. However, estimating the magnitude,
probability, and distribution of risks and assessing
the costs and benefits of projects are fraught with
the difficulties of science, the uncertainties of
technological and economic forecasting, and the
pitfalls of public policy. Hovw then can risks, costs.
and benefits be explicitly compared” How should
pertinent information be ordered and assimilated to
assist in achieving acceptable balances between
benefits and risks, both in the short term and in the
long run?

The methodologies which are used in “risk
benefit analysis™ attempt to make explicit the often
hidden trade-offs between lives lost and dollars
spent, or between pollution and environmental
quality. No magic formulae have been evolved for
grappling with these seemingly imcommensurable
attributes. Nevertheless, the growing difficulties of

*The UCLA propect. titled “A Generalized  Fyvalustion
Approach to Rk Benefit for Lurge Tedhnological Systems
and Its Apphoation to Nuclear Power,” began in the summier of
1973 and was supported By National Science Foundation
grants G 39416 and O P7S20318



regulation, standard setting, legislation, and techno-
logical choice have necessitated improved methods
for answering risk - benefit questions.

From the 1975 conference [Ref. 6] and from a
survey of literature, it is evident that no coherent
definition of risk-benefit analysis has emerged,
owing to the breadth of subjects under study. Most
recent effort has been in the area of risk assessment,
less attention has been given to benefit assessment,
and even less attention has been devoted to how
decision makers should integrate this information
into the political process.

Dealing with uncertainty is the central dilemma
of all policy choice. Uncertainty occurs in pre-
dicting the consequences of actions as well as in
valuing the particular outcomes of alternative
policies. Reducing uncertainty, defining its bounds
and its effects on policy preferences, should be
primary goals for risk —benefit analysts.

Even if the risk-benefit analyst 1s able to
quantify risks and benefits how are we to judge the
acceptability of a risk? What criteria should apply to
our choice among alternatives?

Assessing risk and judging the acceptability of a
risk (i.e., determining safety) are independent pro-
cesses, Much confusion has arisen in public policy
disputes over the failure to separate the distinguish-
able questions:

1. What are the scentific and technological

bases for assessing the expected risks and
benefits?

2. What are the relative probabilities and un-
certainties of particular consequences’

3. Can the risk be reduced and what will it cost®
4. Is the distribution of risks and benents fair?
5. Is this risk acceptable?

Moral, ethical, and political considerations may
all properly take precedence in decisions in our
democratic society. Nevertheless, in many situations
where ethical or political arguments are not para-
mount, understanding risks and benefits may be
crucial. Fears that nisk- benefit analyses will obfus-
cate the issues seem to imply that decision makers
or opponents of particular alternatives are not
cupable of pointing out the limitaticns of an
analysis. Surely, if decision makers are capable of
comprehenaing the complex scientific and techno-
logical decisions to be made, they are capable of
recognizing the limitations of analytical methods
Holistic decision making s not preciuded by using
risk ~benefit analysis. Careful risk - benefit studies
subjected to open criticism are more likely to
rationalize and clarify the decision process than
they are to hinder or obscure 1t
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THE RCLE AND METHODS
OF RISK-BENEFIT ANALYSIS
AND DECISION ANALVSIS*

In this section we review some of the fundamental
concepts and langrage of risk—benefit analysis and
decision analysis and outline a possible philosophy and
point of view toward this emerging scientific discipline
and its appropriate role in society.

Risks vs. Hazards

We begin first by making *he distinction between
the notions of “hazard” and “risk,” as we shall use
these terms. Hazards, in cur usage, are things that exist
externally; risks are dependent on what we do and
what we know. Thus, fo. example, the ocean is a
hazard, and if we .ttempt (0 cross in a rowboat, we
incur great risk. If we wioss in a ship like the Queen
Mary, the risk is small, although the hazard remains the
same.

Quantification of Risk

It is often said that risk is probability i..es
consequence, and we may use this definition ourselves
in specific applications. However, we may also wish to
denote a more general definition, namely, that “risk is
probability and consequence.” Thus, suppose a given
action could produce various degrees of undesirable
consequence, or “damage,” with various likelihoods.
Damages might be the number of lives lost or dollars
lost, for example. We might present the situation most
transparently in the form of an integral probability
curve, as shown in Fig. 1, in which the ordinate is the
probability that a damage of level x or greater will be
produced. Applied to such a situation, the meaning of
probability times damage would be the expected value
of damage.i.e.,

B d
[:(d)-fxdxp( - x kdx

This operation reduces the whole curve to a single
number, which is a pronounced loss of information,
since many vastly different curves with enormously
different signiticance could have the same expected
value. In contrast, the point of view that risk is
probability and consequence would say that the risk is
the whole curve, p(> x), in Fig. 1. In fact, we refer to

*This discussion of decision analysis was picpared by
S. Kaplan.
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this curve as the “risk curve.” If there is more than one
hint of damage, we would refer similarly to a “risk
surface,” as shown in Fig. 2. Here, the vertical ordinate
over any point (x;,y,) would be read as the proba-
bility that the damage will be greater than x; and
¥, —i.e., that the number of dollars !ost will be greater
than x, and the number of lives lost will be greater
than y,.

The risk surface thus tells a more complete story
concerning the probability of small consequences and
the probability of large consequences. For analytical
purposes, the risk surface provides a more generalized
definition of the risk.

The Purposes of Risk Analysis

In the light of the preceding definitions, we might
now say that the purpose of risk analysis is to identify
all the hazards and to quantity the risks involved in any
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proposed action (or inaction). Experience, however,
teaches us that in the course of this identification and
quantification, there comes about an increased aware-
ness that, by itself, can diminish risk. Actions that can
reduce risk may also suggest themselves.

Actions that reduce risk, however, will usually
require expenditures of time 2nd resources that could
be 1s5ed elsewhere. Moreover, these actions may bring
up new risks and uncertainties of their own. In real life
we usually do not get to avoid risks, we only get to
choose between them. Thus we must trade off risks,
costs, and benefits. To the extent that we can do this
expiicitly and quantitatively, we may hope not only to
make better societal decisions but also to reduce the
waste, delay, miscommunication, and bitterness fre-
quently attendant on such decisions. This is one of the
real promises of decision theory, which is a formal
mathematical framework for optimizing these trade.
offs. Risk analysis may thus be viewed as part of
decision theory or as part of the input for a decision
analysis.

Decition Theory

The essence of dew ‘heory consists of an
idealized model of a decision ..cuation, as diagramed in
Fig 3.

In this diagram the point of decision is shown with
various items of information, or indications, feeding
into it and various possible decision options emanating
from it. Since the outcome of a particular decision
option is not known with certainty, the diagram shows
a series of possible outcomes emanating from each
option, with each outcome having its own assigned
probability.

A given outcome will, in generai have many
different impacts on people, property, the economy,
the environment, etc. These impacts are grouped intv a
linear list, which is called “the impact vecter” in the
diagram. The use of the term “‘vector” here emphasizes
the idea that the “impact™ of any decision action is a
multidimensional, multiattribute quantity.

The decision maker, observing these impact vec-
tors, will be able to say that this set of impacts is more
desirable than that set and so on. Thus there is in the
mind of the decision maker a notion of preference. We
may express this by saying that there exists in the mind
of the decision maker a “preference function™ or a
“utility function” which maps the multidimensional
quantity, the impact vector, into a scalar quantity —
i.e., a single number, called the “utility” of that vector.
The “expected” utility of a decision option may then
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be defined as the sum of the possible outcomes of the
utility of each outcome weighted by the probability of
that outcome. The optimum decision, then, according
to this model of the decision process, is t~ choose that
option which has the maximum expected utility.

Thus, in terms of this model, the steps in a decision
process are as follows:

1. Identify options.
| 42 ldzntify possible outcomes of each option.
3. Determine the impact vector for each
outcome.

II. 4. Assign probabilities to each outcome.
5. Establish a utility function.

1. {6. Compute expected utilities.
7. Decide.

Steps | to 3 may be considered to counstitute the
structural or formal part of the decision analysis. Here
we must decide how many options and consequences
to consider, how to characterize impacts, whether to
use discrete or continuous variables. etc. This part of
the job is as much art as science. The same is true of
any mathematical modelin;, effort,

Step 4 may be regarded as the input to the
problem. It represents our siate of knowle ige as of the
momeit.

Step S may be thought of as the sctting of the
parsmeters in the model. Here we input our value

judgments on the relative desirability of various sets of
impacts.

Steps 6 and 7 may be thought of as the operation
of the model. Thus, once the structure of the model is
established and the judgment inserted, the mode!
operates to convert, or map, a set of input probabi'ity
distributions into a choice of decision option:

Decision

ol [ Output decision
I\

Input probabilities ——e-

Utility function
(parameters)

If two parties have th: same states of knowledge
(i.e., if their input probabilities are the same) and if
they have the same preferences (i.e., the same utility
functions), then, according to the model, they must
reach the same decision. Conversely, if they dicagree on
the decision, then it must be because they have either
different probability functions or different utiiity
functions. Let us now take a closer look at these two
aspects of the matter.

Probability

There has been much dispute about various aspects
of prebability for a long time. An area of particular



importance relates to the ability to use probabilistic
techniques when very great uncertainties exist. One
school of thought says that when there is insufficient
data there is nothing else we can do but use proba-
bility. However, there is the counter argument that the
procedure for using probabilistic techniques exists but
that there is no basis for assigning meaningful proba-
bilities.

In the kinds of societal decisions we are concerned
with in this study (those relating to power plants, dam
failures, liquefied-natural-gas tanks, earthquakes, etc.),
we invariably have far less data than we would hke.
Thus we are always in the realm of probability theory,
and therefore it is worth pausing here to give a formal
definition of probability. One such definition is that
given by Professer E. T. Jaynes in a short course at
UCLA:

Probability theory 15 an extension of logic,
which describes the inductive reasoning of an
idealized being who represents degrees of plausi-
bility by real numbers, The numerical value of any
probability ( # /B) will in general depend not only on
A and B, but also on the entire hackground of other
propositions that this being is taking into account
A probability assigniaent is “subjective' in the sense
that it describes a state of knowledge rather than
any property of the “real” world, but 1s completely
“objective™ in the sense that it is independent of the
personality of the user; two beings faced with the
same total background of knowledge must assign
the same probabilities

Observe the importance in this definition of the
concept of the idealized reasoning being. This is the
fundamental premise ¢ probability theory: that any
two rational beings, given the same total background of
information and experience, wiil arrive at the same
state of confidence. Applied to the nonidealized beings
of everyday life, this premise translates thus: To the
extent that they are rational and to the extent that
they can, through sufficient communication, achieve a
commonness of relevant background information, two
people will assign similar values o. probability to a
proposition at hand. Actual experience in this regard is
quite variable.

Utility Theory

The basic idea of utility theory is to assign a
numerical value to represent another state of mind —
this time a state of preference. The idea is most
concisely contained in the graph of « typical money -
utility curve, Fig. 4. This curve portrays the relative
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desirability (in arbitrary units) of vanous quantities of
money.

The concave downward shape of the curve shows.
that initial increments of money are worth more for
this decision maker than later increments. Such a
decision maker, or such a curve, is said to be “risk
averse.” A concave upward curve would be “risk
prone,” and so on.

Multivariate Utility Theory

The curve shown in Fig. 4 represents a “univariate”
vtility function. When the impact vector has more than
one component, the utility function is said to be a
“multivariate” function and must then express the
trade-off preferences between the several components,
e.g., dollars and lives.

The situation then becomes complex, and dispute
more readily arises. People occupying different geo-
graphical, socia', and economic positions experienze
the components of the impact vector differently. Also,
status aside, people simply have different preferences
and values. Sometimes these differences can be ad-
justed through transfer-payment-type mechanisms;
sometimes they are simply irreconcilable. The best that
can be hoped for in utility theory (s that it can serve as
a communications language and as a tool for clarifying
attitudes and values. Moreover, the preferences and
evaluations of both individuals and groups will change
with time, mood, and circumstance. It is important,
therefore, that utility theory not be used in an
automatic, mechanical way. The best, then, that can be
hoped for from utility theory is that it can serve as an
aid to judgment, as a tool for clarifying attitudes and
values, and for making them consistent, and as a
language for communication in these areas.



A Special Case of Multivariate Utility: The
Risk —Benefit Formalism

In the general case, the impact vectors in Fig. 3
may have many components covering effects on health,
safety, environment, the economy, esthetics, etc. In
this section we wish to consider a simplified case in
which the vectors are boiled down to two components
and in this way to clarify the connections between the
model of Fig. 3 and the language of risk—benefit

analysis. Suppose therefore that only two components
are present: benefit, v, measured in dollars, and
damage, x, measured in fatalities. The decision diagram
then looks like the diagram in Fig. 5.

If option C is taken (ie., do not implement the
technology), then with probability 1.0 the impact
vector is [0,0] (i.e., no benefit and no damage).

If option 4 is taken, there are various possible
outcomes with probabilities p’,‘p’,‘ .., etc. All the
impact vectors have the same benefit, y , but the
degree of damage varies along with its associated
probability. This probability ~damage relationship can
be expressed in a risk curve, and the same can be done
for option B (see Fig. 6).

Suppose that the risk curve is lower for option B,
as shown, and the benefit is also lower, yg < v ,. The
decision can then be summarized: Is the reduced risk
curve, B, worth the loss in benefit y, - vp, or is it
better to have the risk and no benefit, option C?

Other interesting situations occur; e.g., suppose
that v 4 = yg, but the risk curves intersect, as shown in
Fig. 7.

Now, the question is: Which risk is preferable? Will
we trade off the small probability of a ly . aumber of
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fatalities, curve B, for a large or a small number of
fatalities as in curve A” To answer these questions, we
must put forth a utility function, w/x,y)

Note that the two curves in Fig. 7 could have the
same number of “expected” fatalities, yet the risk
situation is very different. Thus, reducing the risk curve
for a single number, expected damage, involves a
significant loss of information. There is a definite
convenience in such a reduction, however, for now the
technology or activity in question can be represented
as a point in x,v space and plotted along with other
technologies and activities.

SOCIETY'S UTILITY FUNCTION

in considering whether to implement a new techno-
logical development, we have to ask if the societal
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benefit is worth the risk—which is a way of asking for
society's utility function. How does society perceive
the risks and benefits associated with a develo_ ment?
This section reviews some methods and perspectives
from past studies in this area, particularly those dealing
with the complex question of how society perceives
the value of human life.

The Revealed Preference Approach of Starr’ *-°

The approach suggested by Starr is to ask: What
risks is society accepting in other technologies being
used now? In return for what benefits? In this view,
what society is doing now and has done in the past
reveal its de facto utility function.

Starr found that:

(1) The indications are that the public is willing
to accept “voluntary” risks roughly 1000
times greater than “involuntary’ risks.

(11) The statistical risk of death from disease
appears to be a psychological yardstick for
establishing the level of acceptability of
other risks.

(iii) The acceptability of risk appears to b2
crudely proportional to the third power of
the benefits (real or imagined).

Otway and Cohen,'® although not questioning t+=
value of Starr's work in general, disagreed with several
of his quantified findings, on the basis of their
examination of the same data base ard using the same
basic methodology. Looking at mining wages, Otway
and Cohen'® found that an essentially linear relation-
ship could be derived between risk and benefit, in
contrast to the third-power relationship. They found
that for voluntary societal activities, the original risk
data of Starr could be best fitted by a regression
equation indicating risk to be proportional to benefit
to the 1.8th power. Looking at involuntary societal
activities, and excluding natural hazards. they fitted
the o-iginal data with a sixth-power relationship.

Several groups, including Starr, Rudman, and
Whipple,' ! Wilson,'? and Slesin and Ferreira,'? have
examined historical data on accidents involiine five or
more deaths and concluded that, within the ava'able
range of data (up to about 1000 fatalities), ‘he
frequency of an event of a given size falls off nearly a»
fast as the cube of the magnitude of the event
(measured in fatalities). Slesin and Ferreira'® suggest
that this is, in effect, a revealed preference, which
society expects man-made hazards to meet, and that it
represents a quantitative measure of risk aversion.

However, Raiffa, Schiwartz, and Weinstein'* ex-
press a very different opinion, namely, that for the

purposes of public policy, the expected number of lost
years of life is an appropriate index, provided that we
believe in the probabilities.

The Value of Life

Among the papers that contribute significan:ly to
the development of a basic approach to accounting for
the value of a human life in risk-benefit decision
making are those by Schelling,'* Zeckhauser,'®:'’
Raitia, Schwartz, and Weinstein,'* Calabresi,'® and
Bergstrom.'® As Schelling,'* among others, points
out, rather than the value of life, per se, it is usually
the benefit of a small incremental decrease in risk
(corresponding to an increase in life expectancy) or the
cost of a small incremental increase in risk {with a
corresponding decrease in life expectancy) with which
we are generally dealing. And Zeckhauser'® empha-
sizes that procedures for valuing lives must be de-
veloped which appropriately reflect not only considera-
tions of process but also such matters as anxiety,
income distribution, and possibilities for compensa-
tion.

Nevertheless, it is instructive to examine the
“numbers” derived in various value-~f-life studies, of
which Linnerooth?® has published one of the more
recent surveys of case studies. She divided these case
studies into several different categories, as follows.

1. The human-capital approach. In a 1958 study
prepared for the Federal Aviation Administration
(FAA), the discounted value of the average passenger’s
expected income was considered appropriate.®' A
value of $250,000, obtained by the discounted-
earnings approach,’? was used in a 1962 general
aviation study, whereas Fromm?? obtained a higher
figure by allowing for the loss to the person’s family,
employer, and the government. Rice and Cooper?* ?*
have also used the so-cailed human-capital approach in
similar studies for the Social Security Administration,
with the dollar values depending on the discount rate
chosen and on the person’s age and earning capacity.

In 1972 the White House Office of Science a d
Technology?® estimated the average cost of a traf ic
death to be $140,000, whereas the National Highway
Traffic Safety Administration obtained a cost of
$200,000 (Ref. 27). The Department of Transporta-
tion has unce used the figure of $200,000 in making
cost-—-benet t evaluations of potential improvements in
traffic safe y.?® In a recent study Barrager, Judd, and
North?” have used th= value of $300,000 for the life
of 2 - zang, killed in an accident.

2. Implicit societal evaluation. Morlat®® estimated
that, in France, $30,000 is spent per life saved in road
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accident prevention and $800,000 to $1 million in
aviation accident prevention.

Sinclair, Marstrand, and Newick®' examined a
series of case studies and obtained implicit life valua-
tions for Great Britain, on the basis of expenditures for
safety, from $10,000 for an agricultural worker's life
to $1 million for a nuclear power plant employee and
$20 million for a high-rise-apartment dweller.

Sinclair, Marstrand, and Newick arrived at several
main conclusions from their study, including the
following:

(1) Risk levels and implicit life valuations differ
widely from industry to industry.

(n) It 15 possible to demonstrate numerical
changes in valuation as they arise from the
imposition of social controls —for example,
the large increase in valuation caused by the
legislative changes made after a disaster.

(11) Life valuations appear to increase with the
technical sophistication of an industry or
with the recentness of its foundation.

(iv) Where risk levels can be determined at a
national level, for social or technological
reasors, valuations tend to be highe:.

(v) Where risk levels are set nationally, rela-
tively few individuals appear to be con-
cerned in the technical determination.

(vi) Such nisk levels are inconsistently set, even
where the level is officially determined.

Conclusion (i) of Sinclair, Marstrand, and
Newick®' is similar to that of Morlat.*® Comparable
conclusions can be drawn about the same inconsisiency
in implicit life evaluations in the United States, as well
as about conclusion (vi) of Sinclair, Marstrand, and
Newick, namely, that risk levels are inconsistently set,
even where the level is officially determined.

These two inconsistencies are bothersome to the
risk—~benefit analyst, particularly if they result from
the compartmentaiization of decision making and from
either an absolute absence of knowledge of the facts or
a failure to communicate them.

Raiffa, Schwartz, and Weinstein' * state:

It is a reasonable governmental goal to “smooth
out” the distribution of life-saving investments by
equating, at the margin, their net costs per year of
life saved. Considerations of equity (that is, inter-
personal incidence of costs and life-saving benefits)
and issues of identifiability and attrivutability, may
often dictate against decision making based solely
on the efficiency criterion. To the extent that these
factors-—and others, such as political influence—
result in a suboptimal level of life and health for any
given level of resource commitment, they should be

evaluated critically in terms of the expected number
of quality-adjusted present-value life years foregone.

3. Insurance premiums and court-decided compen-
sation. Insurance as a measure of value of life in a sense
deals with a different matter; i.e., it does not reduce
the probability of death, but compensates the survi-
VOrs.

Court cases vary rather widely in their dollar
awards for loss of life, and, although they may not be
inconsistent with an enhanced human capital, they are
not judged as definitive by economists.' -3¢

4. The risk approach. Thaler and Rosen®? attempt
to impute a set of implicit marginal prices for various
levels of risk by observing the relationship between
risky jobs and wage rates, obtaining a value of life in
the neighborhood of $200,000.

Results of a UCLA Study

In addition to the very interesting work by
Bergstrom,' ¥ the principal report emanating from the
UCLA risk—benefit study in the general area of
historical perspectives on risk is the work of Baldewicz
etal.®® In this report an empirical study of historical
trends in the risks sustained by participating popula-
tions for various large-scale technological systems is
presented. A new model for risk assessment is intro-
duced which avoids the problems associated with
assessing the value of human life in risk—benefit
decision making, essentially, the model treats risk in
terms of loss-of-life expectancy. For example, in the
case of fatal insults sustained by a population at risk,
the rate of loss-of-life expectancy is simply the lost
years of life expectancy (the sum of the differences
between the victims’ ages and their expected “normal”™
life expectancy) divided by the total number of hours
they have been exposed to the risk. For nonfatal
insults (e.g., injury, illness, property damae), calcula-
tional procedures are suggested, and typicai results are
given in the case of property damage. In addition, a
methodology is presented for dealing with deferre
risk, and illustrative calculations are reported for ¢ .al
workers’ pneumoconiosis.

The average lost years of life expectancy p r
fatality are found to range from a low of 24 (rail
passengers) to a high of 43.6 (lightning victims) for 10
risk systems studied and are found to be essentially
invariant over the past two decades.

From the historical trends in the rate of loss-of-life
expectancy for the risk systems studied, it is concluded
that: (1) appreciable disparities exist in loss-of life



expectancy for occupational hazards, despite nearly
similar benefits for the populations at risk; (2) federal
legislation can have a significant impact on risk
abatement, as has apparently been the case for coal
mining; and (3) federal safety legislation efforts appear
to be most responsive to highly publicized disastrous
accidents rather than to chronic, low-level hazards
(both accidents and disease), which actually contribute
more significantly to loss-of-life expectancy.

The first conclusion is in conflict with the general
findings of Thaler and Rosen.? Nevertheless, the
results of Baldewicz et al.®® are that coal miners have
about 10 times the risk of steel workers with no
increment in pay for that risk.

Apparently highly publicized disasters have led to
moie 2overnmental action than have large numbers of
small accilents, which may actually have greater
effects. What is less clear is that what this represents is
a consciowly chosen quantiiative risk aversion of
society.

Results of a Psychometric Study

Starr’s approach of revealed preferences has the
advantage of dealing with public behavior rather than
witii attitudes. However, according to Fischhoff
et al.,** it has a number of serious drawbacks:

First it assumes that past behavior is a valid
indicator of present preferences. Second, it does not
serve to distinguish what is “best” for society from
what is “traditionally acceptable.” What was ac-
cepted in the market place may not have accurately
reflected the public’'s safety preferences. Consider
the automobile, for example. Unless the public
really knew what was possible from a design
standpoint, and unless the automobile industry
provided the public with a varied set of alternatives
from which to choose, past market behavior may
not have indicated what “the reflective individual
would decide after thoughtfui. intensive inquiry and
good professional advice.” A revealed preference
approach assumes that people not only have full
information, but alsc can use that information
optimally, an assumption which seems quite doubt-
ful in the light of much research®® on ne psychol-
ogy of decision making.

Fischhoff et al.®>* employ th.e method of “ex-
pressed preferences,” using questionnaires 1o attempt
to measure the public’s attitudes toward the risks and
benefits asso...ced with various activities. The partici-
pants in their study .valuated each of 30 different
activities and techaologies on the basis of (1)its
perceived benefic to society (2)its perceived risk,
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(3) the acceptability of its current level of risk, and
(4) its position in each of nine dimensions of risk.

1. Voluntariness of risk.

2. Immediacy of effect.

3. Knowledge about risk (to the persons exposed).
4. Knowledge about risk (to science).

§ Control over risk (by the persons at risk).

6. Newness of risk.

7. Chronic vs. catastrophic risk.

8. Common risk vs. dread risk.

9. Severity of consequences.

The participants w- . members of the League of
Women Voters of Eugene, Ore., and their spouses, a
group not representative of Eugene or of the United
States. However, they represented a group of private
persons who were generally active in public policy-
making matters.

The results of the study are of interest not only in
the correlations found but also in the differences
between “perceived risk’’ as indicated by the respon-
dents and “actual risk” as represented by some body of
technological study, albeit uncertain.

Fischhoff et al.** summarize their important find-
ings as follows:

|. For many activities and technologies, current
risk levels were viewed as unacceptably high.
These differences between perceived and ac-
ceptable risk indicated that the participants in
our study were not satisfied with the way
that market and other regulatory mechanisms
have balanced risks and benefits. Given this
perspective, such people may also be un-
willing to accept revealed preferences of the
type uncovered by Starr as a guide for future
action. In particular, the high correlations
between perceived levels of existing risk and
needed risk adjustment indicated that our
participants wanted che risks from different
activities to be considerably more equal than
they are now. They wanted the most risky
item on our list of 30 to be only 10 times as
risky as the safest.

. There appeared to be little systematic rela-
tionship between the perceived and existing
risks and benefits of the 30 activities and
technologies considered here. Nor are risks
entered into voluntarily perceived as greater
than involuntary risks at fixed levels of
benefit. Such relationships appeared to
emerge in Starr’s revealed risk —benefit space.

3. However, there was a consistent, although not

overwhelming, relationship between perceived
benefit and acceptable level of risk. Despite
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Unfortunately many, if not most, hazards and risks
are not well studied, let alone known, even by experts.
However, the difference between actual risk and hazard
and risk as it is perceived by a well-educated group,
such as the respondents in Ref. 34, poses a major
unresolved problem for societal decision making.

SOCIETAL KNOWLEDGE OF HAZARDS
AND RISKS

Except for those limited things covered by actu-
arial statistics, society is remarkably deficient in its
knowledge of the hazards and risks to which it is
exposed. For example, there are thousands of large
dams in the United States. many with large populations
residing in their inundation plain. But there is little
information on the safety standards to which these
dams were built. Also, there .xists no report that deals
quantitatively with the risk from these dams collec-
tively, and for only very few individual dams is
information available on the maximum hazard or on
the estimated risk.

The same lack of quantitative information on
safety standards, hazards, and risks is equally true with
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regard to the storage of large quantities of dangerous
chemicals. The transportation of dangerous chemicals
is only slightly better off with regard to the quantifica-
tion of risk.

Other examples of unquantified hazards and risks
abound; they include research with and application of
recombinant aeoxyribonucleic acid (DNA) techniques,
the so-called “greenhouse effect” from the global
buildup of carbon dioxide, and the hesith effects of
pollutants, including industrial and agricultural vastes
released into the environment. The recent general
acceptance by the medical and public-health profes-
sions that 60 to 90% of all cancer is environmentally
produced, rather than hereditary,*® adds a sense of
urgency to efforts to better understand the effects of
chemicals in the environment, whether they be emis-
sions from the combustion of fuels, additives in our
food, or pollutants in our water.

Generally speaking, there exists almost no litera-
ture dealing quantitatively with low-probability ac-
cidents for which little or no data can be provided by
actuarial statistics. In the practice of medicine itself,
only recently has an effort begun to accumulate
specific, detailed statistics that could, at least in
principle, provide a basis for detailed risk quantifica-
tion and risk—benefit analysis with regard to possible
improvements.

It is reasonable to draw the conclusion that, in
most aspects of society, a process of learning by
experience still continues; that nuclear energy repre-
sents a complete break with past practice in its major
efforts to quantify low-probability events; and that, to
a limited extent, other technologies and societal
situations are starting to unde:go the quantitative
scrutiny given to nuclear energy.

However, most societa! decision making involving
risk, whether by individuals, regulators, political repre-
sentatives, or representatives of advocacy groups, is
being made in the absence of knowledge by the
decision makers of the actual hazards and risks; and the
lack of knowledge is much more acute for society in
general.

To provide some insight into the magnitude of
several low-probability hazards, the degree to which a
risk estimate may be subject to uncertainty, or the
degree to wnich some hazards are even considered by
the nominally responsible governmental bodies, the
UCLA study group undertook several specific studies
as pait of the NSF grant, as well as under other
auspices. Some of these studies are summarized as
follows.



Seismic Effects

When seismic experts independently evaluate the
likelihood of relatively severe sarthquakes, whether it
be for California, Mississippi, or Massachusetts, a
difference of 10* in the estimated likelihood per year
can occur as a direct result of our imperfect knowledge
of earthquakes and their causes, and because historical
records are too brief to provide a definitive empirical
base.*' Such a large uncertainty in the likelihood of
severe earthquakes poses safety questions for essen-
tially all our cities, for dams, for storage facilities for
hazardous chemicals, for nuclear power plants, etc.
Except for nuclear power plants, seismic design rc-
quirements are usually rather modest. Several cities,
including Los Angeles, face the difficult problem of
dealing with the existence of large numbers of heavily
populated buildings that lack resistance to a strong
earthquake. A limited case study has been prepared on
how the city of Los Angeles has been struggling with
the problem of deciding what to do about old buildings
that do not meet current seismic design standards and
may pose a substantial risk.*?

What is poorly recognized is that essentially every
¢ity in the United States has a similar seismic safety
question; the major difference for e h city lies in the
probability that a seismic event . ..a occur which
would lead to a large-scale loss of life and property.

Dams

Dam failures are not uncommon events. Thirty-
three dams failed in the United States between 1918
and 1958 five of these were mzjor disasters involving
the loss of 1680 lives. Assuming that the average
number of dams over the 40-year time interval ‘vas
1000, these data suggest a failure rate approximately
8 x 10 * per dam-year and a major disaster rate of
approximately 1.3 x 10 * per dam-year. Between
1959 to 1965, nine major dams of the world failed in
some manner. In 1962 there were about 7800 major
dams (Engineering News Record, 1967), indicating a
worldwide failure rate of about 2 x 10 * per dam-year
for that period. These estimates are in accord with that
of Gast,” who estimated a failure rate of 10™* per
year ba.sd on historical records and design flood
probability. In the first 9 months of 1976 there were
six dam failures, four of which are considered major
disasters, resulting in substantial property damage and
more than 700 deaths. The causes of dam failures can
generally be categorized as design, construction, or site
inadequacies, or natural phenomena (primarily floods
or earthquakes) in excess of design criteria.
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In the study, made by the UCLA study groups,®®
of the prohability of failure of 12 dams in California
due to a severe earthquake, failure probabilities were
estimated as ranging from | in 100 to 1 in 10,000 per
year. Estimates of fatalities based on the assumption of
total and instantaneous failure of dams filled to
capacity ranged from 10,000 to 250,000.

The UCLA study is one of the few published
reports giving estimates of the maximum hazard and a
crude failure probability for specific dams. One addi-
tional piece of information comes from the federal
hearings on Mar. 21, 1977, conducted by the Water
Projects Review Committee, U. S, Department of the
Interior. H. Cedergren®? testified at these hearings that
sudden failure of the proposed Auburn dam in Cali-
fornia could kill up to three quarters of a million
people. Hence, dams clearly pose great hazards.

What remains unavailable are the quantitative
criteria for acceptable failure probabilities for dams
that are inherent in the judgment made by responsible
governmental authorities that a dam is “‘safe.”

Hazardous Chemicals

This subject might be divided into transportation
and storage. .» previous study on the risks from the rail
transportation of chlorine®? provided an estimate of
the upperlimit hazard (75,000 fawalicies at a proba-
bility of 0.0003 per year if evacuation is completely
ineffective for a densely populated area) and an
estimate of the risk (about 13 mortalities per year). By
contrast the actual experience had been only one
directly attributable fatality in 40 years in the United
States, which suggests that (1)evacuation is very
important, (2) the analysis may be unduly pessimistic
in other ways, and (3) the statistics are inadequate for
lower probability events. In all likelihood a combina-
tion of all three factors contributes to the discrepancy
between analysis and experience. There undoubtedly
are other situations in which the reverse is true,
namely, that what is nominaily a low-probability
high-consequence event (the equivalent of two airliners
colliding on the ground) has occurred.

With regard to the storage of large quantities of
hazardous chemicals close to towns or larger popula-
tion centers, the direct way to approach the question
would be to obtain specific information on locations
where such chemicals are stored and on the safety
standards us 'd in building and maintaining the storage
facilities. Gisv2n such information, fault-tree and other
methodologie could be used to estimate the proba-
bilities of releise from man-made and natural causes,



and the consequences of such releases on the public
health and safety could be evaluated, considering
meteorological factors and population distribution, as
well as the potential for evacuation in case of an
accident.

However, very few such evaluations have been
published in the United States.* Those that exist apply
primarily to proposed or recently built liquefied-
natural-gas storage and receiving facilities.

A preliminary look at the regulation of hazards
from the storage of chemicals was made by the UCLA
group.** This included a limited poll of activities and
cognizance by the statzs; a survey of the specific safety
requirements imposed by the cities of Los Angeles and
El Segundo, Calif , and a rough estimate of potential
hazards and risks.

It was found that only a limited regulatory control
is imposed by states and cities. No detailed hazard or
risk evaluations appeared to have been made, and
official knowledge of hazardous situations was less
than complete. In fact, there are large quantities of
potentially hazardous chemicals stored near population
centers,

The probability of a chemical facility accident
causing a hundred or more fatalities in a nearby
population center is not insignificant. Considering all
the chemical facilities located close to population
centers, at least one hazardous event can be expected
in the next several years. The policy implications are
obvious: in the future siting of chemical facilities, the
proximity to population centers should be taken into
consideration as well as the adequacy of safety design
criteria. Furthermore, evaluations should be made of
existing facilities to see if they meet an “acceptable”
level of risk.

RISK ACCEPTANCE CRITERIA:
HOW SAFE IS SAFE ENT1IGH?

Although a very consider sle number of decisions
are made every year involving an implicit acceptance of
some risk level or a reduction in some risk, very little
quantification of the criteria being used exists or has
been made publicly available.

For example, in the State of California, the law
now requires a finding by the State Division of Dam

*The Health and Safety Ewxecutive of Great Britain
published a detailed study in June 1977 entitled Canvey —An
Investigetion of Potential Hazards from Operations in the
Canvey Island /Thurock Area. The risk estimates are relatively
high compared to those for a nuclear reactor.
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Safety that dams are “safe,” but the state office does
not define what level of risk is acc»pted when such a
finding is made.

For a time the Atomic Energy Commission (and
then the Nuclear Regulatory Commission) licensing
staff adopted the quantitative objective that the
probability of a serious reactor accident should not
exceed one in a million per reactor-year. However, the
Commissioners themselves have since stated that they
have not adopted a quantitative risk—acceptance crite-
rion.
One of the few proposals for a quantitative
determination of acceptable levels of societal risk was
given by Rowe* in 1975. His proposed methodology
involves several sequential steps, as follows:

1. Balancing costs and benefits. The direct and
indirect societal benefits of a proposed activity must be
balanced against the total direct and indirect societal
cost of the activity. Rowe* assigns a numerical factor P
which depends on whether the balance is favorable or
unfavorable.

2. Achieving “as low as practicable” risk levels.
When the incremental cost per risk averted is equiva-
lent to similar costs for similar risks in society, the
system’s risk will be as low as practicable, according to
Rowe.* He also gives an alternative definition, namely,
“when the incremental cost per risk averted is such
that a very large expenditure must be made for a
relatively small decrease in risk as compared to-
previous risk reduction steps.”

3. Reconciling identified risk inequities. When risks
are not uniformly distributed among the beneficiaries
of the activity, the risk is compared to societal risk
experience for similar activities and a facior A4; is
assigned in terms of fatalities per year per individual.

4. Degree of systemic control. Rowe* defines levels
of “controllability” of risk, and assigns a factor G.

Rowe then defines a risk acceptability factor, R;, as

Ri=A;xPxG

The actual level of risk of type i must not exceed
R; or at least must be in the same order of magnitude.

Assuming that nuclear reactors have a “favorable”
cost—benefit balance and demonstrated controllability,
Rowe found a rough equivalence between measured
and acceptable risks for 100 reactors but not for 1000
reactors (except for property damage); he permitted
insurance to make up this gap.

Rowe* also used liquefied natural gas (LNG) and
liquefied propane gas (LPG) as examples and found



that LNG has acceptable “measured” risks, whereas
LPG does not

Levine*® has made several comments on the Rowe
model, including the following:

1. The model, as presented, is simplistic and ex-
cludes many factors which are discussed in the report
itselfl and which would be required to achieve an
overall, complete benefit - risk assessment.

2. The model is risk dominated and includes
essentially no provisions for consideration of benefits.
In particular, Levine®® says that requiring permissible
risk levels for new activities to be below those for
existing activities makes the implicit judgment that no
new activity can have benefits that outweigh those of
existing activities.

3. The evaluation of data relating to accident
consequences does not appear to have a related
statistical basis and 1s incomplete, leading to far lower
risk factors than actually would apply with the
proposed criteria

Bowen® " ha: argued for a basic criterion of 10 %
events per plant per year for off-site hazard (loss of
life), with a requirement for increasingly high confi-
dence levels (say, 99% or 99.9%) for a potential major
disaster, rather than a much lower probability per year
at unknown confidence level (or best-estimate value) to
cover risk aversion to large events.*

He arrives at 10~ % per plant per year as reasonable
on the basis of a cost -benefit balance for the United
Kingdom in which he loosely equates the increase in
life expectancy with the growth of national income. He
also feels that at 107 % per year the benefit- risk 1atio
is marginal and that the money would not be well
spent to reduce the risk from 10 % 10 10 * per year

Bowen®” argues strongly aganst a risk criterion
proportional to the square (or some power significantly
larger than 1) of the number of casualties, both on the
basis of fairness to the sole individual who is exposed
to larger risks and on the difficulty (or lack of
measuring) of striving for very low probabilities, such
as 10 ' per year.

He applies the risk criterion of 10 * per plant per
vear equally for an individual, a family, or a com-
munity, not distinguishing between “indiviaual™ risk
and “statistical” risk.

Specific to his entire approach is the fact that any
individual is affected significantly by only a few plants.

“In & personal communication, Bowen*” has since indi-
cated that a larger level of risk, more like 107* jer plant per
vear. may be more practical for the person living near a large

chemical facility.
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In a report by Okrent and Whipple,*® emanating
from the UCLA study, societal activities are catego-
rized as essential, beneficial, or peripheral. A decreasing
level of acceptable risk to the most exposed individual
is proposed (say, 2 x 10~ * per year for essential, 10 *
per year for beneficial, and 2 x 10°* per year for
peripheral activities). The risk would be assessed at a
high confidence level (say, 90%), thereby providing an
incentive to the search for better knowledge.

Each risk-producing major facility, technology,
etc., would have to undergo assessment of risk both to
the individual and to society. This applies to chronic
and to accidental risks. The cost of all nondirectly
attributable and insured risks would have to be
internalized, probably via a tax paid to the federal
government, which in turn would redistribute the
benefit as national health insurance (to cover the
statistical risks) or as reduced taxes to individuals.

It is proposed that some risk aversion to large
(catastrophic) events be built into the assessment of a
tax, and hence the internalizaticn of costs. However, a
risk-aversion factor much lower than that proportional
to the cube or even the square of the number o)
casualties is suggested.

CONCLUDING REMARKS

It is impossible to summarize briefly so broad a
topic as that encompassed by this project. Perhaps, the
highlighting of some of the individual reports and a few
general remarks will suffice.*

The work by Bergstrom appears to have provided
considerable insight into how one should think about
the “value of life,” namely, in terms of the value to be
attributed to small changes in the probability of death.
The study on historical perspectives by W. Baldewicz
etal®? specifically proposes the use of loss of life
expectancy, rather than mortality, fur evaluating risks
and provides a formalism which permits the inclusion
of associated factors such as pain or anguish. Fischoff
etal®® provide a psychometric study (How Safe Is
Safe Enough?) and some insight into the perception of
risk. Okrent and Whipple*® pose a trial quantitative
approach to risk-acceptance criteria and risk manage-
rient.

A group of papers on storage of chemicals, on the
uncertainty in our knowledge of earthquakes, and on

*In this summary we have completely neglected the
considerable contributions made to probabilistic methodology
and nuclear reactor safety as part of the NSF-funded UCLA
study.
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Los Angeles illustrate both
in society's knowledge of
which it lives and the very
which face decision makers.
seismic opinion provides a
to those who are developing
for making under uncertainty. Of
, the proceedings of the Asilomar workshop
provide a second perspective on much of the preceding.

In conclusion, the following suggestions are made
as to areas of risk -benefit assessment that appear to be
among those which warrant particular emphasis in the
future:
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1. A better quantitative knowledge of all risks in
society, which now are poorly known and are not
accurately perceived.

2. A study of the risk -acceptance levels currently
in use, overtly or de facto, and the reasons therefor.

3. More study of the expenditures which society
can afford to further reduce risk and the benefit which
should accompany such expenditures.

4. Increased effort on specific approaches to risk—
acceptance criteria and to risk management in the face
of large uncertainties and continuing disagreement

among exper:s.
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A Cost-Benefit Comparison of Nuclear and Nonnuclear Health
and Safety Protective Measures and Regulations

E. P. O'Donneil* and J. J. Maurot
Nucl Safety, 20(6). 525-540 (September-October 1979)

[Fditor's Note: This article was prepared for Nuclear Safety at
the invitation of the editor. The article proposes a rationale for
the implementatio.’ of safety measures and regulations based
on 3 cost -benefit companson derived from just principles of
logic. However, the real world of nuclear power plant licensing
makes little use of the principle of balancing monetary costs of
safety features against the incremental improvements in safety.
On the other hand, NEPA requires that there be 2 balancing of
environmental costs vs. societal benefits. Although the Atomic
Energy Act of 1954 requires a showing that the plant can be
built withowt “undue risk™ 1o the health and safety of the
public, the term “undue risk™ was not defined in such a way as
to require balancing against cost. Even though the author faults
the Nuclear Regulatory Commission for failing to apply
cost -benefit balancing, in reality his complaints are more
appropriately directed toward the Congress that passed the
legslation. |

Abstract: This article compares the cosis and benefits of
health and safety measures and regulations in the nuclear and
nonnuclear fields A cost bencfit methodology for nuclear
safety concerns is presented and applied to existing nuclear
plant engimeered safety features. Comparisons in terms of
tnvestment costs to achieve reductions in mortglity rates are
then made between nuclear plant safety features and the
protective measures and regulations associated with nonnuclear
risks, particularly with coal fired power plants. These com-
parisons reveal a marked inconsistency in the cost effectiveness
of health and safety policy, in which muclear regulaiory policy
requires much greater invesiments to reduce the risk of public
mortality than is required in nonnuclear areas where reductions
in mortality rates could be achieved at much lower cost A
specific example of regulatory disparity regarding gaseous
effluent limits for nuclear and fossl tuel power plants &
presented. It 15 concluded that a consistent health and safety
regulatory policy based on uniform risk and cost benelu
criteria should be adopied and that future proposed Nuclear
Regulatory Commussion regulatory requirements should be
eritically evaluated from a cost - benefit viewpoint

Protective measures and regulatory policy in the
United States regarding health and safety are developed
and implemented on a number of governmenta! levels
(federal, state, and local) and at each level by a variety
of agencies. In some instances the regulatory policy is
focused on a particular type of hazard (e.g.. radistion
exposure), in others on an individual industry (e.g..
automotive safety) or on a particular segment of the
population or human activity (e.g., occupational or
consumer product safety). The policy is carned out
with varying degrees of government involvement and

specification as to the precise measures required 1o
provide protection. In some cases very detailed nro-
tective regulations are developed and entorced by
governmental agencies, whereas in others the policy
relies mainly on the self-interest of industry or the
public to voluntarily reduce risk.

From its inception the nuclear power industry has
been subject to a comprehensive regulatory policy at
the highest governmental level, initially administered
by the Atemic Energy Commussion (AEC) and now by
the Nuclear Regulatory Commission (NRC) Yet there
are still concerns in some quarters that the existing
nuclear regulatory policy is inadequate and that more
stringent requirements must be imposed. Indeed, there
are those who contend that no . rount of regulation
can achieve the desired result. Alternatively, there s
strong sentiment, particularly within the regulated
industry, that existing nuclear regulatory policy has
already far surpassed the objective of adequate pro-
tection and that additional requirements merely add to
the cost of the plants without vielding justifiable
benefit.

*Edward P O Donned s Chaet Nuclear Licensing | ngineer
with I'basco Services, Inc. He s responsible tor the direction oi
all nuclear satety and hicensing activities i support of | basou
nuclear projects. He is 2 graduate of the U S Merchunt Marine
Academy and recerved the M.S. degree in nuclear enginecring
from Columbia Umiversity i 1965, His involvement i nuclear
safety at Ebasco spams 10 years and some 15 domestic and 8
foreign nuclear plants, as well as the Tokamak | uson Tost
Reactor project. M. O'Donnedl also serves a8 manager of
hcensing activities tor the Fbasco Standard Satety Analysis
Report. He 8 a member of several mdustry committees on
reactor satety and hoensing and has served as U S, consuliam
1o the International Atomi Fnergy Apency Nuclear Satety
Standards Program.

tlohn ). Mauro s Supervising | nginecr ain Charge of th
Radiologieal Assessment Group at Fbasco Services, Inc Hn
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Universits (INYU) He recerved the MLS dogree in buodogy 1rom
NYU and 2 BS. in biology trom Long Iand U miveraty . In
1976 Dr. Mauro was certilied by the Amencan Bourd o1 Health
Physics.



It s obvious that those holding these diverse
opinions are basing their judgments on widely varying
perceptions of (1) the residual risk associated with
nuclear power, (2) the L «#l at which such risk would
become acceptable, . (3) the acceptable cost of
achieving further reductions in risk. These perceptions
are rarely e.pressed explicitly or in quantifiable values,
but nonetheless they play an important role in shaping
regulatory policy.

To provide some basis for judging the validity of
these perceptions, it is instructive to review specific
NRC licensing requirements against quantitative risk
and cost - benefit criteria and to compare these results
with similar values for protective measures associated
with nonnuclear risks. Of particular interest are com-
parable regulations applicable to coal-fired power
plants since coal is presently the primary alternative
source of electric energy. This report summarizes
several recent studies by the authors which address this
subject.' ™

EFFECT OF REGULATORY POLICY
ON POWER PLANT COSTS

New regulatory requirements have produced a
dramatic impact in recent years on the cost of new
power plants, both nuclear and fossil fueled. Since
1969 the capital cost of a new nuclear plant has
increased from S160/kW to $913/kW, while the com-
parable cost of a coal-fired plamt has gone from
$122/kW to $S639/KW (Ref. 4). Figure | shows the
elenents of this increase. Although inflation con-
tributes to a significant portion, the predominant

Fig. | Allocation of plant cost increases 1969 to 1978 (from
Rel 4).
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impact has been attributed to new regulatory require-
ments, an important element of which has been the
cost of licensing delays. These capital cost increases
have contributed significantly to changes in the relative
cost of producing power at the bus bar for nuclear and
coal-fired power plants.

As shown in Fig. 2, in 1969 nuclear enjoyed a 26%
advantage over coal (7.9 vs. 10.7 mills/kWh), whereas
in 1978 this gap narrowed considerably. This is due
primarily to increases in the fixed charges, which are in
turn mairly influenced by the changes in capital cost
which, as oaoted, have been largely attributed to
increased regulatory requirements.

It must be noted that these cost estimates are based
on composite or average indices of equipment, labor,
and fuel costs covering various arcas of the United
States and are therefore representative of a plant
located in a hy pothetical “Middletown, USA.” Specific
estimates of these factors for different areas of the
country can and have produced®® different con-
clusions regarding the relative cost of nuclear and
coal-fired plants for specific utlity service areas.
Nonetheless the results indicate that the future direc-
tion of regulatory policy can have a critical influence
on future decisions to choose nuclear or coal and could
result in reversal of decisions that would otherwise
indicate the choice of one over the other based on
regional economic factors. The relative cost- beneiit
effectiveness of regulatory policy regarding these
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Fig 2 Levelized bus bar power costs for first 10 years of plant
operation (70% capacity factor) (from Ref. 4).



energy sources is therefore of more than academic
interest.

COST-BENEFIT METHODOLOGY FOR
NUCLEAR PLANT SAFETY FEATURES

A quantitative cost-benefit methodology has been
used with respect to assessment of the radiological
impact of normal plant operation on the environment
and s, in fact, required by NRC regulations.” The
methodology involves calculating the benefit of a
particular des.gn feature in terms of its ability to
reduce annual population radiation exposures due to
normal plant operation. This benefit (3 man-rem/year)
is then balanced against the annualized incremental
cost of the design feature ($/year) 1o obtain the
cost—benefit ratio ($/man-rem) of the feature. Should
this ratio compare favorably with (i.e., be less than) the
current acceptance criterion of $1000/ man-rem, the
feature should be incorpoiated in the plant design. A
similar approach can be used to evaluate the cost
effectiveness of safety features.

Since such environmental impact assessments are
concerned with normal operation, there is no need to
consider probabilistic uncertainties. However, when
dealing with nuclear safety concerns involving
accidents of low probability, the expected annual
frequency of the events must be included. A gen-
eralized expression for the cost—benefit ratio, which
takes into consideration both probability and con-
sequences of events, s as follows

Cost/'benefit ratio = —— -'———(——,—,——-——

(PR - £ (PRI

where € = annualized cost of safety feature, $/year

P, = probability of ith accident sequence of
interest without safety feature installed,
yea: '

R; = adiological consequences of ith accident
sequence of intercst without safety feature
mstalled, man-rem

P} = probability of ith acciaent sequence of
interest with safety feature installed, vear '

R, = radiological consequences of fth accident
sequence of interest with safety feature
installed, man-rem

n = number of accident sequences of interest
{i.e., those upon which the proposed safety
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feature would have an effect in reducing
probability and/or consequences).

In the following discussions this approach is used to
evaluate the cost effectiveness ol various engineered
safety features (ESFs).

Cost—Benefit Analysis of Existing
Engineered Safety Features

The design of current nuclear plant ESFs has been
arrived at in a deterministic manner; that is, a set of
rules and criteria has heen established that specifies
certain worst-case assumptions that must be used in
determining ESF requirements. These rules are con-
tained in the NRC's General Design Criteria,* siting
regulations,” and in various regulatory guides. They are
based, in large part, on a qualitative assessment of what
is important to safety and on the concept of “defense
in depth.” As a result, all plants are now required to
have an emergency corecooling system (ECCS), a
containment (including containment heat removal
systems and fission product removal system), an on-site
source of emergency electric power, and various other
engineered safety features.

In applying cost-benefit methodology to such
ESFs, the logical process to be followed would be to
start with a hypothetical nuclear plant that does not
contain these safety features, consisting primarily of
design features and equipment necessary for normal
operation and equipment protection. A risk assessment
would then be performed, taking into account the
various accident sequences and their consequences in
the absence of ESFs. Ther, in step sequence, each ESF
would be added, the risk assessment re-performed with
the feature added, and its cost-- benefit ratio calculated
until the established acceptance cniterior is satisfied.

Since the Reactor Safety Studv'® (WASH-1400)
represents a risk assessment of a typical nuclear plant,
it can be applied to such an evaluation by modifying
the calcwated probabilities and consequences of
relevant sequences to reflect the absence of varnous
ESFs. In this way, equivalent event sequences that
reflect the expected event probabilities and con-
sequences without the ESF can be determined for each
event. For example, in a plant without an ECCS or
containment, it may be assumed that any loss-of-
coolant accident (LOCA) could result in core melting
and rapid aumospheric dispersion of the resulting
fission products. Although the event of interest is
simply any LOCA, the consequences of the event
would be the same as for those WASH-1400 event
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sequences in which the ECCS and containment also  ESFs Evaluated

fail. However, since the ECCS and containment are

nonexistent, their fallure probability is unity, and the A cost-benefit evaluation using the foregoing
probability of such severe ccnsequences occurring is  methodology was made for the following key ESFs for
the same as the probability of the initiating LOCA,  a typical pressurized-water-reactor (PWR) plant as

reflecting an increased rnisk. An example of the
application of this approach is given in Table 1.

described in WASH-1400:
1. Emergency core-cooling system (ECCS)

Table | Example of ESF Cost - Benefit Analysis

Accident Radiological
ESF event Probability, Equivalent WASH-1400 Release consequences, Risk,
case sequence® year' consequence sequence® category man-rem man-rem year
P R, PR,
No I 'Sts A Ix10°* AB - a I 8.0x 107 8.0 x 10°
S, Ixi0™* S, B-a | 8.0x10" 24 x 10*
S, I x10™? S.B-a ! 80x10" 8.0x10*
TMLB Ixlo* TMLB - o 1 80x10’ 24 x10*
ZPiRi=14x10
P, R; PiRj
ECCS only A Ix10°* A-§ 8 40x10* 40x10°
S, Ixi0 S, -6 " 40x10* 1.2x 10
S, inlo™ S, -8 ¥ 40x 10* 40x10
AB Ix10” AB - a 1 8.0 x107 8.0x10°
AD 2x107* ADC - a 1 8.0x10" 16 x'0*
AH Ixl0* AH - a 3 44 x10 44x10'
S, B 2x1077 S, 8-a 1 8.0 x 10" 1.6 x 10°
s, D Ixlo™* §,DC -a 1 80x107 24x10°
S, H Ixl0"* S;H-o 3 44 x107 1.3 x10?
S, B 8x107" S;B-a 1 80x10" 64 x 10’
s, D I9x10"* S,DC -0 1 80x10° 7.2x10°
5, H 6x107* S;H-a 3 44 x 107 26 x10*
TMLB Ixl0* TMLB - a 1 8.0x10° 24 x10*
IPiR;=25x10*
ECCS cost—benefit rati - phobudly - $14/
COost- bene PR30 & semmmammivne *Cq S gyl man-rem
LPR, 1wt P -sSnlot
*Key to PWR accident sequer - symbow « i« Report

WASH-1400, Table 5-2):

A, Intermediate to large LOCA

B, Paflure of electric power to EST's.

B, I'silure to recover either on-site or off-site electric power
within about 1 to 3 h following an initiating transient
which is a loss of off-site ac power.

C, Faillure of the containment spray injection system.

D, Fallure of the emergency corecooling injection system.

I', Paillure of the containment spray recirculation system.

G, Failure of the containment heat ~*moval system.

H, Fallure of the emergency core< ling recirculation
system.

K, Fallure of the reactor protection system.

L, Fallure of the secordary system steam relief valves and
the auxiliary feed water system.

M, Failure of the secondary system steam relief valves and
the power conversion system.

), Failure of the primary system safety relief valves to
reclose after opening.
R, Massive rupture of the reactor vessel.
S,. A small LOCA with an equivalent diameter of about 2 to
6in.
S,. A small L A with an equivalent diameter uf about %, 1o
2in.
T, Transient event.
V, Lowspressure injection system (LPIS) check valve failure.
a, Containment rupture due to a reactor vessel steam
explosion.
&, Containment faidure resulting from inadequate isolation
of containment openings and pene: ations.
v. Containment failure due to hydrogen buming.
6. Containment failure due to overpressure.
¢, Containment vessel mel:-throe:¢h.



2. Containment (including associated heat and
fission product removal systems)

3. Emergency on-site  alternating-current
power system |diesel-generator (DG) sets)

These key ESFs were applied individually and in all
possible combinations and sequences to a base case
amvolving a PWR devoid of these safety features.

Report WASH-1400 was based on a PWR plant that
went into operation in 1972 and, of course, included
these basic ESFs. Since that time NRC regulations have
required the incorporation of additional ESFs, which
are not reflected in the WASH-1400 risk analysis. One
such addition is the hydrogen recombiner system, the
need for which is based on deterministic assumptions.
For the contribution of a hydrogen recombiner system
to the reduction of accide 't risk to be assessed, a
cost benefit evaluation was performed for such a
system applied to the complement of ESFs analyzed in
WASH-1400 for a typical PWR. In this analysis it was
assumed that the hydrogen recombiner system would
be capable of eliminating entirely the rsk of those
accident sequences in which the containment failed
due to hydrogen-related overpressure (ie., all P/ =0).
Since no ESF is cap-.. .f reducing the probability of
any accident sequence to zero, the actual benefit will
be less. This procedure, therefore, provides a lower
limit on the cost—benefit ratio for the hydrogen
recombiner system.

(a<)

Probability and Consequence Values

The probabilities (P;) of the vanous accident
sequences of interest were obtained from WASH-1400,
using median estimates for accident sequence proba-
bilities. The fractions of core fission products released
for each accident were classified, in the manner
of WASH-1400, into nine release categories ranging
from Category |, corresponding to a core melt con-
dition with rapid, direct atmosphenc dispersion (i.e.,
without effective ECCS or containment) to Category 9,
corresponding to no core melt with effective contain-

ment (12, ECCS and containment function as
designed).
The radiological consequences (R;) of each

accident sequence of interest were calculated in terms
of total integrated whole-body dos» to an exposed
population (man-rem), assuming a uniform population
density of 400 persons per square mile surrounding the
site. Tlus value is consistent with NRC guidelines' ! on
site suitability with respect to population density and
is typical, on a cumulative population basis, of many
existing nuclear plait sites. The population dose for a
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Category | release was obtained from Fig. VI 13-18in
WASH-1400 (Ref. 10). Total doses for other relexs»
categories were obtained on the basis of the fractional
quantities of the various nuclides included in each
release category and their relative contributions to
whole-body dose. Table 2 gives the radiological con-
sequences (R;) for each release category.

Table 2 Population Doses

Resulting from Vanous
Accident Release Categories
Release Whole-body dose,
category man-rem

1 8.0x 107

2 7.2 %107

3 A4 x 107

4 7.6 x 10¢

S 1.9 x 10%

6 44 x10°

7 1.0 x 10*

8 4.0x10*

9 40

Cost Values

Annual costs for each ESF were based on estimates
for typical PWR plants in 1978 dollars with 8% interest
over 40 years. In each case the costs include only the
incremental cost of providing the ESF function with
respect to equipment or structures that would be
¢xpected to be provided for normal plant operation.
The additional cost of a full-pressure-retaining con-
tainment structure and associated systems over the cost
of a conventional-type power-plant structure housing
the reactor coolant system was estimated for contain-
ment. For the ECCS, it was assumed that a residual
heat removal system would be provided for normal
plant shutdown. Thus the ECCS costs are those
associated with the additional equipment (nigh-
pressure safety injection system and accumulators)
required to perform the ECCS function. Emergency
diesel-generator system costs were based on replacing a
small diesel generator used for plant equipment pro-
tection with two redundant full-capacity diesel gen-
erators capable of supplying ESF loads and housed in a
separate seismic Category I buidding. Hydrogen
recombiner system costs are based on actual costs for a
typica! PWR plant. (ESF cost values are summarized in
Table §.)



ESF Cost—Benefit Ratios
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