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Preface

The Environmental Protection Agency is promulgating National
Fmission Standards for Hazardous Air Pollutants (NESHAPs) for
Radionuclides. An Environmental Impact Statement (EIS}) has been
prepared in support of the rulemaking. The EIS consists of the
following three volumes:

VOLUME I =~ Risgk Assessnent Methodology
This docunent contains chapters on hazard
identification, movement of radionuclides through
environmental pathways, radiation dosimetry,

estimating the risk of health effects resulting from
expose to low levels of ionizing radiation, and a
summary of the uncertainties in calculations of dose
and risks.

VOLUME II - Risk Assessments

This document contains a chapter on each radionuclide
source category studied. The chapters include an
introduction, category description, process
description, control  technology, health impact
agssessment, supplemental control technology, and cost.
It has an appendix which contains the inputs to all
the computer runs used to generate the risk
assessment.

VOILIME TII - Economic Assessment

This document has chapters on each radionuclide source
category  studied. Fach chapter includes an
introduction, industry profile, summary of emissions,
risk levels, the benefits and costs of emission
controls, and economic impact evaluations.

Copies of the EIS in whole or in part are available to all
interested persons; an anncuncement of the availability appears in
the Federal Register. For additional information, contact James
Hardin at {202) 47%-9610 or write to:

Director, Criteria and Standards Division
Office of Radiation Programs (ANR-460)
Environmental Protecticon Agency

401 M Streelt, SW

Washington, DC 20460
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1.  INTRODUCTION
1.1 HISTORY OF STANDARDS DEVELOPMENT

In 1977, Congress amended the Clean Air Act (the Act) to
address emissions of radicactive materials. Before 1977, these
emigssions were either regulated under the Atomic Energy Act or
unregulated. Section 122 of the Act reguired the Administrator
of the U.S. Environmental Protection Agency (EPA}, after
providing public notice and opportunity for public hearings (44
FR 21704, April 11, 1979}, to determine whether emissions of
radicactive pollutants cause or contribute to alir pollution that
may reasonably be expected to endanger pubklic health. On
December 27, 1979, EPA published a notice in the Federal Register
listing radionuclides as hazardous air pollutants under Section
112 of the Act (44 FR 76738, December 27, 1979}. To support this
determination, EPA published a report entitled "Radiological
Impact Caused by Emissions of Radionuclides inteo Air in the
United States, Preliminary Report" (EPA 520/7-79-006, Office of
Radiation Programs, U.S. EPA, Washington, D.C., August 137%),

On June 16, 1981, the Sierra Club filed suit in the U.S,
District Court for the Northern District of California pursuant
to the citizens' suit provision of the Act (Sierra Club v
Gorsuch, No. 81-2436 WTS). The suit alleged that EPA had a
nondiscretionary duty to propose standards for radionuclides
under Section 112 of the Act within 180 days after listing them.
On September 30, 1982, the Court ordered EPA to publish proposed
regulations establishing emissions standards for radionuclides,
with a notice of hearing within 180 days of the date of that
order.

On April 6, 1983, EPA published a notice in the Federal
Register proposing standards for radionuclide emission sources in
four categories: (1) DOE facilities, (2} Nuclear Regulatory
Commission facilities, {3) underground uranium mines, and {4)
elemental phosphorus plants. Several additional categories of
sources that emit radionuclides were identified, but it was
determined that there were good reasons for not proposing
standards for them. These source categories were (1} coal-fired
boilers; (2) the phosphate industry: {(3) other mineral extraction
industries; (4) uranium fuel cycle facilities, uranium tailings,
and high-level waste management; and (%) low energy accelerators
(48 FR 15077, April 6, 1983). To EPA's knowledge, these comprise
the source categories that release potentially regulative amounts
of radionuclides to the air.

To support these proposed standards and determinations, EPA
published a draft report entitled "Background Information
Document, Proposed Standards for Radionuclides" (EPA 520/1-83-
001, Office of Radiation Programs, U.S. EPA, Washington, D.C.,
March 1983).



Following publication of the proposed standards, EPA held an
informal public hearing in Washington, D.C., on April 28 and 29,
1583. The comment periocd was held open an additional 3¢ days to
receive written comments. Subsequently, EPA received a number of
requests to extend the time for submission of public comments and
to accommodate persons who were unable to attend the first public
hearing. In response to these reguests, EPA published a notice
in the Federal Register that extended the comment period by an
additional 45 days and held an additional informal public hearing
in Denver, Colorado, on June 14, 1983 (48 FR 23655, May 26,
1983).

On February 17, 1984, the Sierra Club again filed suit in
the U.S. District Court for the Northern District of California
pursuant to the citizens' suit provision of the Act (Sierra Club
v Ruckelshaus, No. 84-0656 WHO). The suit alleged that EPA had a
nondiscretionary duty to issue final emissions standards for
radionuclides or te find that they do not constitute a hazardous
air pollutant (i.e., "de-list" the pollutant). In August 1984,
the Court granted the Sierra Club motion and ordered EPA to take
final actions on radiocnuclides by Octocber 23, 1984,

On October 22, 1984, the Agency lssued its Background
Information Document in support of the Agency's final action on
radionuclides. The report contains an integrated risk assessment
that provides the scientific basis for these actions (EPA 520/1~
84-022-1).

On February 6, 1985, Naticnal Emissiorn Standards for
Hazardous Alr Pollutants (NESHAPS) were promulgated for
radionuclide emissions from DOE facilities, NRC-licensed and non-
DOE Federal facilities, and elemental phosphorus plants (50 FR
5190). Two additional radionuclide NESHAPS, covering radon-222
emissions from underground uranium mines and licensed uranium
mill tailings, were promulgated on April 17, 1985 (50 FR 15386)
and September 24, 1986 (51 FR 34056), respectivaly.

The EPA‘s basis for the radicnuclide NESHAPS was challenged
in lawsuits filed by the Sierra Club and the National Resources
Defense Council (NRDC). While these sulits were under
adjudication, the U.8. Court of aAppeals for the District of
Columbia issued a decision finding that the EPA's NESHAP for
vinyl chloride was defective in that costs had been improperly
considered in setting the standard. Following the Court's order
to review the potential effects of the vinyl chloride decision on
other standards, the EPA determined that cosits had been
considered in many rulemakings on radionuclide emissions. On
December 9, 1987, the Court accepted the EPA's proposgal to leave
the existing radionuclide NESHAPS in place while the Agency
reconsidered the standards. In the interim, the suits filed by
the Sierra Club and the NRDC have been placed in abevance.



1.2 PURPOSE OF THE FINAIL BACKGROUND INFORMATION DOCUMERNT

Veolume I contains background information on radiation
protection programs and a detailed description of the Agency's
procedures and methods for estimating radiation dose and risk due
to radionuclide emissions to the air. This material ls arranged
as shown in the following descriptions of the chapters:

o Chapter 2 - A summary of regulatory programs for
radiation protection and the current positions of the
various national and international advisory bodies and
state and Federal agencies in regard to radiation.

o Chapter 3 - A description of what makes radiation
hazardous, the evidence that proves the hazard, and the
evidence that relates the amount of radiation exposure
to the amount of risk.

o Chapter 4 - An explanation of how radionuclides, once
released intec the air, move through the environment and
eventually cause radiation exposure of people. This
chapter also contains a description of how EPA
estimates the amounts of radionuclides in the
environment, i.e., in the air, on surfaces, in the food
chain, and in exposed humans.

o' Chapter 5 ~ A description of how radicnuclides, once
inhaled and ingested, move through the body to eorgans
and expose these organs. This chapter also contains a
description of how EPA estimates the amounts of
radiation dose due to this radiation exposure of
organs. It also describes how the amount of radiation
dose is estimated when the source cof radiation is gamma
rays from a source outside of the body.

o Chapter & - A description of how the risk of fatal
cancers and genetic effects is estimated once the
amount of radiation dose is known.

o Chapter 7 ~ A summary of the uncertainties in the dose
and risk estimates of source categories emitting
significant amounts of radionuclides, which were made
by using the procedures and information in the previous
chapters. Associated uncertainties are discussed in
the appropriate chapter, but overall uncertainties are
digscussed in this chapter.

Volume I alsc contains three appendices. Appendix A
describes the environmental transfer factors used in the dose
assessment models. Appendix B describes the mechanics of the
life table analysis used to estimate risk. Appendix C presents
an overview of the guantitative uncertainty analysis technigues
currently under review for use as a method for expanding the
semiguantitative uncertainty analysis provided in Volume I.
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Volume II contains detailed rvisk estimates for each source
of emissions, which were performed according to the procedures
given in Volume I. Each chapter in Volume II addresses four
topics: {1) the source category, the processes that result in
releases of radionuclides to the environment, and existing
controls, (2} the bases for the risk assessment, including
reported emissions, source terms used, and other site parameters
relevant to the dose assessment, (3) the results of the dose and
risk calculation, along with an extrapolation to the entire
category, and (4} a description of supplementary emissions
controls and their cost and effectiveness in reducing dose and
risk.

Two appendices are also provided in Volume II. Appendix A
presents the detailed AIRDOS input sheets used to calculate
individual and population doses and risks associated with each
category. Appendix B presents the methodology used to evaluate
the costs and effectiveness of earthen covers to control radon
emissions from area scurces of radon.

1.3 UPDATE METHODOLOGY

The categories of emissions addressed in this document are
similar to those addressed in the 1984 Background Information
Document. DOE and NRC-licensed facilities, elemental phosphorus
plants, underground uranium mines, and licensed uranium mills are
addressed because they are covered by NESHAPS. Uranium fuel
cycle facilities, high-level waste disposal facilities, coal-
fired boilers, and inactive uranium mill tailings sites are
addressed because of challenges to previous determinations that
they were adequately covered by other laws. Surface uranium
mines, DOE radon, and phosphogypsum stacks are addressed because
of challenges to the EPA's lack of risk assessment for these
Facilities. In sum, this Background Information Document
addresses the following categeories of radiological emissions to
air:

DOE Facilities

NRC-Licensed and Non-DOE Federal Facilities
Uranium Fuel Cycle Facilities
High-Level Waste

Elemental Phosphorus Plants
Coal-fired Boilers

Inactive Uranium Mill Tailings
Licensed Uranium Mill Tailings
DOE Radon

Underground Uranium Mines
Surface Uranium Mines
Phosphogypsum Stacks

COO0OoCOoO000000O0

For each category, Veolume II presents updated information on
the number of facilitiles, radionuclide emissions to air, and
control technologies. Depending on the number of facllities in a
category, risks are provided for individual facilities, or a set
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of reference facilities is defined that conservatively represents
the category. Risks to the critical population group and the
population within 80 km are presented for each category.

EPA recognizes that when it performed a risk assessment to
determine the need for regulation of uranium mill tailings under
the Uranium Mill Tailings Radiation Contrcl Act {(UMTRCA), the
Agency considered the national health impact from the radon
released from the tailings. In this assessment, EPA is
considering only the health effects within 80 km of the source.
EPA is using 80 km as the limit in order to be consistent with
the other NESHAP rulemakings. This risk assessment in no way
disputes the validity of the approach or the results used in the
UMTRCA rulemaking.






2. CURRENT PROCGRAMS AND STRATEGCTIES
2.1  INTRODUCTION

Avareness of radiation and radicactivity dates back only to
the end of the last century--to the discovery of w-rays in 1895
and the discovery of radicactivity in 1896. These discoveries
mark the beginning of radiation gcience and the deliberate use of
radiation and radiomuclides in science, medicine, and industry.

The findings of radiation science raplidly led to the
development of medical and industrial radiology, nuclear physics,
and nucleay medicine. By the 1¢20°'sz, the use of xX-rayg in
diagnostic medicine and industrial applications was widespread,
and radium was being used by industry for luminescent dials and
by doctors in therapeutic procedures. By the 1930°'s, biomedical
and genetic researchers were studying the effects of radiation on
living organisms, and physicists were beginning to understand the
mechanisms of spontanecus fission and radicactive decay. By the
1940%'s, a self-sustaining fission reaction was demonstrated,
which led directly to the construction of the first nuclear
reactors and atomic weapons.

Developments since the end of World War II have bsen rapid.
Today the use of x-rays and radicactive materials is widespread
and includes:

€ Nuclear reactors {(and their supporting fuel-cyocle
facilities) generate electricity, power ships and
submarines, produce radicisotopes for research, space,
defense, and medical applications. They are also uged
as research tools for nuclear engineers and physicists.

o Particle acgelerators produce radliolsoteopes and are
used as research toecls for studying the structure of
materials and atoms.

Q The radiopharmaceutical industry provides the
radioisotopes needed for biomedical research and
miclear medicine.

o Nuclear medicine has developed as a recognized medical
specialty in which radioisotopes are used in the
diagnosis and treatment of numerous diseases.

o ¥~rays are widely used as & diagnostic tool in medicine
and in such diverse industrial fields as oil
exploration and nondestructive testing.

o Radionuclides are used in such common congumer products
ag luminous-dial wristwatches and smoke detectors.

o A Yo o ome £

ViLOEe & Diier

The following sections of this chapter pro
on philosophy and

pY
history of the evolution of radiation protecti
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an outline of the current regulatory programs and strategies of
the government agencies responsible for ensuring that radiatio
and radionuclides are used safely.

2.2 THE INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION
AND THE NATIONAL COUNCIL ON RADIATION PROTECTION ARD
MEASUREMENTS

Initially, the dangers and risks posed by x-raye and
radicactivity were little understood. By 18%s, however, “x-ray
burns?® were being reported in the medical literature, and by
191¢, it was understood that such "burns® could also be caused by
radicactive materials. By the 1920's, sufficient direct evidence
{from experiences of radium dial painters, medical radioclogists,
and miners) and indirect evidence (from biomedical and genetic
experiments with animals) had been accumulated to persuade the
scientific community that an official body should be established
to make recommendations concerning human protection against
exposure to x~rays and radium.

At the Second International Congress of Radiology meeting in
Stockholm, Sweden, in 1928, the first radiation protection
commission was created. Reflecting the use of radiation and
radicactive materials at the time, the boedy was named the
International X-ray and Radium Protection Commission and was
charged with developing recommendations concerning protection
from radiation. In 1950, to reflect better itg role in a
changing world, the Commission was reconstituted and renamed the
International Commission on Radiological Protection {(ICRP}.

During the Second International Congress of Radiology, the
newly created Commission suggested to the nations represented at
the Congress that they appoint national advisory committees to
represent their viewpeints before the ICRP, and to act in concert
with the Commission in developing and disseminating
recommendations on radiation protection. This suggestion led to
the formation, in 1929, of the Advisory Group. After a series of
recrganizations and name changes, this committes emerged in 1964
in its present form as the congressionally chartered National
Council on Radiation Protection and Measurements (NCRP). The
congressiocnal charter provides for the NCRP to:

o] Cellect, analyze, develop, and disseminate in the
public interest information and recommendations about
radiation protection and radiation guantities, units,
and measurements.

o Develop basic concepts about radiation protection and
radiation quantities, units, and measurements, and the
application of these concepts.

o Provide a means by which organizations concerned with

radiation protection and radiation guantities, units,
and measurements may cooperate Lo use their combined
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resources effectively and to stimulate the work of such
porganizations.

€ Cooperate with the ICRP and other national and
international orgenizations concerned with radiation
protection and radiation guantities, units, and
neasurenents.

Throughout thelr existence, the ICRP and the NCRP have
worked together closely to develop radlation protection
recommendations that reflect the current understanding of the
dangers assoclated with exposure te ionizing radiation. The ICRP
and the NCRP function as non-government advisory bodies., Thelir
recommendations are not binding on any government or user of
radiation or radicactive materials.

The first exposure limits adopted by the ICRP and the NCRP
(ICRP34, TICRP38, and NCRP36) established 0.2 ro@ntgen/day’ as the
ftolerance dmga” for occupational exposure to ¥-rays and damma
radiation from radium. This limit, eguivalent to an absorbed
dose of approximately 25 rads/y as neasured in air, was
established to guard against the known effects of ionizing
radiation on superficial tissuve, changes in the blood, and
"derangement” of internal organs, especially the reproductive
corgans. At the time the recommendations were made, high doses of
radiation were known to cause observable effects, but the
epidemiclogical evidence at the time was inadequate even to imply
the carcinogenic induction effects of moderate or low doses.
Therefore, the aim of radiation protection was to guard against
known effects, and the ¥tolerance dose" limits that were adopted
were believed to represent the level of radiation that a person
in normal health could tolsrate without suffering cbhservable
effects. The concept of a tolerance dose and the recommended
occoupational exposure limit of 0.2 R/day for x and gamma
radiation remained in effect untll the end of the 1%40's. The
recommendations of the ICRP and the NCRP made no mention of
exposure of the general populace.

By the end of World War II, the widespread use of
radicactive materials and scientific evidence of genetic and
somatlic effects alt lower dosges and dose rates guggested that the
radiation protection recommendations of the NCRP and the ICRP
would have Lo be revised downward.

By 1948, the NCRP had formulated its position on appropriate
new limits. These limits were largely accepted by the ICRP in
its recommendationsg of 1950 and formally issued by the NCRP in
19254 {(ICRP5L, NCRP54). Whereas the immediate effect was to lower

' The NCRP's recommendation wag 0.1 roentgen/day measured in
air. This limit is roughly equivalent to the ICRP limit, which was
conventionally measured at the point of exposure and included

backscatter.



the basic whole body occupational dose limit to the eguivalent of
0.3 rad/week (approximately 1% rads/v), the revised
recommendations also enbodied several new and important concepts
in the formulation of radiation protection criteria.

First, the recommendations recognized the difference in the
effects of various types and enevgies of radiation; both ICRP and
NCRP recommendations include discussions of the weighting factors
that should be applied to radiations of differing types and
energies. The NCRP advocated the use of the "rem" to ewpress the
eguivalence in biological effect between radiations of differing
tyvpes and emerqy,z Although the ICEP noted the shift toward the
acceptance of the rem, it continued to express its
recommendations in terms of the rad, with the caveat that the
limit for the absorbed dose due to neutron radiation should be
one-tenth the limit for ¥, gamma, or beta radiation.

Second, the recommendations of both corganizations intyroduced
the concept of critical organs and tissues. This concept was
intended to ensure that no tissue or organ, with the exception of
the skin, would receive a dose in excess of that allowed for the
whole body. At the time, scientific evidence was lacking on
tigssues and organs. Thue, all bloocd-forming organs were
considered critical and were limited to the same exposure as the
whole body.

Third, the NCRP recommendations included the suggestion that
individuals under the age of 18 receive no more than one-tenth
the exposure allowed for adults. The reasconing behind this
particular recommendation 1is interesting, as it reflects clearly
the limited knowledge of the times. The sclentific evidence
indicated a clear relationship between accumulated dose and
genetic effect. However, this evidence was obtained exclusively
from animal studies that had been conducted with doses ranging

2 Daefining the exact relatlionship between exposure, absorbed
doge, and dose equivalent is beyond the scope of this document.
In simple terms, the exposure is a measure of the charge induced
by » and gamma radiation in alr. Absorbed deose is a neasure of
the energy per unit mass imparted to matter by radiation. Dose
eqgquivalent is an indicator of the effect on an organ or tissue by
weighting the absorbed dose with a quality factor, @, dependent
on the radiation type and energy. The cusgtomary units for
exposure, absorbed dose, and dose eguivalent are the roentgen,
rad and rem, respectively. Over the range of energies typically
encountered, the exposure, dose and dose eguivalent from x and
gamma radiation have essentially the same values in these units.
For beta radiation, the absorbed dose and dose eguivalent are
generally egual also. At the time of these recommendations, a
gquality factor of 10 was recommended for alpha rvadiation. Since
1977, a guality factor of 20 has primaryily been used, l.e., for
alpha radiation, the dose eguivalent is 20 times the absorbed
dose.,



from 25 to thousands of rads. There was no evidence from
exposure lessg than 25 rads accunmulated dose, and the
interpretation of the animal data and the imnplications for humans
were unclear and 4id not support a spscific permigsible dose.

The data did suggest that genetic damage was more dependent on
accumulated dose than previously believed, but experience showed
that exposure for prolonged periods to the permissible exposure
limit (1.0 R/week) did not result in any observable genetic
effects. The NCRP decided that it was not necessary to change
the cccupational limit to provide additional protection beyond
that provided by the reduction in the permissible exposure liwmit
of 0.3 R/week. At the zame time, it recommended limiting the
exposure of individuals under the age of 18 to assure that they
dié not accumulate a genetic dose that would later preclude their
employrent as radiation workers. The factor of ten was rather
arbitrary but was believed to be sufficient te protect the future
employability of all individuals (NCRP54}.

Fourth, the concept of a tolerance dose was replaced by the
concept of a maximum permissible dose. The change in terminology
reflected the increasing awareness that any radiation exposure
might involve some risk and that repair mechanisms might be less
effective than previously belileved. Therefore, the concept of a
maximum permissible dose (expressed as dose per unit of time) was
adopted because it better reflected the uncertainty in our
knowledge than did the concept of tolerance dose. The maximum
permissible dose was defined as the level of exposure that
entailed a small risk compared with those pesed by other hazards
in 1ife (ICRP51}.

Finally, in explicit recognition of the inadequacy of our
knowledge regarding the effects of radiation and of the
possibility that any exposure might have some potential for harm,
the recommendations included an admonition that every effort
should be made to reduce exposure to all Xinds of lonizing
radiation to the lowest possible level. This concept, known
originally as ALAP {as low as practicable} and later as ALARA (as
low as reasgonably achievable), would become a cornerstone of
radiation protection philosophy.

During the 1850's, a great deal of scientific evidence on
the effects of radiation became available from studies of radiunm
dial painters, radiologists, and survivors of the atomic bombs
dropped on Japan. This evidence suggested that genetic effects
and long-term somatic effects were more important at low doses
than previcusly considered. Thus, by the late 1950%s, the ILCRP
and NCRP recommendations were again revised (ICRP59, NCRP59}.
These revisions include the following major changes: the maximun
permissible occupational dose for whole body exposure and the
most critical organs (blood forming organs, gonads, and the
larger lens of the eve) was lowered to 5 rems/y, with a guarterly
limit of 3 rems: the limit for exposure of other organs was selb
at 30 rems/v: internal exposures were controlled by a
comprehensive set of maximunm permissible concentrations of
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radionuclides in air and water based on the most restrictive case
of a young worker; and recommendations were included for some
nonoccupational groups and for the generval population (for the
first time).

The lowering of the maximum permissible whole-~body dose from
0.3 rad/week to 5 rems/v, with a guarterly limit of 3 rems,
reflects both the new evidence and the uncertainties of the time.
Although no adverse effects had been observed among workers who
had received the maximum permissible dose of 0.3 rad/week, there
was concern that the lifetime accumulation of as much as 750 rads
(1% rads/y times 50 years) was too much. Lowering the maximum
permissible dose by a factor of three was believed to provide a
greater margin of safety. At the same time, operational
experience showed that a limit of 5 rems/y could be met in most
instances, particularly with the additional operational
flexibility provided by expressing the limit on an annual and
quarterly basis.

The recommendations given for nonoccupational exposures were
based on concerns about genetic effects. The evidence avallable
suggested that genetic effects were primarily dependent on the
total accumulated dose. Thus, having sought the opinionsg of
respected geneticists, the ICRP and the HCRP adopted the
recommendation that accumulated gonadal dose to age 30 be limited
to 5 rems from sources other than natural background and medical
exposure. As an operational guide, the NCRP recommended that the
maximum dose to any individual be limited to 0.5 rem/y, with
maximum permissible body burdens of radionuclides {to control
internal exposures) set at one-tenth that allowed for radiation
workers. These values were derived from consideration of the
genetically significant dose to the population and were
established “primarily for the purpose of keeping the average
dose to the whole population as low as reasonably possible, and
not because of the likelihood of specific injury to the
individual® (NCRP5%).

In the late 195%0°'s and early 1960°'s, the ICRPF and HCRP again
lowered the maximum permissible dose limits (ICRPE5, NCRP71).
The considerable scientific data on the effects of exposure to
ionizing radiation were still inconclusive with respect to the
dose response relationship at low exposure levels; thus, both
organizations continued to stress the need to keep all exposures
to the lowest possible level,

The NCEP and the ICRP made the following similar
recommendations:

o Limit the dose to the whole~body, red bone marrow, and
gonads to 5 rems in any vear, with a retrospective
limit of 10 to 15 rems in any given vear as long as
total acoumulated dose did not exceed 5X(N-18), where H

is the age in years.



o Limit the dose to the skin, hands, and forearms to 15,
75, and 30 rems per year, respectively.

o Limit the dose to any othey organ or tissue to 15 rems
per year.

o Limit the average dose toe the population te 0.17 rem
per vear.

The scientific evidence and the protection philosophy on
which the above recommendations were based were set forth in
detail in NCRP71i. In the case of occupational exposure limits,
the goal of protection was to ensure that the risks of genetic
and somatic effects were small enough to be comparable to the
risks experienced by workers in other safe industries. The
numerical limits recommended were based on the linear, no-
threshold, dose-response medel and were believed to represent a
level of risk that was readily acceptable to an average
individual. For nonoccupational exposures, the goal of
protection was to ensure that the risks of genetic or somatic
effects were small compared with other risks encountered in
everyday life. The derivation of specific limits was complicated
by the unknown dose-~response relationship at low exposure levels
and the fact that the risks of radiation exposure did not
necessarily accrue to the same individuals who benefited from the
activity responsible for the exposure. Therefore, it was
necessgary to derive limits that adeguately protected each member
of the public and to the gene pool of the populatiocn as a whole,
while still allowing the development of beneficial uses of
radiation and radionuclides.

In 1977, the ICRP made a fundamental change in its
recommendations when 1t abandoned the critical organ concept in
favor of the weighted whole-body effective dose eguivalent
concept for limiting occupational exposure (ICRP77). The change,
made to reflect an increased understanding of the differing
radiosensitivity of the various organs and tissues, did not
affect the overall limlht of % rems per vear for workers, but
included a recommendation that chronic exposures of the general
public from all controllable sources be limited to no more than
0.5 rem/y to critical groups, which should result in average
exposures to the public of less than 0.1 rem/y.

Also significant, ICRP's 1977 recommendations represent the
first explicit attempt to relate and justify permissible
radiation exposures with gquantitative levels of acceptable risk.
Thus, average occupational exposures (approximately 0.5 rem/y)
are equated with risks in safe industries, given as 1.0 E-4
annually. At the maximum limit of 5 rems/y, the risk is eguated
with that experienced by some workers in recognized hazardous
occupations. Similarly, the risks implied by the nonoccupational
limit of 0.% rem/v are eqguated to levels of risk of less than 1.0
E-2 in a lifetime; the general populace's averade exposure is
equivalent to a lifetime risk on the order of 1.0 E~-4 to 1.0 E-3.
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The ICRP believed these levels of risk were in the range that
most individuals find acceptable.

Im June 1987, the NCRP revised lts recommendations to be
comparable with those of the ICRP (NCRP87). The NCRP adopted the
effective dose eguivalent concept and its related recommendations
regarding occupational and nonoccupational exposures to
acceptable levels of risk. However, the NCRP did not adopt a
fully risk-based system because of the uncertainty in the risk
estimates and because the details of such a system have yet to be
elaborated.

The NCRP recommendations in (NCRP87) for occupational
expogures correspond to the ICRP recommendations. In addition,
the relevant nonoccupaticnal exposure guidelines, which the NCRP
first recommended in 1984 {(NCEP84a), are:

o 0.5 rem/y effective whole-~body dose eguivalent, not
including background or medical radiation, for
individuals in the population when the exposure is not
continuous.

o} 0.1 rem/y effective whole=-body dose eguivalent, not
including background or medical radiation, for
individuals in the population when the exposure is
continuocus.

o Continuous use of a total dose limitation system based
on justification of every exposure and application of
the "as low as reasonably achievable" philosocphy.

The NCRP equates continuous exposure at a level of 0.1 rem/y
to a lifetime risk of developing cancer of about oche in a
thousand. The NCRP has not formulated exposure limits for
specific organs, but it notes that the permissible limits will
necessarily be higher than the whole~-body limit in inverse ratico
for a particular organ to the total risk for whole-body exposure.

In response to EPA's proposed naticnal emission standards
for radionuclides, the NCRP suggested that since the 0.1 rem/v
limit is the limit for all exposures from all sources (excluding
natural background and medical radiation), the operator of any
site responsible for more than 25 percent of the annual limit be
required to assure that the exposure of the maximally exposed
individual is less than 0.1 rem/y from all sources (NCRP84b,
NCRPS7} .

2.3 TFEDERAL GUIDANCE

The wealth of new sclientific information on the effects of
radiation that becams available in the 1950°'s prompted the
President to establish an official government entity with
responsibility for formulating radiation protection criteria and
coordinating radiation protection activities. Executive Crder



10831 established the Federal Radiation Council {(FRC) in 1959.
The Council included rvepresentatives from all of the Federsl
agencies concerned with radiation protection and acted as a
coordinating body for all of the radiatien activities conducted
by the Federal government. In addition to its coordinating
function, the Council's major responsibility was teo ®...advise
the President with respect to radiation matters, directly or
indirectly affecting health, including guidance for all Federal
Agencies in the formulation of radiation standards and in the
establishment and execution of programs of cooperation with
States..." (FRC60}.

The Council's first recommendations concerning radiation
protection standards for Federal agencies were approved by the
President in 1960. Based largely on the work and recommendations
of the ICRP and the NCRP, the guidance established the following
limits for occupational exposures:

o Whole~body head and trunk, active blood-feorming organs,
gonads, or lens of eye--not to exceed 3 rems in 13
weeks and total accumulated dose limited to 5 times the
number of vears beyond age 18.

o Skin of whole body and thyroid--not to excesd 10 rems
in 13 weeks or 30 rems per year.

o Bands, forearms, feet, and ankles--not to exceed 25
rems in 13 weeks or 75 rems per vear.

O Bone~-not to exceed 0.1 microgram of Ra-226 or its
biological eguivalent.

) Any other organ--not to exceed 5 rems per 13 weeks or
15 rems peér year.

Although these levels differ slightly from those recommended
by NCRP and ICRP at the time, the differences did not represent
any greater or lesser protection. In fact, the FRC not only
accepted the levels recommended by the NCRP for gccupaticnal
exposure, it adopted the NCRP's philosophy of acceptable risk for
determining occupational exposure limits. Although guantitative
measures of risk were not given in the guidance, the prescribed
levels were not expected to cause appreciable bodily injury fo an
individual during his or her lifetime. Thus, while the
possibility of some injury was not zero, it was expected to be so
low as to be acceptable if there was any significant benefit
derived from the exposure.

The guidance also established dose eguivalent limits for
mnembers of the public. These were set at 0.5 renm per year (vhole
body) for an individual and an average of 5 vems in 30 yvears
{(gonadal} per capita. The guidance also provided for developing
a suitable sample of the population as a basis for determining
compliance with the limit when doses to all individuals are
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unknown. Exposure of this population sample was not to exceed
0.17 rem per capita per vear. The population 1limit of 0.5 rem to
any individual per year was derived from consideration of natural

background exposure. Natural background radiation varies by a
factor of two to four from location to location.

In addition to the formal exposure limits, the guidance also
established as Federal policy that there should be no radiation
exposure without an expectation of benefit and that Yevery effort
should be made to encourage the maintenance of radiation doses as
far below this guide as practicable.” The reguirements to
consider benefits and keep all exposure to a minimum were based
on the possibility that there is no threshold dose for radiation.
The linear non~threshold dose response was assumed to place an
upper limit on the estimate of radiation risk. However, the FRC
explicitly recognized that it might also represent the true level
of risk. 1If so, then any radiation exposure carried some risk,
and it was necessary to avoid all unproductive exposures and to
keep all productive exposures as "far below this guide as
practicable.®

In 1%67, the Federal Radiation Council issued guidance for
the control of radiation hazards in uranium mining {FRC&73). The
need for such guidance was c¢learly indicated by the
epidemiclogical evidence that showed a higher incidence of lung
cancer in adult males who worked in uranium mines compared with
the incidence in adult males from the same locations who had not
worked in the mines. The guidance established specific exposure
limits and recommended that all exposures be kept as far below
the guide limits as possible. The limits chosen represented a
tradecff between the risks incurred abt various exposure levels,
the technical feasibllity of reducing the exposure, and the
benefits of the activity responsible for the exposure.

2.4 THE ENVIRONMENTAL PROTECTION AGENCY

In 19790, the functicns of the Federazl Radiation Councll were
transferred to the Administrator of the U.S. Environmental
Protection Agency. In 1971, the EPA revised the Federal guldance
for the control of radiation hazards in uranium wmining (EPAT1}.
Based on the risk levels associated with the exposure limits
established in 1967, the upper limit of exposure was reduced by a
factor of three. The EPA also provided guidance to Federal
agencies in the diagnostic use of x-rays {(EPA78). This guldance
establishes maximum skin entrance doses for various types of
routine x~ray examinaticns. It also establishes the requirement
that all x-ray exposures be based on clinical indication and
diagnostic need, and that all exposure of patients should be kept
as low as reasonably achievable consistent with the diagnostic
need.

In 1981, the EPA proposed new Federal guidance for
occupational exposures to supersede the 1960 guidance {EPAZL).
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The 1981 recommended guidance follows, and expands upon, the
principles set forth by the ICRP in 1977. This guidance was
adopted as Federal policy in 1887 (EPABY).

The Environmental Protection Agency has various statutory
authorities and responsibilities regarding regulation of exposure
to radiation in addition to the statutory responsikility to
provide Federal guidance on radiation protection. EPA's
standards and regulations for controlling radiation exposures are
summarized here.

Reorganization Plan No. 3 transferred to the EPA the
authority under the U.S. Atomic Energy Act of 1954, as amended,
to establish generally applicable envircnmental standards for
exposure to radionuclides. Pursuant to this authority, in 1977
the EPA issued standards limiting exposure from operations of the
light-water reactor nuclear fuel cycle (EPA77}. These standards
cover normal operations of the uranium fuel cycle, excluding
mining and spent fuel disposal. The standards limit the annual
dose equivalent to any member of the public from all phases of
the uranium fuel cycle (excluding radon and its daughters) to 25
mrems to the whole body, 75 mrems to the thyroid, and 25 mrems to
any other organ. To protect against the buildup of long-lived
radionuclides in the environment, the standard alsoc sets
normalized emission limits for Kr-85, I-129, and Pu-239 combined
with other transuranics with a half-life exceeding one year. The
dose limits imposed by the standard cover all exposures resulting
from releases to alr and water from operations of fuel cycle
facilities. The development of this standard took into account
both the maximum risk to an individual and the overall effect of
releases from fuel cycle operations on the population and
balanced these risks against the costs of effluent control.

Under the authority of the Uranium Mill Tailings Radiation
Control Act, the EPA has promulgated standards limiting public
exposure to radiation from uranium tailings piles (EPAB3a,
(EPA83b). Whereas the standards for inactive and active tailings
piles differ, a consistent basis is used for these standards.
Again, the Agency sought to balance the radiation risks imposed
on individuals and the population in the vicinity of the pile
against the feasibility and costs of control.

Under the authority of the U.S. Atomic Energy Act of 19%4,
as amended, the EPA has promulgated 40 CFR 191, which establishes
standards for disposal of spent fuel, high~level wastes, and
transuranic elements (EPA82). The standard establishes two
different limits: (1) during the active waste disposal phase,
operations must be conducted so that no member of the public
receives a dose greater than that allowed for other phases of the
uranium fuel cycle; and (2) once the repository is closed,
exposure is to be controlled by limiting releases. The release
limits were derived by summing, over long time periods, the
estimated risks to all perscns exposed to radicactive materials
released intc the envirenment. The uncertainties involved in
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imposed by the EPA*s standard for uranium fuel cycle facilities
alsoe apply to the fusl cycle facilities licensed by the NRC.
These facilities are prohibited from releasing radiocactive
affluents in amounts that would result in doges greater than the
25 mrems/v limit inpozed by that standard.

The NRC exercises its statutory authority by imposing a
combination of design criteria, operating parameters, and license
conditions at the time of construction and licensing. It assures
that the license conditions are fulfilled through inspection and
enforcement. The NRC licenses more than 7,000 users of
radicactivity. The regulation of fuel cycle licensees is
discussed separately from the regulation of byproduct material
licensees.

2.5,1 Fuel Cvcle Licenses

The NRC does not use the term "fuel cycle facilitiesY to
define its classes of licensees. The term is used here to
coincide with EPA's use of the term in its standard for uranium
fuel cycle facilities. As a practical matter, this term includes
the NRC's large source and special nuclear material and
production and utilization facilities. The NRC's regulations
reguire an analysis of probable radicactive effluents and their
effects on the population near fuel cycle facilitlies. The NRC
also ensures that all exdposures are as low asgs reasonably
achievable by imposing design criteria and specific eguipment
requirements on the licensees. After a license has been issued,
fuel cycle licensees must monitor their emissions and take
environmental measurements to ensure that they meet the design
criteria and license conditions. For practical purposes, the NRC
adopted the maximum permissible concentrations developed by the
NCRP to relate effluent concentrations to exposure.

'In the 1%$70's, the NRC formalized the implementation of as
low as reasonably achievable exposure levels by issuing a
regulatory guide for as low as reasonably achievable design
criteria. This coincided with a decision teo adopt, as a design
criterion, a mawimum permissible dose of S-mrems/y from a single
nuclear electric generating staticn. The 5 mrem limit applies to
the most ewposed individual actually living in the vicinity of
the reactor and refers to whole-body doses from external
radiation by alr pathway (NRC77).

2.%5.2 Bvproduct Material Licenses

The NRC's licensing and inspection procedure for byproduct
material users is less uniform than that imposed on major fuel
cycle licensees for two reasons: (1) the much larger number of
byproduct material licensees, and (2) their much smaller
potential for releasing significant guantities of radiocactive
materials inte the environment. The prelicensing assurance
procedures of imposing design reviews, operating practices, and
license conditions prior to construction and coperation are
similar.



The protection afforded the public from releases of
radicactive materials from these facilities can vary considerably
because of three factors. First, the reguirements that the NRC
imposes for monitoring effluents and envivonmental radioactivity
are much less stringent for these licensees. If the guantity of
materials handled is small enough, the NRC might not impose any
monitoring requirements. Second, and more important, the level
of protection can vary considerably because the exact point where
the licensee must meet the effluent concentrations for an area of
unrestricted access is not consistently defined. Depending on
the particular licensee, this area has been defined as the
nearest inhabited structure, as the boundary of the user's
property line, as the roof of the building where the effluents
are vented, or ag the mouth of the stack of vent. Finally, not
all users are allowed to reach 100 percent of the maximum
permissible concentration in their effluents. In fact, the NRC
has placed as low as reasonably achievable requirements on many
of their licensees by limiting them to 10 percent of the maximum
permissible concentration in their effluents.

2.6 DEPARTMENT OF ENERGY

The DOE operates z complex of national laboratories and
weapons facilities. These facilities are not licensed by the
NRC. The DOE is responsible, under the U.S5. Atomic Energy Act of
1954, as amended, for ensuring that these facilities are cperated
in a manner that does not jeopardize public health and safety.

The DOE is subject to the Federal guidance on radiation
protection issued by EPA and lts predecessor, the FRC. For
practical purposes, the DOE has adopted the NCRP's maximum
permissible concentrations in air and water as a workable way to
ensure that the dosge limits of 0.5 rem/y whole~body and 1.5
rems/y to any organ are being obserxrved. The DOE also has a
requirement that all doses be kept as low as is reasonably
achievable, but the contractors who operate the variocus DOE sites
have a great deal of latitude in implementing policies and
procedures to ensure that all doses are kept to the lowest
pogssible level.

The DCE ensures that its operations are within its operating
guidelines by reqguiring its contractors to maintain radiation
monitoring systems around each of its sites and to report the
results in an annual summary report. New facilities and
modifications to existing facilities are subject to extensive
design criteria reviews (similar to those used by the NRC).
During the mid-1970%'s, the DOE initiated a systematic effluent
reduction program that resulted in the upgrading of many
facilities and effected a corresponding reduction in the
effluents {including airborne and ligquid radicactive materials)
released to the envirocnment.

As a continuation of this program, DOE has issued proposed
Order 5400.3 "Draft Radiation Protection of the Public and the
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Environment® and has issued several internal guidance documents
including procedures for the calculation of internal and external
doges to the public and guidance on envirommental surveillance.
2.7 OTHER FEDERAL AGENCIES

2.7.1 Denartment OFf Defense

The Department of Defense operates several nuclear
installiations, including a fleet of nuclear-powered submarines
and their shore support facilities. The DOD, like other Federal
agencies, must comply with Federal radiation protection guidance.
The DOD has not formally adopted any more stringent exposure
limits for members of the public than the 0.5 rem/v allowed by
the Federal guidance.

2.7.2 Centey for Medical Devices and Radiological Health

Under the Radiation Control Act of 1968, the major
responsibility of the Center for Medical Devices and Radiological
Health in the area of radiation protection is the specification
of performance criteria for electronic products, including x-ray
equipment and other medical devices. This group also performs
environmental sampling in support of other agencies, but no
requlatory authority is involved.

2.7.3 Mine Safetvy and Health Administration

The Mine Safety and Health Administration (MSHA) has the
regulatory authority to set standards for exposures of miners to
radon and its decay products and other (nonradiological)
polliutants in mines. The MSHA has adopted the Federal guidance
for exposure of uranium miners (EPA71}. It has no authority or
responsibility for protecting members of the general public from
the harzards assocciated with radiation.

2.7.4 Qcrupational Safety and Health Administration

The Occupational Safety and Health Administration (OSHA) is
responsible for assuring a safe workplace for all workers. This
authority, however, does not apply to radiation workers at
government-owned or NRC-licensed facilities. This group does
have the authority to set exposure limits for workers at
unlicensed facilities, such as particle accelerators, but it does
not have any authority to regulate public exposure to radiation.
OSHA has adopted the occupational exposure limits of the NRC,
except it has not imposed the reguirement to keep all doses as
low as is reasonably achievable.

2.7.5% Department of Transportation

The Department of Transportation (DOT) has statutory
regponsibility for regulating the shipment and transportation of
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radicactive materials. This authority inciudes the
responsibility to protect the public from exposure te radicactive
materials while they are in transit. For practical purposes, the
DOT hae implemented its authority through the specification of
performance standards for shipment containers and by setting
maximum exposure rates at the surface of any package containing
radicactive materials. These limits were set to assure
compliance with the Federal guidance for occupational exposure,
and they are believed to be sufficient to protect the public from
exposure. The DOT also controls potential public exposure by
managing the routing of radiocactive shipments to aveid densely
populated areas.

2.8 STATE AGENCIES

States have important authority for protecting the public
from the hagards associated with ionizing radiation. 1In 26
states, the states have assumed NRC's inspection, enforcement,
and licensing responsibilities for users of source and byproduct
materials and users of small quantities of special nuclear
material. These "NRC Agreement States,® which license and
regulate more than 11,500 users of radiation and radiocactive
materials, are bound by formal agreements to adopt reguirements
consistent with those imposed by the NRC. The NRC continues to
perform this function for all licensable uses of the source,
byproduct, and special nuclear material in the 24 states that are
not Agreement States.

Nonagreement states, as well as NRC Agreement States,
regulate the exposures to workers from electronic sources of
radiation. Also, all states retain the authority to regulate the
use of naturally occurring (i.e., radium) and accelerator-
produced radivactive materials.
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3. HAZARD IDENTIFICATION

The adverse biological reactions associated with lonizing
radiations, and hence with radicactive materials, are
carcinogenicity, mutagenicity, and teratogenicity.
Carcinogenicity is the ability to produce cancer. Mutagenicity
is the property of being able to induce genetic mutation, which
may be in the nucleus of either somatic (bedy)} or germ ‘
(reproductive} cells. Teratogenicity refers to the ability of an
agent to induce or increase the incidence of congenital
malformations as a result of permanent structural or functional
deviations produced during the growth and development of an
embryc (these are more commonly referred to as birth defects).

Ionizing radiation causes injury by breaking constituent
body molecules into electrically charged fragments called "ions"
and thereby producing chemical rearrangements that may lead to
permanent cellular damage. The degree of bioclogical damage
caused by variocus types of radiation varies according to how
close together the ionizations occur. Some ionizing radiations
(e.g., alpha particles) produce intense regions of ionization.
For this reason, they are called high-~LET (linear energy
transfer) particles. Other types of radiation (such as
high-energy photons [x-rays]) that release electrons that cause
jonization and beta particles are called low-LET radiations
because of the gparse pattern of ionization they produce. In
equal doses, the carcinogenicity and mutagenicity of high-LET
radiations are generally an order of magnitude or more greater
than those of low=LET radiations.

Radium, radon, radon daughters, and several other naturally
occurring radiocactive materials emit alpha particles; thus, when
these materials are ingested or inhaled, they are a source of
high~-LET particles within the body. Man-made radionuclides are
usually beta and photon emitters of low-LET radiations. HNotable
exceptions to this generalization are plutonium and other
transuranic radicnuclides, most of which emit alpha radiation.

3.1 EVIDENCE THAT RADIATION IS CARCINOGENIC

The production and properties of x~rays were demonstrated
within one month of the public reporting of Reoentgen's discovery
of x-rays. The first report of acute skin injury was made in
1896 (Mo67). The first human cancer attributed to this radiation
was reported in 1902 (Vo02). By 1911, 94 cases of
radiation~related skin cancer and 5 cases of leukemia in man had
been reported in the literature (Up75). Efforts to study this
phenomenon through the use of experimental animals produced the
first reported radiation~related cancers in experimental animals
in 1910 and 1912 (Mal0O, MalZ). Since that time, an extensive
body of literature has evolved on radiation carcinogenesis in man
and animals. This literature has been reviewed most recently by
the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) and by the National Academy of Sciences
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Advisory Commititee on the Biclogical Effects of Ionizing
Radiations (NAS-BEIR Committee) (UNSCEARSS, NAS80).

Identification of the carcinogenicity of radiocactive
emissions followed a parallel course. In 1921, Uhlig first
associated inhaled radicactive material and carcinogenesis in man
in a study of lung cancer in undsrground miners in the Erz
Mountains {Uh21). This association was reaffirmed by Ludewig and
Lorenser in 1924 (Lu24). Ingestion of radiocactive materials was
also demonstrated to be a pathway for carcinogenesis in man. As
early as 1925, ingested radium was known to cause bone necrosis
(He25), and in 1929, the first report was published on the
association of radium ingestion and osteogenic sarcoma {Ma29).

The expected levels of exposure to radiocactive pollutants in
the environment are too low to produce an acute (immediate)
response. Their effect is more likely to be a delayed response,
in the form of an increased incidence of cancer long after
exposure. An increase in cancer incidence or mortality with
increasing radiation dose has been demonstrated for many types of
cancer in both human populations and laboratory animals
(UNSCEAR77, 82). sStudies of humans exposed to internal or
external sources of ionizing radiation have shown that the
incidence of cancer increases with increased radiation exposure.
This increased incidence, however, 1is usually asscciated with
appreciably greater doses and exposure frequencies than those
encountered in the environment. Malignant tumors most often
appear long after the radiation exposure, usually 10 to 35 years
later (NAS80, UNSCEARS82). The tumors appear in various organs.
In the case of internal sources of radiation due to radicactive
materials, the metabolisn of the materials generally leads to
their deposition in specific organs, which results in a radiation
dose and higher-~than-normal risk of cancer in these organs.

Whereas many, 1f not most, chemical carcinogens appear to be
organ= or tissue-specific, lonizing radiation can be considered
pancarcinogenic. According to Storer (St75): ®Ionizing
radiation in sufficiently high dosage acts as a complete
carcinogen in that it serves as both initiator and promoter.
Further, cancers can be induced in nearly any tissue or organ of
man or experimental animals by the proper choice of radiation
dose and exposure schedule." Radiation-induced cancers in humans
have been reported in the following tissues: thyroid, female
breast, lung, bone marrow (leukemia), stomach, liver, large
intestine, brain, salivary glands, bone, esophagus, small
intestine, urinary bladder, pancreas, rectum, lymphatic tissues,
skin, pharynx, uterus, ovary, nucosa of cranial sinuses, and
kidney (UNSCEAR77, 82:; NAS72, 80; Be77, Ka82, Wasil).

Studies of populations exposed to high levels of radiation
have identified the organs at greatest risk following radiation
exposure. Brief discussions of these findings follow.



1. Atomic Bonb Survivors ~ The survivors of the atomic bomb
explosions at Hiroshima and Wagasaki, Japan, were exposed to
whole-body external radiation doses of 0 to more than 200
rads. An international group has been observing the
population since 1950. The most recent reporis published by
this group {Kas82, Wa83) indicate that an Increase in cancer
mortality has been shown for many cancers, including
leukemia; thyroid, breast, and lung cancer; esophageal and
stomach cancer: colon cancer; cancer of urinary organs; and
multiple myeloma.

2. Ankylosing Spondylitics - A large group of patients was
given x-ray therapy for ankvlosing spondylitis of the spine
during the years 1934 to 1954. X-ray doses usually sxceeded
100 rad. British investigators have been following this
group since about 1957. The most recent reviaw of the data
shows excess cancers in irradiated ocrgans, including
leukenmia, lymphoma, lung and bone cancer, and cancer of the
pharynx, esophagus, stomach, pancreas, and large

intestine (UNSCEARS8, NAS8O0).

3. Mammary Exposure - Several groups of women who were
exposed to x-rays during diagnostic radiation of the thorax
or during radio-therapy for conditions invelving the breast
have been studied. Although most of the groups have been
followed only a relatively short time {about 15 years), a
significant increase in the incidence of breast cancer has
been observed (UNSCEAR88}. The dese that produced these
effects averaged about 100 rads.

4. Medical Treatment of Benign Conditions - Several groups
of persons who were medically treated with x-rays to
alleviate some benign conditions have been studied. Excess
cancer has developed in many ¢f the corgans irradiated (e.g.,
breast, brain, thyroid, and probably salivary glands, skin,
bone, and pelvic organs) folleowing deoses vanging from less
than 10 to more than 100 rads (UNSCEARS8}. Excess lesukemisa
has also occurred in some groups. The followup pericd for
most groups has been short, often less than 20 years.

5. Underground Miners - Studies of excess cancer mortality
in U.8. underground miners exposed to elevated levels of
radon started in the 19506's and 1960°s. CGroups that have
worked in various types of mines, including uranium and
fluorospar, are being studied in the United States, Canada,
Great Britain, Sweden, China, and Czechoslovakia. HMost of
the miners studied have been subjected to high rates of
exposure; however, a recent review Indicates that increased
incidence of lung cancer has been observed in some miners
exposed at cumulative levels approximating those that can

The rad is the unit of absorbed dose in common use: 1 rad
equals 100 ergs of absorbed energy per gram of material,
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ooguy whersver high envirommental concentrations of radon
are present (NASSZ).

6. Ingested or Injected Radium - Workers who ingested
Ra=-226 while painting watch and clock dials have besen
studied for 35 to 45 vears, and patients who received
injections of Ra-226 or Ra=-224 for medical purposes have
been studied for 20 to 30 yvears (NAS7Z2, 80). Edcess
incidence of leukemia and osteosarcoma related to Ra-224
exposure has been observed., Calculated cumulative average
doses for these study groups ranged from 200 to 1,700 rads.
A study now underway that deals with exposure levels under
80 rads should provide additional data (NASSG).

7. Injected Thorotrast - Medical use of Thorotrast
{colloidal thorium dioxide) as an x-ray contrast medium
introduced radivactive thorium and its daughters into a
number of patients. Research studies have followed patients
in Denmark, Portugal, Japan, and Germany for about 40 vears
and patients in the United States for about 10 vears
(UNSCEARE88, NASS80). An increased lincidence of liver, bone,
and lung cancer has been reported in addition to increased
anemia, leukemia, and multiple myeloma (In79). Calculated
cumulative doses range from tens to hundreds of rads.

8. Diagnostic X-ray Exposure During Pregnancy - Effects of
¥-ray exposure on the fetus during pregnancy have been
studied in Great Britain since 1954, and several
retrospective studies have been made in the United States
since that time (NASS80, UNSCEARS8}). Increased incidence of
leukemia and other childhood cancers have been cobserved in
populations exposed to absorbed doses of 0.2 to 20 rads in
uteroc (NAS80, UNSCEARSS).

Not all of the cancers induced by radiation are fatal. The
fraction of fatal cancers is different for each type of cancer.
The BEIR III committee estimated the fraction of fatal cancers by
site and sex (NAS80). Estimates of cancers by site ranged from
about 10 percent fatal in the case of thyroid cancer to 100
percent fatal in the case of liver cancer. They concluded that,
on the average, females have 2 times as many total cancers as
fatal cancers following radiation exposure, and males have 1.5
times as many (NAS80). Although many ¢of the radiation-induced
cancers are not fatal, they still are costly and adversely affect
the person's lifestyle for the remainder of his or her life.

Just how these costs and years of impaired life should be
weighed in evaluating the hazards of radiation exposure is not
certain. This assessment addresses only the risk of fatal
carcinogenesis.

In addition to the evidence that radiation is a
pancarcinogen, and as such can induce cancers in nearly any



tigsue or organ, it alsc appears that it can induce cancer by any
route of ewposure {(dermal, Inhalation, ingestion, and indection).

Inhalation is likely to be the wmajor route of environmental
exposure to airborne radicactive pollutants, and the principal
organ at risk is likely to be the lung. Some radiation exposure
to airborne pollutants by the ingestion route is possible,
however, as these pollutants ave deposited on soil, on plants, ox
in sources of water. Ingestion of inhaled particulates also
occurs, Some radiconuclides may also cause whole-body gamma
radiation exposure while airborne or after thelr deposition on
the ground,

Estimates of cancer risk are based on the absorbed dose of
radiation 1ln an organ oy tissue. Glven the same type of
radiation, the risk for a particular dosage would be the same,
regardless of the source of the radiation. Numerical estimates
of the cancer risk posed by a unit dose of radiation in various
organs and tissues are presented in Chapter 6. The models used
to calculate radiation doses from a specific source are described
in Chapters 4 and 5.

The overwhelming body of human epidemiclogical data makes it
unnecessary to base major conclusions concerning the risk of
radiation~induced cancers on evidence provided by animal tests;
however, these data arve relevant to the interpretation of human
data (MNAS80) and contribute additional evidence to the
epidemiclogical database for humans. Radiation-induced cancers
have been demonstrated in several animal species, including rats,
mice, hamsters, guinea pigs, cats, dogs, sheep, cattle, pigs, and
monkeys. Induced through multiple routes of administration and
at multiple dose levels, these cancers have occurred in several
organs or tissues. These animal studies have provided
information on the significance of dose rate compared with the
age of the animals at exposure, the gex of the animals, and the
genetic charscteristics of the test strain. They have shown that
radiation~induced cancers become detectable after varying latent
pericds, sometimes several vears after exposure. The studies
further show that the total muimber of cancers that eventually
develop varies consistently with the dose each animal receives.
BExperimental studies in animals have alsc established that the
carcinogenic effect of high-LET radiation (alpha radiations or
neutrons) is greater than that of low-LET radiation {x-rays or
gammna rayvs).

& number of researchers have induced transformations in
mammalian tissue culture, including embryvonic cells of mice and
hamsters {BoB4, KeBi, Hasg4, CGu84). Chromosome abervations in
cultured humnan peripheral lymphocyites have been demonstrated at
En-222 alpha doses of about 48 mrads/y with an external gamma
doge of about 100 mrads/v {Po77). Another major finding of
recent research (Gu84) is that DNA from radiation-induced mouse
tumors contains an activated oncogene that can transform specific
types of cultured cells when introduced into these cells. The
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researchers also found that a difference in only one base in the
oncoyene was responsible for the tranzformation. Thus, radiation
can induce tumors even when only a small change in the DNA occcurs
as a result of irradiation.

3.2 EVIDEHNCE THAT RADIATION 15 MUTAGENIC

Radiation can change the structure, number, or genetic
content of the chromogomes in a cell mucleus. These genetic
radiation effects are classified as either gene mutations or
chromosomal aberrations. Gene mutations refer to alterations of
the basic units of heredity, the genes. Chromosomal aberrations
refer to changes in the normal number or structure of
chromosomes. Both gene mutation and chromosomal abervations are
heritable; therefore, they are considered together as genetic
effects. Mutatlions and chromosomal aberrations can occur in
somatic (body) or germ {reproductivel cells. In the case of germ
cells, the mubtagenic effect of radiation is not seen in those
persong exposed to the radiation, but in their descendents.

Mutations often result in miscarriages or produce such
undesirable changes in a population as congenital malformations
that result in mental or phyzical defects. Mubations occcur in
many types of cells: no tendency toward any specific locus or
chromosome has been identified. For this reason, they can affect
any characteristic of a specizs. A relatively wide array of
chromosone aberrations ocours in both humans and aninmals.

Eavly expervimental studies showed that x-radiation is
mutagenic. In 1927, H.J. Muller reported radiation-induced
genetic changes in animals, and in 1828, L.J. Stadler reported
such changes in plants (Kié2). Although genetic studies were
carvried out in the 1930%'s, mostly in plants and fruit flies
{Drosophila), the bulk of the studies on mammals started after
the use of nuclear weapons in World War II {(UNSCEARSS8).

Very few guantitative data are available on radiogenic
mutations in humans, particularly from low-dose exposures, for
the following reasons: these mutations are interspersed over
many generations, some are 80 mild they are not noticeable, and
some mutagenic defects that do occcur are similar to nonmutagenic
effects and are therefore not necessarily recorded as mutations.
The bulk of data supporting the mutagenic character of ionizing
radiation comes from extensive studies of experimental animals,
mestly mice (UNSCEART77, 82; NAS72, 80)}. Yhese studies have
demonstrated all forms of radiation mutagenesis--lethal
matations, translocations, inversions, nondisiunction, point
mutations, ete. Mutation rates calculated from these studies are
extrapoliated to humans (because the basic mechanisms of mutations
are believed to be the same in all cells) and form the basis for
estimating the genetic impact ﬁf _mmizinq radiation on humans
{NASSO, SNSPEQR&Z}& The wvast majority of the demonstrated
mutations in human germ cells sn%vzbute to both increased
mortality and 1liness [(HNASSG, UNSCEARSZY. Moreover, the
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In applying the dosimetric models in current use, as
discussed in the previocus sections, the primary sources of
uncertainty are attributed to ICR? nodel formulation and
parameter variability praduced by measurement error or natural
variation. The purpose of this =ection is to provide a general
but limited discussion of these sources and to introduce an
uncertainty scheme for classifving radionuclides. The authors
gratefully acknowledge Dr. Reith Eckerman of Oak Ridge Laboratory
for discussions with respect to implementation of ICRP models and
for guidance regarding the magnitude of uncertainties. However,
the conclusions presented here are those of the aAgency.

5.2.1.6.,1 Uncertainties Due to ICRP Model Formularion

Uncertainty in calculations based on ICRP models arises
primarily from five sources: (1} the uncertainty in the Reference
Man data; (2} the uncertainty in the lung and GI-tract model
describing the translocation and absorption of inhaled or
1nge5tad activity into the blood; (3) the uncertainty associated
with the formulation of the ICRP Publication 30 biokinetic models
aescr*blnq the distribution and retention of the activity among
the various organs in the body: (4) the uncertainty in the dose
models to calculate the absorbed dose to organs from that
activity; and {5) the uncertainty in the model parameters.

5.3.1.6.2 EReference Man Concent

To establish a degree of consistency in cccupational
dosimetry calculations, the ICRP developed the concept of
Reference Man {ICRP75}. Reference Man is a conceptual individual
who has the anatomical and physioclogical characteristics of a
healthy 20 to 30 year old male with a total body mass of 70-kg.
The anatomical and physiclogical data of Reference Man have basn
enbedded in many computational models for estimating organ doses
and applied in radiation protection and in some calculations for
maedicine.

Although these data have been extensively applied in
calculating doses, the approach in which Reference Man data is
used to represent average individuals in a specific p&pu¢aﬁ1@n
introduces bias from the outset. The uncertainties in this
approach are primarily due to age~ and sex— specific differences
in the anatomical and physiologic parameters. Biological and
ethnic variability also contribute. In addition, the Reference
Man data do not always represent data for a 70-kg man. Many of
the data found in ICRP Publication 23 were from adults who haﬁ
anatomical or physiological characteristics significantly
different from those of a 70-kg man.

Due to the many parameters involved angd the Quality of the
data available to define the numerical values, it is very
difficult to establish the level of uncertainty in uwinq
Reference Man data to estimate doses to the average individual in
the U.8. population. Furthermore, the Reference Man concept was
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