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

VOLUME I - Risk Assessment Methodology 

This document 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 I1 - 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 
assessment, supplementalcontroltechnology, and cost. 
It has an appendix which contains the inputs to all 
the computer runs used to generate the risk 
assessment. 

VOLUME P I P  - Economic Assessment 
This document has chapters on each radionuclide source 
category studied, Each 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 announcement of the availability appears in 
the Federal Reqister. For additional information, contact James 
Hardin at (202) 475-9610 or write to: 

Director, Criteria and Standards Division 
Office of Radiation Programs (ANR-460) 
Environmental Protection Agency 
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Washington, DC 20460 
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1.1 HISTORY OF STANDARDS DEVELOPMENT 

In 1977, Congress amended the Clean Air Act (the Act) to 
address emissions of radioactive materials. Before 1977, these 
emissions were either regulated under the Atomic Energy Act or 
unregulated. Section 122 of the Act required 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 
radioactive pollutants cause or contribute to air pollution that 
may reasonably be expected to endanger public 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 into Air in the 
United States, Preliminary Report" (EPA 520/7-79-006, Office of 
Radiation Programs, U.S. EPA, Washington, D.C., August 1979). 

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 (I) 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 (5) low energy accelerators 
(48 FR 15077, April 6, 1983). To EPAis 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., 
~akch 1983). 



Following publicatian of the proposed standa:rds, EPA held an 
informal public hearing in Washington, D.C., on April 28 and 29, 
1983. The comment period was he1.d open an additional 30 days to 
receive written commemts. 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 requests, 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 citizenst 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 to 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 radionuclides by October 23, 1984. 

On October 22, 1984, the Agency issued its Background 
Information Document in support of the Agency" 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, National Emission Standards for 
Hazardous Air Pollutants (NESKAPS) 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 FK 34056), respectively. 

The EPAse basis for the radionucl.ide NESHAPS was challenged 
in lawsuits filed by the Sierra Club and the National Resources 
Defense Council (NRDC), While these suits were under 
adjudication, the U.S. Court of Appeals for the District of 
Columbia issued a decision finding that the EPA's NESKAP 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 costs had been 
considered in many rulemakings on radionuclide emissions. On 
December 9, 1987, the Court accepted the EPA% proposal 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 abeyance. 



1.2 PURPOSE OF THE FINAL BACKGROUND KNFOmTION DOCUMENT 

Volume I contains background information on radiation 
protection programs and a detailed description of the Agencyvs 
procedures and methods for estimating radiation dose and risk due 
to radionuclide emissions to the air. This material is arranged 
as shown in the following descriptions cf 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 into the air, move through the environment and 
eventually cause radiation exposure of people. This 
chapter also contains a description of how ERA 
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 radionuclides, once 
inhaled and ingested, move through the body to organs 
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 of radiation is gamma 
rays from a source outside of the body, 

o Chapter 6 - A description of how the risk of fatal 
cancers and genetic effects is estimated once th.e 
amount of radiation dose is known. 

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

Volume I also 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 quantitative uncertainty analysis techniques 
currently under review for use as a method for expanding the 
semiquantitative uncertainty analysis provided in Volume I. 



Volume 11 contains detailed risk estimates for each source 
of emissions, which were performed according to the procedures 
given in Volume I. Each chapter in Volume If addresses four 
topics: (lj 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 11. 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 sources of radon. 

1.3 UPDATE METHODO1,OGY 

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 EPA1s lack of risk assessment for these 
facilities. In sum, this Background Information Document 
addresses the following categories 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 

For each category, Volume I1 presents updated information on 
the number of facilities, radionuclide emissions to air, and 
control technologies. Depending on t'ne number of facilities in a 
category, risks are provided for individual facilities, or a set 



of reference facilities is defined that conservatively represents 
the category. Risks to the critical papulation 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 Control 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. 





2.1. INTRODUCTION 

Awareness of radiation and radioactivity dates back only to 
the end of the last century--to the discovery of x-rays in 1895 
and the discovery of radioactivity in 1896. These discoveries 
mark the beginning of radiation science and the deliherate use of 
radiation and radionuclides in science, medicine, and industry. 

The findings of radiation science rapidly led to the 
development of medical and industrial radiology, nuclear physics, 
and nuclear medicine. By the 1 9 2 O U s ,  the use of x-rays 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 1930Ps, biomedical 
and genetic researchers were studying the effects of radiation on 
living organisms, and physicists were beginning to understand the 
mechanisms of spontaneous fission and radioactive 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 L I  have been rapid. 
Today the use of x-rays and radioactive materials is widespread 
and includes: 

o Nuclear reactors (and their supporting fuel-cycle 
facilities) generate electricity, power ships and 
submarines, produce radioisotopes for research, space, 
defense, and medical applications, They are also used 
as research tools for nuclear engineers and physicists. 

0 Particle accelerators produce radioisotopes and are 
used as research tools for studying the structure of 
materials and atoms. 

o The radi.ophamaceutieai industry provides the 
radioisotopes needed for biomedical research and 
nuclear 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 X-rays are widely used as a tliagnostic tool in medicine 
and in such diverse industrial fields as oil. 
exploration and nondestructive testing. 

a Radionuclides are used in such common consumes products 
as luminous-dial wristwatches and smoke detectors, 

The following sections of this chapter provide a brief 
history of the evolution of radiation protection philosophy and 



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

2.2 TEE INTERIU-ATIONAL COMMISSION ON ~DIQLOGICAL PROTECTION 
AND THE NATIONAL COUNCIL ON RADIATION PROTECTION AND 
MEASUREMENTS 

Initially, the dangers and risks posed by x-rays and 
radioactivity were little understood. By 1895,  however, "x-ray 
burns" were being reported in the medlcal literature, and by 
1910, it was understood that such "burns" could also be caused by 
radioactive materials. By the 1920ts, sufficient direct evidence 
(from experiences of radium dial painters, medical radiologists, 
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 
radioactive materials at the time, the body 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 its 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 ta the nations represented at 
the Congress that they appoint national advisory committees to 
represent their viewpoints 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 
reorganizations and name changes, this committee emerged in 1964 
in its present form as the congressionally chartered National 
Council on Radiation Protection and Measurements (NCRP), The 
congressional charter provides for the NCRP to: 

o Collect, analyze, develop, and disseminate in the 
public interest information and recommendations about 
radiation protection and radiation quantities, 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 quantities, units, 
and measurements may cooperate to use their combined 



resources effectively and to stimulate 'he work of such 
organizations, 

o Cooperate with the ICRP and other national and 
international arga.nizations concerned with radiation 
protection and radiation quantities, units, and 
measurements. 

Throughout their exi.stence, the ICXP and the NCRP have 
worked together closely to develop radiation protection 
recommendations that reflect the current understanding of the 
dangers associated with exposure to ionizing radiation. The ICRP 
and the NCRP function as non-government advisory bodies. Their 
recommendations are not binding on any government or user of 
radiation or radioactive materials, 

The first exposure limits adopted by the ICRP and th? NCRP 
(ICRP34, ICRP38, and NCRP36) established 0.2 roentgen/day as the 
"tolerance doseM for occupational exposure to x-rays and gama 
radiation from radium. This limit, equivalent to an absorbed 
dose of approximately 25 rads/y as measured in air, was 
established to guard against the known effects of ionizing 
radiation on superfici.al tissue, changes in the blood, and 
"derangement" of internal organs, especially the reproductive 
organs. At the time the recommendations were made, high doses of 
radiation were known to cause observable effects, but the 
epidemiological 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, a.nd the "tolerance dose" limits that were adopted 
were believed to represent the level of radiation that a person 
in normal health ccu:Ld tolerate wi.thout suffering observable 
effects. The concept of a tolerance dose and the recommended 
occupati.onal exposure limit af 0.2 R/day for x and gamma 
radiation remained in effect until the end of the 1945%- The 
recommendatioils of the ICRP and the NCRP made no mention of 
exposure of the general populace, 

By the end of World War 11, the widespread use of 
radioactive materials and scientific evidence of genetic and 
somatic effects at lower doses and dose rates suggested that the 
radiation protection recommendations of the NCRP and the ICRP 
would have to 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 recommendations of 1 9 5 0  and formally issued by the NCRP in 
1954 (ICRP52, NCRP54). Whereas the immediate effect was to lower 

i The WCXPts recommendation was 0.1 roentgen/day measured in 
air. This limit is roughly equivalent to the ICRP limit, which was 
conventionally measured at the point of expostare and included 
backscatter. 



the basic whole body occupational dose limit 'o the equivalent of 
0 - 3  iad/week (apprwxfmate1.y 15 rads/y), the revised 
recommendations also embodied several new and important concepts 
in "re formulation of radiation prote::tion cri.teri.a- 

First, the recommendations recognized the difference in the 
effects of various types and energies of radiati-on; both ICRP and 
NCRP recommendations iaicbude discussior~s of the weighti.n$ factors 
that should be applied to radiations of differing types and 
energies, The NFRP advocated the use of the strein" to express the 
eqi~ivaleince in biological effect between radiations of differing 
types and energy.' Although the ICKP noted the shift toward the 
acceptance of the rem, it continued to express its 
recommendations in terms of the rad, wi'th the caveat that the 
limit for the absorbed dase due to neutron radiation should be 
one-tenth the limit for x ,  gamma, or beta radiation. 

Second, the recommendations of both organizations introduced 
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 
tissues and organs. Thus, all blood-formi-ng 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 reasoning behind this 
particular recommendati.ciz i.s interestingp as it reflects clearly 
the limited knowledge of the times, The scientific evidence 
indicated a clear relationship between accumulated dose and 
genetic effect. However, this evidence was obtained exclusively 
from animal studies that bad been conducted with doses ranging 

Defining the exact relationship between exposure, absorbed 
dose, and dose equivalent is beyond the scope of this document. 
In simple terms, the exposure is a measure of the charge induced 
by x and gamma radiation in air, Absorbed dose i.s a measure o f  
the energy per unit mass imparted to matter by radiatian. Dose 
equivalent is an indicator of the effect on an organ or tissue by 
weighting the absorbed dose with a quality factor, Q, dependent 
on the radiation type and energy, The customary units far 
exposure, absorbed dose, and dose equivalent are the roentgen, 
rad and rem, respectively. Over the range of energies typically 
encountered, the exposure, dose and dose equivalent from x and 
gamma radiation have essentially the same values in these units. 
For beta radiation, the absorbed dose and dase equivalent are 
generally equal also, At the time of these recommendations, a 
quality factor of 10 was recommended for alpha radiation. Since 
1977,  a quality factor of 20 has primarily been used, i,e., for 
alpha radiation, the dose equivalent is 20 times the absorbed 
dose, 



from 25 to tklousands of racis. 'I'hrxere was nu evidence fr:om 
exposure less than 2 5  rads accumulated dose, and the 
interpretation of the animal data and the implications for humans 
were unclear and did not support a specific permissible dose. 
The data did suggest that genetic damage was more dependent on 
accumulated dose "can previously believed, but experience showed 
that exposure for prolonged periods to the pemissj.bl@ exposure 
Limit (1-0 R/week) did not result i.n any observable genetic 
effects. The NCRP decided that it was not necessary to change 
the occupational Li~ni."c:~o provide additiorial protection beyond 
that provided by the reduction in the permissible exposure Limit 
of 0.3 R/week. At the same time, it recommended limiting the 
exposure QE individuals under the age of 3.8 to assure that they 
did not accumulate a genetic dose that would later preclude their 
employment as radiation worlcers. The factor of ten was rather 
arbitrary but was believed to be sufficient to protect the future 
employability oE 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 believed. Therefore, the concept of a 
maximum permissible dose (expressed as dase per unit of time) was 
adopted because it better reflected the uncertainty 'n 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. w i t h  those posed by other hazards 
in life (ICKP51), 

Finally, in explicit recognition of the inadequacy of cur 
knowledge regarding the effects of radiation arid of the 
possibility that any exposure might have some potential fur harm, 
the recommendations included am admonition that every effort 
should be made to reduce exposure to all kinds of ionizing 
radiation to the lowest possible level, This concept, known 
originally as ALAP (as low as practicabie) and later as A U R A  (as 
low as reasonably achievable), would become a cornerstone of 
radiation protection philosophy. 

During the 1 9 5 0 ' ~ ~  a great deal of scientific evidence on 
the effects of radiation became available from studies of radium 
dial painters, radiologists, and survivors of the atomic bombs 
dropped on Japan, This evi-dence sugqested that genetic effects 
and Long-term somatic effects were mare Lm~ortant at low doses 
than previously consid.ered, Thus, by the late 195Uns, the ICRP 
and HGRP recommendations we.re again revised (iCRP59, NCRP591, 
These revisions include the following major changes: the maximum 
permissible occupational dose for whole body exposure and the 
most critical organs (blood forming organs, gonads, and the 
larger lens of the eye) was lowered, to 5 rems/y, with a quarterly 
limit of 3 rems; the 1isni.t for exposilre of other organs was set 
at 30 rems/y; internal exposures were controlled by a 
comprehensive set of xoaxirnum permissible concentrations of 



radionuclides in air and water based on the most restrictive case 
of a YOU PI^ worker; and recomn~endations were included for some 
nonoccupational groups and for the general. population (for the 
first time). 

The lowering of the maximum permissible whale-body dose from 
0.3 rad/week to 5 rems/y, with a quarterly Limit o f  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 
(15 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 available 
suggested that genetic effects were primarily dependent on the 
total accumulated dose, Thus, having sought the opinions of 
respected geneticists, the ICRP and the NCRP adopted the 
recommendation that accumulated gonadal dose to age 30 be limited 
to 5 rems from sources other than natural background an3 medical 
exposure. As an operational guide, the NCRP rec~ommended that the 
maximum dose to any irrdividual 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 ta the 
individualu (NCRP59) . 

In the late 1950% and early 1960*s ,  the I C R P  and NCRB again 
lowered the maximum permissible dose limits (ICRP65, MCRP71). 
The considerable scientific data on the effects of exposure to 
ionizing radiation were still incenclusive 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 NCRP 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 year, with a retrospective 
limit of 10 to 15 rems in any given year as long as 
total accumulated dose did not exceed 5X(N-3.8)' where M 
is the age i n  years. 



o tirai.t the dose to the s k i n ,  l?ancis, and fareams to 15, 
75, and 30 rems par year, respectively. 

o Limit the dose to any other organ or tissue to 15 rems 
per year, 

o Limit the average dose to the population to 0.17 rem 
per year- 

The scientific evidence and the protection philosophy on 
which the above recommendations were based were set forth in 
detail in NCRP7l. 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 model 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 
necessary to derive limits that adequately protected each member 
of the public and to the gene pool of the population as a whole, 
while still allowing the development of beneficial uses of 
radiation and radionuciides. 

In 1977, the LCRP made a fundamental change in its 
recommendations when it abandoned the critical organ concept in 
favor of the weighted whale-body effective dose equivalent 
concept for limiting occupational exposure (IfRP77). The change, 
made to reflect an increased understanding of the differing 
radiosensitivity of the various organs and tissues, did not 
affect the overall limit of 5 rems per year for workers, but 
included a recommendation that chronic exposures of the general 
public from all controllabie 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 remiy. 

Also significant, I C R P "  1977 recommendations represent the 
first explicit attempt to relate and justify permissible 
radiation exposures with quantitative levels o f  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 equated 
with that experienced by some workers in recognized hazardous 
occupations. Similarly, the risks implied by the nonoccupational 
limit of 0 . 5  rem/y are equated to Levels of risk of less than 1.0 
E-2 in a lifetime: the general. populace" average exposure is 
equivalent to a lifetime risk on the order of 1.0 E-4 to 1.0 E-3. 



The ICRP believed these levels of risk were in .the range that 
most individuals find acceptable. 

In June 1987, the NCRP revised its recommendations to be 
comparable with those of the ICRP (MCRP87). The MCRP adopted the 
effective dose equ-i.vaient corrcept 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 
es.timates and because the details of such a system have yet to be 
elaborated. 

The NCRP recommendations in (NCRP87) for occupational 
exposures correspond to the ICRP recommendations. In addition, 
the relevant nonoccupational exposure guidelines, which the NCRP 
first recommended in 1984 (NCRP84a), are: 

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

0 0.1 rem/y effective whole-body dose equivalent, not 
including background or medical radiation, for 
individuals in the population when the exposure is 
continuous. 

o Continuous use of a total dose limi.tation system based 
on justification of every exposure and application of 
the atas low as reasonably achievablew philosophy. 

The MCRP equates continuous exposure at a level of 0.1 rem/y 
to a lifetime risk of developing cancer of about one in a 
thousand. The NCKP has net formulated exposure limits for 
specific organs, but it notes that the permissible limits will 
necessarily be higher than the whole-body limit in inverse ratio 
for a particular organ to the total risk for whole-body exposure. 

In response to EPAds proposed national emission standards 
for radionuclides, the NCRP suggested that since the 0.1 rem/y 
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, 
MCRP87) . 
2.3 FEDERAL GUIDANCE 

The wealth of new scientific information on the effects of 
radiation that became available in the 1950% prompted the 
President to establish an official government entity with 
responsibility for formulating radiation protection criteria and 
coordinatifig radiation protection activities, Executive Order 



10831 established the Federal Radiation Council (FRC) in 1959, 
The Council included representatives from a l l  of the Federal 
agencies concerned with radiation protection and acted as a 
coordinating body for all of the radiation activities conducted 
by the Federal government, In addition to its coordinating 
function, the Councilvs major responsibility was to "...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. . . I 8  (FRC60) . 

The Council" 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-forming 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 years beyond age 18. 

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

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

o Bone--not to exceed 0.1 microgram of Ra-226 or its 
biological equivalent. 

o Any other organ--not to exceed 5 rems per 13 weeks or 
1 5  rems per 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 PRC not only 
accepted the levels recommended by the NCRP for oceuaational 
exposure, it adopted the NCRP% philosophy of acceptable risk for 
detemining occupational exposure limits. Although quantitative 
measures of risk were not given in the guidance, the prescribed 
levels were not expected to cause appreciable bodily injury to an 
individual during his or her lifetime. Thus, while the 
possibility oE 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 equivalent limits for 
members of the public. These were set at 0.5 rem per year (whale 
body) for an individual and an average of 5 rems in 30 years 
(gonadal] per capita. The guidance also provided for developing 
a suitable sampie or' tie population as a basis for determining 
compliance with the limit when doses to all individuals are 



unknown, Exposure of this poplalation sample was not to exceed 
(1.17 rem per capita per year. The population limit of 0 - 5  sem '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 "every effort 
should be made to encourage the maintenance of radiation doses as 
far below this guide as practicable.'Vhe requirements 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 PRC 
explicitly recognized that it might also represent the true level 
of risk. If 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 1967, the Federal Radiation Council issued guidance for 
the control of radiation hazards in uranium mining (FRC67j. The 
need for such guidance was clearly indicated by the 
epidemiological evidence. that showed a higher incidence o f  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 
tradeoff between the risks incurred at various exposure levels ,  
the technical feasibility of reducing the exposure, and the 
benefits of the activity responsible for the exposure. 

2.4 THE ENVIRONMENTAL PROTECTION AGENCY 

In 1970, the functions of the Federal Radiation Council were 
transferred to the Administrator of the U . S ,  Environmental 
Protection Agency. In 1971, the EPA revised the Federal guidance 
for the control of radiation hazards in uranium mining (EPA71). 
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 guidance 
establishes maximum skin entrance doses for various types of 
routine x-ray examinations. 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 diagriosti.c 
need. 

In 1981, the EPA proposed new Federal guidance for 
occupational exposures to supersede the 1960 guidance ( E P A a l j  



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 1987 ( E P A 8 7 ) .  

The Environmental Protection Agency has various statutory 
authorities and responsibilities regarding regulation of exposure 
to radiation in addition to the statutory responsibility to 
provide Federal guidance on radiation protection. EPAbs 
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 environmental 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 also sets 
normalized emission limits for Kr-85, 1-129, 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 air 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 (EPA83a, 
(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 1954, 
as amended, the EPA has promulgated 40 CE'R 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 persons exposed to radioactive materials 
released into the environment, The uncertainties involved in 
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imposed by the EFA" st.andard for uranium fuel cycle facilities 
also apply to the f u e l  cycle facilities licensed by the NRC. 
These facilities are prohibited from releasing radioactive 
effluents in amounts that would result in doses greater than the 
25 mrerns/y limit imposed by that standard, 

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

2.5.1 Fuel Cvde Licenses 

The NRC does not use the term "fuel cycle facilities" to 
define its classes of licensees. The term is used here to 
coincide with EPABs use of the term in its standard for uranium 
fuel cycle facilities. As a practical matter, this term includes 
the NRC" large source and special nuclear material and 
production and utilization facilities, The NRC% regulations 
require an analysis of probable radioactive effluents and their 
effects on the population near fuel cycle facilities. The NRC 
also ensures that all exposures are as low as reasonably 
achievable by imposing design criteria and specific equipment 
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 1970Ps, the NRC formalized the implementation of as 
low as reasonably achi-evable exposure Levels by issuing a 
regulatory guide Eor as low as reasonably achievable design 
criteria. This coincided with a decision to adopt, as a design 
criterion, a maximum permissible dose of 5-mrenis/y from a single 
nuclear electric generating station. The 5 mrem limit applies to 
the most exposed individual actually Living in the vicinity of 
the reactor and refers to whole-body doses from external 
radiation by air pathway (NRC77). 

2 . 5 . 2  B~~roduct Material Licenses 

The NRCps 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 quantities of radioactive 
materials into the environment, The prelicensing assurance 
procedures of imposing design reviews, operating practices, and 
license conditions prior to construction and operation are 
similar, 



The protection afforded the public from releases of 
radioactive materials from these facilities can vary considerably 
because of three factors. First, the reguirements that the NRC 
imposes for monitoring eff1.went.s and environmental radioactivity 
are much Less stringerrt 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 as 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 a complex of national laboratories and 
weapons facilit.ies. These facilities are not licensed by the 
NRC. The DOE is responsible, under the U . S .  Atomic Energy Act of 
1954, as amended, for ensuring that these facilities are operated 
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 i.ts predecessor, the FRC. For 
practical purposes, the DOE has adopted the NCRP8s maximum 
permissible concentrations in air and water as a workable way to 
ensure that the dose limits of 0.5 rem/y whole-body and 1.5 
rems/y to any organ are being observed. The DOE also has a 
requirement that all doses be kept as low as is reasonably 
achievable, but the contractors who operate the various DOE sites 
have a great deal of latitude in implementing policies and 
procedures to ensure that all doses are kept to the lowest 
possible level. 

The DOE ensures that its operations are within its operating 
guidelines by requiring 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-197OUs, 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 liquid radioactive materials) 
released to the environment. 

As a continuation of this program, DOE has issued proposed 
Order 5400.3 "Draft Radiation Protection of the Public and the 



En~ircnment'~ and has issued several internal guidance doccments 
including procedures for the calculation of internal and external 
doses to the public and guidance on environmental surveillance, 

2.7 OTHER FEDERAL AGENCIES 

2.7-1 Wartment Qf Defense 

The Department of Defense operates several nuclear 
installations, 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 BOB has not formally adopted any more stringent exposure 
limits for members of the public than the 0.5 rem/y allowed by 
the Federal guidance. 

2 . 7 . 2  Center for Medical Devices and Radioloqical Health 

Under the Radiation Cont.rol 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 criteri-a for electronic products, including x-ray 
equipment and other medical devices. This group also performs 
environmental sampling in support of other agencies, but no 
regulatory authority is involved. 

2.7.3 Nii~e Safetv and Health Administration 

The Mine Safety end Health Administration (MSHA) has the 
regulatory authority to set standards for exposures of miners to 
radon and its decay products and other (nonradiological) 
pollutants in mines. The MSHA has adopted the Federal guidance 
f o r  exposure of uranium miners ( E P A 7 1 ) -  it has no authority or 
responsibility for protecting members of the general public from 
the hazards associated with radiation, 

2.7.4 mpationaA-Safetxqnd Health Administration 

The Occupationai 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 requirement to keep all doses as 
low as is reasonably achievable. 

2.7..5 ielsartrnent of Transportation 

The Department of Transportation (DOT) has statutory 
responsibility for regulating the shipment and transportation of 



rad,ioacti'we materi.als. This authority includes the 
responsibility to protect the public from exposure to radioactive 
materials while they are in transit, For practical purposes, the 
DOT has 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 
radioactive 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 radioactive shipments to avoid densely 
populated areas. 

2.8 STATE AGENCIES 

States have important authority for protecting the public 
from the hazards associated with ionizing radiation. In 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 radioactive 
materials, are bound by formal agreements to adopt requirements 
consistent with those imposed by the NRC. The NIC 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, ail states retain the authority to regulate the 
use of naturally occurring (i.e., radium) a.nd accelerator- 
produced radioactive materials. 
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3 ,  HAZARD IDENTIFICATION 

The adverse biological reactions associated with ionizing 
radiations, and hence with radioactive 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 (body) 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 
embryo (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 biological damage 
caused by various 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 
ionization and beta particles are called low-LET radiations 
because of the sparse 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 radioactive 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, Notable 
exceptions to this generalization are plutonium and other 
transuranic radionuclides, 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 Roentgen'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 (MalO, 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 Effscts =f Atomic 
Radiation (UNSCEAR) and by the National Academy of Sciences 



Advisory Committee on the Biological Effects of  Ionizing 
Wadiati.ons (NAS-BEFR Committee) (UNSCEAR88, NASBO). 

Identification of the carcinogenicity of radioactive 
emissions followed a parallel course. In 2921, Uhlig first 
associated inhaled radioactive material and carcinogenesis in man 
in a study of lung cancer in underground miners in the Erz 
Mountains (Uh2L). This association was reaffirmed by Ludewig and 
Lorenser in 1924 (Lu24). Ingestion of radioactive materials was 
also demonstrated to be a pathway for carcinogenesis in man. As 
early as 1925, ingested radium was known to cause bone necrosis 
(Ho25), and in 1929, the first report was published on the 
association of radium ingestion and osteogenic sarcoma (Ma29). 

The expected levels of exposure to radioactive 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). Studies 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, is usually associated 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 (NAsBo, UNSCEAR82). The tumors appear in various organs. 
In the case of internal sources of radiation due to radioactive 
materials, the metabolism 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, if not most, chemical carcinogens appear to be 
organ- or tissue-specific, ionizing radiation can be considered 
pancarcinogenic. According to Storer (St'75): Mfonizing 
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." Radi-ation-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, mucosa of cranial sinuses, and 
kidney (UNSCEAR77, 82; NAS72, 8 0 ;  Be77, Ka82, Wa83). 

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 Bod3 Survivors - Tire sur~s-bvors of the atomic bomb 
explosions at Hiroshima and Nagasaki, Japan, were exposed to 
whole-body external radiation doses of 0 to more than 2 0 0  
r a d s . b n  international group has been observing tkaa 
population since 1950. The most recent reports published by 
this group (Ka82, 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 o f  patients was 
given x-ray therapy for ankylosing spondylitis of the spine 
during the years 1934 to 1954. X-ray doses usually exceeded 
100 rad. British investigators have been following this 
group since about 1957. The mast recent review of the data 
shows excess cancers in irradiated organs, including 
leukemia, lymphoma, lung and bone cancer, and cancer of the 
pharynx, esophagus, stomach, pancreas, and large 
intestine (UNSCEAR88, NAS80)- 

3. Mammary Exposure - Several groups of women wkao were 
exposed to x-rays during diagnostic radiation of the thorax 
or during radio-therapy for conditions involving 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 o f  breast cancer bas 
been observed (UNSCEAR88). The dose 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 of the organs irradixted (e.g., 
breast, brain, thyroid, and probably salivary glands, skin, 
bone, and pelvic organs) foilowing doses ranging from less 
than 10 to more than 100 rads (IJNSCEAR88),  Excess leulsenia 
has also occurred in some groups. The foilowup periad for 
most groups has been short, often less than 20 years. 

5. Underground Miners - Studies of excess cancer mortality 
in U.S. underground miners exposed to elevated levels 0% 
radon started in the 1950% and L960ss. Groups 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, Most 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 thsse that can 

' The rad is tbe unit of absorbed dose i n  cox:m.c?n t?ser 1 rad 
equals 100 ergs of absorbed. eriergy per yrarn of material.. 



occur wherever high erivironmentalb concentrations sf radon 
are present (NAS88). 

6. Ingested or Injected Radium - Workers who ingested 
Ra-226 while painting watch and clock dials have been 
studied for 35 to 45 years, and patients who received 
injections of Ra-226 or Ra-224 for medical purposes have 
been studied for 20 to 30 years (NAS72, 80). Excess 
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 undemay that deals with exposure levels under 
90 rads should provide additional data (NASBO). 

7. Injected Thorotrast - Medical use of Thorotrast 
(colloidal thorium dioxide) as an x-ray contrast medium 
introduced radioactive thorium and its daughters into a 
number of patients. Research studies have followed patients 
in Denmark, Portugal, Japan, and Germany for about 40 years 
and patients in the United States for about 10 years 
(UNSCEAR88, NASBO). An increased incidence 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 
x-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 (NASBO, UNSCEAR88). Increased incidence of 
leukemia and other childhood cancers have been observed in 
populations exposed to absorbed doses of 0.2 to 20 rads in 
utero (NAS80, UNSCEAR88). 

Not all of the cancers induced by radiation are fatal. The 
fraction of fatal cancers is different for each type of cancer. 
The BEIR 111 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 (NASBO). 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 



tissue or organ, i t also appears that i t can induce cancer by any 
route of exposure (dermal, inhalatian, ingest ion, and knj ection) . 

Inhalation is likely to be the major route o f  environmental 
exposure to airborne radioactive pollutants, and the principal 
organ at risk is likely to be the Lung, Some radiation exposure 
to airborne pvliutilrits by the ingestion route is possible, 
however, as these pollutants are deposited on soil, an plants, or 
in sources of water, Ingestion of inhaled particulates also 
occurs, Same sadionucli.des may also cause who1.e-body gamma 
radiation exposure while airborne or after their deposition on 
the ground, 

Estimates of cancer risk are based an the absorbed dose of 
radiation in an organ or tissue. Given the same type of 
radiation, the risk for a particular dosage would be the same, 
regardless of the source of the radiation, Numerkca' estimates 
of the cancer risk posed by a unit dose of radiation in various 
organs and tissues ass presented in Chapte.r 6 ,  The models used 
to calculate radiation doses from a specific source are described 
in Chapters 4 and 5. 

The overwhelming body of human epidemiological data makes it 
unnecessary to base major conclusions concerning the risk of 
radiation-induced cancers on evidence provided by anl.mal tests; 
however, these data are relevant to the interpretation of human 
data (NWSBO) and contribute additional evidence to the 
epidemiological database for humans. ~adiaticn-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 EeveLs, these cancers have occurred in several 
organs or &Issues. These animal studies have provided 
information on tho significance of dose rate compared with the 
age of the animals at exposure, the sex of the animals, and the 
genetic characteristics of the test strain. They have shown that 
radiation-induced cancers become detectable after varying latent 
periods, sometimes several years after exposure. The studies 
further show that the total number of cancers that eventually 
develop varies consistently with the dose each animal receives. 
Experimental studies in animals nave also established that the 
carcinogenic effect of high-LET radiation (alpha radiations or 
neutrons) is greater than that of low-LET radiation (x-rays or 
gama rays) , 

B number o f  researchers have induced transformations in 
mammalian tissue culture, including embryonic cells of mice and 
hamsters (Ba84, Ke84, Ba.84, Gu84). Chromosome aberrations in 
cultured human peripheral lymphocytes have been demonstrated at 
Rn-222 alpha doses o f  about 48 mrads/y wi.th an external gamma 
dose o f  about 100 mrads/y ( P n 7 7 j ,  Another major finding of 
recent research (Gu84) is that DNA from radiation-induced mouse 
tumors contains an activated oncogene that can transform specific 
types o f  cultured cells when introduced into these cells. The 



researchers also foul-id .that a difference in only one base in the 
oncogene was responsible fur 'the transformation, Thus, radiation 
can induce tumors even when only a small change in the DNA occurs 
as a result of irradbatian. 

3.2 EVIDENCE THAT RADIWTION IS MUTAGENIC 

Radiation can change the structure, number, or genetic 
content :of the chrmosames in a cel.1 nucleus. These qenetic 
radiation effects are classified as either gene mutations or 
~hrom~sonal 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 ohromosomal aberrations are 
heritable; therefore, they are considered together as genetic 
effects. Mutations and. chromosomal aberrations can occur in 
somatic (body) or germ (reproductive) oell.s, in the case of germ 
cells, the mutagenic effect of radiation is not seen in those 
persons exposed to the radiation, but in their descendents. 

MutatS.ons o f t e n  result in miscarriages or produce such 
undesirable ciranges in a population as congenital nalformations 
that result in mental or physical defects. Mutations occur in 
many types of cells; no tendency toward any specific locus or 
~kromos~l~e has been d-dentified, For this reason, they can affect 
any characteristic o f  a species, A relatively wide array of 
chromosome aberrations occurs in both humans and animals, 

Early experiimental studies showed that x-radiation is 
mutagenic, In 182'7,  R.J, Muller reported radiation-induced 
genetic changes in animals, and in 1928, L-J. Stadler reported 
such changes in piants (Ki62j. Althaugh genetic studies were 
carried out in the 19?0%s, mostly in plants and fruit flies 
(Drosophila), the 1~1.1.k of the studies on mammals started after 
the use of nuclear weapons in World War 11 (UNSCEAR58). 

Very few quantitative da ta  are available on radiogenic 
mutations in humans, particularly from low-dose exposures, for 
the following reasons: these routations are interspersed over 
many generations, same are so miid they are not noticeable, and 
some mutagenic defects that do occur are similar to nonmutagenic 
effects and are therefore not necessarily recorded as mutations. 
The hulk of data suppor.ti.ny the mutagenic character of ionizing 
radiation comes from extensive studies of experimental animals, 
mostly mice (UNSCEAR77, 82; NAS72, 80). These studies have 
demons.trated all forms of radiation mutagenesis--lethal 
mutations, transiocati.ons, inversions, condisjunction, point 
mutatians, etc. Mutation rates calculated from these studies are 
extrapolated to humans (because the basic mechanisms of mutations 
are believed to be the same in a l l  cells) and form the basis for 
estimating the genetic impact of ionizing radiation on humans 
( N A S 8 0 ,  tlNSCEAR.82) . The vast majority nf the demonstrated 
mutations in human germ cells contribute to both increased 
martalicf a-1x3 illriess (NWSIIO, tlNSCEhR82) . Erioreouer, the 






















































































































































































































































































































































































































































































