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PREFACE 

The U.S. Department of Ene-gy (DOE) has been designated by the 
U.S. Congress as the agency to evaluate and, if necessary, remedy radiological 
conditions associated with sites used by the former U.S. Army Corps of Engineers 
Manhattan Engineer District (MED) and the U.S. Atomic Energy Commission (AEC) 
primarily to process and/or store uranium ores and their products. Ownership 
of these sites is currently private, local government, state, institutional, 
or Federal. To evaluate each site after identification and to take remedial 
action where necessary, 00E has implemented the Formerly Utilized Sites 
Remedial Action Program (FUSRAP). 

FUSRAP encompasses a number of steps, including: (1) identification and 
screening of candidate sites; (2) evaluation of the significance of the contami-
nation present, including evaluation of radiological hazards in terms the 
potential health effects; (3) evaluation of possible alternative methods for 
remedial action pursuant to the requirements of the National Environmental 
Policy Act; (4) design of a plan for remedial action; (5) implementation of 
the remedial action; (6) certification that the results of the remedial action 
met the goals; and (7) release of restrictions on the site wnere practicable. 

This document describes the methods appropriate to the evaluation of the 
health implications of radiological contamination at FUSRAP sites. The descrip-
tion excludes cost analysis methods and other factors applied to site-specific 
evaluations. General methods for assessment of the radiation dose to humans 
using pathways analysis and methods for estimating the health implications of 
a given dose are described. Generally applicable limits for radiation expo-
sure have been used to derive remedial action guidelines intended for specific 
application to FUSRAP projects. More detail is provided In a section on 
applications as to how the guidelines might be applied to site-specific 
remedial action planning efforts. Appendix A describes the basis for the 
development of subsurface soil guidelines. Appendix B 1s provided to sunaarlze 
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the history of radiation protection standards and their basis. Background 
information, which the nontechnical reader may find useful in understanding 
the remainder of the document, is included as Appendix C. Application of the 
"as low as reasonably achievable" (ALARA) philosophy of radiation protection 
to FUSRAP programs is not discussed in this document. 

Because the basic radiation protection guidelines and methods for estima-
tion of health effects are under constant revision, the information in this 
document will be modified in the future to keep the contents up-to-date. We 
welcome comments and suggestions for future revisions of this report. 
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ABSTRACT 

The U.S. Department of Energy has implemented a program to evaluate and, 
where necessary, take action to protect the public from contamination at sites 
that were used in the past to process and/or store radioactive materials for 
the former U.S. Army Corps of Engineers Manhattan Engineer District or the 
U.S. Atomic Energy Commission. The program is identified as the Formerly 
Utilized Sites Remedial Action Program (FUSRAP). This document describes 
methods considered appropriate for the evaluation of health effects that might 
possibly be caused by radioactive contamination at FUSRAP sites. This assess-
ment methodology is applied to a typical site for the purpose of deriving 
guidelines for the cleanup of contaminated soil. Additional guidance is 
provided for planning site-specific remedial action that is consistent with 
the overall objectives of FUSRAP. 

ix 



1. DOCUMENT PURPOSE AND USE 

1.1 INTRODUCTION 

The U.S. Department of Energy (DOE), through its Formerly Utilii'id Sites 
Remedial Action Program (FUSRAP), has been evaluating the public health aspects 
and need for remedial action at sites utilized by the former U.S. Army Corps 
of Engineers Manhattan Engineer District (MED) and the U.S. Atomic Energy 
Commission (AEC). Radiological surveys of these sites have indicated that 
there are various levels of radioactivity present in soils, in residues, and 
in/on remaining buildings. At some of the FUSRAP sites, expeditious remedial 
action was warranted by the levels of radioactivity or expected future land 
use, and remedial actions are complete or underway at those sites. However, 
there still remain a number of sites where there is a need to determine the 
most cost-effective remedial action that provides acceptable public health 
protection. 

Evaluation of the most appropriate action for a FUSRAP site requires 
consideration of many factors. The scope of this report is limited to factors 
that enter into evaluation of the radiological impacts. The intent is to 
provide guidance for estimating radiological conditions at FUSRAP sites before 
remedial action, during planning of remedial action, and when evaluating 
conditions following remedial action. Factors such as costs of alternative 
actions, state and local government issues, and disposition of the residues 
are not evaluated; they must be addressed in appropriate documents specific to 
each site. 

Assessments of the radiological impacts require three sets of input data: 
(1) field measurements of the radioactivity, (2) estimates of the relationship 
between sources of radiation and consequent radiation doses to individuals, 
and (3) radiation protection standards that have been developed from health 
risk considerations. Field measurements provide data on beta and gamma 
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radiation levels at different onsite locations, surface activity of alpha-
emitting radionuclides on building structures, and concentrations of radio-
nuclides in soil samples. Radionuclide concentrations in soil are usually the 
critical data. 

Estimates of the dose/source relationship are based on a source-to-dose 
analysis consisting of a chain of risk-evaluation steps: (1) a determination 
of the source terms from field measurements (source-term analysis); (2) an 
analysis of the human exposure that is likely to occur as a consequence of the 
sources (source-to-exposure analysis); and (3) an analysis of the radiation 
dose that will result from the exposure (exposure-to-dose analysis). Evalu-
ation of the health risks involves a fourth step—an analysis of the health 
effects that are likely to result from a given dose (dose-to-health effects 
analysis). Radiation protection standards expressed in terms of dose limits 
are L sed on this fourth step. Such standards are generally applicable to all 
actions involving management and use of radioactive materials, and serve as a 
starting point for deriving FUSRAP soil-concentration guidelines that may be 
compared directly with measured soil concentrations. Other protection stan-
dards, e.g., limits on air and water concentrations that are based on analyses 
relating them to health effects, are also useful in controlling radiation 
exposure and dose. 

The purpose of this document is to provide radiological guidelines for 
assessing the need for remedial action and for evaluating the sufficiency of 
any remedial action that may be undertaken as well as to identify the data and 
methods of analysis on which these guidelines are based. The estimates of 
source tevms and development of source-to-exposure relationships presented 
herein are generic rather than site-specific. Estimates of the radiation 
doses and consequent potential health effects at specific sites may differ 
from the generic estimates; hence, the soil concentration limits derived 
herein should be treated as guidelines rather than criteria. The methods of 
analysis used to obtain the generic guidelines can also be used, in conjunction 
with site-specific data, to derive site-specific estimates of the source terms 
and consequent radiation doses. In those cases where a preliminary evaluation 
based on the generic analysis indicates a need for a more detailed, site-
specific analysis, it will be provided ir. an environmental assessment or 
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environmental impact statement prepared in compliance with the requirements of 
the National Environmental Policy Act. 

The methods of analysis and the source-to-dose conversion factors needed 
*"o derive soil concentration guidelines from radiation protection standards 
are presented in Section 2; the health risk studies that provide a basis for 
the radiation protection standards are discussed in Section 3; radiological 
guidelines for remedial action, based on the analyses summarized in Sections 2 
and 3, are presented in Section 4; and considerations involved in the applica-
tion of these guidelines are presented in Section 5. Considerations involved 
in evaluating health risks and developing standards and guidelines for the 
protection of public health and safety are discussed in the remainder of this 
section (Section 1). 

1.2 EVALUATION OF HEALTH EFFECTS 

The long-term risk from radioactive contamination at FUSRAP sites is that 
deleterious health effects may result from inhalation and/or ingestion of 
radionuclides and from exposure to external radiation. Such risk can be 
expressed as the probability of an exposed individual contracting cancer after 
being irradiated. The levels of radiation at FUSRAP sites are so low that the 
health implications can only be estimated using mathematical relationships 
rather than relying on direct observation of an effect on an individual, or 
even on a large population. 

The advantage of expressing radiation exposure risks in terms of potential 
health effects is that their significance may be evaluated by direct comparison 
with other risks, including those from natural sources of radiation and those 
associated with daily activities such as occupational injuries and injuries to 
the public from transportation accidents. The "costs" of health effects from 
all environmenal impacts, both radiological and nonradiological, must be 
balanced by the 00E decision-maker in selecting a cost-effective remedial 
action from among a set of alternatives. Safety of the public and of workers 
has always been a primary goal of the DOE and predecessor agencies. The 
health implications of radiation exposure have been a primary consideration in 
developing the guidance given by DOE to its laboratories and contractors. 
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This guidance is in the form of DOE Orders that adopt the recommendations of 
international and national radiation protection experts. These recommendations 
and DOE guidance are based on what are considered to be acceptable risks in 
comparison to other occupational and public health risks. 

Basic protection standards are expressed as radiation doses rather than 
as limits on health effects. The current DOE standards are listed in Table 1.1. 
Implicit in these limits is the recognition that biological response to radia-
tion is a statistical phenomenon. It is not possible to set radiation protec-
tion standards such that there will be harm if a specified value is exceeded 
and no harm or zero risk if the dose is below that value. Rather, the standards 
are set with the understanding that they may be exceeded only after careful 
consideration of the reasons for doing so and after demonstration that the 
potential benefit outweighs the cost. 

Table 1.1. DOE Standards for Radiation 
Protection of the Public 

Type of Exposure 

Maximum Dose to 
an Individual in 
the Populationt1 

Average Dose to a 
Sample of Exposed 

Populationt1 

Whole body, gonads, 
or bone marrow 500 mrem/yr 170 mrem/yr 

Other organs 1500 mrem/yr 500 mren/yr 

t1 Annual dose equivalent or dose commitment above natural back-
ground and excluding medical radiation exposures. 

Source: DOE Order 5480.1A, Figure XI-2. 

For the special case of .-adon-222 decay product concentrations in air 
within buildings, the basic limitation of 0.03 working level (WL) has been 
adopted from the U.S. Environmental Protection Agency (40 CFR 192). This 
limitation on radon decay product concentration includes the contribution from 
natural sources of radon-222. The working-level concept is discussed Sr Sec-
tion 2.2.3.2 (Inhalation Pathways). 



2. PATHWAY ANALYSIS FOR RADIATION DOSE PREDICTION 

The methods of analysis and the generic source-to-dose conversion factors 
needed to relate radiation protection standards to equivalent soil guidelines* 
are presented in this section. The methods are applicable to both site-
specific and generic assessments. The conversion factors are for a model 
FUSRAP site with source and pathway characteristics that are expected to be 
typical of many FUSRAP sites that have been identified (Argonne Natl. Lab. 
1982). The factors serve to demonstrate the applicability of the analysis and 
to provide a basis for developing generic radiological guidelines. The conver-
sion factors may also be used in conjunction with the health effects evaluation 
in Section 3 and the source terms to estimate the magnitude of health effects 
that may occur. A summary description of the source terms, based on currently 
available information and radiological surveys of FUSRAP sites, is included for 
this purpose. 

Conversion factors for individual FUSRAP sites may differ from the generic 
values, depending on site-specific characteristics. It is considered unlikely 
that the site-specific values would exceed generic values by a factor larger 
than 5; they could be smaller by a factor of 0.1 or less for sites with less 
extensive contamination than assumed for the generic case. Conversion factors 
based on site-specific data will be needed to develop soil guidelines for 
those FUSRAP sites where actual characteristics differ greatly from those used 
in the model. 

Generic conversion factors based on the analysis described in this 
section (which was developed specifically for FUSRAP sites) are given only for 

* The term "soil guideline" is used in this document to mean the "remedial 
action guideline for the limiting concentration of a radionuclide in the 
soil," and is defined in such a manner that if the soil guideline is not 
exceeded, the specified dose limit is not expected to be exceeded. Soil 
guidelines will depend on the characteristics of the site. 
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radionuclides of the uranium-238 (U-238) decay series (which are the principal 
contaminants at most FUSRAP sites). Generic conversion factors based on other 
analyses that were developed for other, but similar, situations and found to 
give results consistent with the generic FUSRAP-specific analysis are used for 
the remaining radionuclides of concern. These conversion factors are given in 
Section 4. 

The analysis is divided into two major parts: a source-to-exposure 
analysis and an exposure-to-dose analysis. This is done to separate factors 
that depend entirely on environmental processes and require an analysis of 
problems specific to FUSRAP sites from factors that depend only on physio-
logical processes and are common to all circumstances involving exposure to 
ionizing radiation. The results of these analyses are expressed in terms of 
source-to-exposure (E/S) and exposure-to-dose (D/E) conversion factors, 
respectively. The product of the E/S and D/E factors gives the source-to-dose 
conversion factors, D / S = ( D / E ) x ( E / S ) . The annual radiation dose ( D ) * to 
the "maximally exposed individual" from a radionuclide present in FUSRAP 

residues may be obtained for a given environmental pathway by multiplying the 
D/S factor for that pathway by the radionuclide concentration (S) in the 
residues: D = (D/S) x s. The D/S factors are also used to obtain soil guide-
lines from dose limits. The conversion factors are assumed to be independent 
of the radionuclide concentrations in the residues; however, the E/S factor 
depends on other source-term parameters, such as the area and depth of the 
contaminated soil and the release rates. These dependencies are taken into 
account in the calculation of the E/S factors, and will be reflected in a 
corresponding dependence of the soil guidelines on source parameters other 
than the concentration of radioactivity in soil. The presentation in this 
chapter is a summary of the methods and results described in detail in a 
comprehensive pathway analysis for FUSRAP residues (Gilbert et al. 1983). 

*The dose parameter of interest is the dose equivalent (referred to through-
out this document simply as the "dose") to the whole body, tissue, or organ 
expressed in units of "rems" or "millirems" (mrem), where 1 mrem - 0.001 rem. 
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2.1 SOURCE TERMS 

The radioactive materials present at most FUSRAP sites consist primarily 
of residues from uranium and thorium processing. Residual quantities remain 
as contaminants of buildings and soil materials at processing and storage 
sites. The different sources and the principal contaminants of concern are 
summarized in Table 2.1. The total volume of contaminated material is esti-
mated to be about 440,000 m3, about 91% of which is from uranium ore handling 
and processing, 5% from thorium processing, 2% from uranium salts and metal 
processing, 1% from nuclear weapons testing and/or disposal sites, and 1% from 
miscellaneous sources. The contaminated areas at most FUSRAP sites range from 
0.4 to 4 ha, with a typical value of 2 ha. The residues at most FUSRAP sites 
are currently at or very near the surface. The thickness of the contaminated 
layer ranges from 0.1 to 3 m, with a typical thickness of 1.5 m. 

Table 2.1. FUSRAP Waste Classification 

Source of Waste Primary Contamination 

Half-Life of 
Parent 

Radionuclide 
(years) 

Uranium ore handling 
and sampling 

Uranium-238 and decay products 4.5 x 109 

Uranium ore processing 
Product Uranium-238 and decay products 4.5 x 109 

Residue (tailings) Thorium-230 and decay products 7.7 x 104 

Uranium salt/metal 
processing 

Uranium-238 and decay products 4.5 x 109 

Thorium processing Thorium-232 and decay products 1.4 x 1010 

Nuclear weapons test-
ing and/or disposal 
sites 

Fission products and trans-
uranics 

Variable 

Miscellaneous Tritium and uranium-238 decay 
products 

Variable 

Source: Argonne National Laboratory (1982). 
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Although the pathway analysis suimar*zed here is applicable to any 
naturally occurring radionuclide (and, with modifications, to other radio-
nuclides as well), it has been applied only to radionuclides belonging to the 
U-238 decay series—in particular, U-238 plus uranium-234 (U-234), thorium-230 
(Th-230), and radium-226 (Ra-226) and its decay products. These radionuclides 
constitute over 90% of the contamination at FUSRAP sites. The radionuclides 
in the U-238 decay series and their half-lives are presented in Figure 2.1. 

It is assumed that all of the decay products of U-238 were in secular 
equilibrium in the ore before processing.* The processing that took place at 
FUSRAP sites disturbed the secular equilibrium of U-238 and U-234 with Th-230 
and Ra-226 because uranium, thorium, and radium have different chemical 
properties and are separated in different proportions during processing. 
Hence, the concentrations of U-238, Th-230, and Ra-226 must be specified 
separately. It is assumed that U-238 and U-234 remain in secular equilibrium 
because they have similar chemical properties. The concentrations of the 
decay products of Ra-226 in the residues are smaller th3n the secular equilib-
rium values by several percent (20% or less) due to exhalation from the 
residues of radon-222 (Rn-222) gas, the first decay product of Ra-226. This 
redaction in concentration of the decay products in the residues is neglected 
in calculating the exposure from external radiation. The exposure from Rn-222 
that escapes from the ground is calculated separately. 

The average radionuclide concentrations of U-238 and its decay products 
at different FUSRAP sites have been estimated to be in the approximate ranges 
of 20 to 1400 pCi/g for U-238, 50 to 500 pCi/g for Th-230, and 10 to 500 pCi/g 
for Ra-226. Radionuclide concentrations at sites with contamination other 
than U-238 and/or its decay products include about 1000 pCi/g for plutonium-239 
(Pu-239) in the soil at one site, 650 pCi/g for strontium-90 (Sr-90) at another, 
and tritium (H-3) concentrations of about 7 nCi/L in the water in the local 
aquifer at another. Four sites are contaminated with residues from processing 
of thorium-232 (Th-232). 

*A decay series is in secular equilibrium when the activity concentrations 
of the radionuclides in the series are all equal. 
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Only the dominant decay mode 
is shown. 

The times shown are half-lives. 
The symbols a and p indicate 

alpha and beta decay. 
An asterisk indicates that the 

isotope is also a gamma 
emitter. 

Figure 2.1. Uranium-238 Decay Series. Source: 
Argonne National Laboratory (1982). 
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2.2 SOURCE-TO-EXPOSURE ANALYSIS 

The source-to-exposure analysis is structured into three parts: (1) the 
development of a scenario of human activities that will lead to maximum 
exposure, (2) the identification of major environmental pathways by which 
exposure to individuals might occur, and (3) a detailed analysis of the 
migration of radionuclides through these pathways from source to exposure. 
This analysis leads to a set of E/S factors that may be used to estimate 
external radiation levels and intake of radionuclides by inhalation or 
ingestion. 

2.2.1 Scenarios 

The rates of radionuclide release into the environment and subsequent 
radiation exposure to an individual are dependent on patterns of human activity. 
Idealized patterns (scenarios) of such activities are introduced for the 
purpose of calculating E/S factors for the various pathways. 

The scenario for the analysis is chosen to correspond to those future 
circumstances that might lead to the largest individual dose. The hypothetical 
individual who might receive this maximum dose is referred to as the "maximally 
exposed individual". The exposure estimates used to calculate the E/S factors 
are all based on the dose to this individual. The maximum dose would be 
received by only a very few individuals, if any, from the exposed population, 
i.e., individuals living on or closest to the FUSRAP site. The dose to most 
individuals in the exposed population will be smaller by several factors of 10 
or more than the dose to the maximally exposed individual. 

Of the many different scenarios that have and could be constructed 
(U.S. Nucl. Reg. Comm. 1982—Chap. 4; Gilbert et al. 1983—Sec. 2.1.4), the 
Intruder-Agriculture (IA) scenario is expected to result in the maximum 
individual dose. In this scenario it is assumed that a family, unaware of the 
presence of the residues, builds a home and ra.ses most of its food on tlve 
site. The IA scenario is obviously inappropriate for estimating impacts that 
might occur in the near future at a FUSRAP site located in an urban-industrial 
setting. However, one cannot be assured that, In the distant future but 
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before the existing hazard from FUSRAP residues has disappeared, urban areas 
will not revert to agricultural use. 

In the IA scenario, it is assumed that the radioactive residues are 
unprotected by 3o i l or other cover, and that the house, farmyard, family 
garden, pasture for livestock used for meat and milk, and a farm pond used for 
livestock water and to raise fish for family consumption are all located in 
the contaminated area. The well used for drinking water is located at the 
edge of the contaminated area in the direction of groundwater flow (i.e., at 
the location that will result in the highest concentration of radioactivity). 
It also is assumed that a small child will ingest soil from the contaminated 
area. The scenario parameters used in the analysis are summarized in Table 2.2. 

2.2.2 Environmental Pathways 

The environmental pathways by which radiation from the residues reach an 
individual form a complex interconnected network. The strategy outlined here 
for simplifying the analysis is to focus on the objective of calculating the 
dose to the maximally exposed individual. Maximum exposure will occur onsite 
because the direct radiation from the residues decreases rapidly in intensity 
with increasing distance from the site, and the radionuclides become diluted 
as they migrate through environmental pathways away from the site. For these 
reasons, offsite pathways have been eliminated from further consideration in 
the analysis for the maximally exposed individual. The simplification result-
ing from these and similar considerations leads u j a set of nine "major" 
pathways that can be expected to contribute all but a very small fraction of 
the dose to the maximally exposed individual. These environmental pathways 
are shown in Figure 2.2. 

2.2.3 Pathway Analysis Methods 

The environmental pathways may be grouped into three categories: direct 
external exposure, inhalation, and ingestion (see Figure 2.2). The external 
radiation pathways are those for which exposure is to radiation from radio-
nuclides that do not enter the body. The inhalation and ingestion pathways 
result in internal irradiation, i.e., radiation from radionuclides that have 
entered the body. 



Table 2.2. Int;Lier-Agriculture (IA) Scenario Parameters for the Maximally Exposed Individual 

Parameter 
Parameter 
Values Parameter 

Parameter 
Values 

Activity Parameters 
Time spent Indoors: 

Resting 
Light activity 
Basement/lst floor/2nd floor 

T1m spent outdoors In 
contaminated area: 

Onslte 
Nearslte 

Time spent 1n uncontami-
nated areas 

Food Consumption Parameters 
Fraction of plant diet grown 

1n contaminated soil 
Fraction of livestock food 

grown In contaminated soil 
Fraction of meat and milk diet 

from livestock fed with con-
taminated feed and water 

Fraction of fish diet from 
contaminated farm pond 

Contaminated soil Ingested 
by a child 

Housing Parameters 
House dimensions (Including 

basement) 
Celling height 
Shielding factor for external 

radiation 

2500 h/yr 
2000 h/yr 
0.1/0.3/0.6 

2500 h/yr 
1000 h/yr 

760 h/yr 

f/2t* 

f/2 

f 

f/3 

0.1 kg/yr 

10 n x 10 in x B n 
2.S m 

0 . 7 

Housing Parameters (cont'd) 
Depth of basement floor 

below grade 
Attenuation factor for radon emanation 

frMt the ground Into house 
Ventilation rate (Ay) 
Pond Paramaterst8 

Area 
Average depth 
Fish harvest 
Generic Meteorological Parameters 
Average wind speed (W) 
Generic Waste field Parameters 
Waste field dimensions 
Ini t ial thickness of pro-

tective cover 
Erosion Rate (V) 

1.5 m 

0.3 
0.5 h-1 

0,2 ha 
2.5 m 
25 kg/yr 

4 m/s 

140 m x 140 m * 1.5 m 

0 m 
0.05 tnm/yr 

The factor f Is an area factor, f = A/2, to be used for FUSRAP sites with a contaminated ground area of less than 2 ha, where A is the 
contaminated area In hectares. A value of f = 1 should be used if A >2. 

t* A farm pond 1s assumed only for sites with an area greater than 1 ha. 
Source: Gilbert et al. (1983). 
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Source Source-to-Exposure Analysis Pathway Exposure Exposure-to-Dose Analysis 

Figure 2.2. Simplified Diagram Showing Major Pathways to Maximally 
Exposed Individual (Gilbert et al. 1983). 

The methods used to calculate the E/S factors are summarily described 
below and in more detail in the report of Gilbert et al. (1983). 

2.2.3.1 External Radiation Pathways 

External radiation is primarily from two sources: (1) radionuclides in 
the ground, and (2) radionuclides in the air, either in gaseous or particulate 
form. 
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External radiation exposure is calculated only for gamma rays because 
they provide the only significant contribution to external radiation. Alpha 
and beta particles emitted by radionuclides in FUSRAP residues below the 
ground surface are absorbed in the ground. The range of alpha particles in 
htihian tissue is only a few micrometers; thus the body is shielded from external 
alpha emitters by the outer layer of skin (which consists of dead cells that 
are not damaged by radiation). The range of beta particles in tissue is only 
a few millimeters, so that the only significant contribution from external 
beta emitters is to the skin dose. The potential health effects from irradia-
tion of the skin are less than the health effects that might result from 
comparable exposure of more radiation-sensitive organs. Accordingly, the skin 
dose is neglected in this analysis. 

In contrast to alpha and beta particles, gamma radiation can penetrate 
several tens of centimeters in soil and in human tissues and can contribute to 
exposure of all human organs. The exposure parameter (E) for gamma radiation 
from the ground is defined as the annual average exposure to a person living 
on the site. It is calculatei from the exposure rate at different locations 
with weighting factors that take into account the time spent indoors, outdoors, 
and off the site, as well as shielding afforded by buildings. 

Radionuclides present in the air as particles or radioactive gases con-
stitute a distributed source of radiation commonly referred to as an "immersion 
cloud." The exposure parameter (E) for external radiation from airborne 
sources is defined as the "effective concentration" of radionuclides in a 
uniform, time-independent immersion cloud of infinite extent. The effective 
concentration is the concentration that will produce the same dose from 
external radiation as would be received from exposure to the time- and space-
dependent concentrations of airborne radionuclides in an actual situation. 

For external radiation from airborne soil particles, the effective concen-
tration is obtained from estimates of the average concentration of dust in the 
indoor and outdoor air, and the fraction of this dust that comes from contami-
nated soil. Dilution from offsite dust is estimated using average wind 
velocities and simple mixing models. The contaminated-dust concentrations are 
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then averaged over the times spent indoors, outdoors, and offsite, with appro-
priate weighting factors to take into account the effects of shielding by 
building structures. 

The only gaseous emission of any consequence from FUSRAP residues that 
can produce a source of external radiation exposure is Rn-222. However, the 
limiting dose from radon in air results from exposure of the lung to radiation 
from inhaled radon decay products (see Section 2.2.3.2) rather than fron 
external radiation from the decay productc. Estimates of the indoor concen-
trations of Rn-222 and its decay products, and corresponding concentrations of 
Ra-226 in the soil, are based on measurements in residences in New York and 
New Jersey (George and Breslin 1980). The average depth of the contaminated 
layer of soil at the typical FUSRAP site does not exceed the assumed depth of 
the basement of the dwelling in the IA scenario. The soil under the basement 
is assumed to be uncontaminated, and corrections for the resulting reduction 
in the exposed underground area are introduced. Outdoor concentrations are 
estimated by using a mixing model to take into account the dilution of air 
contaminated with radon above the site by uncont.aminated air from off the 
site. Total exposure to airborne radon and radon decay products is a weighted 
average of the indoor and outdoor concentrations. 

2.2.3.2 Inhalation Pathways 

Inhalation of radionuclides is an exposure mechanism that contributes to 
the internal radiation dose. The sources are contaminated dust, radon, and 
radon decay products—the same as for external radiation from airborne radio-
nuclides. Tritium (H-3), as tritiated-water vapor, and radioactive carbon-14 
(C-14), as carbon dioxide, are present at a few sites, but the low concentra-
tions of these two gases results ir. a much lower hazard than that from radon. 

The exposure parameter for inhalation of airborne dust is defined as the 
amount of the radionuclide inhaled in one year. It is calculated on the basis 
of the effective radionuclide concentration in the immersion cloud and the 
inhalation rate. The average particle size resulting from farming and house-
hold activities, which is also needed for calculating the dose, is assumed to 
be about 5 pm. 
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Inhalation exposure from air containing radon is almost entirely due to 
short-lived radon decay products—polonium-218 (Po-218), lead-214 (Pb-214), 
bismuth-214 (Bi-214), and polonium-214 (Po-214)—that remain airborne and are 
inhaled with radon. The exposure parameter for the radon decay products is 
the average radon concentration in the inhaled air multiplied by the working-
level ratio. Working level (Wl.) is a measure of the energy that eventually 
will be released by alpha emission from the short-lived radon decay products 
present in a unit volume of air.* The working-level ratio is the ratio of the 
actual working level to the working level that would occur if all of the 
short-lived radon decay products remained airborne in secular equilibrium with 
the radon. It is equal to 100 x WL/(concentration of radon in pCi per liter). 
The ratio cannot be greater than one and is usually less than unity, ranging 
from about 0.1 to 0.9 (and where unknown is usually assumed to be about 0.5), 
because the radon decay products are removed before they reach equilibrium. 

As noted above, estimates of the indoor exposure to radon and its decay 
products are based on the measurements of George and Breslin (1980). Outdoor 
values are obtained from data on radon exhalation rates and outdoor WL 
together with calculations based on models for the mixing and dilution of 
radon and radon decay products by motion of outdoor air. Almost all of the 
exposure occurs indoors; hence, the E/S factors, obtained by weighting the 
indoor and outdoor contributions, are influenced little by errors in the 
estimates of outdoor radon concentrations. 

2.2.3.3 Ingestion Pathways 

Water 

It is assorted that water for human consumption will come only from a well 
drilled on or near the contaminated site, and that water for the livestock 

* One WL is a concentration of the four short-lived Rn-222 decay products in 
one liter of air (in any relative proportion) that will result in the 
ultimate release of 1.3 * 10s MeV of alpha particle energy. This is equal 
to the concentration of the short-lived decay products in equilibrium with 
100 pCi/L of Rn-222. 
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will come from a farm pond constructed on the site. The well is a direct 
source of contaminated drinking water that constitutes the water pathway in 
Figure 2.2. The farm pond contributes indirectly to several ingestion path-
ways by providing a source of contamination for meat, milk, and fish. 

Most of the pond water will come from surface runoff which, by the time 
the IA scenario could be realized, would contribute negligibly to the contami-
nation in the pond. The principal source of contamination of the pond water 
will be water that becomes contaminated while infiltrating through the residues 
and subsequently seeps into the pond. Estimates of the radionuclide contami-
nation in the farm pond are based on natural analogues using data on the 
average radionuclide concentrations in freshwater sources and in soils. 

The well-water contamination is proportional to the infiltration rate, 
i.e., that portion of the annual rainfall that percolates through the residues. 
The amount of infiltration is equal to the annual rainfall less the amount 
removed by surface runoff and evapotranspiration. The infiltration rate can 
be determined from data on runoff for different soil and ground cover and from 
data on rainfall and evapotranspiration. The infiltrating water will percolate 
through the residues, through the underlying unsaturated zone, and into the 
aquifer. It then will be transported by groundwater flow to the well. 

The well-water contamination is largely dependent on the leach rates for 
radionuclides in the residues and on the structure and hydrological parameters 
of the unsaturated zone and aquifer. For the purpose of estimating well-water 
contamination, the leaching process was assumed to be by ion exchange and its 
rate was estimated from the appropriate hydrological parameters. Model calcu-
lations were carried out for typical hydrological parameters for materials 
ranging from sand to clay (Gilbert et al. 1983). 

The assumption that the leaching is by ion exchange between the particle 
surface and percolating water, which is the mechanism by which radionuclides 
are transported through the aquifer, leads to very conservative (high) esti-
mates of the well-water contamination. Studies of the leaching of radium from 
contaminated soils (Nathwani and Phillips 1978, 1979a, 1979b) indicate that 
leaching is by a diffusion process, with diffusion coefficients of about 
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10-13 mVyr. For diffusion coefficients of this magnitude, the radionuclide 
concentrations in the well water would be less than the concentrations esti-
mated by the ion-exchange model by a factor of 10-4 or less. 

When the aquifer is in strata of high permeability, such as sand or silty 
sand, well-water contamination is low because the high flow rate of groundwater, 
through the aquifer results in dilution of the contaminated water. The radio-
nuclide concentrations in the well water, and also the interval between the 
time that the site becomes contaminated and the radionuclide concentrations in 
the well water reach their maximum values, increase as the hydraulic conduc-
tivity of the aquifer decreases. A generic value of 10-2 m/h is used for the 
hydraulic conductivity on the assumption that a well would not be constructed 
if the conductivity were less than this value because the flow rate would be 
too small. 

The exposure parameter for the water pathway is the annual radionuclide 
intake. It is calculated by multiplying the radionuclide concentration in the 
well water, obtained from the above-described model calculations, by the 
annual intake of drinking water. 

Food 

The exposure parameter for all foods is the annual radionuclide intake. 
It is calculated by multiplying the radionuclide concentrations in the various 
foods by the corresponding consumption rates for the maximally exposed 
individual. 

Two independent methods are used to determine the radionuclide concentra-
tions in foods. One method (leading to "model" estimates) makes use of models 
and data that describe the detailed processes that occur, e.g., soil-to-plant 
transfer by root uptake, soil-to-air-to-plant transfer by foliar deposition, 
feed-t )-meat and water-to-meat transfer, etc. The other method (leading to 
"natural analogue" estimates) makes use of data on the concentrations of 
naturally occurring radionuclides in the soil and 1n samples of foods from the 
market. A geometric average of the model and natural analogue estimates for 
the source-to-exposure (E/S) conversion factors 1s considered to be the most 
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realistic estimate that can be obtained with current knowledge and is used in 
the subsequent analysis. 

Plant Foods. Plants can accumulate radionuclides by two means: (1) uptake 
from the soil through tne root system (root uptake) and (2) deposition of 
contaminated dust on the foliage or aboveground fruits or vegetables (foliar 
deposition). Radionuclides deposited on the foliage may be absorbed into the 
plant tissue and then consumed. Even if the radionuclides are not absorbed, 
they can be ingested if the contamination is not removed before the vegetable 
or fruit is eaten. The dominant contribution is from root uptake when the 
plants are grown in contaminated soil. 

Meat and Milk. Meat from livestock raised on the site can become con-
taminated with radionuclides if the animals ingest contaminated feed (e.g., 
pasture grass) or water. Although livestock for family use on a farm could 
include hogs, chickens, and other meat-producing animals, it is assumed that 
all of the meat consumed by the family is beef; the differences in the values 
that would be obtained by assuming a different mix of meat-producing animals 
are not significant for the purposes of this study. It is assumed that pasture 
grass consumed by the livestock is grown in the contaminated area, and that 
this source provides half of the feed for the livestock. It is further assumed 
that the hay and other dry fodder that make up the other half of the feed come 
from an uncontaminated source. The water for the cattle is assumed to come 
from the farm pond. 

Fish Pathway. It is common practice on small farms to stock a pond with 
fish for family consumption. The fish will become contaminated with radio-
nuclides absorbed from the water and ingested with food. The amount of radio-
activity in the fish is calculated by use of a standard reference value for 
the water-to-fish transfer coefficient. 

Soil Pathway. The soil pathway, which takes into account internal radia-
tion exposure from radionuclides in soil that is ingested by a child, is 
included here because the effect is the same as if the radionuclides were 
ingested with food. The ingestion rate is assumed to be 0.1 kilogram of soil 
per year. 
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2.3 EXPOSURE-TO-DOSE ANALYSIS 

The exposure-to-dose analysis relates the exposure from external radiation 
and inhaled or ingested radionuclides (exposure parameters) to the radiation 
doses received by the whole body or parts of the body (dose parameters). The 
analysis leads to a set of exposure-to-dose conversion factors that are ratios 
of the dose and exposure parameters, referred to as D/E factors. The product 
of an E/S factor and a D/E factor is a source-to-dose (D/S) conversion factor. 

There is an important difference between exposure to external radiation 
and exposure to radiation from internally deposited radionuclides. When an 
external source (radiation field) is removed, the external exposure stops and, 
hence, no more dose is accumulated. For internally deposited radioactivity, 
when the source of radioactivity is removed (i.e., inhalation or ingestion of 
radionuclides ceases), the irradiation of living tissue continues until the 
radionuclides decay to nonradioactive end-products or are eliminated from the 
body. The calculation of radiation dose from internally deposited radio-
nuclides must, therefore, take into account the cumulative dose that is 
received over a period of time after ingestion or inhalation. There are 
various conventional ways for doing this. A common practice, which has been 
adopted for this study, is to calculate the "50-year dose commitment". This 
quantity is the total, integrated dose that would be received over a 50-year 
period following the intake of a radionuclide. Thus, the internal dose rate 
is expressed as the 50-year dose commitment from radioactivity taken in during 
one year, in millirems per year (mrem/yr). The external dose rate is the dose 
actually received from external radiation sources during one year, also 
expressed in mrem/yr. Dose effects from internal and external radiation, 
within the range of dose rates that ca^ occur for FUSRAP residues, are assumed 
to be additive and cumulative; hence, the internal and external dose rates are 
added and discussed together as equivalent contributions to the total dose 
that determines the potential health effects. It is recognized that this is 
a simplistic approach that is best justified by its conservatism. 

2.3.1 External Radiation Dose 

The conversion factor from external gamma radiation exposure, expressed 
in units of mi 11iroentgens (mR), to a dose (actually a dose equivalent—see 
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footnote, page 2-2), expressed in units of millirems (mrem), is very close to 
unity. When differential absorption and shielding of organs are taken into 
account, D/E factors for gamma rays from radionuclides of the U-238 decay 
series ranging from 0.6 to 1.3 mrem/mR are obtained for various organs 
(Gilbert et al. 1983). Values of the factors for converting from the average 
airborne concentrations of radionuclides in air to radiation doses are based 
on the results of previous studies (Momeni et al. 1979). 

2.3.2 Internal Radiation Dose from Inhalation 

The conversion factors for inhalation of contaminated dust are calculated 
from mathematical models of the processes by which radionuclides from inhaled 
particles accumulate in various parts of the body. Particles larger than 
about 10 pm are effectively entrapped in the upper part of the respiratory 
tract (the nasopharyngeal region); smaller particles (called "respireble 
particles") reach the lower part. Some respirable particles ara exhaled; the 
remaining particles are deposited in the lower respiratory tract from which a 
fraction of the radionuclides will be carried by several mechanisms to other 
parts of the body. The D/E factors used for this analysis are obtained from 
previous studies based on models that consider all of these processes 
(U.S. Nucl. Reg. Comm. 1980—Table G-5.1). 

2.3.3 Internal Radiation Dose from Ingestion 

Following ingestion, some of the radionuclides pass through the gastroin-
testinal tract and are excreted in a day or so; others are absorbed into the 
blood stream and deposited in various organs of the body. These internally 
deposited radionuclides may remain in the body for many years before they are 
eliminated by biological processes or radioactive decay. A discussion of the 
complex processes by which the radionuclides are distributed to, stored in, 
and eliminated from different organs, all of which enter into the analysis for 
estimating the D/E factors, may be found in BEIR III, the latest report of the 
National Academy of Sciences (1980), Committee on Biological Effects of Ionizing 
Radiation. 

The D/E factors for ingestion used in this study are obtained from those 
in current use for estimating radiation doses from uranium milling operations 
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(Momeni et al. 1979; U.S. Nucl. Reg. Coram. 1980—Table G-5.5; Strenge and 
Bander 1981—Table 3.3-4). D/E factors for an adult are used for all ingested 
substances except soil; the D/E factors for a child are used for soil because 
this pathway is potentially significant only for a small child. 

2.4 GENERIC SOURCE-TO-DOSE CONVERSION FACTORS FOR A MODEL FUSRAP SITE 

Two independent estimates of the source-to-dose (D/S) conversion factors 
for internal radiation were obtained. One estimate (the "model" D/S factors) 
is the product of the E/S factors calculated by the methods described in 
Section 2.2 and the D/E factors calculated by the methods described in Sec-
tion 2.3. (It should be noted that these model estimates include a natural 
analogue correction for the E/S factors obtained from data on the concentra-
tions of naturally occurring radionuclides in food.) The other estimate (the 
"natural" D/S factors) is calculated independently from data on the concentra-
tions of radionuclides in the bone, tissue, and organs of the human body. The 
generic D/S factors for the internal dose that are used for assessing health 
effects and establishing soil guidelines are the geometric mean of the model 
and natural D/S factors. The generic D/S factors for the external dose are 
model values. The values are tabulated in Tables 2.3 through 2.5. These 
values are, for all pathways except the water pathway, the values that would 
occur if the IA scenario were realized immediately. The maximum values for 
the water pathway would occur at a much later time, depending on the hydro-
logical characteristics of the unsaturated zone and aquifer. 

The D/S factor for a radionuclide is defined as the ratio of a dose rate 
at a time "t" to the initial concentration of that radionuclide, i.e., D(t)/S(0). 
The ratio will decrease with time as the radionuclide undergoes radioactive 
decay and is removed from the site by leaching or erosion. The rate of removal 
of the principal radionuclides (U-238, Th-230, and Ra-226) by radioactive 
decay is negligible for the time spans of concern (up to 10,000 years), except 
for Ra-226 which will decay to half its original activity in 1600 years and to 
about 1% of its original activity in 10,000 years if no ingrowth occurs. 
However, at most FUSRAP sites, Ra-226 is in near-secular equilibrium with 
Th-230 and thus the decrease in concentration of Ra<-226 by radioactive dec^y 
is controlled by the rate of decay of Th-230. Hence, the decrease of Ra-226 
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as a result of radioactive decay is also negligible over the time frame of 
concern. The rate of removal by leaching is also estimated to be insignifi-
cant within this time period. The time for the residues to be dispersed by 
erosion can vary from a few hundred years to well over 10,000 years, depending 
on the slope, soil type, and ground cover. Under conditions of natural suc-
cession growth, a time in excess of 10,000 years is expected. In view of 
these slow rates of decay and dispersion, the time dependence of the dose is 
not considered to be significant and has not been taken into account. 

Some E/S factors of regulatory concern have been included in Table 2.6. 
The contributions from different pathways in each major grouping (external, 
inhalation, and water and food ingestion) are combined. The D/S factors for 
Ra-226 are for Ra-226 and all decay products to stable lead-206 (Pb-206). It 
should be noted that the estimated contribution from the water pathway is very 
conservative because it is based on the assumption that soil-water transfer is 
by ion exchange whereas laboratory measurements indicate that the transfer 
actually occurs by a much slower diffusion process. The generic estimates 
show that the greatest hazard from radionuclides in the U-238 decay series is 
from Ra-226 and its decay products. 

FUSRAP sites are not currently used for agriculture, and it is unlikely 
that they will revert to this use as long as the awareness of and concern for 
their current state of contamination persists. The probability that exposure 
will occur by means of the food pathways is, therefore, quite low. The D/S 
factors for indoor radon inhalation, which may be the limiting pathway in many 
circumstances, are applicable to any intruder scenario in which a residence is 
built on the site and occupied full time; hence, the probability that exposure 
will be realized by this pathway is somewhat higher. Dose estimates for 
scenarios that do not involve permanent intrusion would be much lower (by a 
factor of 10 or more) than estimates for the IA or other permanent-intrusion 
scenarios. 
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Table 2.3. FUSRAP Radiological Impacts: Generic 
Source-to-Dose Conversion Factors (D/S) for 
U-238 and Decay Products Through U-234 

D/S in mrem/yr 
Pathway per pCi/gt1 

Bone Dose 
External radiation 0.1 
Internal radiation 

Inhalation 0.03 
Ingestion 

Water 13 
Food 5 

Total for bone dose 18 

Whole-Body Dose 
External radiation 0.1 
Internal radiation 
Inhalation 0.003 
Ingestion 

Water 1.7 
Food 0.6 

Total for whole-body dose 2.4 

t1 The dose (D) is the annual dose or annual 5G-year dose 
commitment for the maximally exposed individual in mrem/yr 
from U-238, thorium-234 (Th-234), protactinium-234m 
(Pa-234m), and U-234. The source (S) is the concentration 
of U-238 in FUSRAP residues in pCi/g. All entries have 
been rounded to one significant figure. 

Source: Gilbert et al. (1983). 
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Table 2.4. FUSRAP Radiological Impacts: Generic 
Source-to-Dose Conversion Factors (D/S) 

for Th-230 

D/S in mrem/yr 
Pathway per pCi/gt1 

Bone Dose 
External Radiation ~0 
Internal Radiation 
Inhalation 1.2 
Ingestion 

Watert2 0 
Food 4 

Total for bone dose 5 

Whole-Body Dose 
External Radiation ~0 
Internal Radiation 
Inhalation 0.1 
Ingestion 

Watert2 0 
Food 0.3 

Total for whole-body dose 0.4 

t1 The dose (D) is the annual dose or annual 50-year dose 
commitment for the maximally exposed individual in 
mrem/yr from Th-230. The source (S) is the concentra-
tion of Th-230 in FUSRAP residues in pCi/g. All entries 
have been rounded to one significant figure. 

t2 Th-230 will be dispersed by erosion in 104 to 10s years. 
The groundwater contamination is always negligible. 

Source: Gilbert et al. (1983). 
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Table 2.5. FUSRAP Radiological Impacts: Generic 
Source-to-Dose Conversion Factors (D/S) 

for Ra-226 and Its Decay Products 

D/S in mrem/yr 
Pathway per pCi/gt1 

Bone Dose 
External radiation 11 
Internal radiation 

Inhalation 0.3 
Ingestion 

Watert2 2 
Food 75 

Total for bone dose 88 
Whole-Body Dose 
External radiation 10 
Internal radiation 
Inhalation 0.01 
Ingestion 

Watert2 0.3 
Food 11 

Total for whole-body dose 24 

t1 The dose (D) is the annual dose or annual 50-year dose com-
mitment for the maximally exposed individual in mrem/yr from 
Ra-226 and all its decay products down to stable Pb-206. 
The source (S) is the concentration of Ra-226 in FUSRAP 
residues in pCi/g. 

t2 The dose from the water pathway is estimated using an ion-
exchange model for the leaching, and is negligible for about 
3500 years, reaching a maximum value in 7000 years. This is 
a very conservative estimate; a diffusion model, which leads 
to smaller dose predictions by several orders of magnitude, 
is probably more realistic. 

Source: Gilbert et al. (1983). 
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Table 2.6. FUSRAP Radiological Impacts: Generic 
Source-to-Exposure Conversion Factors (E/S) 

for Indoor Radon Working Levels and 
Ra-226 Concentrations in Drinking Water 

Working-Level or Concentration 
per pCi/g of Ra-226 in Residue 

Rn-222 Indoor Ra-226 Concentration 
Time Working Level in Drinking Water 
(yr) (WL)t1 (pCi/L)t2 

0 0.0016 0 

7000 0.0016 0.05 

tl In a typical house built on a FUSRAP site. 
t 2 From a well at the edge of a FUSRAP site in the 

direction of groundwater flow. See footnote 2 in 
Table 2.5. 

Source: Gilbert et al. (1983). 
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3. ESTIMATiON OF HEALTH EFFECTS 

3.1 INTRODUCTION 

Information in this section is intended to provide a means for estimating 
the potential radiological health effects resulting from DOE remedial action 
programs at FUSRAP sites. Risks to individuals and populations can be estimated 
on the basis of measured or calculated doses resulting from current radiological 
conditions at FUSRAP sites and from conditions expected to occur after remedial 
action. Risks can be expressed in terms of probability (chance) of injury, 
illness, or death resulting from some kind of activity; percent change in the 
incidence of a disease; or probability of life shortening. However, an indi-
vidual's view of risk usually is tempered by the probability of the risk, the 
severity of the risk, and the individual's control of exposure to the risk. 
The information provided herein regarding heallh risks from exposure to ionizing 
radiation is based on the most recent literature from international and national 
experts in radiation biology and radiation protection. This literature is 
referenced here and should be consulted for discussions of how the magnitude 
of the risks were estimated. 

The potential health effects from exposure to low levels of radiation may 
include a small (unmeasurable) increase in the occurrence of cancer, depending 
on what particular organ is irradiated, and possible genetic effects that may 
occur in future generations. With respect to FUSRAP sites, remedial actions 
are not expected to result in exposures to radiation that are large enough to 
produce immediately observable health effects in any individual or to result 
in long-term effects that could be identified by statistical methods in the 
exposed population. 

3.2 RECOMMENDED RISK ESTIMATORS 

The probability that a unit dose of radiation will produce a deleterious 
effect on an individual (or effects on a population) is commonly referred to 
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as a risk factor or risk estimator*. Estimates of risk factors from exposure 
to radiation, for both individuals and populations, are available in a number 
of publications. The National Academy of Sciences issued a report in 1S60 
from the Advisory Committee on Biological Effects of Atomic Radiation called 
the BEAR Report (Natl. Acad. Sci. 1960). In 1972, the National Academy of 
Sciences Advisory Committee on the Biological Effects of Ionizing Radiation 
issued a report commonly referred to as "BEIR I" (Natl. Acad. Sci. 1972). The 
committee was subsequently asked to review the risk estimators, and the results 
of that review were issued in the 1980 report referred to as "BEIR III" (Natl. 
Acad. Sci. 1980). Other groups of experts also have published risk estimators 
for radiation exposure; for example, the International Commission on Radio-
logical Protection (ICRP) and the National Council on Radiation Protection and 
Measurements (NCRP) have both studied radiation effects. The ICRP issued 
Publication 26 in 1977 (Int. Comm. Radiol. Prot. 1977). In the same year, a 
United Nations study group (U.N. Scientific Committee on the Effects of Atomic 
Radiation, or UNSCEAR) pi-alished an extensive report that included estimates 
of risks of cancer from ionizing radiation (U.N. Sci. Comm. Effects Atom. 
Radiat. 1977). 

3.2.1 Cancer 

The cancer risk estimates developed by various organizations are presented 
in Table 3.1. The values represent the estimated range of added cancer 
mortality (above the normal mortality from such cancers) per 0.5 rem of radia-
tion to a population of 1 million people continuously exposed to external 
gamma radiation. 

Comparison of the values in Table 3.1 indicates that there is general 
agreement among the estimates developed by the three studies. In application 
of these estimates, care must be taken to identify the limitations of each 
study. The UNSCEAR and ICRP approach provides average lifetime risk factors. 
The UNSCEAR report discusses absolute risk, or the number of expected cancer 
cases that will result from exposure of a given population. The BEIR III 
report considers both absolute and relative risk. Relative risk is the ratio 
of incidence of cancer in an exposed population to the incidence in a control 
population. 
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Table 3.1. Estimates of Cancer Mortality fro® 
Exposure to Low-Level Radiation 

Number of Additionalf1 Fatal 
Cancers Estimated to Result 
from Continuous Exposure 
of 1 Million People per 

Source 0.5 rem of Radiation 

National Academy of Sciences 
(1980)—BEIR III 33-85 

International Commission on 
Radiological Protection (1977) 50 

United Nations Scientific 
Committee on the Effects 
of Atomic Radiation (1977) 38-88 

t1 Additional means above the normal cancer mortality. 

The American Cancer Society (1973) indicates that about half of all 
cancer cases are fatal. Thus, the numbers in Table 3.1 can be multiplied by 2 
to estimate total incidence (not just fatalities, but also injury and illness). 
These cancers would be in addition to those normally expected in a population. 
According to the American Cancer Society, the individual risk of getting 
cancsr for any member in the population is 1 chance in 4. The cure rate for 
these cancers ranges from 90% to 5%, depending on the type of cancer. 

The values given in Table 3.1 are considered by many radiation protection 
specialists to be the best estimates that can be provided. Press releases 
have publicized radiation-effects studies in which the authors have indicated 
that the risk is much higher than the estimates given in Table 3.1. For 
example, recent epidemiological studies on workers from the Portsmouth Naval 
Shipyards and the Hanford Reservation indicate that a greater risk may exist 
from radiation exposure than has been reported in the past. The Cotamittee on 
the Biological Effects of Ionizing Radiation (Natl. Acad. Sci. 1980) reviewed 
these studies and took the results into consideration in making its recommenda-
tions in the BEIR III report. 

Recent calculations of doses incurred in the Hiroshima and Nagasaki 
atomic bomb explosions have raised questions about the relative amounts of 
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gamma and neutron radiation that produced the health effects in the survivors. 
This reinvestigation has not been concluded, and it is premature to base any 
conclusions on the results obtained to date. However, it appears unlikely 
that predictions of the risk of irradiation by sources present in FUSP.AP 
residues will undergo any substantial revision as a result of this reevalua-
tion of the data from Japan. It. should be noted that there are no significant 
sources of neutrons in the radioactive residues at any FUSRAP site. 

There have been no direct measurements of increased cancer for low-Kvel 
radiation exposures (< 1 rem). Data exist only for higher-level exposures 
(typically 10 rem and above). Risks at lower doses have been estimated by 
assuming that the same dose/health-effects relationship applies to low doses 
as to high doses and then extrapolating from data taken at higher dose levels. 

Organ-risk estimators have been presented in the UNSCEAR and National 
Academy of Sciences reports for radiation exposure of organs in which radio-
nuclides deposit selectively. Risk estimators given in BEIR III (Natl. Acad. 
Sci. 1980) for irradiation of selected organs are listed in Table 3.2. An 
estimate of the probability of death as a result of a particular exposure can 
be obtained by multiplying the estimated dose by the appropriate risk estimator. 

As noted above, the BEIR III report considered two different risk-
projection models: an absolute-risk model and a relative-risk model. The 
absolute-risk model was used to estimate incremental risk as the arithmetic 
difference between the risk to individuals in the exposed group and the risk 
to individuals in a control group receiving no radiation exposure. The risk 
estimators in Table 3.2 are based on the absolute-risk projection model for 
LI^ specific organ doses. The risk for whole-body exposure is based on both 
risk-projection models averaged over both age and sex. 

No cumulative risk factor for lung cancer from exposure to high linear 
energy transfer (LET) radiation was presented in BEIR III; instead, a set of 
age-dependent risks and latent periods was given. These data were used with 
life-table data to calculate the lifetime cumulative risk factor shown in 
Table 3.2 for irradiation of the lung by inhaled alpha-emitting particles. 
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Table 3.2. Cancer Mortality for Selected Organ Doses 

Lifetime Risk 
_ r .. of Mortality T -Organ Exposed/ 4 Type of 
Type of Cancer p«r mrad per mrem Radiationt1 

Whole body/all cancer 120 X 10-9 120 X 10-9 Low LET 
Lung/lung cancer 900 X 10-9 90 X 10-9 High LETT2 
Liver/liver cancer 300 X 10-e 30 X 10-9 High LETt2 
Bone surface/bone cancer 140 X 10-9 3 X io - 9 t 3 High LETt2 
Bone volume/bone cancer 20 X 10-9 2 X 10-9 High LETt2 

t1 LET = linear energy transfer, the amount of energy transferred from 
the radiation to tissue per unit path length. 

t2 A quality factor of 10 for alpha particles has been used. 
t3 A distribution factor of 5 has been applied to bone surface-seeking 

radionuclides. 
Source: BEIR III Report (Natl. Acad. Sci. 1980). 

The risk of lung cancer from inhalation of radon decay products is a 
special case. Some risk estimates for mortality from lung cancer resulting 
from 1 Working Level Month (WLM) of exposure to radon decay products are 
listed in Table 3.3. The values shown in the table exhibit a ranqe of a 
factor of 5. However, the work of Evans et al. (1981) is more recent than the 
other referenced documents and is the result of a broad international collabora-
tion. For the purposes of comparing risks from alternative remedial actions, 
use of the lifetime risk estimator of 0.0001 lung cancers per WLM for members 
of the general population is recommended. 

3.2.2 Genetic Effects 

Genetic effects in subsequent generations may be estimated as a result of 
exposure of the parents to a given radiation level. The risk factor used to 
estimate the total of all genetic effects was taken from BEIR III to range 
from 60 to 1100 total cases of genetic disorders per 1,000,000 live-born off-
spring for each 1 rem per generation from low-LET radiation (X-rays, gamma 
rays, and beta particles), and from 180 to 3300 total cases of genetic dis-
orders per 1,000,000 live-born offspring for each 1 rem per generation of 
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Table 3.3. Lifetime Risk Estimates of Lung Cancer Mortality 
from 1 WLM of Exposure to Radon Decay Products 

Source 

Number of Additional Fatal 
Lung Cancers Expected in 
1 Million People Each 
Exposed to 1 WLMt1 of 
Radon Decay Products 

Evans et al. (1981) 100 
United Nations Scientific Committee on the 
Effects of Atomic Radiation (1977) 200-450 

U.S. Nuclear Regulatory Commission (1980) 360 
National Academy of Sciences (1980)—BEIR Hit2 540 

T1 One WL is a concentration of the four short-lived Rn-222 decay products in 
one liter of air (in any relative proportion) that will result in the 
ultimate release of 1.3 x 10s MeV of alpha particle energy. This is equal 
to the concentration of the short-lived decay products in equilibrium with 
100 pCi/L of Rn-222. 1 WLM is an exposure to 1 WL for 170 working hours. 

t2 The BEIR III report quotes a value of 930 deaths/1 ifetime/106 person-rad 
for lung. Using the mean of the BEIR range, 0.6 rad/WLM, this was con-
verted to 540 deaths/1ifetime/106 person-WLM. 

high-LET radiation (alpha particles and neutrons). The dose involved here is 
the gamete dose—which is calculated from the gonadal dose of the exposed 
individuals, their age and sex distribution, the probabilites of their having 
children, and adjustment factors of 0.82 and 0.18 for male and female exposures, 
respectively, to account for spermatogonia and oocyte mutational sensitivities. 

3.3 DISCUSSION 

The cancer risk factors given above do not take into account age or sex, 
but instead represent average population risks. For planning purposes, average 
estimated risks appear to be acceptable; however, for some site-specific risk 
analyses, it may be appropriate to use age- and sex-specific risk factors in 
conjunction with demographic data for the site. For risk from radon decay 
products, Harley and Pasternack (1981) provide an example of age-specific risk 
and the use of mortality tables to examine lifetime risks from continuous 
exposure. By using the BEIR III age-specific risk factors, one can conduct 
site-specific analyses for the population in the area. 
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In Table 3.4, the risks from exposure to 500 mrem (0.5 rem) per year 
whole body are compared with other risks encountered in common human activi-
ties. The risks of cancer from other common agents and the risks of other 
types of injuries are approximately the same as the risks from this amount of 
radiation. 

Another way of looking at risk from radiation is that the induction of 
cancer results in a life shortening that would not otherwise take place. When 
evaluated in this way, average background radiation (about 0.1 rem/yr) results 
in an estimated life shortening of 8 days. For comparison, estimates of life 
shortening expected from various activities are listed in Table 3.5. The 
information in lables 3.4 and 3.5 permits a comparison of the maximum risk 
from the remedial action program and allows reevaluation of the remaining 
hazard following remedial action. 
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Table 3.4. Risk Comparison Data 

INDIVIDUAL CHANCE OF DEATH CAUSED BY SELECTED ACTIVITIESt1 

Activity Risk of Deatht2 

Smoking 20 cigarettes (cancer, heart disease) 1.5 x 10-5 
Prinking 1/2 litar of wine (cirrhosis of the liver) 1 x 10-6 
Chest X-ray in good hospital (cancer) 1 x 10-6 
Traveling 10 miles by bicycle (accident) 1 x 10-6 
Traveling 1000 miles by car (accident) 1 x 10-6 
Traveling 3000 miles by jet (accident, cancer) 3.5 x 10-6 
Eating 10 tablespoons of peanut butter (liver cancer) 2 x 10-7 
Eating 10 charcoal broiled steaks (cancer) 1 x 10-7 

U.S. AVERAGE INDIVIDUAL CHANCE OF DEATH IN ONE YEAR 
DUE TO SELECTED CAUSES"!"3 

Annual Risk 
Cause of Deatht2 

Motor vehicle 2.5 x 10-4 
Accidental fall 1 x 10-4 
Fires 4 x 10-5 
Drowning 3 x 10-5 
Air travel 1 x 10-s 
Electrocution 5 x 10-6 
Lightning 5 x 10-7 
Tornadoes 4 x 10-7 
Natural radiation (approximately 0.1 rem/yr whole body) 1.2 x 10-5 
Exposure to 0.5 rem/yr of radiation 5 x 10-5 

LIFETIME CANCER RISK FOR U.S. POPULATION"}"4 

Contracting cancer from all causes 0.25 

t1 Adapted from U.S. Nuclear Regulatory Commission (1977). 
t2 Probabilities are expressed in exponential notation; they can be converted 

to expression of chance by taking the numerical value in front of the 
multiplication sign (x) as "chances" and writing a one (1) followed by the 
number of zeros given in the exponent. For example, 1.5 x io-5 becomes 
1.5 chances in 100,000. 

t3 Adapted from Wilson (1979). 
t4 Adapted from U.S. Environmental Protection Agency (1979). 
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Table 3.5. Estimated Average Loss of Life Expectancy 
from Health Risks 

Average Decrease 
in 

Life Expectancy 
Health Risk (days) 

Smoking 20 cigarettes/day 2370 (6.5 years) 
Overweight (by 20%) 985 (2.7 years) 
All accidents combined 435 (1.2 years) 
Auto accidents 200 
Alcohol consumption (U.S. average) 130 
Home accidents 95 
Drowni ng 41 
Natural background radiation 8 
Medical diagnostic X-rays 

(U.S. average) 
6 

All catastrophes (earthquake, etc.) 3.5 
1 rem occupational radiation dose 

(industry average is about 
0.65 rem/yr) 

1 

0.5 rem/yr for 30 years 15 

Source: Adapted from Cohen and Lee (1979). 
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4. GUIDELINES FOR REMOVAL OF CONTAMINATION 

4.1 RADIOLOGICAL DOSE LIMITS AND CLEANUP GUIDELINES 

The guidelines for cleanup of residual contamination at FUSRAP sites have 
been developed on the basis of recommended dose limits for individuals as 
given in DOE Order 5480.1A, with an additional limit of 0.03 WL for the concen-
tration of radon-222 decay products within buildings. The latter value is 
consistent with standards recently published by the U.S. Environmental Protec-
tion Agency (EPA) in 40 CFR 192. Since 1958, the International Commission on 
Radiological Protection (ICRP) has recommended a dose limit of 500 mrem/yr 
above natural background for whole-body radiation exposure of individual 
members of the population (Int. Comm. Radiol. Prot. 1959, 1966, 1977). In 
1971, the National Council on Radiation Protection and Measurements (NCRP) 
recommended that exposures of individual members of the population be limited 
to 500 mrem/yr and that the average population dose be limited to 170 mrem/yr. 
These limits are exclusive of exposure from natural background radiation or 
medical procedures (Int. Comm. Radiol. Prot. 1966; Natl. Counc. Radiat. Prot. 
Meas. 1971). These recommendations are based on levels of lifetime risks of 
health effects that are considered acceptable by the organization members 
(Int. Comm. Radiol. Prot. 1966, 1977; Natl. Counc. Radiat. Prot. Meas. 1971). 
In making their recommendations, both the ICRP and NCRP emphasized that the 
exposure of members of the population should be reduced to the lowest prac-
ticable levels and each man->.ade contribution should be justified by t.he 
benefits of the action (Natl. Ccunc. Radiat. Prot. Meas. 1971; Int. Comm. 
Radiol. Prot. 1973). 

4.2 DERIVED CLEANUP GUIDELINES 

4.2.1 Introduction 

Cleanup guidelines for the concentrations of radionuclides in soil for 
the U-238 decay series have been derived from current radiation-protection 
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limits using the generic conversion factors from the pathway analysis described 
in Section 2. The aggregate of the contributions from all major pathways was 
taken into account in the guidelines. Cleanup guidelines for a larger set of 
radionuclides have been developed by Healy and coworkers on the basis of a 
maximum whole-body dose of 500 mrem/yr and maximum organ doses of 1500 mrem/yr 
(Healy 1977; Healy and Rodgers 1978; Healy et al. 1979). These cleanup guide-
lines generally have been derived from analysis of possible pathways for 
movement of radionuclides through the environment to humans. In recommending 
a particular numerical guideline for contamination, the authors selected the 
most restrictive value. Thus, if the level of contamination is reduced to 
that most restrictive value, other pathways would be expected to result in 
much lower radiation exposures. 

The derived guidelines for those radionuclides that were considered 
independently in both the analyses of Healy et al. [Healy (1977); Healy and 
Rodgers (1978); Healy et al. (1979)] and Gilbert et al. (1983)—e.g., U-238 
plus U-234, and Ra-226 plus decay products—are in good agreement within the 
range of uncertainty that is inherent in such analyses. Other guidance for 
cleanup of radionuclides has been issued by the U.S. Environmental Protection 
Agency (1983) that is in substantial agreement with the guidelines presented 
in this document. 

The basis of any cleanup criteria or guidelines for unrestricted use of a 
property must be sufficiently sound that completion of remedial action which 
meets those criteria or guidelines ensures that no member of the population 
will receive a radiation dose exceeding a specified limit at any time in the 
future. Likely pathways of exposure must be evaluated on a site-specific 
basis to estimate what numerical contamination guidelines can be applied for 
those radionuclides present. If the guideline values are met, it is very 
unlikely that a member of the population would receive a dose in excess of the 
dose limits used to derive the soil concentration guidelines. Enough conserva-
tism is incorporated in the guidelines that even exposures resulting from 
concentrations above the guideline values would not necessarily result in an 
individual's receiving a whole-body dose in excess of 500 mrem/yr in the year 
of maximum dose. It is strongly recommended that flexibility be permitted in 
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the application of these guidelines. Such flexibility would include separate 
consideration of each area—taking into account such factors as the extent and 
depth of the contaminated zone, the specific radionuclides present and their 
concentrations, the nature of the contaminated area, the safety of workers, 
and economics. 

Another factor that should be considered in applying the guidelines is 
the probability that the maximum dose will be incurred by any individual. The 
cleanup guidelines for soil concentrations are based on scenarios for permanent 
intrusion, e.g., establishing residence on the site. In some circumstances, 
the probability is low that such an intrusion (leading to the maximum dose 
from the residues) will actually occur. Risk is commonly defined as the 
product of the consequences of some undesired event times the probability that 
it will occur. The risk involved in exceeding the cleanup guidelines for 
FUSRAP sites is less than the risk from exceeding radiation protection guide-
lines in other situations where the limiting dose to the maximally exposed 
individual actually is more likely to occur when the guideline is exceeded. 

4.2.2 Surface Soil Guidelines 

Remedial action guidelines for surface soil concentrations of the prin-
cipal long-lived radionuclides in the U-238 decay series, based on the pathway 
analysis described in Section 2, are presented in Table 4.1. The concentra-
tion guidelines were derived from a number of radiation protection limits by 
using source-to-dose conversion factors for an intruder-agriculture scenario. 
The calculations were based on the assumption of a 140-m x 140-m x 1.5-m homo-
geneous waste field exposed at the ground surface. Dose contributions from 
all major pathways were taken into account. 

Surface soil guideline values from Healy and coworkers for other radio-
nuclides also are presented in Table 4.1 (Healy 1977; Healy et al. 1979). 
These'guidelines are based on evaluation of pathways of inhalation, ingestion, 
and external radiation exposure to humans from a 100-m x 100-m area of 
contamination. 
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Table 4.1. Soil Remedial Action Guidelines 

Surface Soil Guideline 
Radionuclide (pCi/g above background) Reference 

Am-241 20 Healy (1977—Section VIII) 
Pu-2411"1 800 Heily (1977—Section VIII) 
Pu-239, -240 100 Healy (1977— Sect ion VIII) 
Pu-238 100 Healy (1977—Section VIII) 
Natural uraniumt2 75 Gilbert et al. (1983—Table 6.1) 
U-238t3,t4 75 Gilbert et al. (1983—Table 6.1) 
Th-230t4 300 Gilbert et al. (1983—Table 6.1) 
Ra-226 15 Gilbert et al. (1983—Table 6.1) 
Cs-137 80 Healy et al. (1979—Table XXIII) 
Sr-90 100 Healy et al. (1979—Table XXIII) 
H-3 (pCi/mL 

soil moisture) 5,200 Appendix B of this document 

t1 The Pu-241 guideline was derived from the Am-241 concentration. 
t2 1 curie of natural uranium is defined in Attachment 1 to Chapter XI of DOE 

Order 5480.1A as 1 curie of U-238 plus 1 curie of U-234 plus 0.046 curie 
of U-235. If 1 curie is defined as G.49 curie each of U-238 and U-234 
plus 0.023 curie of U-235, then the soiT guideline for natural uranium is 
150 pCi/g. 

f3 This guideline is for the activity concentration of U-238 a;one, but has 
been derived on the assumption that U-234 is also present in the soil at 
the same activity concentration. Hence, the concentration guideline for 
natural uranium is equal to that of U-238. 

t4 These guidelines are based on the 1500 mrem/yr bone dose limit (Table 1.1) 
which is the limiting dose for exposure to U-238 and Th-230, and the 
D/S factors listed in Tables 2.3 and 2.4. 

Soil concentrations of Ra-226 greater than natural concentrations can add 
to external radiation exposure and to intake of radioactivity by inhalation 
and ingestion. Ra-226 undergoes radioactive decay to Rn-222, an inert gas. A 
fraction of Rn-222 can diffuse out of the soil into outdoor or building air, 
where further radioactive decay produces solid radioactive decay products that 
can be inhaled while airborne or ingested after deposition. A number of 
guidelines and standards have been recommended for various pathways for entry 
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Table 4.2. Radium-226 and Radon-222 Remedial Action Guidelinest1 

Radionuclide Guideline Action Condition 

Rn-222 decay 
products >0.03 WLt2 Required Within structures 

0.02 - 0.03 WLt2 Based on case-by-
case evaluation 

Within structures 

Rn-222 >20 pCi/m2-st3 Required Over surface of 
controlled property 

>0.5 pCi/Lt3 Required Boundary of con-
trolled property 

Ra-226 >5 pCi/gt3 Required Average in top 15 cm 
of soil 

>15 pCi/gt3 Requi red Averaged over 15-cm 
thick layers more 
than 15 cm below 
surface 

Ra-226 >5 pCi/Lt4 Required Drinking water 

Gamma radiation >0.02 mR/ht3 Requi red Within structures 

T1 Unless otherwise specified, these limits are given in 40 CFR 192, 
Standards for Remedial Actions at Inactive Uranium Processing Sites. 

t 2 Includes background. 
t 3 Above background. 
t 4 EPA limit for combined Ra-226 and Ra-228 (40 CFR Part 141, National 

Interim Primary Drinking Water Regulations) regardless of source. 

of Ra-226 and Rn-222 and its decay products into the environment. A summary 
of the current remedial action guidelines for Ra-226 and Rn-222 promulgated by 
the EPA is provided in Table 4.2. For this study, a limit of 0.03 WL has been 
adopted for radon decay product concentration in a residence. 

In addition to the remedial action guidelines given in Table 4.2, DOE has 
its own limits on acceptable concentrations in air and water, above natural 
background, for controlled and uncontrolled areas for most radionuclides 
including Ra-226 and Rn-222 (DOE Order 5480.1A, Attachment XI-1). If the 
limit for any radionuclide were exceeded, remedial actions would be required. 
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However, since these limits are generally less restrictive than the remedial 
action guidelines promulgated by EPA, they are not repeated here. 

In 1970, the U.S. Surgeon General issued guidelines for remedial action 
for uranium mill tailings used for construction material and fill in Grand 
Junction, Colorado. Both external radiation and radon working level in struc-
tures were addressed. In 1980, the U.S. Nuclear Regulatory Commission (NRC) 
issued regulations dealing with the amount of cover needed to control emana-
tion of Rn-222 from uranium mill tailings upon decommissioning of the mills 
(U.S. Nucl. Reg. Comm. 1980). The EPA has issued guidance for remedial 
actions at inactive uranium mill tailings piles (U.S. Environ. Prot. Agency 
1983). The EPA guidance for radon working level includes contributions from 
natural sources as well as those from the mill tailings. Large areas (greater 
than 20 ha) are addressed in both the NRC and EPA documents. The guidelines 
of the U.S. Surgeon General (1970) and the analyses by Gilbert et al. (1983) 
and Healy and Rodgers (1978) take into account radon working level in struc-
tures used for continuous habitation. The guideline in Table 4.1 for Ra-226 
in soil includes consideration of the exhalation of radon into a basement sunk 
into a surface layer of residue 1.5-m deep. 

The EPA cleanup standard for Ra-226 contamination from uranium mill 
tailings is seated as 5 pCi/g in the first 15-cm surface layer and 15 pCi/g in 
each subsequent 15-cm depth. The Final Rule (U.S. Environ. Prot. Agency 1983) 
points out: 

"It should be noted that these standards in no way are intended to 
establish precedents for other situations or regulations involving 
similar environmental objectives, but with different economic and/or 
technological circumstances." 

The FUSRAP sites with enhanced levels of naturally occurring radionuclides 
involve a situation that is similar to inactive uranium processing sites, but 
the areas of contamination are smaller than the tailings piles. Contaminants 
are also more heterogeneous at rUSRAP sites. These factors led to different 
assumptions end models of exposure pathways for estimation of the source-to-
dose conversion factors and, therefore, to a soil guideline for Ra-226 of 
15 pCi/g-
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As mentioned earlier, conservative assumptions were used by the authors 
or agencies in deriving these soil guidelines so as to ensure that a particular 
dose limit would not be exceeded. Use of these guidelines in decontamination 
of FUSRAP sites is additionally conservative because the size of the poten-
tially contaminated areas may often be smaller than the hypothetical area con-
sidered in the derivation of the guidelines. Compared to these hypothetical 
situations, the areas containing surface contamination from residual radio-
active wastes at actual FUSRAP sites may be smaller or may have very limited 
agricultural capability, and the contamination may not be homogeneous. Agri-
cultural production limits the amount of the total diet that can be produced 
at a given location. The actual doses from food pathways would be expected to 
be much lower than assumed for these analyses. Guidelines for other pathways 
and sites with contaminated areas and thicknesses of different dimensions are 
provided in Section 5. 

4.3 LEACHING TO GROUNDWATER 

Guidelines for the ground concentrations of U-238, Th-230, and Ra-226 
based on recommended concentrations in water from a well used for drinking 
water are discussed in Section 2. These are generic estimates that were 
derived for a simplified model of the hydrological structures and properties 
of the unsaturated zone and aquifer. The model is considered to be represen-
tative of FUSRAP sites in the midwestern and northeastern United States. Some 
FUSRAP sites in the western United States are in arid or semiarid regions with 
deep water tables. Additionally, the hydrological structures and properties 
of sites in the eastern United States may differ markedly from the structures 
and properties used for the generic analysis. Site-specific analyses of the 
source-to-exposure conversion factors for the water pathway (see Section 2) 
will, therefore, be needed to obtain more definitive conversion factors for 
converting drinking water and groundwater radionuclide concentrations to soil 
concentration guidelines. 



3-8 

REFERENCES (Section 4) 

Gilbert, T.L., P.C. Chee, M.J. Knight, J.M. Peterson, C.J. Roberts, 
J.E. Robinson, S.Y.H. Tsai, and Y.C. Yuan. 1983. Pathways Analysis and 
Dose Estimates for Assessment of Health Effects for Formerly Utilized 
MED/AEC Sites. 0R0-832. Prepared for the Formerly Utilized Sites Remedial 
Action Program, U.S. Depattment of Energy, Oak Ridge, TN, by the Division 
of Environmental Impact Studies, Argonne National Laboratory, Argonne, IL. 

Healy, J.W. 1977. An Examination of the Pathways from Soil to Man for Plutonium. 
LA-6741-MS. Los Alamos Scientific Laboratory, Los Alamos, NM. 

Healy, J.W., anu J.C. Rodgers. 1978. A Preliminary Study of Radium Contaminated 
Soils. LA-7391-MS. Los Alamos Scientific Laboratory, Los Alamos, NM. 

Healy, J.W., J.C. Rodgers, and C.L. Wienke. 1979. Interim Soil Limits for 
D&D Projects. LA-UR-79-1865-Rev. Los Alamos Scientific Laboratory, 
Los Alamos, NM. 

International Commission on Radiological Protection. 1959. Recommendations 
of the International Commission on Radiological Protection. ICRP Publ. 1. 
Pe~gamon Press, Elmsford, NY. 

International Commission on Radiological Protection. 1966. Recommendations 
of the International Commission on Radiological Protection. ICRP Publ. 9. 
Pergamon Press, Elmsford, NY. 

International Commission on Radiological Protection. 1973. Implications of 
Commission Recommendations That Doses Be Kept As Low as Readily Achievable. 
ICRP Publ. 22. Pergamon Press, Elmsford, NY. 

international Commission on Radiological Protection. 1977. Recommendations 
of the International Commssion on Radiological Protection (Adopted 
January 17, 1977). ICRP Publ. 26. Pergamon Press, Elmsford, NY. 



National Council on Radiation Protection and Measurements. 1971. Basic 
Radiation Protection Criteria. NCRP Report No. 39. NCRP Publications, 
Washington, DC. 

U.S. Environmental Protection Agency. 1983. Standards for Remedial Actions 
at Inactive Uranium Processing Sites. Final Rule. Title 40, Code of 
Federal Regulations, Part 192, Chapter I, Subchapter F. Fed. Regist. 48(3) 
590 (January 5, 1983). 

U.S. Nuclear Regulatory Commission. 1980. Domestic Licensing of Source 
Material. Title 10, Code of Federal Regulations, Part 40. 

U.S. Surgeon General. 1970. Recommendations of Action for Radiation Exposure 
Levels in Dwellings Constructed On or With Uranium Mill Tailings. Enclo-
sure to letter from P.J. Peterson, Acting Surgeon General, Public Health 
Service, to R.L. Cleere, Executive Director, Colorado State Department of 
Health. July 27, 1970. 



5. APPLICATIONS 

Ihe soil guidelines for acceptable levels of residual radionuclides at 
FUSRAP sites (see Section 4) are based on a level of risk that is comparable 
to other risks generally accepted for various human activities. Applications 
of the radiation protection limits are subject to careful examination for 
possible reductions of exposures below these limits (see Sections 1 and 3 and 
Appendix B). Under actual fie'Sd conditions, site-specific distributions of 
residual radionuclides may result in the development of guidelines, using 
Section 2 methods, that exceed those presented in Section 4. The information 
presented in this section is not complete, but it provides the radiation-
protection specialist with highlights from other Federal programs dealing with 
removal of radioactive materials, which should provide guidance for site-
specific applications. 

A number of Federal programs have been concerned with the decommissioning 
of nuclear facilities and the removal of residual radioactivity. The goals of 
these programs include development of methods for application of criteria to 
cleanup ô  facilities to the extent that release of these properties for other 
purposes is acceptable. Application of the criteria defining acceptable 
conditions involves a large number of field measurements (surveys) and statis-
tical tests to ensure the validity of the measurements. Further, the survey 
methods and statistical tests must minimize the possibility of failing to 
detect elevated levels of radioactivity. 

The results of a number of DOE and NRC studies are used herein for general 
guidance. Examples of these studies include two Oak Ridge National Laboratory 
(ORNL) papers on the statistical design of grid surveys, instrumentation, data 
analysis, and costs of surveys (Holoway et al., 1981; Witherspoon, 1982). A 
series of reports entitled TRAN-STAT deal with statistics for environmental 
studies and include methods for tests of survey data. This latter effort is 
coordinated by R.O. Gilbert at Pacific Northwest Laboratory (PNL) with various 
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authors from the DOE-contractor laboratories (Gilbert 1982). These reports 
cover the statistical aspects of surveys for "hotspots" and buried radioactivity. 

5.1 GENERAL APPROACH 

The objective in application of remedial action guidelines in FUSRAP is 
to limit the radiation dose equivalent from external gamma radiation and/or 
inhalation and ingestion of radioactive materials to 500 mrem/yr to the whole 
body, gonads, or bone marrow and 1500 mrem/yr to other organs of any individual, 
above that resulting from natural background. An additional objective is to 
limit the concentration of radon decay products within structures to 0.03 WL, 
including the natural levels of radon decay products. Natural concentrations 
of radon decay products within sructures are about 0.005 WL. 

These basic criteria are the upper limit objectives for remedial actions. 
All remedial actions will be formulated and carried out in a manner to ensure 
that dose criteria are not exceeded. The derived guidelines presented in 
Section 4 are based on the basic criteria presented above. The practical and 
cost-effective application of the guidelines requires the consideration of 
several modifying factors: 

• Site characteristics 
• Current and future use of the area 
• Distribution of radioactive contamination 
• Quantities of contaminated materials 

Modifying factors are coupled with costs, as measured in dollars and 
health effects, to ascertain the most effective remedial action. Such action 
can vary from removal of contamination, based on the guidelines specified in 
Section 4, to Federal ownership and management. Agency decisions to balance 
costs and risks are based on documentation fulfilling the requirements of the 
National Environmental Policy Act (NEPA). 
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5.2 FACTORS MODIFYING APPLICATION OF GUIDELINES 

5.2.1 Site Characteristics 

The dose limits presented in Table 1.1 and a radon decay product concen-
tration of 0.03 WL in structures are applicable to all FUSRAP sixes. The 
guidelines for radionuclide concentrations in the soil, presented in Table 4.1, 
depend on conditions that may vary from one site to another—e.g., the dimen-
sions of the contaminated region (including depth) and environmental parameters 
such as terrain, soil properties, climate, and land use. The concentration 
guidelines presented in Table 4.1 were obtained by applying the pathway analysis 
described in Section 2 to a hypothetical "model" FUSRAP site that was assumed 
to represent a typical FUSRAP site with conditions similar to those for sites 
in the Midwest and Northeast. They can be used to provide preliminary guidance 
for remedial actions that might be needed to remove or control the contami-
nation. 

Site-specific soil concentration guidelines will require site-specific 
calculations of the source-to-dose conversion factors; these calculations can 
be accomplished through the pathway analysis techniques described in Section 2. 
The only difference between the generic analysis used to obtain the generic 
guidelines in Table 4.1 and a site-specific analysis that would give the 
appropriate soil concentration guidelines for a specific site would be in the 
values of the parameters used. Values for these parameters can be obtained 
from existing compilations of environmental parameters for the region in which 
the site is located, supplemented by site-specific measurements as needed. 

5.2.2 Use of the Site 

Current and predicted future uses of a site form the basis for determining 
the applicability of many of the modifying factors considered. For sites in 
areas currently used for residential purposes and for vacant sites in or near 
residential areas, the determination that future use will be residential is 
appropriate. Sites such as disposal sites for chemical wastes represent the 
other extreme, where residential use is highly unlikely due to the present 
contamination of land with chemical wastes. Avoiding residential use of land 
contaminated with chemical waste seems to be a logical and reasonable conclusion. 
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At sites that are in the gray area between these two extremes, prediction of 
future use will be based on land use in the surrounding area, the owner's 
future plans, and the existence and magnitude of radiological and nonradio-
logical environmental contamination. 

In other cases where future use is not easily defined, selection of the 
nonresidential-use category versus the residential-use category would require 
certain guarantees. Typically, these guarantees would consist of land-use 
covenants on the deed and/or in zoning ordinances specifically forbidding 
residential use of the site. Without such covenants or zoning ordinances, 
such sites might be placed in the residential-use category. 

The impact of a FUSRAP site on the surrounding community—in terms of the 
public's perceptions of the risks they incur from the site, of the site's 
effect on the market value of properties in the area, and of the public's 
preference regarding disposition of the radioactive materials at the site—must 
be considered in determining the ultimate selection of a preferred remedial 
action. Although the impact the site has on the surrounding community is of 
particular importance, socioeconomic issues must be considered in conjunction 
with all available data to select the most appropriate or acceptable alterna-
tive. These land-use considerations will be evaluated in the NEPA process. 

5.2.3 Occupancy Factors 

Occupancy factors are based on conservative estimates of the percentage 
of time any individual may spend on a site designated for remedial action, 
based on current and predicted future uses of the site. For residential uses, 
which include homes and schools, an occupancy factor of 1.0 is applied. For 
sites classified as nonresidential, such as industrial plants, an occupancy 
factor of 0.33 is applied. Use of the 0.33 occupancy factor implies that an 
individual spends an average of 55 hours per week at the site, well above the 
average 40-hour work week. 

5.2.4 Distribution of Contamination 

The vertical and areal extent of contaminated materials significantly 
affects the ultimate radiation dose to humans. In the generic pathway analysis 
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summarized in Section 2, the radionuclides were assumed to be homogeneously 
distributed within a surface layer 1.5-m thick. The areal extent of contamina-
tion was assumed to be 2 ha. The impact of these assumptions on the resulting 
generic soil guidelines must be noted in applications to specific sites. 
Burial depth has a significant effect on soil cleanup guidelines. 

Concentration guidelines for cleanup of subsurface material (below 1.5 m), 
with the exception of Ra-226, are applied according to the size of the area. 
Ra-226, because of the emanation of radon, presents unique concerns. The 
thickness of the contaminated laye/ with no cover material has a significant 
impact on the level of radon decay products in a structure, i.e., working 
levels and the resultant radiation dose. Thus, determination of concentration 
guidelines for subsurface Ra-226 contamination must include the thickness, 
density, and moisture conteni of the cover material and the thickness of the 
contaminated layer. Guidelines are, therefore, applied utilizing modifying 
factors to ensure thit the annual exposure to radon decay products is less 
than 0.03 WL. 

To compensate for variations in the concentrations of radioactive 
matprials in soils, concentrations are averaged over a portion of the site, 
usually a 100-m2 area. Within this a*-ea, the average concentration should not 
exceed the applicable concentration guideline. 

5.2.5 Cost 

The cost of a remedial action can be measured in estimated radiological 
health effects from lack of remedial action and in potential industrial 
injuries and deaths resulting from the remedial action. Although it is diffi-
cult to place dollar values on health effects, it is reasonable to compare 
potential industrial injuries and deaths to estimated potential radiological 
health effects. Clearly, if the industrial injury/death "cost" of performing 
an action is greater than the cumulative radiological health risk from the 
no-action alternative, there would be a negative health benefit in performing 
the remedial action. Evaluations of these benefits versus risk data are 
included in the evaluation of alternatives by DOE. These comparisons are 
documented for each site through the NEPA process. 
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5.3 APPLICATION AND MODIFICATION OF DOSE AND CLEANUP GUIDELINES 

The dose assessment methodology presented in previous sections should be 
applied to individual sites to assess (1) various remedial actions considered 
from a radiation exposure/health effects standpoint, (2) consequences of 
performing the remedial action, (3) impact of accidental releases during the 
remedial action, and (4) consequences of the failure of engineered and natural 
barriers after long periods of time. The assumptions utilized in assessing 
the radiation doses are conservative by design to further ensure that the 
basic criteria—i.e., limiting t^s whole-body, gonad, or bone marrow doses to 
500 mrem/yr and the doses to other organs to 1500 mrem/yr, and limiting the 
radon decay product concentration within structures to 0.03 WL—are not 
exceeded. 

Once the dose equivalent to humans has been calculated, the resultant 
health effects are estimated based on methodologies presented in Section 3. 
The results of the dose assessment and associated health effects calculations 
are then used in determining the most effective remedial action. 

Application of derived remedial action guidelines is based on site-
specific data to ensure that individuals living or working at or near the 
sites after remedial actions have been completed are not exposed to unaccept-
able levels of radiation or unacceptable concentrations of radioactive 
materials in soil, air, or water. Several factors are considered to ensure 
that the radiation dose is as low as reasonably achievable, which does not 
necessarily imply that remedial actions are conducted in a manner that reduces 
all contamination to near background levels. Under some circumstances, it may 
be possible to exceed soil concentration guidelines as long as the measured or 
calculated dose equivalent or radon decay product concentration is acceptable 
(i.e., limiting whole-body, gonad, or bone marrow doses to 500 mrem/yr and 
doses to other organs to 1500 mrem/yr and limiting the radon decay product 
concentration within structures to 0.03 WL). A determination of the conditions 
under which this would be acceptable will be based on site-specific character-
istics and other modifying factors. 
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5.3.1 Subsurface Guidelines with Restricted Use 

Residential surface soil guidelines presented in Section 4 allow unre-
stricted release of the site after remedial action is complete. In resi-
dential areas, the occupancy factor is unity—i.e., the houses on the sites 
are assumed to be occupied 100% of the time, an obviously conservative assump-
tion. Application of guidelines to each site may vary because potential land 
use eliminates the most restrictive pathway or because the size of the contami-
nated area is much smaller than the size used to derive the guidelines. 

In addition to the situation where the contamination is at the surface, 
cleanup guidelines are needed to deal with contamination buried beneath a 
layer of uncontaminated soil. Subsurface guidelines can be obtained by 
modifying the guidelines for surface contamination. However, modification of 
the guidelines on a site-specific basis such that subsurface contamination on 
privately owned property would remain in concentrations exceeding the surface 
soil guidelines (Table 4.1) must be accompanied by implementation of appro-
priate land-use controls to preclude inadvertent removal of attenuating cover 
soil. 

The surface soil guidelines (Table 4.1) are based on a model FUSRAP site 
with a homogeneous contaminated layer 1.5-m thick that is exposed at the 
ground surface. Contamination at individual sites may be of a different 
thickness and may not be exposed at the surface. A multiplicative factor is 
needed to convert from soil guidelines for the model site to soil guidelines 
for a site with a contaminated layer that is D meters in thickness under a 
layer of Z meters of uncontaminated soil. If the contribjtion to the dose or 
exposure specified in the radiation protection standard from which the guide-
line is derived is predominantly from a single pathway, then the factor, 
designated by "F", has the form: 

F = exp (otZ){[l - exp(-1.5o)]/[l - exp(-aD)]} (5-1) 

for any pathway except the radon inhalation or drinking water pathway. The 
modifying factor for the radon inhalation pathway, which is more complicated 
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because the dose estimates are based on indoor exposure to radon that enters a 
basement through the basement walls and floor, is given by: 

E = 
1.5/D Z + D < 1.5 

1/{1 - Z/1.5 + (5/3)(l - exp[-c*(Z + D - 1.5)])} 

Z + D > 1.5, Z < 1.5 

(3/5)exp[a(Z - 1.5)]/[1 - exp(-aD)] 

Z > 1.5 

(5-2) 

Equation 5-2 is based on a model in which the basement floor is 1.5 m below 
the ground surface and the ratio of the below-grade basement wall area to the 
basement floor area is 3 to 5. The multiplicative factor for the water pathway 
cannot be reduced to a simple expression. It must be recalculated on a site-
specific basis if the generic estimate is not applicable. The attenuation 
coefficients for the different pathways, in m-1, are: a = 12 (ground radiation), 
5 (dust), 0.6 (radon, sandy soil), 1.6 (radon, loam or clay), 1.2 (plants), 
0.5 (meat and milk), 0.4 (fish), and 5 (soil) (Gilbert et al. 1983). 

In circumstances where several pathways are important, with no single 
pathway dominant, the soil guideline must be determined by applying the appro-
priate multiplying factor to the D/S factor for each pathway, summing these 
factors to obtain the total D/S factor, and then recalculating the soil guide-
line using the formula Sg = (S/D)Drps, where S^ is the soil guideline, S/D is 
the inverse of the total D/S factor, and Dr p s is the radiation protection 
standard. 

The soil guidelines will also depend on the areal extent of the contami-
nation. The guidelines in Table 4.1 are based on a model site with an area of 
2 ha (20,000 m2). The external radiation exposure at a given location remains 
approximately constant until the radius of the contaminated area surrounding 
an individual becomes smaller than about 5 m; for smaller areas, it will be 
approximately proportional to the contaminated area. The size of area at 
which the decrease begins will be somewhat larger when the exposure is averaged 
over different locations at which an individual is likely to be during the 
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course of daily activities. A conservative soil guideline is obtained by 
using a constant value for contaminated areas larger than 100 m2, and then 
increasing the value by a factor proportional to the inverse of the area for 
smaller areas down to 10 m2. 

Cleanup is considered to be necessary for any area, regardless of area 
(or thickness), where the radionuclide concentration in the soil exceeds the 
soil guideline for the model site by a factor larger than 10 exp(crZ). The 
area dependence of the soil guidelines for the food pathway may be obtained 
from the area dependence of the scenario parameters in Table 2.2. The soil 
guidelines for the food pathway increase in an approximately linear manner 
with the inverse of the contaminated area when the area is less than 2 ha. 

The soil guidelines for indoor radon inhalation are approximately indepen-
dent of the area for areas that are somewhat larger than the area of the resi-
dence; for smaller areas, the soil guidelines increase in an approximately 
linear manner with the inverse of the contaminated area. Hence, the model-site 
soil guidelines for indoor radon inhalation remain applicable for areas greater 
than 200 m2. For smaller areas, they increase with the inverse of the area. 
In situations where the contribution from radon inhaled outdoors is likely to 
be significant, the area-dependent factors may be obtained from Healy and 
Rodgers (1978) or Gilbert et al. (1983). 

5.3.2 Modification of Subsurface Contamination Guidelines 
Based on Unintentional Intrusion 

The reduction in radiation dose that would result if the contaminated 
soil was covered with a layer of clean soil of the same properties was con-
sidered by Gilbert et al. (1983). The resulting reduction in dose would allow 
a corresponding increase in the soil guidelines. The increases that would be 
permitted for different pathways, cover thickness, and waste-field thickness 
are summarized in the formulas, parameters, and prescriptions described in 
Section 5.3.1. The concentration guidelines derived from drinking .water 
standards are not affected by cover thickness if the permeability of the covj»r 
is the same as that of the contaminated soil. The guidelines could be 
increased if the cover material were less permeable than the contaminated 
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soil. Generic drinking water guidelines cannot be given because the increase 
in guidelines permitted would depend on the specific characteristics of the 
cover and subsurface strata. These characteristics must be analyzed on a 
case-by-case basis. However, if elevated subsurface radionuclide concen-
trations were to remain on privately owned property, there must be implementa-
tion of appropriate land-use controls and evaluation of possible unintentional 
human intrusion scenarios. 

Examples of human intrusion scenarios applicable to FUSRAP are presented 
in Appendix A. Results of the analyses for the scenarios (simplified examples 
that deal with other than uniformly contaminated areas) are also presented. 
The scenarios involve some type of unintentional human entry into specific 
linear deposits of residues, such as by excavation of the buried residues 
associated with an abandoned radioactively contaminated pipeline. 

The data in Tables 5.1 and 5.2 are provided for guidance in dealing with 
situations where the pathway of dominance in the guidelines of Section 4 is 
not present. These tables should be used with caution and checked using 
methods in Section 2 to evaluate the limiting pathway for transport of residual 
radioactivity to humans utilizing site-specific information. 

5.4 APPLICATION OF SURFACE CONTAMINATION GUIDELINES 

Surface contamination guidelines for the unrestricted release of equip-
ment, materials, and structures that are used for FUSRAP are presented in 
Table 5.3. Surface contamination guidelines are designated for alpha and 
beta-gamma radiation. The alpha guidelines given in Table 5.3 are specific to 
the isotopic composition of the contaminant. Application of the standards for 
each individual alpha-emitting radionuclide specified in Table 5.3 is not 
cost-effective because it is difficult to measure alpha contamination down to 
levels of 100 dpm/100 cm2 under field conditions, thus necessitating disposal 
of potentially contaminated material or the use of slow, time-consuming, and 
very expensive surveys. A modified form of the limits given in Table 5.3 for 
alpha contamination is useful for field application. 



5-11 

Table 5.1. Soil Guidelines for Different Pathways 

Soil Guideline (pCi/g above background)1^ 
Home External 

Inhalation Gardener Radiation 

ka-231 150 740 250 
Ac-227 6,000 4,900 300 
Th-232 140 670 40 
Th-228 3,000 37,000 55 
Th-230 (no decay products) 3,000 750 36,000 
U-238, U-234 2,200 120 6,000 
Sr-90 2 x 10® 100 — 

Cs-137 7 x 10® 800 90 

t1 Guidelines are applicable to only one nuclide present in the soil in one 
pathway. If more than one is present, a weighted average should apply to 
each nuclide and pathway. 

Sources: Gilbert et al. (1983); Healy and Rodgers (1979). 

Table 5.2. Summary Guidelines for Plutonium-239 and -240 

Soil Guideline 
Pathway (pCi/g above background) 

Wind resuspension: 
Infinite area upwind 960-4700 
100-m2 area 7600 

Mechanical resuspension (100-m2 area): 
Depth 1 cm 680 

2.5 cm 270 
5 cm 140 

Local resuspension: 
Depth 1 cm 750 

2.5 cm 300 
5 cm 150 

Transfer to objects or clothing 160-500 
Ingestion: 

Foodstuffs - all grown on area 260-390 
Foodstuffs - home gardener 1100 
Casual 2400 
Deliberate (pica) 650 

NOTE: The following factors must be considered in deriving a useful 
guideline: (a) a numerical limitation, (b) the area over which 
it applies, and (c) the depth in the soil to be considered. 

Source: Healy (1977). 
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Table 5.3. Surface Contamination Guidelines 

Radionuclides 

Allowable 
Surface Contaminationt1 

(dpm/100 cm2) 
Total Removable 

Group 1: Radionuclides for which the uncontrolled 100 20 
area concentration guideline in air above back-
groundt2 is 2 x 10-13 Ci/m3 or less or for which 
the uncontrolled area concentration guideline in 
water above background-}-2 is 2 x 10-7 Ci/m3 or less; 
includes Pa-231, Th-228, Th-230, Ac-227, Ra-226, 
Ra-228, and Pb-210t3 

Group 2: Radionuclides not in Group 1 for which 1,000 200 
the uncontrolled area concentration guideline in 
air above backgroundt2 is 1 x 10-12 Ci/m3 or 
less or for which the uncontrolled area concen-
tration guideline in water above backgroundt2 is 
1 x 10-6 Ci/m3 or less; includes U-232, Th-232, 
Ra-223, and Po-210t3 

Group 3: Those radionuclides not in Group 1 5,000 1,000 
or Group 2; includes U-^34, U-235, U-238, 
U-natural, and Ra-224 and all other beta-
gamma emitters!3't4 

t1 The levels may be averaged over 1 m2 provided the maximum activity in any 
area of 100 cm2 is less than 3 times the limit value; dpm = disintegra-
tions per minute. 

t2 Given in Attachment 1 to Chapter XI, Table II, DOE Order 5480.1A. The 
most limiting concentration guideline (e.g., soluble versus insoluble) is 
to be used. 

t3 In the event of the occurrence of mixtures of radionuclides, the fraction 
contributed by each constituent to its own limit shall be determined, and 
the sum of the fractions shall be less than 1. 

t4 U-238 and U-natural are included in Group 3 even though the uncontrolled 
area water guidelines for these two isotopes (in soluble form) is slightly 
less than 1 x 10-6 Ci/m3. 

Source: Adapted from proposed ANSI N13.12 (American National Standards 
Institute, Ire. 1981). 
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Field application of the surface alpha contamination guidelines for 
FUSRAP utilizes the isctopic composition of the contaminants. The guidelines 
in Table 5.3 can be modified by Equation 5-3 to obtain an alpha contamination 
limit that is appropriate for the actual isotopic ccrnposition of the alpha-
emitting contaminants. The modified contamination limit given by Equation 5-3 
reflects the underlying assumption that the radionuclides will be removed 
during decontamination in the same proportion as they exist on the contaminated 
facilities. This is usually a good approximation. In situations where this 
is not likely to be correct, use of this technique is not appropriate and 
alternative planning will be required. 

Use of the modified limit will eliminate the need to survey for all of 
the alpha-emitting isotopes given in Table 5.3. The modified contamination 
limit is obtained as follows for contaminants A and B. 

Lc = j j L i f (5-3) 
LA lB 

the isotopic ratio of the contaminants (A/B), 
contamination limit of A in dpm/100 cm2, 
contamination limit of B in dpm/100 cm2, and 
modified limit in dpm/100 cm2. 

For example, in a building used to process uranium ores, the isotopic 
composition ratio of U-238 (contaminant A) to Ra-226 (contaminant B) is 10. 
Using Equation 5-3, the modified fixed surface alpha contamination limit Lg 
would be 

Lc = * 1 0 1 = 917 dpm/100 cm2 
5000 + 100 

In application, the modified limit would be 900 dpm/100 cm2, of which 
82 dpm/100 cm2 would be caused by Ra-226 and 818 dpm/100 cm2 would be caused 

where: R = 
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by U-238. As shown below, neither guideline is exceeded, and the sum of the 
fractions is less than unity (see footnote 3 to Table 5.3). 

82 dpm/100 cm2 _ n ft9 
100 dpm/100 cm* 

818 dpm/100 cm2 _ n 1(-
5000 dpm/100 cm2 ~ l b 

The modified fixed-alpha surface contamination limit calculated ensures that 
the more restrictive limit for Ra-226 is not exceeded. It also provides a 
release limit that is functional in field application. 

The beta-gamma guidelines given in Table 5.3 are not radionuclide specific 
and, therefore, cannot be modified based on the isotopic composition of the 
contaminants. 
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APPENDIX A. EXAMPLE ASSUMPTIONS AND CALCULATIONS 
FOR MODIFICATION OF SURFACE SOIL GUIDELINES 

A.1 INTRODUCTION 

An appropriate application of the guidelines for radionuclide concentra-
tions in the soil to specific FUSRAP sites requires knowledge of the methods 
and assumptions on which the guidelines are based in order to determine 
whether they correspond to actual conditions at a specific site. The guide-
lines developed in Section 4 are derived from two sources: Gilbert et al. and 
Healy et al. 

The analysis of Gilbert et al. (1983) was developed specifically for 
assessing the impacts from FUSRAP residues; this analysis is described in 
Section 2. It has been applied only to the major long-lived radionuclides of 
the U-238 decay series—i.e., U-238 and U-234, Th-230, and Ra-226 together 
with its decay products—which comprise most of the contamination at FUSRAP 
sites. The soil concentration guidelines for these radionuclides are pre-
sented in Table 4.1. 

Other radionuclides are present at some FUSRAP sites. Guidelines for 
these radionuclides are based on analyses developed in several reports by 
Healy and his coworkers. The methods and assumptions used in these analyses— 
in particular, the analysis used to convert the dose guidelines of 500 mrem/yr 
to the whole body, gonads, or bone marrow and 1500 mrem/yr to other organs to 
subsurface soil guidelines (Table 5.1), as developed by Healy and Rodgers 
(1979)—are described in this appendix-

Radioactive residues are located In subsurface soil (which in this report 
is taken to be soil below a depth of 1.5 m) at many FUSRAP sites. If present, 
the residues are usually associated with the site facilities that handled 
radioactive materials. These facilities include aboveground and belowground 
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structures (if any remain)—such as liquid waste fields, pipelines, holding 
tanks, and manholes—as well as the soil that immediately surrounded these 
structures. Subsurface soil guidelines are derived in Section 5.3, assuming 
privately owned property and implementation of appropriate land-use controls. 
Examples of unintentional intruder scenarios are evaluated in this appendix to 
provide guidance for calculating subsurface soil guidelines. 

Most subsurface areas containing radioactive residues are characterized 
by localized "hot spots" of radioactive material surrounded by larger areas of 
lower-level or even background radioactivity. The subsurface soil guidelines 
reflect this uneven distribution of radioactivity through the use of dilution 
factors appropriate to site-specific conditions. The dilution factors used in 
this report are believed to be applicable to many situations found at FUSRAP 
sites. However, the user of these examples of subsurface guidelines should 
evaluate the radionuclide distributions at a particular location to determine 
if the use of these particular dilution factors for subsurface contamination 
is warranted for a particular site, or if another set of subsurface guidelines 
would be more appropriate. 

A.2 PATHWAYS 

Healy and Rodgers (1979) investigated a variety of pathways by which 
buried radioactive material could reach the biosphere and result in a radia-
tion dose to humans. The pathways they considered included (1) erosion of the 
material and its covering soil and subsequent transport into river systems 
used for drinking water and irrigation, (2) leaching into groundwater, 
(3) resuspension of material exposed by erosion, and (4) human habitation and 
agriculture on exposed material. They found the most limiting pathway for 
long-lived radionuclides to be living and farming on the contaminated material 
that had been uncovered by erosion of the clean soil cover—as was the case in 
the study of Gilbert et al. (1983). 

The pathways discussed below are examples of unintentional intrusion 
scenarios applicable to FUSRAP. The scenarios involve some type of uninten-
tional human entry into the contaminated zone. Results of the analyses for 
each of the following scenarios are presented in Table A.l. 
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Table A. 1. Summary of Scenario Calculations for the 
Subsurface Soil Guidelines 

Subsurface Soil Guideline 
(pCi/g above background) 

Radionuclide 
Locating a Home 

on Excavated Soil 

Excavation of 
Centami nated 

Soil 

(1) (2) 
Am-241 270 220 
Pu-239, -240 1,400 1,400 
Pu-238 1,400 1,400 
U-238 1,000 1,000 
U-234 1,000 1,000 
Natural 
Uraniumt1 1,000 1,000 

Cs-137 1,100 3,400 
Sr-90 1,400 2 x 10® 
H-3 CpCi/mL of 

soil moisture) 
70,000 3 x 10® 

t1 1 curie of natural uranium is given in Attachment 1 to Chap-
ter XI of DOE Order 5<t30.1A as 1 curie of U-238 plus 1 curie of 
U-234 plus 0.046 curie of U-235. Hence, the concentration 
limit of natural uranium is equal to that of U-238 and U-234. 

A.2.1 Exposure of Resident from Locating a Hone on Excavated Soil 

An intrusion scenario Involving construction of a home on contaminated 
soil brought to the surface from the subsurface 1s as follows. It was assumed 
that an Individual constructs his home across a contaminated area containing 
residues from an abandoned radloactlvely contaminated pipeline, and the excess 
soil excavated from the basement is spread around the grounds of his home. 
The soil Is used for gardening and 1s available for wind resuspenslon. The 
basement dimensions are 18 n x 9 I x 3 n, and the excavated contaminated soil 
1s conservatively assumed to have dimensions of 18 m x 2 m x 1 m, with excava-
tion following the pipeline trench. This results 1n a volume 2 n In width and 
3 m In depth running along the length of the basement 1.5 m below the surface 



A-4 

of the ground. The dilution factor is 13.5, which is calculated from considera-
tion of the volume of the soil excavated and the mixing of the contaminated 
material with clean soil. The guidelines derived for this scenario are given 
in column one of Table A.1. 

A.2.2 Exposure of Workmen from Excavation of Contaminated Soil 

The second human intrusion scenario consists of an unintentional entry 
into the contaminated pipeline area, such as by workmen digging a basement or 
installing or repairing underground utility lines. To determine the duration 
of the exposure, estimates were made of the amount of time necessary to 
excavate a basement the size of that described in Section A.2.1. Estimated 
times varied greatly according to the type of machinery involved in the excava-
tion. Estimates obtained from an engineering and construction company ranged 
from 8 to 9 hours using a bulldozer and backhoe, to 18 hours using only a 
backhoe if the basement were built in clay or loose dirt. These estimates 
should be increased by 10% to account for loading the excavated dirt onto 
trucks for removal from the construction area. Substantial increases in 
excavation time may also occur in order to avoid underground obstacles such as 
utility lines. 

In contrast to excavation by machinery, hand-digging the basement would 
take considerably longer. Some 5000 person-hours were estimated to be needed 
to complete such an excavation. Although lower exposure times would result 
from using machinery, higher dust loading would be expected. This would 
result in higher air concentrations of resuspended contaminated soil. The 
total inhalation exposure would depend on both the duration of the exposure 
and the dust loading. 

A representative scenario for the maximally exposed individual would 
include high dust loading and a relatively long exposure time. It was believed 
reasonable to assume that the maximally exposed individual participates in the 
construction of 10 homes in the contaminated area during the course of a year, 
for a total exposure time of 240 hours. The dust loading was assumed to be 
5 mg/m3 in the respirable range, which is the threshold limit value recommended 
by the American Conference of Governmental Industrial Hygienists for respirable 
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nuisance particulates. These assumptions provide for a reasonably long expo-
sure time at the maximum permitted particulate concentrations. 

The workman's breathing rate was assumed to be 43 L/min (U.S. Dep. Energy 
1979; Int. Comm. Radiol. Prot. 1975), which corresponds to a rate characteristic 
of heavy exertion; the dilution factor of 13.5, estimated in Section A.2.1, 
was used. Dose conversion factors from Healy and Rodgers (1979) were utilized 
to predict the inhalation dose. 

For cesiuio-137, the most restrictive pathway would result from external 
radiation exposure. Using the value of 0.62 (ijR/h)/(pCi/g) for a uniformly 
contaminated soil (Int. Comm. Radiol. Prot. 1975), the exposure for 240 hours 
would be 0.15 (mR)/(pCi/g). This value would be increased somewhat due to the 
contamination present on the walls as well as the floor of the excavated area, 
but would be reduced by the small area of the contaminated zone. If these 
corrections are assumed to offset each other, then the soi i concentration that 
would result in a 500-mrem/yr whole-body exposure, taking one roentgen to be 
equal to one rem, would be 3360 pCi/g. Results of the analysis are given in 
column two of Table A.l. 

An intrusion scenario in which workmen intersect the contaminated area 
while digging trenches for pipelines, underground cable, or a line would not 
benefit from the dilution factor of 13.5 used above. However, the work time 
in the contaminated zone would be shorter than the 240 hours assumed above 
when the dust loading would reach high levels. There would also be dilution 
not considered in deriving the factor of 13.5; this added dilution would 
result from replacing the pipe and excavated soil with clean fill dirt. 
Resulting doses from limited intrusion are not expected to exceed those esti-
mated for the scenario considered here. 

A. 3 TRITIUM CONCENTRATION GUIDELINES 

Tritium (H-3) is considered separately because it was not included in the 
reports reviewed in this appendix. Soil concentration guidelines for tritiated 
water are derived in this section. The guidelines are given in units of 
picocuries of tritium per milliliter of soil moisture (pCi/mL) rather than 
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picocuries per gram (pCi/g). The two scenarios considered for the subsurface 
soil guidelines were also analyzed for tritium exposure. 

A.3.1 Exposure of Resident from Locating a Home on Excavated Soil 

In the home construction scenario, it is assumed that an individual 
builds his home intersecting the contaminated zone and spreads the excavated 
material around the grounds of his home. Environmental doses were determined 
using the methodology of the NCRP (Natl. Counc. Radiat. Prot. Meas. 1979). In 
a recent review of tritium dosimetry, the NCRP reported the dose (D) to humans 
from tritium in the environment to be given by: 

D = (1.22Cw + l-27Cfi + 0.29 C ^ + 0.22Cg) | (0.095 ^ i / L ^ 

where C , C-, , C. , and C are the tritijm concentrations (in pCi/L) in drink-w t t Tj a 
ing water, loose water in food, oxidation water in food, and air, respectively, 
and the numerical coefficients (1.22, 1.27, 0.29, and 0.22) are the water 
intakes, in liters of water per day, through each of the four routes, giving a 
total water intake of 3.0 liters per da> 

Assuming conservatively that the soil moisture tritium concentration (C) 
is equal to that found in food, air, and water and that the quality factor for 
tritium is unity (1), then 

500 mrem/yr = 1.22 + *-27 * °;29 * °-22 C (0.095 

C = 5.26 x 106 pCi/L 

= 5260 pCi/mL. 

Assuming, as before, a dilution factor of 13.5, the subsurface soil guideline 
is 70,000 pCi/mL. 
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A.3.2 Exposure of Workmen from Excavation of Contaminated Soil 

Workers excavating foundations may enter an area contaminated with tritium. 
The parameters used in the scenario described in Section A.2.2 are also used 
here. To account for the maximally exposed individual, a dew point of 27.5°C— 
generally considered to be among the highest observed in the United States—was 
conservatively assumed. The worker would spend 240 hours in the excavated 
basements. The absolute humidity for these conditions is 30 grams of water 
vapor per cubic meter of air. The tritium concentration in the water vapor is 
assumed to equal that in the soil. 

The dose (D), in mrem, is given by: 

D = (43 L/min)(10-3m3/L)(30 9mgf water)(60 min/h)(240 h)(1.25 x 10-7 

where the dose is calculated for a 240-hour exposure at these conditions. The 
dose conversion factor of 1.25 x 10-7 mrem/(pCi inhaled) was taken from Killough 
et al. (1978). If D = 500 mrem/yr for whole-boc|y exposure, 

C = 2.15 x 10s pCi/mL. 

Applying the dilution factor of 13.5, 

C = 2.91 x io6 pCi/mL. 
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APPENDIX B. RADIATION PROTECTION STANDARDS AND GUIDELINES 

Human beings have always been exposed to ionizing radiation from radio-
active materials occurring naturally in the environment. However, this was 
not recognized until 1895. It was found that ionizing radiation occurs not 
onl> cs emissions from radioactive materials, but also in the form of X-rays. 

Initial applications of ionizing radiation were limited to medical uses, 
oPd early reports of injury involved physicians and their patients. It was 
first believed that injury was limited to eye irritation and skin burns. 
Because of the poor quality of early X-ray tubes, long exposure periods were 
required and skin burns to the exposed area of the patient were not uncommon. 
During this early period, radiologists led the effort to develop radiation 
protection standards; however, their efforts were largely unsuccessful because 
of the lack of uniformity in radiation dose measurement. 

In 1915, the British Roentgen Society adopted what is generally regarded 
as the first radiation protection proposal. In 1921, radiation protection 
recommendations were published in the Journal of the Roentgen Society. The 
American Roentgen Ray Society formally adopted radiation protection rules in 
1922. 

The radiation protection philosophy and concept*, that were developed in 
the mid to late 1920s provided the foundation for much of the radiation protec-
tion criteria and practice in use today. 

As mentioned, ionizing radiation had been shown to be capable of causing 
injury. Injury to the skin* for example, was known to occur at certain exposure 
levels but no.1*, at others. Thus, it was natural that ionizing radiation would 
be studied by conventional toxicological methods. The goal of the researchers 
was to find a radiation dose above which harmful effects would ocjur and below 
which the body would be able to tolerate the radiation without demonstrable 

B-1 



B-2 

effect. Thus arose the concept of the "tolerance dose". The advantage of 
being able to clearly define a "tolerance dose" is obvious, but this was found 
to be impossible. As a matter of practice, the term "harmless" dose was used 
for the dose at which no effect could be detected by the best medical means 
available. 

Early attempts to develop radiation protection standards were limited by 
the inability to accurately measure dose and by the state of medical observa-
tions available to the physicians. Many of the injuries observed among early 
radiation workers were to the hands. However, a clear cause-and-effect relation-
ship was not possible because the h»r.ds of the workers were also exposed to 
harsh film-processing chemicals. In spite of these limitations, an attempt 
was made in 1925 to define a numerical value for the tolerance dose. 

Interim-protection regulations were adopted by the International Committee 
on X-ray and Radium Protection (ICRP) in 1932, the same year the organization 
was formed. These initial recommendations dealt with working hours, X-ray 
shielding, electrical precautions, radium protection, and general recommenda-
tions concerning ventilation, lighting, and temperatures of the work place. 

In early 1929, the Advisory Committee on X-ray and Radium Protection was 
organized under the U.S. National Bureau of Standards. The detailed recommen-
dations of the Advisory Committee were published in 1931. The U.S. Committee 
expanded upon the earlier ICRP recommendations and added some new areas. The 
need for radiation protection of the patient was first recognized in the 1931 
report, and rules for technicians, nurses, and physicians were proposed. 

The Advisory Committee on X-ray and Radium Protection published a radia-
tion protection report on radium in 1934. The report contained the first 
quantitative recommendation of a tolerance dose for radiation workers: "The 
safe general radiation to the whole body is taken as 0.1 R [roentgen] per day 
for hard X-rays and may be used as a guide in radium protection." The Inter-
national Committee on X-ray and Radium Protection recommended a tolerance dose 
of 0.2 R per day at about the same time. 
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In 1936, the Advisory Committee issued a revised report on X-ray protec-
tion, recommending the same tolerance dose for occupational exposure as was 
contained in the radium report, i.e., 0.1 R per day. 

In the early 1940s, the effort to develop an atomic bomb involved essen-
tially all of the radiation experts in the United States. Since that under-
taking involved the possible exposure of a very large work force, radiation 
protection received greater attention. From the beginning, the Manhattan 
Project relied upon the 1934 recommendations of the Advisory Committee on 
X-ray and Radium Protection. A tolerance dose of 0.1 to 0.5 R per day was 
generally accepted as reasonable for the project. However, major studies on 
the biological effects of radiation were initiated to provide a firmer scien-
tific basis for the tolerance dose. As a result of those studies, a tolerance 
dose of 0.1 R per day for occupational exposure was adopted, along with the 
philosophy that all operations were to be carried out so as to maintain expo-
sures substantially below that level. 

With the increased production and use of radionuclides in medicine and 
industry following World War II, and with the increasing availability of 
high-energy accelerators, it became clear that an increasingly larger segment 
of tne U.S. population could be exposed to radiation and that many new radia-
tion protection problems should be addressed. To meet this need, the Advisory 
Co*? ittee on X-ray and Radium Protection was substantially enlarged and 
reorganized into the National Committee on Radiation Protection (NCRP) in 
1946. Administratively, the NCRP continued to be under the aegis of the 
National Bureau of Standards. 

The NCRP publication "Permissible Dose from External Sources of Ionizing 
Radiation," issued in 1954, contained the basic radiation protection philosophy 
and information from which values for permissible doses for radioactive material 
within the body were derived. Procedures for the safe handling of radioactive 
materials were based on the perir ssible-dose concept developed by the NCRP. 

The concept of "permissible dos?" was introduced in the NRCP publication 
to replace the concept of "tolerance dose". The permissible dose was defined 
as ". . . the dose of ionizing radiation that, in the light of present knowledge, 
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is not expected to cause appreciable bodily injury to a person at any time 
during his lifetime. As used here 'appreciable bodily injury' means any 
bodily injury or effect that the average person would regard as being objec-
tionable and/or competent medical authorities would regard as being deleteri-
ous to the health and well being of the individual." The general concept- cf 
acceptable risk was also presented, as was the philosophy of risk in relation-
ship to cost or benefit. 

The 1954 NCRP report represented almost five years of thought, study, and 
discussion among leading experts in the field, and most of the concepts used 
in radiation protection today have changed little from what was originally 
outlined in that publication. 

The numerical guidance provided by the 1954 report included: 

1. Reduction of the permissible dose of 0.1 R per day to 0.3 R per 
week. 

2. Allowance of permissible dose for persons over 45 of twice that 
for persons under 45. 

3. Determination that the blood-forming organs were the critical 
tissue for applying the permissible dose limit of 0.3 R per 
week. 

4. Allowance of larger weekly doses to skin, hands, and feet—i.e., 
skin 0.6 R per week; hands and feet 1.5 R per week. 

5. Allowance of accidental exposures involving a single dose to be 
as high as 25 R. 

The Manhattan Project conducted major research studies on the behavior 
of radionuclides that might be inhaled or ingested by workers. It had been 
clearly demonstrated in the late 1920s and early 1930s that ingestion of 
radium and thorium could cause severe injury to the body. Studies begun in 
the 1930s on radium watch-dial painters who had ingested radium in the course 
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of their occupation provided valuable data on the behavior of radium in the 
body, its affinity for bone, and the subsequent health effects tha'u could be 
related to the radium deposited in bone. This knowledge of radium behavior ir. 
humans provided the basis for comparing other radioisotopes used in the 
Manhattan Project that might be inhaled or ingested. To develop a biological 
data base for use in establishing radiation protection practices for radio-
nuclides with a potential for entering the body (internal sources), it was 
necessary to understand the route(s) of exposure, behavior of the radionuclides 
in the body, and retention and clearance times, and then to equate this infor-
mation with corresponding information about radium. Since the radionuclides 
of interest emitted alpha, beta, or gamma radiation, it was also necessary to 
take into consideration the difference in the type of radioactivity compared 
with the gamma rays from radium and its decay products. It was also possible 
to study the behavior of nonradioactive nuclides in the body to provide a 
basis for predicting the behavior of radionuclides. 

The data that had been collected by the Manhattan Project and the addi-
tional data from the ongoing research programs of the U.S. Atomic Energy 
Commission (AEC) were used as a basis for establishing maximum permissible 
amounts of radionuclides in the body and maximum permissible concentrations of 
radionuclides in air and water. 

After several years of effort the NCRP in 1953 published a report 
entitled "Maximum Permissible Amounts of Radioisotopes in the Human Body and 
Maximum Permissible Concentrations in Air and Water." The report dealt with 75 
radionuclides believed to be of major importance because of their use in 
research and medicine. Since it was not possible to predict the length of 
time a person might be exposed, permissible limits cited in the report were 
based on the assumptions that occupational exposure would continue through a 
working lifetime and that environmental exposures would be for a lifetime. 

In 1954, the International Commission on Radiological Protection advanced 
several concepts beyond those in the NCRP report of 1953. In recognition that 
large segments of the population might be exposed to radiation, permissible 
levels of public exposures were set at 1/10 of those accepted for occupational 
exposures. 
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At the same time, the ICRP introduced a new unit of dose, the radiation 
absorbed dose, or rad. The rem (acronym for roentgen equivalent man) was also 
introduced and defined as the absorbed dose of any ionizing radiation that has 
the same biological effectiveness as a rad of X-radiation with an average 
specific ionization of 100 ion pairs per micron of water. In terms of its air 
equivalent in the same region, the dose in rems is equal to the dose in rads 
multiplied by the appropriate relative biological effectiveness value, or RBE. 
The ICRP report included a table of values for RBE. 

In 1954, the Atomic Energy Act was amended to give the AEC regulatory 
responsibility for radiation sources as defined in the Act. Such radiation 
sources as radium, X-ray machines, and high-energy accelerators were not 
included in the AEC regulatory responsibility. 

In the mid-1950s, the proposed atmospheric testing of atomic weapons 
raised the possibility of worldwide exposure of the general population to 
radiation from fallout. The National Academy of Sciences in the United States 
and the Medical Research Council in Britain undertook detailed studies of the 
biological effect of atomic radiation; they published independent reports in 
1956. The main conclusion of both scientific bodies was that the genetic risk 
of radiation should be the principal basis for limiting exposure of people. 
Based on genetic experiments conducted with fruit flies by Miiller, it was 
assumed that all radiation exposures are cumulative, that there is no cellular 
recovery of genetic damage by radiation, and that a linear relationship exists 
between dose and effect down to zero dose. On the basis of these assumptions, 
it was recommended that no individual worker should receive a total cumulative 
radiation dose to the reproductive cells of more than 50 R to age 30 and not 
more than an additional 50 R to age 40. This recommendation had the practical 
effect of limiting tht occupational exposure of individual radiation workers 
to 5 rem per year. 

Following publication of these reports by the National Academy of Sciences 
in the United States and the Medical Research Council in Britain, the ICRP 
recommended that the occupational exposure or the exposure of any individual 
be limited to 5 rem per year. The ICRP also addressed the "genetically signi-
ficant" dose to the population by suggesting that "the genetic dose to the 
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whole population from all sources additional to the natural background should 
not exceed 5 rems plus *he lowest practicable contribution from medical 
exposure." The genetically significant dose was derived using the mean age of 
childbearing, i.e., an age of 30 years. Thus, the 5 rem would be distributed 
over the first 30 years of life. The ICRP recommendation of 5 r>m in 30 years 
was half of the 10-rem value suggested by the National Academy of Sciences. 
The difference was due to the fact that the ICRP recommendation excluded 
medical exposure, which was estimated to be 3 to 4 rem over a 30-year period. 
Since medical exposure was included in the National Academy of Sciences value, 
the two recommendations were essentially the same. 

In 1957, the NCRP addressed the question of allowable exposures of persons 
outside of controlled areas; that is, individuals who are not equipped with 
radiation-detecting and -measuring devices and not subject to control by the 
operator of a radiation facility. The NCRP recommended that "the radiation or 
radioactive material outside a controlled area attributable to normal opera-
tions within the controlled area, shall be such that it is improbable that any 
individual will receive a dose of more than 0.5 rem in any year from external 
radiation." In the 1957 report, the NCRP alro recommended that "the maximum 
permissible body burden of radionuclides in persons outside of the controlled 
area and attributable to operations within the controlled area shall not 
exceed one-tenth of that for radiation workers." 

Thus, by the late 1950s, the basic radiation protection standards that 
are still in use today were in place. In summary, the permissible dose for 
occupational exposure to radiation was set at 5 rem per year. For nonoccupa-
tional exposures, the dose to an individual member of the public was set at 
one-tenth of the occupational dose, or 0.5 rem (500 mrem) per year. For the 
population as a whole, excluding radiation Yorkers, the permissible dose was 
5 rem over the first 30 years, or an average of 170 mrem per year. The values 
established for permissible levels were exclusive of natural radiation and 
radiation associated with medical practice. 

As indicated above, the AEC had regulatory responsibility for the majority 
of nonmedical sources of man-made radiation. Thus, it fell to the AEC to trans-
late the guidance of the standards-setting bodies into enforceable regulations. 
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In an operational sense, the concern over age proration of exposure to workers 
was addressed by the 5 x (N - 18) rule, whereby an individual's total exposure 
could be related to his age. Thus, no occupational exposure was allowed prior 
to age 18. Further, a worker was restricted to no more than 3 rem per quarter 
and no more than 12 rem per year, provided that the 5 x (»; - 18) rule was riot 
violated. 

For nonoccupational exposures, the AEC used the source-control concept, 
whereby exposure in unrestricted areas to normal operations was -ontrolled by 
restricting release of radioactivity at the source. The "hypothetical indivi-
dual with the theoretical chance of highest exposure" model was the basis for 
limits on release of radioactivity into the air and water. Although the 
standard-setting bodies limited individual nonoccupational exposure to 
500 mrem/yr, it was assumed by AEC that since the population consisted of 
individuals of various age groups and sensitivity to radiation, the population 
limit should be 170 mrem/yr. 

Moreover, it was stipulated in the radiation standards that no single 
source of man-made, nonmedical radiation exposure to the population could 
account for the entire population exposure limit of 170 mrem. Thus, AEC 
regulatory practice had the effect of limiting exposure to a very small per-
centage of the standard. 

Because of growing public concern over the atmospheric testing of nuclear 
weapons and the worldwide dispersion of radioactive fallout, the Joint Committee 
on Atomic Energy of the U.S. Congress held hearings on radiation and its 
effects on man in 1957. This was the first of many hearings over the years by 
the Joint Committee regarding radiation, radiation standards, and the effects 
of radiation on man and the environment. It was at these hearings that govern-
mental officials, members of the scientific community, and representative? of 
the NCRP presented the basis of radiation protection standards, the biomedical 
and environmental research that was considered in setting standards, and the 
philosophical considerations involved in radiation protection. 

These hearings focused public attention on the scientific judgments 
involved in setting radiation standards and noted the fact that scientific 
evidence was not available to allow standards to be set with such precision 
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that above the standard there would be harm and below the standard there would 
be no harm. 

At the early hearings, it became evident that the Federal government was 
basing radiation protection regulations and practices on standards developed 
by an organization, namely NCRP, over which the government had no control. In 
1959, the President, by Executive Order, created the Federal Radiation Council 
(FRC) to advise him on radiation matters. 

Initially, the FRC was comprised of the Secretaries of Commerce; Health, 
Education and Welfare; Defense; and Labor; as well as the Chairman of the 
Atomic Lnergy Commission and the President's Science Advisor. Later, the 
Secretaries of State, Agriculture, and the Interior were added. A subsequent 
amendment to the Atomic Energy Act of 1954 required the FRC to consult with 
the National Academy of Sciences and the National Committee on Radiation 
Protection. 

One of the original concepts advanced by the FRC was Radiation Protection 
Guides (RPG) to allow flexibility in interpreting and applying numerical 
guidance by Federal agencies. The allowable dose guidance was given as "the 
radiation dose which should not be exceeded without careful consideration of 
the reasons for doing so; every effort should be made to encourage the main-
tenance of radiation doses as far below this guide as practicable.11 The FRC 
also provided protective action guides for use with certain radioisotopes that 
might be deposited in significant amounts from nuclear weapons fallout. These 
guides for iodine-131, strontium-89, strontium-90, and cesium-137 provided for 
various levels of action based on the projected dose to the general population. 

In 1964, the NCRP was granted a Federal Charter by the U.S. Congress and 
became the National Council on Radiation Protection and Measurements. Although 
the name of the agency was chanced, the acronym NCRP remained the same. 

In 1967, trie Joint Committee on Atomic Energy conducted hearings on the 
"Radiation Exposure of Uranium Miners." Results of early studies had suggested 
that the incidence of lung cancer was higher among uranium miners than among 
the general population. The principal radiation concern in uranium mines was 
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exposure to radon gas. Early standards for radium and radon were for control 
of radon in factories, processing industries, and medical applications; these 
standards could not be applied directly to radioactive products present in the 
air of uranium mines. The major difficulty in setting standards for uranium 
mines involved the measurement of radon and interpretation of the results. 

The U.S. Public Health Service developed a new measurement unit called 
the "working level", or WL (defined as any combination of the short-lived 
radon decay products in one liter of air that will result in the emission of 
1.3 x 10s MeV of alpha energy during complete decay). The conversion of 
working level to dose was and continues to be the subject of considerable 
uncertainty. The U.S. Public Health Service and, later, the FRC promulgated 
the "working level month" (WLM) concept whereby the inhalation of air contain-
ing a radon decay product concentration of 1 WL for 170 working hours resulted 
in an exposure of 1 WLM. 

In 1967, the FRC recommended that radiation exposure of uranium miners be 
controlled by limiting a miner's occupancy time in a mine atmosphere containing 
radon and its decay products. The individual exposure level recommended by 
FRC was 4 WLM per year. Over the intervening years, a great deal of contro-
versy has surrounded the occupational exposure standards for uranium miners. 
The 1967 standards proposed by FRC for occupational exposure of uranium miners 
is still in use in the United States. In 1981, following a detailed review of 
the entire subject, the International Commission for Radiological Protection 
reaffirmed the U.S. guidance for cranium miners by arriving at essentially the 
same value as proposed by FRC (4.8 WLM/yr). 

Standards for radiation exposure were intended to limit population expo-
sure to man-made radiation. It had generally been agreed by th« standard-
setting bodies that exposure to natural background radiation usually cannot bu 
controlled. However, there may be circumstances in which such control is 
warranted. In 1970, the U.S. Surgeon General set guidelines for population 
exposure tc radon decay products above background for use in evaluating struc-
tures in Grand Junction, Colorado, for removal of uranium mill tailings. The 
Surgeon General's guidelines for dwellings and schools provided that no action 
was needed at less than 0.01 WL, cleanup was discretionary between 0.01 to 
0.05 WL, and action was indicated above 0.05 WL. 
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In 1970, Reorganization Plan No. 3 abolished the Federal Radiation Council, 
created the U.S. Environmental Protection Agency (EPA), and transferred to EPA 
the federal radiation guidance functions. In subsequent years, EPA was given 
additional responsibility for developing radiation protection standards and 
guidance, including conc?ntrations of radionuclides in drinking water and 
surface water, atmospheric concentrations of radionuclides, concentrations of 
radioactive materials in wastes of all types, and standards for management of 
uranium mill tailings. EPA adopted standards for uranium mill tailings 
disposal and cleanup of nearby areas in January 1983. 

Since development of the first radiation protection guidance or standards, 
the underlying philosophy has embodied certain basic concepts, i.e., all 
radiation is assumed to be harmful and the harm is assumed to be directly 
proportional to the dose. If correctly used, the standards for radiation 
protection for occupational or nonoccupational exposure represent numerical 
guidelines that should not be exceeded without reason, and exposures should be 
as far below the guidelines as practicable. Since all exposure is assumed to 
oe harmful, the numerical guideline cannot represent a value which if exceeded 
is harmful and if not exceeded is safe. Good radiation protection practice 
inherently carries the responsibility for maintaining exposures at the lowest 
level commensurate with the specific activity. 

To allow for flexibility in radiation protection, the standard-setting 
bodies incorporated a two-fold concept. First, they provided numerical guid-
ance with the admonition to keep exposures as low as practicable (ALAP). Such 
a concept provided a very useful set of basic standards that could apply to 
all circumstances. Secondly, the ALAP concept was intended by the standard 
setters to provide the mechanism for introducing judgment in the form of 
cost-benefit considerations into specific applications of the basic standards. 
Unfortunately, the concept of "as low as practicable" was difficult to manage 
in a regulatory sense and led to much confusion and misunderstanding. In an 
attempt to clarify the intent of this concept, the International Commission on 
Radiological Projection advanced the concept of "as low as reasonably achiev-
able" (ALARA) to replace "as low as practicable". In its report, the ICRP 
stated: "As any exposure may involve some degree of risk and thus, some 
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detriment, the comprehensive system of dose limitation is aimed at the follow-
ing principal objectives: 

(a) To insure compliance with the dose limits; 

(b) To avoid the use of unnecessary sources of exposure; 

(c) To provide for operational control of specific procedures, both 
individually and in combination, so that the resulting doses are 
as low as is reasonably achievable, economic and social consid-
erations being taken into account; and 

(d) To provide a more general framework to ensure that these doses 
are justified in terms of benefits that would not otherwise 
have been received." 

This new ALARA concept clearly provided for a consideration of cost and 
benefits in arriving at acceptable doses of radiation. Inherent in the ALARA 
concept is concern for population and individual doses. Using the person-rem 
concept, which is a mathematical measure of theoretical or actual dose and the 
number of potentially or actually exposed individuals, it would be possible to 
spend great sums of money to reduce the number of person-rem while providing 
no significant benefit, or conversely to ignore significant exposures to a few 
by spreading the dose over a large number of people and thereby reducing the 
number of person-rem. The ICRP recognized this possibility by addressing both 
population exposure and exposure to the individual as discrete problems. 

Thus, the first consideration is the dose to the individual who might 
receive a measurable exposure; second is the population dose, which would be 
calculated in person-rem. By arriving at a value in dollars for a person-rem, 
the cost of a specific radiation reduction, activity can be compared directly 
with the dollar benefit of a reduction in person-rem. This procedure has been 
used by the Nuclear Regulatory Commission since the mid-1970s in consideration 
of radiation control devices for commercial nuclear power facilities. 



B-13 

BIBLIOGRAPHY (Appendix B) 

British Roentgen Society. 1921. X-Ray and Hadium Protection. J Roentgen 
Soc. 17:100. 

Federal Radiation Council. 1960. Background Material for the Development of 
Radiation Protection Standards. Staff Report. No. 1. 

Federal Radiation Council. 1967. Guidance for the Control of Radiation 
Hazards in Uranium Mining. Staff Report No. 8, Revised. 

Holaday, D.A., D.E. Rushing, R.D. Coleman, P.F. Wool rich, H.L. Kusnetz, and 
W.F. Bale. 1957. Control of Radon and Daughters in Uranium Mines and 
Calculations on Biological Effects. Publ. Health Serv. Publ. No. 494. 
Washington, DC. 

international Commission on Radiological Protection. 1959. Recommendations 
of the International Commission on Radiological Protection. ICRP Publ. 1. 
Pergamon Press, Elmsford, NY. 

International Commission on Radiological Protection. 1966. Recommendations 
of the International Commission on Radiological Protection. ICRP Publ. 9. 
Pergamon Press, Elmsford, NY. 

International Commission on Radiological Protection. 1973. Implications of 
Commission Recommendations That Doses Be Kept As Low as Readily Achievable. 
ICRP Publ. 22. Pergamon Press, Elmstord, KY. 

International Commission on Radiological Protection. 1977. Recommendations 
of tne International Commssion on Radiological Protection (Adopted 
January 17, 1977). ICRP Publ. 26. Pergamon Press, Elmsford, NY. 

International Commission on Radiological Protection. 1977. Limits of Inhala-
tion of Radon Daughters by Workers. Recommendations of the International 
Commission on Radiological Protection. ICRP Publ. 32. Pergamon Press, 
Elmsford, NY. 



B-14 

International X-ray and Radium Protection Commission. 1934. Recommendations. 
Radiology 23:682. 

Medical Research Council (Great Britain). 1956. The Hazards to Man of Nuclear 
and Allied Radiations. Her Majesty's Stationary Office, London. 

National Academy of Sciences. 1956. The Biological Effects of Atomic Radia-
tion. Report of the Committee on Genetic Effects of Atomic Radiation, 
Washington, DC. 

National Academy of Sciences. 1960. The Effects of Atomic Radiation. Summary 
Reports. BEAR Report. Advisory Committee on the Biological Effects of 
Atomic Radiation, National Research Council, Washington, DC. 

National Academy of Sciences. 1972. The Effects on Populations of Exposure 
to Low Levels of Ionizing Radiation. BEIR I Report. Report of the 
Advisory Committee on the Biological Effects of Ionizing Radiation, 
National Research Council, Washington, DC. 

National Academy of Sciences. 1980. The Effects on Populations of Exposures 
to Low Levels of Ionizing Radiation. BEIR III Report. Report of the 
Committee on the Biological Effects of Ionizing Radiation, National 
Research Council, Washington, DC. 

National Committee on Radiation Protection. 1953. Maximum Permissible Amounts 
of Radioisotopes in the Human Body and Maximum Permissible Concentrations 
in Air and Water for Occupational Exposure. National Bureau of Standards 
Handbook 52. U.S. Department of Commerce, Washington, DC. 

National Committee on Radiation Protection. 1954. Permissible Dose from 
External Sources of Ionizing Radiation. NCRP Publ. 17. NCRP Publications, 
Washington, DC. 

National Council on Radiation Protection and Measurements. 1971. Basic 
Radiation Protection Criteria. NCRP Report No. 39. NCRP Publications, 
Washington, DC. 



B-15 

National Council on Radiation Protection and Measurements. 1975. Natural 
Background Radiation in the United States. NCRP 45. 

United Nations Scientific Committee on the Effects of Atomic Radiation. 1977. 
Sources and Effects of Ionizing Radiation. UN Publ. No. E.77.IX.I. 
Report to the General Assembly, New York, NY. 

U.S. Environmental Protection Agency. 1983. Standards for Remedial Actions 
at Inactive Uranium Processing Sites. Final Rule. Title 40, Code of 
Federal Regulaions, Part 192, Chapter I, Subchapter F. Fed. Regist. 48(3) 
590 (January 5, 1983). 

U.S. Surgeon General. 1970. Recommendations of Action for Radiation Exposure 
Levels in Dwellings Constructed On or With Uranium Mill Tailings. Enclo-
sure to letter from P.J. Peterson, Acting Surgeon General, Public Health 
Service, to R.L. Cleere, Executive Director, Colorado State Department of 
Health. July 27, 1970. 



APPENDIX C. SOURCES AND EVALUATION OF RADIATION EXPOSURES 

C.l. INTRODUCTION 

Additional background on some of the technical aspects of radiation and 
its effects is provided in this appendix. It is intended to familiarize the 
interested reader with the concepts and terminology used in the evaluations 
presented in the main body and other appendixes of this report. It is not 
comprehensive in that other concepts and terminology applicable to other 
circumstances are not included. A short bibliography is included at the end 
of the appendix for those desiring to read further. 

C.2 RADIATION 

Radiation is the transmission of energy through space. There are many 
kinds of radiation—including visible light, microwaves, radio and radar 
waves, and X-rays. All of these are electromagnetic radiations because they 
consist of a combined electrical and magnetic impulse traveling through space. 
Although much of this radiation—e.g., light—is vital to us, it can also be 
harmful—e.g., prolonged exposure to ultraviolet radiation from the sun can 
cause sunburn or even skin cancer. Energy can also be transmitted through 
space by the motion of particulate radiations. Some of the most common particu-
late radiations are alpha particles, beta particles, and neutrons. The alpha 
particle is the nucleus of a helium atom, i.e., it is composed of two protons 
and two neutrons. The beta particle is an electron, which is the fundamental 
negative charge in all matter and is responsible for electric currents. Beta 
particles are electrons moving at very high speeds, even approaching the speed 
of light. Thus, these particulate radiations are either one of the funda-
mental particles of atoms (protons, neutrons, and electrons) or are a simple 
combination of the three fundamental particles. 

C-1 
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The class of radiation of concern in evaluating the health risks of 
FUSRAP residues is ionizing radiation. Ionizing radiations are either waves 
or particles with sufficient energy to knock electrons out of the atoms or 
molecules in matter. This disruption is termed "ionization". The simplest 
example is the ionization of a single atom. The nucleus, or center of the 
atom, is composed of particles called protons and neutrons. The proton has a 
positive charge and the neutron has no charge. Negatively charged particles 
called electrons orbit the nucleus and are held in place by the attraction 
between the positive and negative charges. A simple analogy to this is the 
planets in orbit around the sun held in place by gravitational attraction. In 
a neutral atom, there are exactly the same number of electrons as protons, and 
the positive and negative charges are balanced. When ionizing radiation 
knocks an electron out of an atom, the atom is left with a positive charge 
while the free electron is negatively charged. The atom and electron are 
referred to as an "ion pair". Ion pairs are chemically active and will react 
with neighboring atoms or molecules. The resulting chemical reactions are 
responsible for causing changes or damage to matter, including living tissue. 

This brief description covers the basic concepts of radiation and its 
effects. Particular aspects are elaborated on in the rest of the discussion. 
Topics covered include the types and sources of ionizing radiation, the basic 
units for measuring energy deposited in matter by ionization, the methods used 
to estimate the amount of biological effect and its significance, and the 
nature of radiation standards. 

C.3 TYPES OF IONIZING RADIATION 

The most common ionizing radiations are X-rays, gamma rays, alpha par-
ticles, beta particles, and neutrons. 

C.3.1 X-Rays and Gamma Rays 

X-rays are pure energy having no mass. They are part of the electromag-
netic spectrum, as are light and microwaves, but have much shorter wavelengths 
arid, therefore, have the ability to transmit larger amounts of energy. Gamma 
rays are identical to X-rays except that gamma rays originate in the nucleus of 
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an atom whereas X-rays are prpduced by interactions of electrons. An X-ray or 
gamma ray, having no electrical charge to attract or repel it from the protons 
or electrons, can pass through the free space in many atoms and, hence, through 
relatively thick materials before interacting. The most likely interaction 
occurs when the X-ray or gamma ray encounters an electron. When this occurs, 
some or all of the energy of the X-ray or gamma ray will be transferred to the 
electron, which then will be ejected from the atom. The electron may have 
enough energy that it can, in turn, produce additional ionizations in other 
atoms through which it passes. The electron, once its energy is spent, 
becomes a free electron (an electron not directly associated with an atom) 
found in all matter. 

C.3.2 Alpha Particles 

Alpha particles are made up of two neutrons and two protons. This combi-
nation is the same as the nucleus of a helium atom. Because of the presence 
of two protons with no counter-balancing negative electrons, the alpha particle 
is positively charged. Alpha particles transmit energy as kinetic energy, or 
the energy of motion. The faster they move, th«» more energy they carry. 

Because of the comparatively large size and the positive charge of an 
alpha particle, it interacts readily with electrons and will not easily pass 
through the spaces between atoms. It causes many ionizations in a short dis-
tance of travel. Because each of these ionizations dissipates energy, the 
alpha particle travels a very short distance. For example, most alpha 
particles will not pass through a piece of paper or the outer protective layer 
of a person's skin. However, if an alpha particle is produced by radioactive 
material inside the body, it may cause many ionizations in more sensitive 
tissue. 

C.3.3 Beta Particles 

Beta particles are electrons moving at high speeds. They transmit energy 
as kinetic energy. High-energy electrons approach the speed of light. They 
have comparatively small mass and a negative charge, so their penetration 
through matter is intermediate between the alpha particle and the gamma ray. 
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Beta particles produce fewer ionizations along their path than do alpha 
particles but more than gamma rays. They can be absorbed by a sheet of rigid 
plastic or a piece of plywood. However, they can pass through the protective 
outer layer of the skin and reach the more sensitive skin cells in lower 
layers. They can irradiate internal tissues if produced by radioactive 
materials inside the body. 

C.3.4 Neutrons 

Neutrons are the particles that, with protons, form the nuclei of atoms. 
When free from the nucleus, they can transmit energy as kinetic energy. 
Neutrons are distinguished by their speed; two speeds are commonly designated: 
fast and slow. Fast neutrons move rapidly and when they strike a nucleus of 
an atom, they give up some of their energy. When heavy nuclei such as those 
of lead arc involved, little energy is lost because the neutron rebounds. 
However, wiJi light nuclei, such as those of hydrogen (hydrogen has one proton 
with the same mass as a neutron), the neutron undergoes a "billiard ball" type 
of collisicn, with considerable energy transferred to the proton. The proton 
then moves through surrounding matter, producing less ionization than an alpha 
particle but more than a beta particle. 

Slow neutrons do not have enough energy to cause ionization but, because 
they have no charge, they can penetrate into the nucleus of an atom. This 
disrupts the balance in the nucleus and can result in the emission of radia-
tions that produce ionization in the surrounding matter. One example of this 
is the transmutation of certain atoms of uranium into atoms of Plutonium. 

C.4 SOURCES OF RADIATION 

Radiation arises from radioactivity (both natural and man-made), cosmic 
sources, and radiation-producing machines. In this appendix, the sources of 
radiation discussed include cosmic radiation and natural radioactivity, which 
both contribute radiation to normal background, and man-made or technologically 
enhanced radioactivity, which contributes radiation in addition to background. 
The production of radiation by devices such as X-ray Machines or accelerators 
is not considered in this appendix. 
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C.4.1 Radioactivity 

The atoms of most familiar objects are structurally the same as when they 
were formed and have little prospect of changing. Thus, most atoms of carbon 
in a tree or in our bodies will remain atoms of carbon. In time, a carbon 
atom may change its association with other atoms in chemical reactions and 
become part of other compounds, but it will still be a carbon atom. There is 
a class of atoms, however, that are not stable and will spontaneously emit 
radiation and change to another type of atom or element. These atoms are said 
to be radioactive. 

Many radioactive atoms such as isotopes of uranium, radium, potassium-40 
(K-40), and carbon-14 (C-14) occur naturally. In the cases of potassium and 
carbon, only certain proportions of the naturally occurring elements are 
radioactive; these are known as radioactive isotopes. The radioactive iso-
topes have the same number of protons in the nucleus as do the stable isotopes 
of the same element and, therefore, the same chemical properties. However, 
the radioactive isotopes have a different number of neutrons than do the 
stable isotopes of the same element. A particular radioactive isotope can be 
symbolized by the letter symbol for the chemical element plus a numerical 
value representing the total number of protons ana neutrons in the nucleus. 
See Table C.l for the symbols and names of some of the isotopes considered in 
this report. 

Many radioactive isotopes can also be "man-made"—e.g., cesium-137 (Cs-137), 
strontium-90 (Sr-90), and radioactive isotopes of plutonium can be produced in 
large quantities during nuclear fission of uranium in a nuclear reactor. 
However, these isotopes are also produced during the normal, spontaneous 
fissioning of uranium in nature. The difference is that in nature the reaction 
happens at a slow enough rate that the number of naturally produced radioactive 
atoms of cesium, strontium, and plutonium are small and dispersed. Other 
man-made radioactive elements produced in nuclear reactors or in accelerators 
are not normally present in nature. 

Radioactive atoms decay at a characteristic rate dependent upon the 
degree of stability of the individual atom. The rate is characterized by a 
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Table C.l. Radioactive Materials of Primary Interest tc FUSRAP 

Isotope Approximate Half-Life 
Principal Types 
of Radiation 

Natural Radioactivity of Interest as Background 
Natural Uranium Isotopes: 
U-234 (uranium-234) 
U-235 (uranium-235) 
U-238 (uranium-238) 

Th-232 (thorium-232) 
Ra-226 (radium-226) 
Rn-222 (radon-222) 
K-40 (potassium-40) 

247,000 years 
710,000,000 years 
4,500,000,000 years 
14,100,000,000 years 
1,600 years 
3.8 days 
1,300,000,000 years 

Alpha, gamma 
Alpha, beta, gamma 
Alpha, beta, gamma 
Alpha 
Alpha, gamma 
Alpha, gamma 
Beta, gamma 

Radioactivity of Interest as Residual Contaminants 
or Worldwide Fallout from Atmospheric Testing 

Pu-239 (plutonium-239) 
Pu-238 (plutonium-238) 
Pu-241 (plutonium-241) 
Am-241 (americium-241) 
Cs-137 (cesium-137) 
Sr-90 (strontium-90) 
H-3 (hydrogen-3 or tritium) 
Uranium and radium as given above 

24,000 years 
87 years 
15 years 
458 years 
30 years 
28 years 
13 years 

Alpha, gamma 
Alpha, gamma 
Beta 
Alpha, gamma 
Beta, gamma 
Beta 
Beta 

period of time called the half-life. In one half-life, one-half of the initial 
number of atoms decay. The amount of radiation emitted also decreases by 
one-half in the same period. In the next half-life, the number of atoms and 
the amount of radiation will again decrease by one-half, thereby decreasing 
one-quarter of the original amount. Half-lives are unique for each particular 
type of radioactive atom—that is, each isotope has its own half-life tha'i 
cannot be changed by humans. Half-lives for different radioactive materials 
range from a fraction of a second to billions of years. In fact, some half-
lives are so long that certain radioactive materials made at the time of the 
formation of the universe still exist. Examples include some isotopes of 
thorium and uranium. 
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When an atom decays, radiation may be emitted from the nucleus as alpha 
particles, beta particles, neutrons, or gamma rays. This changes the character 
of the nucleus, and the atom changes to an atom of a new element. (One parti-
cular type of decay, known as fission, results in the production of two new. 
atoms.) Each type of radioactive atom decays with emission of characteristic 
types of radiation, each carrying specific amounts of energy. For example, 
natural uranium-234 (U-234) always emits alpha particles with energies of 
about 4.8 MeV,* and man-made plutonium-239 (Pu-239) emits alpha particles with 
energies of about 5.1 MeV. Other than the slight difference in the initial 
amount of energy, tha alpha particles are indistinguishable. 

Atoms resulting from radioactive decay are called "decay products", 
whereas the original atom is called the "parent" atom. In some cases, the 
decay products resulting from the decay of a radioactive atom are radioactive. 
For naturally occurring uranium and thorium, there aiay be a sequence of as 
many as 12 to 14 radioactive decay products before the original uranium or 
thorium atom finally reaches stability as an atom of lead. 

The half-lives of some of the radioactive materials of importance in this 
report, and the principal types of radiation they emit during decay, are 
listed in Table C.l. 

C.4.2 Cosmic Radiation 

The high-energy radiations that enter the earth's atmosphere from outer 
space are known as primary cosmic rays. The origin of primary cosmic rays is 
not completely known, but most of the observed radiation originates in our 
galaxy. Some is produced by solar flares. Primary galactic coseic rays are 
largely high-energy protons. Primary solar cosmic rays have relatively low 
energy and have little effect at the earth's surface. 

*An electron volt (eV) is the amount of energy acquired by a particle of one 
electronic charge accelerated through a potential difference of one volt. 
This is a commonly used unit for expressing the energy of various forms of 
radiation. 1 MeV = one million electron volts. 
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When primary cosmic ray particles enter the atmosphere, a complex variety 
of reactions occur, especially with oxygen and nitrogen nuclei. These reac-
tions result in the continuous production of radioactive elements, including 
tritium (H-3), beryllium-7 (Be-7), C~14, and sodium-22 (Na-22) among many 
others. The reactions also result in the production of neutron and beta 
particle radiation, referred to as secondary cosmic radiation. The amount of 
radioactivity î.d radiation from cosmic rays increases significantly with 
altitude because of the decreasing thickness of the atmosphere. The influence 
of the earth's magnetic field results in the occurrence of more cosmic radia-
tion at polar latitudes; this is responsible for the so-called northern and 
southern lights. 

C.5 UNITS FOR RADIATION AND RADIOACTIVITY 

Units to quantify radia" on or radioactivity provide for uniformity in 
measurements or comparisons and permit the establishment of standards speci-
fying the amount of radiation allowable under various circumstances. 

C.5.1 Radiation Units 

The basic unit for measuring radiation is the rad (acronym for radiation 
absorbed dose). It is the amount of radiation that deposits a specified 
amount of energy by ionization in each gram (about 1/28 of an ounce) of material. 
The amount of energy released in the material is small--it increases the 
temperature of the gram of material by a few billionths of a degree. However, 
it is not the amount of heat liberated or the temperature rise that is impor-
tant; rather, it is the ionization that induces chemical changes. The unit 
rad applies to all radiations and all materials that absorb the radiation. 

The most commonly used radiation unit is the "rem" (acronym for roentgen 
equivalent man). The rem quantifies the biological response to radiation 
rather than the amount of energy delivered to the tissue. As discussed previ-
ously, different types of radiation produce ionizations at different rates as 
they pass through tissue. The alpha particle travels only a short distance, 
causing intense, closely spaced ionization along its track. The beta particle 
travels much farther, causing much less ionization in each portioi of its 
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track. Therefore, the alpha particle is more damaging to tissue than the beta 
particle for the same number of ionizations because the damage to cells in the 
tissue is localized. The biological effectiveness of the alpha particle is 
greater than that of the beta particle for the same total amount (rads) of 
energy deposited, and this difference is accounted for by the use of quality 
factors. In general, the quality factors are 1 for X- or gamma radiations and 
most beta particles, 5 to 10 for neutrons, and 10 to 20 for alpha particles. 
The rem is defined as the amount of radiation (in rads) from a given type of 
radiation multiplied by the quality factor appropriate for that type of radia-
tion to approximate the biological damage that it causes. Thus, 1 rad of 
energy from gamma rays would result in 1 rem of dose, and 1 rad from alpha 
particles would result in 10 to 20 rem of dose. Because the approximate 
relative degree of damage from each of the types of radiation is known, the 
rem can be used to measure the approximate biological effect. Within these 
limits of uncertainty, the rem permits evaluation of potential effects without 
regard to the type of radiation or its source. One rem of exposure from 
natural cosmic rad.ation results in the same biological consequences as 1 rem 
from medical X-rays or 1 rem froa radiation produced by decay of either natural 
or man-made radioactivity. 

A frequent source of confusion encountered in the use of radiation units 
is their application to a standard weight of tissue rather than all of the 
tissue irradiated. Thus, a person can receive one rad or one rem of radiation 
from: (a) an X-ray of the teeth, where little tissue is irradiated; (b) a 
chest X-ray, where a moderate amount of tissue is irradiated; or (c) whole-body 
radiation, where all tissue in the body is irradiated. Although these are all 
1 rem of radiation, the effects will be different depending upon the organs 
involved. Thus, one must always keep in mind the portion of the body or 
organs involved and make comparisons only for corresponding exposures. For 
example, whole-body doses must be compared only to other whole-body doses or 
to whole-body dose standards. 

Because many of the radiation doses discussed in this report are small, 
the metric prefixes "milli" for one-thousandth (1/1000 or 0.001, symbolized as 
"m") or "micro" for one-millionth (1/1,000,000, or 0.000001, symbolized as 
V ) are often used; 1,000,000 microrem (prem) = 1,000 millirem (mrem) = 
1 rem. 
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In some cases, radiation measurements are expressed as a dose rate, or 
the amount of radiation received in a unit of time. For example, some instru-
ment measurements of background are reported in "microrem per hour" or prem/h. 
To calculate total dose, the rate is multiplied by the time of exposure. This 
is conceptually similar to multiplying speed (rate of travel—e.g., in miles 
per hour) by time to get total distance travelled. 

Dose or dose rate may be expressed using rads or rents, depending on 
whether the reference is to energy deposited or to biological effect. 

C.5.2 Radioactivity Units 

The basic unit for measuring the amount of radioactivity or quantity of 
radioactive material is the "curie", named in honor of Madame Curie. The 
curie (Ci) is the amount of radioactive material in which 37,000,000,000 
(37 billion) atoms are decaying each second, and it is the approximate number 
of atoms decaying each second in one giam of pure radium, the element d-?;-
covered by Madame Curie. The amount of material required for one curie varies 
from one isotope to another. The differences in half-lives and atomic weights 
among the various radioactive isotopes are the reasons for this variation. 
For materials with short half-lives, a large fraction of the atoms present are 
decaying in any given second, and the weight of one curie is small. For 
radioactive materials with long half-lives, the weight of one curie will be 
large. For example, the weight of one curie of naturally occurring K-40 is 
about 310 pounds, or about 140,000 times as much as one curie of radiun. 

The curie is a relatively large quantity of radioactivity for purposes of 
this report. Accordingly, metric prefixes are used to indicate units In 
fractional parts of a curie, such as microcurie (pCi) or picocurie (pCi). The 
units used most often in the context of environmental radiation are 1isted in 
Table C.2. 

In the text, radioactivity in environmental media such as air or soil is 
often discussed. In these cases, radioactivity is reported as a concentra-
tion, or the amount of radioactivity 1n or associated with a certain aaount of 
air or soil. Much of the data on radioactivity 1n soils is reported in terns 
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Table C.2. Units of Radioactivity 

Unit Abbreviation 
Disintegrations 
per Second 

Equivalent Value in 
Other Time Units 

Curie Ci 37,000,000,000 — 

Millicurie mCi 37,000,000 — 

Microcurie pCi 37,000 — 

Picocurie pCi 0.037 2.22 per minute 
Attocurie aCi 0.000000037 1.2 per year 

of picocuries of some particular radioactive isotope per gram of soil (pCi/g). 
This means that there is a certain number of picocuries of the isotope con-
tained in each gram (454 grams = 1 pound) of soil. For example, a value of 
2 pCi/g means that each gram of soil has an associated radioactivity of about 
4.4 decays each minute. Concentrations of radioactivity in air are often 
reported as picocuries per cubic meter (pCi/m3). This means that there is a 
certain number of picocuries of a radioactive isotope dispersed throughout the 
volume of air equivalent to a cube that is 1 meter on each side (1 meter 
= 1.09 yards). 

C.6 DETERMINING HOW MUCH RADIATION IS RECEIVED 

Radiation doses can be received from sources external to the body, such 
as cosmic radiation or radiation produced by radioactivity in the earth. 
Radiation doses can also be received from radiation produced by radioactivity 
taken into the body by inhalation or ingestion. These two modes of exposure 
are important in this document in terms of both normal doses from background 
radiation and incremental doses attributable to residual contaminants. 

The important distinction between radiation and radioactivity must be 
emphasized at this time. When radiation interacts with a person's body, it is 
quickly dissipated as ionization and eventually heat. However, radioactive 
materials can enter a person's body and remain there for some period of time, 
emitting radiation. Thus, it is incorrect to say that there is "radiation in 
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a person's body." It is correct to say that the person has radioactive materials 
in his/her body and that radiation is emitted from these radioactive materials. 

C.6.1 External Penetrating Radiation 

Normal external penetrating radiation doses come primarily from natural 
terrestrial sources or natural cosmic sources. These doses affect the entire 
body, including all internal organs. 

Natural Terrestrial Sources 

The radioactivity in rocks, soils, and other natural materials arises 
primarily from three sources: uranium and its decay products (such as radium), 
thorium and its decay products, and potassium. There are many other natural 
radioactive materials, but their contributions to human doses are small. The 
amount of gamma radiation from these sources varies in different parts of the 
country depending upon the amounts of natural radioactivity in the soil. The 
average for the coastal plain is about 15 mrem/yr; for the noncoastal plain, 
excluding the Colorado plateau area, about 30 mrem/yr; and, for the Colorado 
plateau area, about 60 mrem/yr. There are, however, variations within these 
averages, and higher values occur in given localities. For example, radiation 
of up to 100 mrem/yr from soils and rocks has been measured in central Florida 
and in the granitic regions of New England. In India and Brazil, terrestrial 
radiation reaches several hundred mrem per year over large regions, and even 
higher values occur in smaller parts of these regions. 

The presence of natural radioactive materials, especially uranium and 
thorium, are responsible for penetrating radiation doses from masonry struc-
tures that are frequently higher than doses from natural sources outdoors. A 
United Nations study reports that doses average about 30% higher Inside masonry 
structures than outdoors. Conversely, structures of wood or metal materials 
afford some shielding and may reduce indoor doses from natural terrestrial 
radioactivity by 25% compared to outdoor doses. 
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Natural Cosmic Sources 

Cosmic radiation reaching the earth originates primarily from outside our 
solar system. The atmosphere provides some shielding, but there is a definite 
increase in intensity of cosmic rays at higher altitudes. At sea level, 
cosmic rays (including cosmic neutrons) produce doses of about 30 mrem/yr. At 
the altitude of Denver, Colorado (5000 ft), they produce about 55 mrem/yr; and 
at Leadville, Colorado (10,000 ft), they produce about 120 mrem/yr. 

Airline travel at higher altitudes can result in doses of 0.2 to 0.3 mrem/h, 
or 1.5 to 2 mrem total for a single transcontinental trip. 

Medical Diagnostic X-Rays and Other Han-Made Radiation 

People receive man-made radiation from a number of sources. By far, the 
most important are medical procedures, including diagnostic X-rays and the 
medical use of radioactive isotopes. The average annual whole-body dose to a 
resident of the United States from diagnostic medical procedures is 70 to 
90 mrem, >or an amount about equal to normal background radiation. Other 
sources of man-made or technologically enhanced radiation—including television, 
smoke detectors, luminous dial watches, mining and milling of phosphate, and 
burning of coal and natural gas—add 2 to 5 mrem per year. 

C.6.2 Radiation From Internally Deposited Radioactivity 

Many radioactive materials, both natural and man-made, can be incorpora-
ted into tissues because their chemical properties are identical or similar to 
properties of stable isotopes in the tissues. For example, 0.012% of natural 
potassium is the radioactive isotope K-40. The radioactive portion of potassium 
is incorporated into plant and animal tissues in the same manner as the stable 
potassium isotopes because the chemical properties are identical. Radioactive 
Sr-90, which results from nuclear fission, can be incorporated into tissues 
because its chemical behavior is similar to that of calcium. Once such radio-
active isotopes are deposited in biological tissue, they emit radiation that 
results in an internal dose to the organ or organism. Internally deposited 
alpha emitters can be significant because the alpha particle radiation is 
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emitted directly into tissue, whereas external alpha particle radiation is 
stopped by the outermost skin layers. 

Pathways 

Although radiation from internally deposited radioactivity causes the 
same ultimate effects as external penetrating radiation, the evaluation is 
more complex because the physical and chemical processes that govern movements 
of the materials in nature and biological systems must be considered. The 
evaluation of movements of materials by such processes as dispersion in the 
atmosphere, transport in water, uptake by plants or animals, and, utlimately, 
the biochemistry of the human body is often termed pathway analysis. There is 
nothing unique to pathway analysis for radioactive materials; the methods and 
principles are equally applicable to studying movements of natural substances 
and nonradioactive pollutants. Among the major types of environmental pathways 
considered in this report are resuspension, hydrologic transport, and food 
chains. These are all ways of transporting contaminants to the human body. 

Resuspension involves various mechanisms, such as wind or mechanical 
disturbance, for making particles of dust and soil airborne. Once airborne, 
the particles and any contaminants on them are potentially available for 
inhalation. 

Hydrologic transport refers to movement of materials dissolved in water 
and movement of materials attached to sediments. Such movements can make 
contaminants available for ingestion with drinking water and for uptake by 
plants or animals or can result in redistribution of sediments to different 
locations. 

Food chains involve pathways of movement of materials through natural 
biological systems. A typical sequence starts with plants taking up materials 
from soil or water. The next step could be direct consumption of the plant 
material by humans or ingestion of the plant material by cattle or fish, 
followed by ingestion of the beef or fish by humans. 
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Once materials have been made available for entry into the human body 
through these environmental pathways, the analysis must determine how the 
substances of concern will be assimilated within the body. This requires an 
understanding of the complex biochemistry of the body to determine where 
particular substances will be deposited and how long they will be retained. 
For example, both strontium and plutonium can ultimately be preferentially 
deposited in bone and are then retained for long periods. However, the amount 
deposited depends on the chemical form of the element and whether the materials 
gain entry to the body by inhalation or ingestion. For the same amounts of 
radioactivity, strontium is deposited to a greater degree when ingested and 
plutonium is deposited to a greater degree when inhaled. 

Internally deposited radioactive materials emit radiation and thereby 
produce doses as long as they are in the body. Accordingly, doses delivered 
must be accounted for over a period of time beyond the period during which the 
radioactivity was ingested or inhaled. A common way of doing this is by 
calculating "dose commitments" for a specific period of time. A 50-year dose 
commitment, for example, represents the total dose accumulated in the body or 
specific organ over a 50-year period due to ingestion or inhalation of radio-
activity during the first year. The 50-year commitments are always as large 
as or larger than the first-year doses. 

In this document, the 50-year dose commitment is calculated for internally 
deposited radioactive materials. This 50-year dose commitment can be compared 
to standards for organ doses to determine compliance. Conceptually., this is 
in agreement with the recommendations of the International Commission on 
Radiological Protection (ICRP) which, in effect, for regulatory purposes 
recommends that the entire dose commitment be charged against the year in 
which the exposure occurs. The use of the 50-year dose commitment also permits 
one to estimate risk over a lifetime from the given exposure and simplifies 
comparisons between different exposure situations. 

The dose commitments in this report were calculated using published 
factors from references currently used by regulators. The mathematical dose 
models employed in the derivation of these factors were based primarily upon 
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recommendations of the International Commission on Radiological Protection and 
other recognized organizations of radiation protection specialists (see 
Appendix B). 

Other methods of computing doses are available, and some are considered 
more up-to-date in terms of utilizing the best current understanding of the 
behavior of isotopes within the body. Additionally, there are conceptually 
different approaches that emphasize the dose at the time of maximum dose rate 
following exposure as the basis for comparison with standards. This is signi-
ficant for isotopes such as plutonium that accumulate in certain parts of the 
body and can lead to a constantly increasing dose rate under conditions of 
chronic exposure. One such approach has been proposed by the U.S. Environ-
mental Protection Agency as guidance for Federal agencies in regard to plu-
tonium. These other approaches, however, do not result in dose estimates or 
comparisons with standards for the radionuclides of concern for FUSRAP that 
are sufficiently different f«*om the methods used in this report to make any 
significant difference in the conclusions drawn. For example, under condi-
tions of chronic exposure to airborne Pu-23S, the dose in the year of maximum 
dose rate (taken to be the 70th year) calculated by alternative methods gives 
estimates ranging from about 0.25 (for bone) to 2.6 (for lung) times the 
50-year dose commitment. These differences are of about the same magnitude as 
other uncertainties in field data and are smaller than some of the intention-
ally overestimated assumptions incorporated into these evaluations. Thus, 
there would be no significant changes in the relative ranking or general 
magnitude of estimated doses and risks if other methodologies were used. 

Radiation from Natural Radioacivity 

The most prominent internal natural radioactive material in the body is 
the radioactive isotope of potassium. Potassium is one of the elements needed 
to sustain life. Potassium-40 is distributed throughout the body and con-
tributes about 17 mrem/yr to the whole body. Other natural radioactivity 
taken in with food or air adds enough radiation to bring the total whole-bu4y 
dose to about 27 mrem/yr. 
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Some natural radioactive materials tend to concentrate in particular 
parts of the body. For example, radium and its decay products concentrate in 
bone and contribute a major part of the approximately 47 mrem/yr bone dose. 

Radon, a natural radioactive gas released by all terrestrial materials 
including soil and masonry products, is the largest contributor to internal 
lung doses. Radon is inhaled with air and decays by alpha particle radiation 
through a chain of other radioactive decay products that contribute doses as 
they, in turn, decay. Concentrations of natural radon in the air can be 
greatly increased in masonry structures or in tightly sealed structures where 
dilution by ventilation air exchange is low. 

Radiation from Worldwide Weapons-Testing Fallout 

Radioactive materials released by atmospheric testing of nuclear weapons 
have been dispersed worldwide and deposited on soils everywhere. By various 
pathways, including resuspension and food chains, small amounts of such radio-
activity are incorporated into everyone's body. The average dose from world-
wide fallout radioactivity to the population in the United States is about 
4.4 mrem/yr to the whole body. For lungs and hones, the doses are less than 
about of doses from natural materials. 

C.7 POTENTIAL HARM OR RISK FROM RADIATION 

The damage done by radiation results from the way it affects molecules 
essential to the normal function of body cells. Four things may happen when 
radiation strikes a cell: 

1. It may pass through the cell without doing any damage. 

2. It may damage the cell, but the cell partially repairs the 
damage. (The ability of a cell to repair some of the damage 
from radiation explains why a given dose of radiation delivered 
in small amounts over a long period of time is generally 
believed to be less damaging than the same total dose given all 
at once.) 
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3. It may damage the cell so that the cell fails to repair itself 
and reproduces in damaged form over a period of years. 

4. It may kill the cell. 

The death of a single cell may not be harmful, but serious problems occur 
if so many cells are killed in a particular organ than the organ no longer can 
function properly. Incompletely or incorrectly repaired cells may, over a 
period of time, produce delayed health effects such as cancer, genetic muta-
tions, or birth defects. 

Radiation at high enough doses will kill in a short time. The lethal 
dose is estimated to be 400 to 500 rem for gamma radiation, with death 
occurring in 10 to 30 days. However, the public is seldom, if ever, subjected 
to such high doses. We will, therefore, concentrate our attention on the 
effects that occur later—cancer and genetic effects. 

C.7.1 Cancer 

Information on the induction OT cancer in humans comes from several 
sources. The most important data on external radiation are for the Japanese 
who survived the blast effects but received high radiation doses at Hiroshima 
and Nagasaki and for the people who have been exposed to radiation during 
medical therapy. Information on internal emitters are from studies of workers 
who ingested radium while painting watch dials in the early 1920s, from a 
group of patients who were administered radium as a Lome, and from uranium 
miners who were exposed to radon and its decay products. Evaluations of such 
data have led to estimates of the likelihood of radiation-induced cancer. 
These estimates are accepted by the majority of the national and international 
scientists working with radiation. 

In order to interpret the actual risks, several points must be understood. 
First, cancers or genetic changes caused by radiation cannot be distinguished 
from those that occur every day spontaneously or from exposure to other carcino' 
genie chemicals. About 400,000 deaths occur from cancers in the United States 
each year, or about 15 to 20 per 10,000 people. We can infer an effect from 
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radiation only if the total number of cancers (or of a particular type of 
cancer) is increased by an amount we can detect. Valid comparisons are made 
even more difficult because some population groups have higher normal rates of 
cancer than others. This may be due to differences in the way they live and 
the possible carcinogens in their environment. Cancer also occurs more often 
in older people than in younger people. Thus, to detect increases in effects, 
a comparison (or control) group that is the same as the exposed group is 
necessary. 

The preceding discussion leads to the fact that there have besn no direct 
measurements of increased cancer for low-level radiation exposures (1 to 
5 rem). Data exist only for much higher exposures (100 rem and above, delivered 
over a short time). Thus, scientists have estimated risks for the lower doses 
by assuming that any dose results in some effect (no threshold for effect) and 
that the relation between the radiation dose and the effect (cancer) is linear. 
That is, for each doubling of the dose there will be a doubling of the effect. 
This is an assumption that is generally believed to provide an overestimate of 
any effects. In fact, many scientists are now using a more complex mathematical 
relation between dose and effect that estimates risks at 2 to 10 times lower 
than the values given in this report. 

Second, another characteristic of cancer or genetic effects from any 
cause is that they are statistical in nature. That is, not all of the indivi-
duals will be affected. Rather, a few individuals in the population will get 
cancer or have genetic defects, and the remainder will not be affected. 
Therefore, we express the risk as the likely number of effects in a given 
population. For example, 30 cancers per 1,000,000 people means we expect 
30 cancers out of this group of 1,000,000 people, but cannot tell which of the 
30 will get cancer. In terms of individual risk, this would mean that an 
average individual in that population has a risk of cancer of 30 chances in 
1,000,000. 

Careers of many types can result from exposure to radiation or other 
carcinogens. These cancers do not occur for some period of time after expo-
sure, usually 5 to 25 years. This period of time is called the latent period. 
For example, there are data on the Japanese survivors indicating that the 
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latent period for leukemia is 1 to 4 years. The risk of leukemia is limited 
to about 25 years after the exposure. After this time, the risk of leukemia 
decreases to the normal incidence. For other cancers, the latent period is 
longer, about 10 to 20 years. However, information is incomplete. 

Data from studies of humans have been used to estimate the number of 
cancers that could result from radiation exposures of given magnitudes. These 
estimates generally are considered to be high because of the use of the linear, 
no-threshcld assumption in extrapolating from the high levels at which the 
people actually were exposed. In spite of this, these estimates are useful 
for illustrating the number of additional cancers that could be induced in a 
population exposed to radiation (or, conversely, the chance that an individual 
exposed to radiation will get cancer). 

The estimates of health effects risks given in this report were based On 
the factors recommended by the National Academy of Sciences and the Interna-
tional Commission on Radiological Protection. Multiplying an estimated dose 
by the appropriate risk factor gives an estimate of the probability of injury 
to t'.e individual as a result of that exposure. The risk factors used are 

For uniform whole-body dose: 
Cancer mortality 

For specific organ doses: 
Lung cancer 

Bone cancer 

0.0002 per rem to whole body 

0.00002 per rem to lung 

0.000005 per rem to bone 

As an example, a whole-body dose of 10 mrem/yr would be estimated to add a 
risk of cancer mortality to the exposed individual of one chance in a million 
(1/1,000,000) per year of exposure. 

Such risk estimates must be placed in appropriate contexts to be useful 
as a decision-making tool. A jseful comparison is an estimate of the risk 
that can be attributed to natural background radiation. Radiation from various 
natural external and internal sources results in exactly the sane types of 
interactions with body tissues as radiation from "nan-made" radioactivity. 
Thus, the risks fron a given dose are the sane regardless of the source. 
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C.7.2 Genetic Effects 

One of the concerns of many people is the possible effect of their expo-
sure to radiation on future children. An effect on the reproductive cells of 
the body that can be inherited by children is called a genetic effect, and the 
change itself is called a mutation. Many of these mutations are unnoticeable 
or barely noticeable. 

There is no information based on human exposure that will allow an esti-
mate of the risk of mutations. Thus, data from studies involving fruit flies, 
mice, and other animals—along with known abnormalities in human births and 
general knowledge of genetics—have been used to arrive at an estimate of the 
risks. Careful study of the survivors of the Hiroshima and Nagasaki atomic 
bomb explosions and their doscendents has shown that these estimates are 
reasonable. The information available is not sufficient to provide a precise 
value, but a range of values illustrates the magnitude of the risk. 

It is estimated that some form of genetic mutation occurs in about 10% of 
all births. These range in importance from the trivial, such as a change in 
eye color, to the serious, such as a stillbirth or a deformity in the body of 
the child. Exposure to 1 rem of radiation during the childbearing years is 
estimated to result in 6 to 100 additional changes per 1,000,000 births in the 
first generation. This may be compared to the 100,000 estimated to occur in 
the same group without exposure to radiation above background levels. Con-
tinued exposure to 1 rem for generation after generation is estimated to 
eventually lead to 60 to 1100 additional births with ganetic mutations per 
1,000,000 births. If the actual radiation received is higher or lower, the 
numbers given above will change in proportion. 

C.7.3 Effects on the Fetus 

Signs usually are posted in the X-ray departments of hospitals advising 
women to see their doctor before having X-rays if they have reason to believe 
they are pregnant. The reason is that the fetus, particularly in the first 
three months, is especially sensitive to radiation and may be damaged if 
exposed to excessive radiation. The doctor, therefore, may wish to reevaluate 
his/her procedure. 
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Information on single exposures of animals to radiation indicates that 
some changes detectable by sophisticated tests occur with doses of a few rem. 
At present, no specific relationship between dose and the likelihood of damage 
has been developed. Because of this and the relatively low doses attributable 
to residual contaminant*, no estimates of effects on the fetus were made in 
this report. 

C.8 STANDARDS FOR EXPOSURE TO RADIATION 

There are a number of organizations that provide standards or regulations 
limiting the amount of radiation people should receive. Voluntary standards, 
or recommendations, p.*e provided by the International Commission on Radiologi-
cal Protection (ICRP) and the National Council on Radiation Protection and 
Measurements (NCRP). Both are groups of scientists knowledgeable about radia-
tion. They study the available data and recommend appropriate limits on the 
maximum amount of exposure that should be received. They also make recommen-
dations on the use of appropriate equipment anc procedures. Their recommenda-
tions are .iot binding, but have been accepted by many regulatory agencies. 

The principal agencies in the United States that provide regulations on 
radiation exposure are the U.S. Environmental Protection Agency (EPA) and the 
U.S. Nuclear Regulatory Commission (NRC). Other agencies that provide regula-
tions in their own areas of interest include the Food and Drug Administration 
(FDA) and the Occupational Safety and Health Administration (OSHA). The 
U.S. Department of Energy (DOE) has adopted standards for radiation protection 
for its programs that require exposure to radiation or use of radioactive 
materials. 

The EPA is the lead agency in ti'ie sense that it provides basic guidance 
to be used by all Federal agencies. The EPA has the responsibility to provide 
general environmental standards for the NRC and specific responsibilities to 
produce standards under the Clean Air Act, the Clear Water Act, and the 
Resources Recovery and Conservation Act. The EPA has adopted a policy of 
setting standards at as low a level as is believed economically feasible. For 
this reason, the EPA standards are frequently lower than those of the ICRP or 
the NCRP. 
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The NRC provides regulations relative to commercial use of nuclear reactors 
and all products associated with such reactors, including radioactive materials 
used in medical practice. Because the NRC does not regulate natural radioactive 
materials or X-rays, the states have taken responsibility, usually following 
the recommendations of the NCRP. 

The standards and regulations, or guidelines, fall into two general 
categories: (1) primary radiation protection standards, and (2) secondary 
standards for intake of radioactive materials. Within each category there are 
generally two sets of values, one applicable to occupationally exposed persons 
and the second applicable to members of the public. All comparisons in this 
report are made to the standards appropriate for the general public. 

An important principle in all radiation protection recommendations and 
regulations is that the amount of radiation received by people should be kept 
as far below the actual dose limit as is reasonably achievable. That is, the 
goal of a radiation protection program is not to ensure that everyone is kept 
at or just below the limits; instead, the goal is to ensure that working 
conditions and practices are such that both the workers and the public receive 
the smallest amount of radiation that can reasonably be achieved. 

C.8.1 Primary Radiation Protection Standards 

Primary radiation protection standards represent limits for exposure to 
external and internal radiation for the whole body and for specific organs. 
The standards, or upper limits, for the general public are basically one-tenth 
of the values permitted for occupationally exposed workers. The standards 
apply to increments of exposure in addition to natural background and medical 
exposures. 

The upper limit adopted by all Federal agencies, including the DOE, is 
500 mrem/yr to the whole body, gonads, or bone marrow, and 1500 mrem/yr to 
other organs. For average radiation doses to an exposed population, the 
Federal Radiation Council (which has been incorporated into the EPA) recom-
mended that the average exposure to that portion of the population receiving 
the highest annual dose be limited to one-third that of the maximally exposed 
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individual. (This average limit was sut to minimize potential genetic damage 
and was derived from limiting the whole-body dose to 5 rem over 30 years for 
large populations.) The basic radiation standards used by DOE for the general 
public are shewn in Table C.3. 

Table C.3. DOE Radiation Protection Standards for 
External and Internal Exposures 

Individuals and Population Groups 
in Uncontrolled Areas 

Annual Dose Equivalent or 
Dose Commitment 

Based on Dose to Based on an Average 
Individuals at Points of Dose to a Suitable Sample 

Type of Exposure 'laximum Probable Exposure of the Exposed Population 

Whole body, gonads, 0.5 rem 0.17 rem 
or bone marrow (or 500 mrem) (or 170 mrem) 

Other organs 1.5 rem 0.5 mrem 
(or 1500 mrem) (or 500 mrem) 

A final word about these standards and their meaning is appropriate. 
Exposure to more radiation than permitted by the standards is not analogous to 
stepping off a cliff. That is, there is no sharp line between doses causing 
excessive harm and doses causing little or no harm. The opposite situation is 
true for many chemical poisons. An additional exposure of 1 mrem increases a 
person's risk of cancer or genetic mutation by the same amount whether it is a 
millirem of background radiation, the first millirem above background radiation, 
or the first millirem above the 500-mrcm limit. 

C.8.2 Secondary Standards for Intake of Radioactive Materials 

Secondary standards to be used in the control of exposure by limiting the 
intake of radioactive materials are calculated from the primary standards on 
the basis of knowledge of the fate of the particular radioactive material In 



C-25 

the body and the time it remains in individual organs. These standards are 
determined from the amount of water ingested by a tyj/cal individual in a year 
and by the inhalation rate of the individual. These standards are expressed 
as concentrations and are generally calculated so that the doses received from 
internal radiation will not exceed the primary standards under conditions of 
continuous exposure to the contaminants in air or water. 

The assumption of continuous inhalation of air or ingestion of water, 
upon which the secondary limits are based, leads to a problem in using the 
limits. A frequent misinterpretation is that the secondary standards represent 
maximum concentrations to which a person can be exposed regardless of the time 
of exposure. This is not true. The total intake of radioactivity determines 
the dose received, not the particular concentration in air or water at any 
given time. The secondary standards are calculated as annual averages. Thus, 
a person could be exposed to 10 times the secondary standard concentration for 
a week and receive only about 20% of the annual intake permitted by the 
secondary standard. 

The fact that some radioactive materials have a short half-life or are 
rapidly eliminated from the body is accounted for in the secondary standards. 
For example, tritium is eliminated from the body with a half-life of 12 to 
13 days. Thus, the radiation received from a single drink of water containing 
tritium at the secondary limit will be only a fraction of the annual limit 
that is calculated for continuous intake. Another example is plutonium, which 
is very well retained in the body and has a long half-life. A person will 
reach the annual radiation limit only after continuous inhalation or ingestion 
at the secondary limit for 50 years. Thus, intake at or above this limit for 
days, weeks, or even months will not result in one's reaching or even approach-
ing the primary standard dose limit. The secondary standards for DOE are 
given in Attachment 1 to Chapter XI of DOE Order 5480.1A. They are not 
repeated here because the list if quite lengthy. 
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