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ABSTRACT 

This document provides information obtained during the performance of 
several risk assessment tasks in support of the Assurance Program for 

Remedial Action (APRA) sponsored by the Office of Operational Safety of the 
Department of Energy. We have presented a method in this project for the 
estimation of projected health effects at properties in the vicinity of 
uranium mill tailing piles due to transported tailings or emissions from 
the piles. Because radon and radon daughter exposure is identified as the 
principal factor contributing to health effects at such properties, the 

basis for estimating lung cancer risk as a result of such exposure is 
discussed in detail. Modeling of health risk due to a secondary pathway, 
ingestion of contaminated, home-grown food products. is also discussed 

since it is a potentially important additional source of exposure in 
certain geographic locations. Risk assessment methods used in various mill 
tailings reports are reviewed. The protocols for radiological surveys 
conducted in DOE-sponsored remedial action programs are critically reviewed 
with respect to their relevance to the needs of health risk estimation. 

The relevance of risk assessment to the APRA program is discussed briefly . 
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CHAPTER 1 

OVERVIEW 

INTRODUCTION 

This document represents a synthesis of work conducted_ to date on risk 
assessment at the Pacific Northwest Laboratory (P~Il) in support of the 
U. S. Department of Energy (DOE) Assurance Program for Remedial Action 
(APRA). The program is sponsored by the DOE Office of Operational Safety. 

The document includes a presentation of a method developed by PNL for 

the estimation of risk and health effects at vicinity properties in the 
Uranium Mill Tailings Remedial Action Program (UMTRAP). In support of the 
method, chapters are included that describe the risk of lung cancer from 
radon (radon daughter) exposures and the use of ingestion dose models. An 
additional major segment of the document is concerned with the review of 
procedures employed by other organizations. These include a chapter 
concerned with the risk assessment methods used by other contractors and a 

chapter on the review of radiological survey techniques, viewed from the 

standpoint of risk assessment. 

SOURCE TERM 

The first step in the estimation of risk is the characterization of 
the source term for the exposure of persons potentially at risk. The 
radiological characterization that provides the source-term data is usually 
a multipurpose activity. Surveys are conducted to confirm suspected radio­
logical contamination at levels above background such ~hat they are poten­
tial candidates for remedial action. They are designed to provide a basis 
for compliance with standards. The surveys also address engineering needs 
in projecting the nature of the remedial action that will be required. 
Satisfying needs for risk assessment appears to have been a lesser 

consideration in conducting the radiological surveys. The relevance of 
data collected in the radiological surveys to risk assessment are addressed 
in the discussion of the methods developed for estimating health effects 

(Chapter 2) and in the review of radiological surveys from the standpoint 
of risk assessment (Chapter 6). 
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OCCUPANCY 

The source term described above provides data concerning the levels of 

exposure of various types that persons are 1 ikely to encounter. In ad­

dressing the relative need for a remedial action to be taken, the potential 

impact on exposed individuals is an important consideration-. Exposure will 

create a risk to individuals, which may or may not be considered reasonable 

or acceptable. In addition, the aggregate effect is important in that the 

exposure of substantial numbers of persons may warrant greater urgency in 

instituting a remedial action than would be the case if the same level of 

exposure were ~xperienced in an occasional isolated manner. In the case of 

vicinity properties, we will see that occupancy is important not only in 

defining the number of individuals likely to be exposed in a given property 

but also the numbers that are apt to be exposed to different levels of the 

radiation sources in different indoor locations. 

RISK EST!fiATION 

The objectives in risk estimation are largely independent of the type 

of property that serves as a site of exposure. For example, whether the 

site being evaluated is a formerly utilized site, a uranium mill tailings 

pile or a vicinity property contaminated with tailings, the assessment of 

risk involves the calculation of the health risk to an individual resulting 
from exposure to a given source. A second measure of risk is provided by 
the increase in that risk over a comparable normally occurring risk, such 

as the increased probability of cancer expressed as a percentage of the 

individual's normal risk of developing cancer or the specific cancer type. 

Finally, the risk associated with a given source must be evaluated in terms 

of the magnitude of the effects that may be caused by the exposure. In the 
case of tailings piles, this may involve exposure of populations surround­

ing or downwind from the pile. A vicinity property may be commercial or 

residential, resulting in different patterns of exposure and duration of 

exposure for occupants. Furthermore, the distribution of individuals 

within a property and the level of occupancy may influence the number of 

projected induced effects. 
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The spectrum of exposures creates a demand for risk coefficients that 
enable the investigator to calculate risk related to exposure level, based 
on current best information. Accepted risk coefficients for gamma-ray 

Rxposure are relatively simple. On the other hand, the risk coefficients 
for inhaled radon and its daughters are quite complex and are addressed in 
Chapter 3 of this document. Radionuclides ingested by the food pathway 
also require relatively elaborate models for the calculation of their 

associated risk. Models for the food pathway are treated in Chapter 4 . 

Finally, the risk assessment methods employed by other organizations 
are reviewed in detail in Chapter 5 of this document. 

RELEVANCE OF RISK ASSESSMENT 

Risk assessment has assumed increasing importance in recent years. 
Several purposes may be served by the assessment of risk as described here. 

A paramount consideration is the establishment of priorities in authorizing 

remedial actions. The duration of the remedial action program as author­
ized by the Congress and the annual rate of funding of the program may be 
such that not all actions considered desirable or required to comply with 

standards will be accomplished. This circumstance imposes on the Depart­
ment of Energy a need to establish priorities in performing its remedial 
actions. As 1990 (the end of the authorization period) approaches, if a 
review of the program discloses that low-priority properties or sites will 
have been decontaminated while higher-priority examples remain untouched, 
the effectiveness of the overall program will be seriously questioned. 
Estimation of individual risk and of projected health effects in relation 
to cost of a remedial action is probably the most relevant means for 
justifying the priority assigned to a given action . 

Standards promulgated by such cognizant agencies as the Environmental 

Protection Agency (EPA) are subject to periodic review. In the case of 
remedial action programs, the organization most concerned and best equipped 

to provide such review, comment and suggestion concerning relevant stan­
dards is the Department of Energy. The basis for such a review must be 
prepared well in advance. A remedial action program that is geared solely 
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to comply with standards will not provide an informed basis for review and 

recommendation. The cost-benefit contribution of a risk-assessment compo­
nent of the program will permit an enlightened approach to any future 
evaluation of the propriety of existing standards. 

A further application of risk assessment lies in the surveillance of 
DOE programs by individual congressmen or congressional committees. In the 
past, a key question that has been raised by congressmen relative to 
facilities in their districts that fall within the scope of UMTRAP or 
FUSRAP programs has been the risk to persons from residual contamination. 

Another issue raised in congressional hearings is the cost-effectiveness of 
the remedial action programs. Finally, the utilization of risk assessment 
and evaluation by government departments and agencies has become a suffi­
cient congressional concern to warrant passage of H.R. 4192, 11 The Risk 
Assessment Research and Demonstration Act of 1983. 11 Pursuant to this Act, 
Hon. James H. Scheuer, Chairman, Subcommittee on Natural Resources, Ag­

riculture Research and Environment of the Committee on Science and Tech­
nology of the U.S. House of Representatives requested of Secretary Paul 

Hodel on April 23, 1984 written responses to questions concerning risk 
assessment activities required of the Department under H.R. 4192. The 
latter action illustrates the level of congressional interest in the 

application of risk assessment and evaluation to major programs authorized 
by the U.S. Congress. 

In summary, an effective risk assessment program provides (1) a 
rational basis for establishing priorities in the conduct of a remedial 
action program; (2) the means to provide informed comment and suggestion in 
the periodic review of relevant standards; and (3) data required to satisfy 

congressional inquiry of the Department as well as the mandated need to 

include such an activity in carrying out its authorized functions. 
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CHAPTER 2 

METHOD FOR THE ESTIMATION OF RADIOLOGICAL HEALTH EFFECTS AT 
URANIUf1 MILL TAILINGS VICINITY PROPERTIES 

INTRODUCTION 

This chapter is concerned with the estimation of health effects at 
vicinity properties contaminated with tailings transported from a uranium 
mill tailings pile or located sufficiently near a pile to be affected by 
it. The principal objectives of the approach adopted here are to provide 

best estimates of cancer risk to exposed individuals and of projected 
numbers of cancer deaths based on occupancy and the pattern of contamina­
tion in individual properties. Although the methods \'Jere developed to 

provide estimates for Salt Lake City properties, the approach should be 
applicable to other sites, subject to the modification of details to 
account for individual site and property characteristics. 

The principal factor in health risk for properties containing tailings 
beneath structures is usually radon (Rn-222) and its daughters. The other 
factor in the structures is the gamma-ray exposure. Tailings in soil 
surrounding structures may contribute gamma-ray exposure and, in the case 

of residences, Ra-226 exposure (deposited internally in the body) via the 

food chain. 

Because estimates of health risk and events are contingent on measure­
ments of exposure values, the quality of the estimates depends upon the 
availability of appropriate measurement data. The latter are provided by 
radiological surveys that may serve purposes other than health-risk estima­

tion. In fact, the thrust of the surveys in DOE remedial action programs 
appears to have been directed toward compliance with standards and guide­
lines. Therefore, the following discussion will consider the estimation 
process in light of the data that have been available to us for properties 
in the Salt Lake City area. 

5 



MEASUREMENT DATA 

The measurement data in the radiological survey reports that were 
available comprised both indoor and outdoor measurements (see Chapter 6); 
the values in the survey reports included background. The indoor measure­
ments included direct and transferable surface alpha and beta-gamma measure­
ments. External gamma-ray measurements were taken either at grid points or 

in the center of a room if not large, both at the floor surface and at a 
level 1 m above the floor. Radon and daughter measurements were made only 

indoors and were undertaken only if elevated gamma-ray levels were 
observed. The minimal measurements in this respect were made on grab radon 
samples. At the next level, grab radon and daughter samples were measured. 
If indicated by the results of grab sample measurements, continuous radon 

measurements were made over a period of several days by means of a Wrenn 
chaMber (providing hourly radon averages), and/or PERM measurements were 

obtained for a period of four or five weeks. 

Outdoor measurements were directed to external gamma-ray exposure and 
soil concentrations of radionuclides, principally Ra-226 and U-238 and, 

occasionally, Th-232. The gamma readings were obtained at grid points ot 
ground level and 1 m above ground. Soil samples were obtained either at 

grid points or at locations having elevated gamma-ray measurement values. 
The samples were obtained from auger holes and usually included both 
surface (< 15 em below the surface) and subsurface (~ 15 em below the 
surface) soil, identified separately. Groundwater samples were also 

analyzed when indicated (ORNL 1982). 

The most relevant measurements for health-effect estimation are the 
indoor external gamma values at 1 m, the indoor radon gas and daughter 

values, and the weighted-average soil radionuclide concentrations (for 
residences). The outdoor external gamma levels and soil concentration 

values provide a perspective on the distribution of contamination with 
respect to a structure, its constituent parts, and the surrounding land. 
When exposures in a structure are too low to permit the calculation of 
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positive risk estimates in residential structures, risk and health effects 
based on outdoor gamma measurements are calculated. 

EST!fiATION OF RISK AND HEALTH EFFECTS 

Three measures of risk and health effects are recommenQed. All relate 

to exposure above background, which imposes the requirement that background 
values be subtracted from measured or estimated exposure values. The first 

is the lifetime cancer risk to the individual; the second, the percentage 
increase in the individual 1 s cancer risk relative to the normal cancer risk 
in the U.S. population; and the third, the number of excess cancer deaths 
during a lifetime or 50-year period, based on occupancy of the structure or 
site and exposure encountered at different locations in the structure. The 
third is the most important of the three measures for the purpose of 
setting priorities for remedial action and for comparing the cost-effec­
tiveness of remedial action undertaken with respect to mill tailings with 
that of remedial or preventive actions instituted for other potential 
health hazards. This type of estimate lends itself to a cost-benefit 
approach in providing data suitable for the calculation of the cost per 

death prevented. 

Best estimates rather than maximal estimates are calculated because 
health-effect estimates, based on maximal measurement values, when applied 
to an entire property, can drastically distort the probability of calcu­
lated events. A maximal value that approximates the average throughout a 
property in the presence of uniform distribution of contamination may be 
considered reasonably representative. On the other hand, a high value due 
to a limited pocket of contamination when all or most other measurements 
have substantially lower values, reflecting little contamination in those 
areas, would produce a distorted picture. The maximal values for the two 
properties could be equal, while the anticipated health consequences are 
actually very different. Furthermore, a maximal value may be an outlier, 

resulting from measurement error or random variation, rather than a higher 
level of contamination. For these reasons, best estimates are preferred to 
estimates based on maximal values. 

7 



As stated above, in our health-effect calculations, we have used gamma 
radiation exposure rates, radon gas or daughter concentrations, and 
weighted-average soil concentrations (at residential properties). The 
gamma measurements are relatively straightforward. External gamma measure­
ment values at 1 m abcve the surface (or at the surface if not available at 
1m) are most appropriate for this purpose. In the absence-of information 
to the effect that work at commercial properties is performed outdoors, one 
may limit consideration of ganma-ray measurements to indoor values. For 
residences, the time that we have allotted for indoor occupancy (7000 h) is 

considered sufficiently conservative to also account for gamma-ray exposure 
during the more limited time likely to be spent outdoors. However, in 
cases where indoor exposure does not exceed the background level, outdoor 
exposure to gamma radiation for 500 h/yr may be assumed. The principal 
problem here is one of relating the measured levels to the exposure of 
occupants, that is, whether to average over an entire structure, individual 
rooms, or sets of rooms having relatively uniform levels. The extreme 
variation in gamma levels in a given building way influence the estimate of 
projected cancer deaths if occupancy is not uniform with respect to the 
data points. In most structures, 
small in comparison with that due 

of occupants 

the cancer risk due to gamma exposure is 
to radon daughters. However, the greater 

of residences when compared with duration of exposure 
commercial buildings may increase the risk from gamma exposure to levels 
warranting attention (if not overshadowed by simultaneous radon daughter 
exposures). 

Estimation of radon gas and/or daughter exposures and associated 
equilibrium factors is a much more difficult task. The need for the 
estimation of working level values for radon daughters is obvious. The 
need for estimates of equilibrium factors is less so. Hm·Jever, the equi­
librium factor allows the estimation of a working level value from radon 

gas concentrations, which is essential if daughter values are not available 

or is preferred if the daughter measurements are less valid or representa­
tive than the available radon gas measurements. In addition, the cancer 
risk for the individual with a given exposure in terms of working level 
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months (WLM)(a) per year varies with the disequilibrium of the daughters 
and, therefore, indirectly "w"lith the equilibrium factor. Risk coefficients 

appropriate to different values of the equilibrium factor have been devel­

oped (see discussion in Chapter 3) and are used in our calculation of lung 
cancer risk estimates. In contrast to the abundance of reliable gamma-ray 

measurements, the radon gas and/or daughter measurements are sparse and, 
often, unreliable. The reasons of complexity, cost and inaccuracy of 
measurement, and variability of concentrations due to diurnal, seasonal and 

temporary environmental conditions (such as opening of doors or windows, 
operation of ventilation equipment, etc.) are too well documented to 

warrant discussion here. 

Grab radon or daughter measurements are frequently not representative 
of the individua1 1 S exposure throughout either the work or 11 at home 11 day 
because of the variation in measurement values during the period and the 
influence of temporary conditions. However, grab values of necessity are 
used in calculations when integrated or continuous measurements are not 
available. If both radon gas and daughter grab sample values are provided 
and are presumed to be of equal merit, the daughter values are to be pre­
ferred. Means of long-term radon gas measurements are generally accepted 
over grab radon daughter and, certainly, over grab radon gas measurements. 
Integrated or continuous measurements improve the prospect that the meas­
urements obtained will be representative of the long-term average condi­
tions. However, the use of a gas concentration value does introduce an 
e 1 ement of uncertainty in requiring the use of an equ il i bri urn factor. If 
suitable correction factors are available, an attempt should be made to 
correct for diurnal or seasonal variation. 

Estimates of the equilibrium factor are calculated from simultaneous 
measurements of the gas and daughters when available, it is hoped, under 

(a) A working level (WL) is defined as a concentration of short-lived radon 
daughters (i.e. RaA, RaB, RaC and RaC') totaling 1.3 x 105 MeV of potential 
alpha energy per liter of air. A working level month (WLM) is an exposure 
equivalent to l WL for 170h. 
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conditions that are typical of the exposure of occupants. An arbitrary 
equilibrium factor of 0.3, called the default factor, is used in cases when 
data suitable for the calculation of an appropriate factor are not avail­
able. The assumed equilibrium factor of 0.3 is based on values calculated 
earlier in Salt Lake City (EPA 1974) and on data obtained in Edgemort, 
South Dakota and in other countries such as the Federal Republic of 
Germany. 
daughter 

Guidelines for acceptance on a case-by-case basis of radon, radon 
and equilibrium factor estimates are listed below. We should 

clarify that acceptance as a best available estimate does not imply a 
uniform level of confidence in the validity of the accepted values. some of 
which may be based on scanty data. Obviously, only a few measurements are 

made at times during surveys because the levels are considered too low to 
justify the additional expense involved in accumulating more satisfactory 

data. 

The guidelines that we have employed are as follows: 

1. If only grab radon measurements are available, use them with the 
default equilibrium factor of 0.3 to calculate the radon daughter 
working level unless available data indicate that another equilibrium 
factor value is more appropriate. 

2. Use grab, integrated or continuous radon gas and radon daughter v~lues 
to calculate an equilibrium factor if the measurements are simultan­
eous, overlap or near each other in time unless values are not reason­
able or measurement conditions are considered abnormal on the basis of 
available information. 

3. 

4. 

If grab radon and radon progeny measurements are available, use grab 
radon progeny values unless radon gas measurements are more adequate. 

If grab radon and/or grab radon daughter and integrated or continuous 

radon measurements are available, use integrated or continuous radon 
measurements with an appropriate equilibrium factor unless radon 

progeny data are of sufficient quality to be used directly. 
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As discussed above, the principal alternatives in measuring health 
impact from the radiation exposure of persons occupying the properties are 
the risk to the individual in absolute terms, the relationship of that risk 
to the normal probability of developing cancer or a particular cancer type 
in the United States or the local population, and the total risk to the 
occupants of a property. It is conceivable that, in rare instances, the 
estimated probability of cancer development in an individual or a few 

persons may be unacceptably high. This may be the case in spite of the 
small number of exposed individuals and, perhaps, the lesser total of 
projected cancer deaths when compared with another property of comparable 
cleanup cost. However, in general, we consider the total number of 

projected deaths for a property and its potential cost-benefit implications 
to be a more satisfactory means of measuring relative harm. That is the 
reason for stressing the importance of adequate occupancy data, which may 
permit the distribution of persons or work-hours in areas of a structure 
having different exposure levels such that full-time annual equivalents of 
specific exposure can be estimated. 

We have referred to the relationship of the risk of cancer in exposed 
individuals to their normal probability of developing cancer. The 
relationship is expressed as the percentage of increase in the individual's 
risk. The term 11 normal risk 11 here refers to cancer deaths from all causes 

as reported in U.S. vital statistics. In a technical sense, factors that 
may be considered 11 abnormal, 11 such as cigarette smoking and exposure to 
chemicals, also contribute to cancer mortality. However, we use the terM 
normal to refer to the total cancer or lung cancer risk other than that due 
to the exposures under consideration. The percentage of increased risk due 
to gamma rays is based on the value of 0.164 for normal cancer risk as used 
in the BEIR-3 report for the lifetime age and sex composition of the 
population of the United States. The percent increase in radon daughter 

risk is based on a lifetime U.S. lung cancer risk of 0.041. 

The radiation exposures considered here are arbitrarily assumed to 
exist for a 50-year period. The selection of 50 years is somewhat arbi­
trary but is likely to be compatible with the expected life span of a 
person of average age in the U.S. population and also accommodates the 
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latency period in cancer induction. It may also constitute a reasonable 
expectation for the remaining life span of a building. In any event, 
adjustments in the number of estimated health effects may be made easily 

for other arbitrarily selected periods of exposure. 

Projected cancer deaths due to gamma rays, radon daughters and radio­

nuclides in the food chain from home gardens are based on the number of 
annual-equivalent persons exposed to a specified level. Use of the linear 

hypothesis is implicit in this estimation process in that the duration of 

individual occupancy is irrelevant to the risk calculations. If, for 
example, the occupancy for a property is five annual-equivalent persons, 
the number of cancer deaths is assumed to be the same, whether one or ten 

persons fill a given occupancy slot over a 50-year period. The linear 
hypothesis may be challenged as unduly conservative for gamma radiation but 
is generally used in applications of this kind. The linear hypothesis is 
widely accepted as appropriate for radon daughters. 

As indicated above, exposure levels above background for gamma radia­

tion, radon daughter and food pathway exposure are considered most appro­
priate for calculations of excess risk and health-effect estimation. In 
our own estimation process we have used background levels developed by 

ORNL, e.g., 8~R/h for gamma-ray exposure in nonmasonry buildings, 0.007 WL 
for radon daughters on first-floor levels (0.013 WL for basements), and 1.5 
pCi/g for Ra-226 concentration in soil. Site-specific background data, if 
available, would be preferred. 

The gamma background value may be modified to reflect the influence of 
building materials. An alternative mean background value may be calculated 
for parts of a structure that have no apparent re l at i onsh i p to contaminated 

materials when an adjustment is warranted by the nature of the building 
materials. There is sufficient evidence from other studies and in our own 
data set to justify raising the background value to a level as high as 12 

~R/h or, perhaps, even slightly higher in buildings of concrete, stone or 
brick construction. 

12 

• 

• 



• 

• 

In calculating health effects, we have used a lifetime risk coeffi-
. -4 ( ) c1ent of 10 cancer deaths per rem of gamma-ray exposure UNSCEAR 1977 • 

The lifetime lung cancer risk for exposure to radon daughters is based upon 

coefficients derived from underground miner data for lifetime mortality of 
lung cancer per rad exposure to radon daughters. The values of the 
coefficients depend upon certain relevant factors as developed in the 

report of the Task Group for Radon and Daughters of NCRP Scientific Com­
mittee 57 for Internal Emitter Standards (tiCRP 1984) and in Chapter 3 of 

this document. The coefficients, derived from uranium miner exposures, are 
adjusted for the rad per WLM environmental exposure at a given value of the 
eauilibrium factor and the WLM per year for the observed environmental WL 

concentration {minus background). The coefficients for lung cancer mor­
tality assume that the stated annual exposure occurs throughout the life­
time of a person of average age. For these reasons, a single value for the 
risk coefficient is not appropriate. The risk coefficients for both 
gamma-ray and radon daughter exposure differ between commercial and resi­
dential properties because of the expected duration of exposure. The 

standard value for the number of hours of a worker 1 s exposure is 2000 per 
year. 
of his 

An occupant of a residence is considered to be exposed for about 80% 
time {7000 hours). The number of projected cancer deaths due to 

gamma-ray and lung cancer deaths due to radon daughter exposure is based on 
the numbers of occupants exposed in different areas in a structure. 

At residential sites, ingestion of garden crops, assumed to be grown 
on the property, is included as a potential exposure pathway. For these 
calculations, the individuals occupying residential properties are assumed 
to ingest 10% of the fruit and vegetable segment of their diet from the 
backyard garden. In the special case of Salt Lake City, the proportion of 
the fruit and vegetable segment of the diet produced in a home garden is 
increased to 50% because of ethnic living patterns. The diet itself is 
assumed to be average rather than maximal in accordance with the approach 
adopted here. The transfer of radionuclides to the garden crops is assumed 

to arise from the surface (0-15 em} soil layer. Unless special consid­
erations, such as a fenced garden, warrant selection of a limited area for 

the site of crop cultivation, the entire back and side yards are assumed to 

be equally likely locations for planting. The soil concentrations at sam-
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ple sites, the estimated extent of contaminated areas and an estimate of 
the total area available for cultivation are used to calculate the weighted­

average soil concentration. This concentration is used in the computer 
code PABLM for estimating dose to man from food products grown in contam­
inated soil as described in Chapter 4. 

Examples of complete and abbreviated property reports are appended to 
this discussion. 

SUMMARY 

We have described an approach to the estimation of individual risk and 
projected health effects for uranium mill tailing vicinity properties. In 
the properties reviewed to date, exposure to occupants resulted from radon 
nnd its daughters indoors, external gamma rays both indoors and outdoors, 
and radionuclides in. the soil by way of the food chain. The radon daughter 
exposure is usually the most important of the sources in causing health 
effects. We have indicated the types of measurements that are available 
from radiological surveys and described briefly criteria for selection from 
among available radon and daughter data for use in calculations. The 

methods and assumptions employed in calculating individual risk, percentage 
increase in risk over so-called normal risk, and the estimated health 
effects for a given property are also presented. 
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CHAPTER 3 

RISK OF LUNG CANCER FROM RADON (RADON DAUGHTER) EXPOSURES 

INTRODUCTION 

Bale (1951) and Harley (1953) were the first to point out that the 
lung cancer hazard from exposure to radon and radon daughters was not 
from the radon per se but rather from the alpha dose delivered through 
lung deposition of the short-lived daughters of radon [218Po(RaA), 
214Pb(RaB), 214Bi(RaC) and 214Po(RaC')]. T>~o alpha emitters, 218Po(RaA) 
and 214Po(RaC 1

), ultimately deliver the carcinogenic dose to tracheo­
bronchial epithelium. The complexity of the dose estimates (required to 
account for daughter deposition, radioactive buildup and decay, removal 
by physiologic clearance processes, and physical dose calculations to 
specific cells in bronchial mucosa) has been detailed by a large number 

of authors and has been considered by various national and international 
organizations {see Altshuler, Nelson and Kuschner 1964; FRC 1967; Fry 
1977; Haque 1966, 1967; Haque and Collinson 1967; Harley and Pasternack 

1972, 1981; Hofmann 1982; Jacobi 1964, 1972, 1977; ICRP 1977, 1981; 
Jacobi and Eisfeld 1980; James, Greenlhalgh and Birchall 1980; James, 

Jacobi and Steinhausler 1981; JCAE 1967, 1969; McPherson 1979; NAS 1972, 
1980; NCRP 1984; Nelson et al. 1974; NIOSH/NIEHS 1971; Parker 1969; 
Walsh 1970, 1971, 1979; UNSCEAR 1972, 1977; USPHS 1957, 1961; Wise 
1982). 

Historically, exposure is defined in terms of the air concentration 
of radon daughters in working level (WL) and working level month (WLM) 
units. The definitions of WL and WLM on page 2-5 avoid the problems of 
disequilibrium of the daughters, and also that of whether the daughters 
are attached to a carrier aerosol or are unattached. .Attached radon 

daughters deposit with some finite probability on the lung surfaces, 
whereas unattached radon daughters deposit in the respiratory tract with 

nearly 100% probability. Thus, the mix of attached and unattached radon 
daughters is an important consideration in assessing lung dosimetry. 
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Fortunately, the unattachment fraction values found in the workplace (and 
in the environment) are reasonably constant and are sufficiently similar so 
that they do not cause n large disparity in the radiological dose 

assessment of environmental and occupational exposures to radon daughters. 
The same can be said for the other parameters influencing radon daughter 
lung dose, such as differences in daughter product equilibrium, particle 
size distributions, breathing patterns, bronchial morphometry and 
physiological clearance processes. 

LUNG DOSIMETRY MODELS 

The more recent radon daughter lung dosimetry models, which are in 
substantial agreement with one another, place the bronchial epithelium 
exposure-to-dose conversion factor at about 0.5 rad/WLM for uranium 
miners. The dose per unit cumulative exposure has also been derived for 
environmental conditions (Harley and Pasternack 1981); the finding is in 
close agreement for the adult male (0.71 rad/ WLM), adult female (0.64 
rad/WLM), the 10-yr-old child (1.2 rad/ WLM) and the 1-yr-old infant 
(0.64 rad/WLM). The small differences in the dose for the miners and 
the doses received in environmental exposures reflect primarily the 

reduced breathing rates during normal environmental exposures, differ­
ences in lung morphometry, differences in particle size, and the in­
creased percentage of unattached RaA in ordinary atmospheres (~7% 

environmental vs ~% in mines). These conversion factors indicate that 
a cumulative exposure in the nonmining environment is somewhat more 
effective in delivering a radiation dose to the lungs than are exposures 
under working conditions in a mine. In some models of risk from radon 
daughter exposure, there has been a tendency to artificially lower the 

cumulative exposure in the environment, presumably to account for 
decreased breathing rates under nonworking conditions and other factors 

(e.g., EPA 1980). In our opinion, this is neither warranted nor 
justifiable in view of the uncertainties associated with the various 

rad/WLM values and the compensating factors mentioned above. Therefore, 
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whether the exposure is environmental or occupational, the WL is given 
comparable weighting in our treatment of risk. 

RADON DAUGHTER EPIDEMIOLOGY STUDIES 

Introduction 

The epidemiologic data derived from many types of underground 

mining show a relatively consistent relationship between lung cancer 
incidence (and mortality) and exposure to radon daughters. This under­
lying consistency is probably related to the relatively narrow range of 
bronchial dose per WLM under varying exposure conditions. 

The assessment of the risk of attributable lung cancer through 
human epidemiologic studies is difficult because the detailed informa­

tion required is not always available. In the ideal case, the exposure 
of each miner, as a function of time, would be available; the follow-up 
period would be sufficient for all of the group to have died of lung 
cancer or other causes. In addition, it would be possible, from the 
data, to separate attributable lung cancers from those arising spontan­

eously or from cigarette smoking. The cumulative exposure, person-years 
at risk, and the number of attributable lung cancers would allow the 
exact calculation of a risk factor. 

In reality, the data do not fulfill these requirements since esti­
mates of exposure were often crude or worse, and follow-up periods are 
not sufficiently long. Nevertheless, recognizing the limitations of the 
data, it is possible to estimate a mean risk factor, which we can accept 

until improved data and studies provide more firmly based estimates of 
risk. 

Human data are now available from several groups of underground 
metal ore miners: those in the U.S., Canadian and Czechoslovakian 
uranium mines; Swedish and British iron mines; Swedish lead and zinc 
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mines; and Newfoundland fluorspar mines. Although other potential 
carcinogens (such as diesel smoke, traces of arsenic or nickel, and iron 
ore) are found in these mines, the lung cancer response based upon radon 

daughter exposure appears to be predictable. Some studies have divided 
the workers into subgroups on the basis of exposure. Eighteen subgroups 
were selected (Archer, Radford and Axelson 1979) as most suitable 

(considering both epidemiologic and environmental data) for quantitative 
treatment of the lower exposure levels. In addition to this treatment, 
these mining populations have been reviewed by other authors and organ­

izations (see Axelson and Sundell 1978; DeVilliers and Windish 1964; 
Evans et al. 1981; Jorgensen 1973; McCullough, Stocker and Makepeace 
1979; NAS 1972, 1980; NCRP 1984; NIOSH/NIEHS 1971; Radford 1981; Renard 
1974; Seve, Kunz and Placek 1976; Snihs 1973, 1974; UNSCEAR 1977; Wright 
and Couves 1977). 

Discussion and Summary 

Present data suggest that an absolute threshold exposure for lung 

cancer induction is highly unlikely (this is also in keeping with the 
present-day views, in radiation biology and radiation protection, that 
radiation-induced cancer is a stochastic or nonthreshold process). 

Evans (1967) and Stranden (1980) argue that the lung cancer mortality 
data at the lowest reported exposures are not statistically different 
from expected and that at least a "practical 11 threshold for radon 
daughter carcinogenesis may exist. Archer, Radford and Axelson (1979) 
conclude from their analysis of the 18 subgroups that, if a threshold 
exists, it is less than the range from 20 to 30 WLM. Snihs (1973, 1974) 
considers that the lowest underground exposure resulting in an apparent 

increase in 1 ung cancer deaths in Swedish miners is about 15 WL~1, 

although he states that it is impossible to draw conclusions about the 
exposure-response relationship below 100 \~LM. Hewitt (1979) concludes 
from an analysis of Canadian uranium miners that, if a threshold exists, 

it is below 60 WLM. These varied opinions seem to indicate the 
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possibility that environmental exposure to radon daughters (or very 
low-level exposures) does not result in lung cancer. 

The incidence of lung cancer attributable to radon daughter ex­
posure observed in the various mining subgroups ranges from about 1.5 to 
50 cases/WLM/year/106 persons with a reasonable average value of 10 x 
10-6/person-year/WLM. This average value has been accepted in the lung 

cancer prediction model of Harley and Pasternack (1981) as reasonably 
realistic when their modeled data are compared to background (normally 

occurring) lung cancer incidence in nonsmokers from environmental 
exposure to radon. 

In estimating the effect of radon daughter exposure at environ­
mental levels (normally less than about 20 cumulative WL~ per lifetime), 
the attributable risk at high exposures, derived from the mining data, 
must somehow be extrapolated to the low-exposure region. In keeping 
with conventional practice, the extrapolation is linear, even though 
some studies suggest that exposures may be even more efficient in 
inducing lung cancer as the exposure rate approaches background levels 
(Archer, 1978). 

Influence of Cigarette Smoke 

The effect of cigarette smoke in modifying radiation-induced cancer 
probabilities remains unresolved at this time. During periods of 
relatively short follow-up (15 to 25 years), cigarette smoking is asso­
ciated with a markedly increased incidence of lung cancer in miners. 
During 30- to 60-yr periods of follow-up after initial exposure, lung 
cancer incidence is reported to be either somewhat greater among non­
smokers than smokers (Axelson and Edling 1980) or about the same 
(Radford 198lb). This evidence is in agreement with the results of 

studies of beagle dogs that had comparable radon daughter exposures 
(Cross et al. 1978), where dogs that smoked had fewer respiratory tract 
tumors than dogs that did not smoke. The current evidence suggests that 
the principal role of cigarette smoking in uranium miners is to 
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accelerate the appearance of lung cancer induced by radiation. However, 
the issue cannot be considered resolved as yet, and the role of smoking 
at low occupational or environmental radon daught~r levels is unknown. 

ANIMAL STUDIES 

Introduction 

Animal studies have been conducted for several decades to identify 
the nature and levels of uranium mine air contaminants that were re­
sponsible for producing the lung cancers observed among uranium mining 
populations. Many of the initial studies were concerned with early 

effects or short-term pathologic changes (Jansen and Schultzer 1g26, 
Read and Mottram 1939, Jackson 1940). Exposures were based primarily on 
radon gas concentrations, giving little or no information on the radon 
daughter concentrations, which subsequently have been shown to contri­
bute the greatest radiation dose to the lung. The early studies (Huech 
1939; Rajewsky, Schraub and Schraub 1942a, 1942b; Kushneva 1959), in 

which lung tumors were produced, were methodologically or statistically 
inadequate to show an unequivocal association of lung tumors with 
exposure to radon and/or radon daughters. 

Beginning in the 1950s, a growing concern emerged that the in­
creased incidence of respiratory cancer observed in the European uranium 
mining population would also be found in the U.S. mining population 
(Seven State Uranium Mining Conference on Health Hazards, 1955; Wagoner 
et al. 1964). Systematic studies were subsequently begun in this 
country to identify the agents responsible for increased incidence of 

lung cancer in miners and to develop exposure-response relationships in 
animals. The importance of accurately determining the levels of radon 

daughter radionuclides in mine air was also pointed out by several 
investigators (Bale and Shapiro 1956, Harley 1953). Investigators at 
the University of Rochester began to focus attention on the biological 
and physical behavior of radon daughters as well as their contribution 
to the radiation dose to the respiratory tract (Bale and Shapiro 1951, 

Harris 1954, Morken 1955). Shapiro (1954) exposed rats and dogs to 
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several levels of radon alone and in the presence of radon daughters 
attached to 11 room dust" aerosols. He also showed that the degree of 
attachment of radon daughters to carrier dust particles was a primary 
factor in influencing the a-radiation dose to the airway epithelium and 
demonstrated that this dose was due primarily (>95%) to the short-lived 

radon daughters RaA (218ro) and RaC' (214Po), rather than to the parent 
radon . 

In 1953 Cohn and coworkers reported relative levels of radioac­
tivity found in the nasal passages, in the trachea and major bronchi, 
and in the other portions of rat lungs after exposure to radon and/or 
radon daughter products. The respiratory tracts of animals that inhaled 
radon plus its decay products contained 125 times more activity than 
those of animals that inhaled radon alone. 

Beginning in the mid-1950s, Morken initiated a pioneering series of 
experiments (Morken and Scott 1966; Morken 1973a, 1973b) to evaluate the 

biological effects of inhaled radon and radon daughters in mice; later 
experiments used rats as well as beagle dogs. The essentially negative 
biological results of these studies suggested that a-irradiation is 

inefficient in producing tumors in the respiratory system. The only 
apparent permanent late changes occurred in the alveolar and respiratory 
bronchiolar regions of the lung for a wide range of exposure levels and 
for observation periods up to three years in the dog and one and two 
years, respectively, in the rat and mouse. Injury in the bronchial 
tissue was quickly repaired after irradiation ceased. 

In the late 1960s and early 1970s, studies, which later proved 
successful in producing lung tumors from inhaled radon daughters were 
initiated in France and the United States. At an average estimated lung 
dose of about 3000 rad from radon daughters, following prior lung 
stressing with stable cerium, 73% of the rats in the French studies 

developed malignant tu~ors (Perraud et al. 1970). Subsequent French 
studies with rats exposed either to radon daughters alone or in combin­

ation with uranium ore dust and cigarette smoke were also successful in 
producing tumors in the lung (Chameaud et al. 1974, 1980). The U.S. 
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studies were designed to systematically determine the pathogenic role of 
radon daughters, alone or in various combinations 
diesel engine exhaust fumes and cigarette smoke. 

with uranium ore dust, 
These studies involved 

life-span exposures of beagle dogs and Syrian Golden hamsters (Cross et 
al. 1978). The later U.S. studies were also successful in producing 

tumors in the respiratory tracts of the animals (Cross 1985}. Follow-up 
studies are currently being conducted in rats. 

Discussion and Summary 

The animal studies have provided considerable data confirming the 
human epidemiologic studies: 

1. In rats primarily, tumor production per WLM at very high exposures 
was lower than at moderate exposures (Cross et al. 1982, Chaumeaud 
et al. 1980). The lowest attributable lung cancer rates per unit 
exposure were observed in U.S. uranium miners and in Canadian 

fluorspar miners exposed to the highest radon daughter levels in 
underground mines. 

2. In both the human and animal studies, tumor production appeared to 
increase with decrease in exposure rate (Cross et al. 1982, 1984), 

although exposure rate is considered to be less important than 
cumulative exposure. 

3. In a small group of Swedish zinc/lead miners, a lower lifetime 
incidence of lung cancer was observed in those who smoked and were 
exposed to radon daughters than in those who were nonsmokers. This 
is tentatively ascribed to the protective effect of increased mucus 

production from smoking (Axelson and Sundell 1978) or of the 

thickened mucosa resulting from smoker's bronchitis. A similar 
result was observed in dogs (Cross et al. 1978). Tobacco smoke was 

found to be cocarcinogenic with radon daughters in rats when 
exposure to the smoke followed completion of exposure to the 

daughters (Chameaud et al. 1980). This effect was not observed, 
however, when smoking preceded the radon daughter exposure 
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(Chameaud et al. 1981). Such disparities may partially explain 
discrepancies in interpreting epidemiologic data. 

4. Emphysema has been attributed to radon daughter exposure in both 
animals--har:~sters, re.ts and dogs (Cross et al. 1978, 1982)--and 

underground miners. Simultaneous exposure to ere dust· or diesel 

fumes did not appear to increase the number of tumors produced by 

exposure to radon daughters (Cross et al. 1978, 1982; Chameaud et 
al. 1981). 

5. For equivalent cumulative exposures, the older the animal at the 
start of exposure, the shorter the latent period (Chameaud et al. 
1981). In humans, the highest risk coefficient calculated, about 

-6 50 x 10 lung cancers/yr/WLM, is that for persons first exposed 
when over 40 years of age. 

6. The predictions of the various dosimetric models appear to be borne 
out in the various species. The tumors induced in experiments with 
hamsters and rats, which have similar lung morphometry, occur 
primarily in the distal portion of the conducting airways or in the 
pulmonary region. The highest calculated dose (Desrosiers, Kennedy 
and Little 1978) was also predicted for these regions. Human 
tumors have appeared almost exclusively in the upper generations of 
the bronchial tree. Absorbed dose calculations show that basal 

cells in the upper airways, at about the level of the segmental 
bronchi, receive the highest dose from radon daughters (e.g., 
Harley and Pasternack 1972). 

7. Lifetime risk coefficients are simi"!ar in both animals ar.d humans. 
The coefficients based on rat data uncorrected for competing causes 

-4 of death appear to range between I and 4 x 10 /WLM for all tumors 
(benign and malignant) at cumulative exposures less than 5000 WLM 

(Chameaud et al. 1981, Cross et al. 1985). At exposures consider­
ably lower than levels at which life span is significantly short­
ened {~500 WLM), the lifetime risk coefficient appears to be about 

~ -4 2 x 10 /WLM for mc,lignancies, and ranges between 2 and 4 x 10 
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for all tumors. Data are, as yet, insufficient to determine a 
value for exposures below 100 WLM, although the risk apparently 
does not decrease at exposures dmvn to 20 ~JLM ( Chameaud, Masse and 
Lafuma 1983). 

LUNG CANCER RISK PREDICTION MODEL 

The predictive model of Harley and Pasternack (Harley and 
Pasternack 1981, NCRP 1980) has been adopted for risk assessment in the 
APRA program because it allows risk coefficients to be developed for 
various age groups and exposure periods. This model is also used by the 

NCRP in their report on radon and radon daughter population exposures in 
the United States (NCRP 1984). It is based upon the most recent esti­
mates of lung cancer deaths among underground uranium miners ~nd ac­
counts for the apparent increase in lifetime risk with increasing age at 
first exposure, as noted in 

miners. Although the model 
miner lung cancer response, 

mental levels is unknown. 

epidemiologic studies of underground uranium 
appears to represent reasonably the uranium 

the validity of extrapolation to environ-
We assume that the model can be extrapolated 

to environmental levels on the basis of animal data and because of the 

present radiobiological concept that cancer induction is a nonthreshold 
process. 

The 
exposure 

adopted average yearly risk coefficient obtained for all 
categories and all age groups (10 x 10-6 lung cancers/yr/HLM) 

corresponds to a lifetime risk (to age 85 years) of about 1 to 2 x 
10-4/WLM, dependent, of course, on activity, age at first exposure and 
duration of exposure. For comparison, ICRP (1981) has adopted a range 
for lifetime risk of 1.5 to 4.5 x 10-4/WLM, based primarily on 
Czechoslovakian underground mining data. Evans et al. (1981) estimated 
the lifetime risk (which, they state, is applicable to the general 

population) to be no greater than 10-4/WLM from U.S. and Czechoslovakian 
10-4/WLM) was uranium miner epidemiologic data. Twice this value (2 x 

adopted by Jacobi (1977) as the lifetime risk applicable to a 11 types of 

miners; it is used by Cliff, Davies and Riessland (1979) to model lung 

cancer incidence from environmental exposure. 
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UNSCEAR (1977) has reviewed the data on uranium miners in Canada, the 
United States and Czechoslovakia, on Swedish nonuranium miners and in 
iron miners in the United Kingdom. UtiSCEAR states that the probable 
lifetime lung cancer risk is 2 to 4.5 x 10-4/WLM. The Committee on the 
Biological Effects of Ionizing Radiation (BEIR-III) reviewed lung cancer 
in u.s .• Canadian and Czechoslovakian uranium miners, Newfoundland 
fluorspar miners and Swedish metal miners (NAS 1980). The range of risk 
for all groups (with emphasis on the lower exposure categories) was ex­
pressed as 6 to 47 x 10-6 lung cancers/yr/WLM (rather than lifetime 

risk), the upper value being for those who began mining at age 40 or 
older. If we assume that lung cancer expression takes place over a 
30-year interval (to account for the BEIR Committee 1 S exclusion of the 
latent period in developing the yearly rate of risk), the 6 to 47 x 
10-6/person/yr/WLM is equivalent to a range of lifetime risk of about 2 
to 14 x 10-4/WLM. 

The lifetime risk estimates for lung cancer attributable to radon 
daughter exposure (per WLM) are therefore reasonably consistent, consid­
ering the difficulty in estimating this quantity without complete 

follow-up and the various methodological problems encountered in epi­
demiologic studies. 

Other features of this predictive model are that lung cancer risk 
is expressed uniformly with time after exposure (with the restriction 
that tumors do not occur either before a five-year latent interval or 
before age 40), risk is corrected from year of exposure by an exponen­
tial factor (20-year half-time). which accounts for cellular repair, and 
an appropriate life table value is utilized to account for competing 
risks of death. 

Although the basic incidence data from the underground mining 

epidemiologic studies cannot be applied directly to environmental 
situations (because patterns of exposure differ), a common factor exists 

in the risk per rad for bronchial dose. The lifetime lung cancer risk 
attributable to an absorbed dose of 1 rad/yr has been calculated, using 
the conversion factor of 0.5 rad/WLM estimated for miners. For 
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environmental exposure starting at one year of age, the lifetime risk 

(for exposure to age 85 years) is calculated to be 1.3 x 10·2. Because 
exposure of a population involves persons of various ages, it is also 
necessary to know the lifetime risk of lung cancer induced by radon 

daughters for a population with age characteristics typical of the 
United States. This value, using the 1975 age distribution,for the 
United States (WHO 1978), is calculated to be 8.0 x 1o·3;rad/yr 

exposure. These risk coefficients are suitable for calculating lung 
cancer risk from any source of radon daughter exposure. 

Risk from a bronchial dose in rad per year to basal cells is not 
the most useful way to evaluate environmental exposures. Two more 
useful, lifetime risk coefficients can be derived that relate risk to 
environmental exposure in WL~1 per year and an annual exposure to a radon 

. 222 3 concentration of 1 pC1 Rn/m . 

As previously indicated, the average environmental exposure-to-dose 
conversion factors for the adult male, female, 10-yr-old child, and 
infant are 0.71, 0.64, 1.2, and 0.64 rad/WLM, respectively. The differ­

ences (from the 0.5 rad/WLM for miners) reflect reduced breathing rates 
under normal environmental exposures, differing lung morphometry, 
differences in particle sizes, 
tached RaA in the environment. 

and the increased percentage of unat­
Extrapolation of mine data to environ-

mental exposures is simplified considerably and contains very little 
error if we accept the environmental exposure-to-dose conversion factor 
of 0.7 rad/WLM (which applies to adult males) for all people. The 
lifetime risk estimate, which includes the effect of the higher dose 
conversion factor in childhood, is within 10% of this value (see Tables 
2 and 3 in Harley and Pasternack 1981). This conversion to WLM units 

places at 9.1 x 10-3 the lifetime risk coefficient for beginning 
exposure at infancy; for populations with age characteristics of the 
United States in 1975, it is 5.6 x 10-3/WLM/yr for lifetime risk and 

lifetime environmental exposure. 

For the case of exposure measured as radon concentration over time, 
the average annual bronchial dose to an adult male from the daughters 
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associated with exposure to 1 pCi 222 Rn;m3 (assuming he is active 16 

h/day and rests 8 h/day) is 2.7 x 10-4 rad/yr. Thus, the lifetime risk 

for annual exposures to 1 pCi/m3 is calculated to be 3.6 x 10-6 for 

exposure beginning at infancy, and (under the same exposure conditions) 
-6 2.1 x 10 for populations of mixed age. 

The above environmental lifetime risk coefficients are based on an 

unattached RaA/Rn ratio of 0.07 and an equilibrium factor of about 0.7. 

The risk coefficients can be adjusted for other unattachment fractions 

and radon daughter disequilibrium conditions. The more important 

adjustment for environmental exposures is considered to be the radon 

daughter equilibrium factor. Under some conditions of exposure the 

equilibrium factor is very low; the use of the radon gas risk coeffi­

cients would then produce an unnecessary conservatism in the estimated 

lung cancer predictions. On the other hand, the use of the above radon 

daughter risk coefficients when equilibriu~ factors are low result in 

underestimation of the lung cancer risk. Table 3.1 provides data for 

adjusting the risk coefficients for other radon daughter disequilibrium 

conditions. 

Table 3.1 Risk Coefficient Adjustment Factors vs Radon Daughter 

Disequilibrium 

Adjustment Adjustment 
Factor for Factor for 

Radon and Equilibrium Radon Daughter Radon Gas 
Daughter Ratios Factor Risk Coefficient Risk Coefficient 

l/0.9/0.7/0.7 0. 71 1.00 1.00 

1/0.9/0.6/0.4 0. 55 1.05 0.81 

l/0.6/0.3/0.2 0.29 1.30 0.53 

1/0.256/0.098/0.084 0.11 2.21 0.34 
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Lifetime Risk from Environmental Exposure 

Lifetime lung cancer risk to populations from continuous 
environmental radon daughter exposure may be calculated, using any of 
the four coefficients described above, depending on the units of expo­

sure. For example, a lifetime exposure to the average outdoor 222Rn 
concentration of 200 pCi/m3 (Steinhausler et al. 1980, George and 

Breslin 1980) is 7 x 10-4• i.e., 0.07%. For comparison, Evans et al. 
(1981) calculate a value one-third lower for equivalent concentrations. 

Indoor concentrations of radon are almost always higher than those 
outdoors because vertical mixing cannot take place indoors. Further­
more, in some cases, indoor radon levels may be increased by elevated 
226Ra concentrations in building materials and radon in the fuel and 
water supplies. The references cited above indicate that the average 
value for indoor radon concentration ranges between 600 and 800 pCi/m3, 
excluding basement concentrations. Using these data, typical average 
environmental exposure for single family dwellings approximates 500 

pCi/m3 (accounting for both indoor and outdoor exposures), which would 
-3 result in a lifetime lung cancer risk of 2 x 10 Since about half of 

the u.s. population resides in multistory buildings {Harley and 
Pasternack 1981), and indoor levels relate primarily to proximity to 

ground beneath the structure, the true average environmental exposure 
might be expected to lie between these two values (i.e., about 0.13%). 

Haenszel et al. (1958) proposed annual lung cancer rates (non­
smoking-related) of 33-39 and 57 x 10-6 for women and men, respectively. 
For lifetime risk (ages 40-85), multiply these values by 45, for an 

-3 overall average value of 2 x 10 , 0.2%. There is evidence (Seidman, 
Silverberg and Holleb 1976) that in 1930, before cigarette smoking began 
to cause a major increase in lung cancer deaths, the annual rates were 

about 16 x 10-6 and 29 x 10-6 for females and males, respectively. 
Incorporating these va 1 ues vmul d lower the average 1 ifetime background 

incidence to about 10-3. Enstrom and Godley (1980) and Garfinkel (1980) 
have also reported the annual age~adjusted background lung cancer rates 

in the United States for nonsmokers. From their data, the lifetime 
-2 -3 risks of lung cancer for men and women are 10 and 5 x 10 , and 6 x 
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-3 -3 10 and 4 x 10 , respectively, for the two studies. An average 

rounded value is 6 x 10-3. 

It is not possible to confirm the accuracy of the lung cancer 
prediction model for environmental background exposures to radon daugh­

ters. The model does project, however, that approximately 20% to 100% 

of the background (nonsmoking) lung cancer incidence can be attributed 
to environmental radon daughter exposure. The value is probably closer 

to 20%, because of the uncertainty in the earlier data on nonsmoker lung 
cancer rates. 

Calculation of Risks for the APRA Program 

Radon and radon daughter concentrations, measured for residential 
and commercial buildings, are multiplied by the appropriate lifetime 
risk coefficient(s) for determination of the attributable risk of lung 

cancer from radon and radon daughter exposures. For example, the 
lifetime risk coefficient of 2.1 x l0-6/pCi/m3 radon concentration 

{considered appropriate for continuous exposure of populations of mixed 
ages and for persons of occupational age) would be used with the mean 
radon concentration and the number of persons exposed to provide an 

estimate of the total number of lung cancers produced. For residential 
exposure, the risk coefficient applying to populations of mixed ages is 
considered more appropriate than that applying to infants. This choice 
is justifiable, in our view, considering the high mobility of the 
residents of the United States. Bogue (1g59) has stated that, during 
the course of a single year, 20% to 22% of the inhabitants of the United 
States move from one house or apartment to another. Not more than 2% of 
the adult population will spend an entire lifetime in the same dwelling, 
and less than 15% will spend a lifetime in the same county. The 
tendency to relocate often is least frequent among children and the 
elderly, and most frequent among those between 17 and 32 years of age . 
Mobile homes and apartment units have high rates of turnover, whereas 

middle- and upper-class conventional-type homes have the lowest. The 
average occupancy 
residents and all 

time is probably about five years for all ages of 
types of homes. 

of residency time versus frequency 
Graphically expressed, distribution 
would probably appear lognormal. 
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The significance of population mobility is that the additional 

individual lung cancer risk for residents in homes with high radon 
concentration is small if the residence time is short. The effect of 
population mobility tendencies is to distribute the cancer risk among a 
greater number of persons, those who may at sow.e time reside in one of 

the dwellings with increased levels of indoor radon. 

Finally, an 80% time occupancy factor is assumed for persons 
exposed to indoor radon concentration in homes and a 23% time {i.e., 

2000 h/yr) occupancy factor for persons employed in commercial build­
ings. Adjustments in these occupancy times can be made for special 
circumstances. The attributable risk from radon (radon daughter) 

exposures can be compared with the present lifetime risk of lung cancer 
(about 4% in the United States, according to Evans et al. 1981), which 
is largely attributable to cigarette smoking. 

Accuracy of Risk Prediction from Model 

Myers and Stewart (1979) have shown an underlying lung cancer inci­
dence in uranium mines that is not dependent on radon daughter exposure 
and may represent the effect of other carcinogens. Of course, a similar 
factor (exposure to environmental cocarcinogens) may confound the 
interpretation of population exposures. Thus, the risk factors may be 
similar for all radon (radon daughter) exposures. 

The predictive model proposed for use in 

a lifetime risk coefficient between 1 and 2 x 

the APRA program utilizes 
-4 10 /WLM and concludes 

that a significant portion of the nonsmoking lung cancer incidence may 
be due to background radon exposures. The predictive model, therefore, 

is not unreasonable from the standpoint of overestimating the background 
incidence. The values derived from this model are thought, however, to 

represent upper-boundary incidences; true values may be lower, but how 
much lower is uncertain. The model should be useful, however, for 
predicting changes in risk with changes in exposure {e.g., from remedial 

actions) if the following remain relatively constant: particle sizes of 
the carrier aerosols for the radon daughters, the degree of disequi-
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librium, and the degree of unattachment of radon daughters. We conclude 

that the absolute values of risk are known to within a factor of two, 

but we believe that the change in risk for a change in exposure is quite 

accurately modeled. 
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CHAPTER 4 

INGESTION DOSE MODELS 

In addition to direct exposure from gamma rays and inhalation of radon 
and its daughters, ingestion of radionuclides may occur through either agri­
cultural use of the land or home gardening. Of initial importance in this 
study is consideration of the internal organ doses of individuals conduct­
ing home gardening activities on land contaminated with uranium tailings. 
Integrated organ doses are calculated for the conditions at individual resi­
dential sites, using the PABLH computer program (Napier, Kennedy, and 
Soldat 1980). An integrated dose period of 50 years is selected for con­
sistency with the direct gamma and radon daughter inhalation health effects 

estimates. 

The PABLM (Napier, Kennedy, and Soldat 1980) computer program was 

written to facilitate the calculations of integrated internal organ doses 
for individuals or population groups during periods of continuous chronic 
exposure. The radiation dose models in the PABLM computer program consider 
several exposure pathways. These include exposure to radionuclides de­

posited on the ground or food crops from contaminated air or irrigation 
water, exposure to residual contamination in soil or food crops grown in 
contaminated soil, ingestion of contaminated drinking water, and ingestion 
of food products raised in contaminated water. The equations for calcu­
lating internal radiation doses are derived from those given by the 
International Commission on Radiological Protection (ICRP) for body burdens 

of each radionuclide considered. A total of 19 ingestion pathways for var­
ious food products may be selected with corresponding consumption rates, 
growing periods, and air or water concentrations or deposition rates. The 
concentrations of radionuclides in contaminated soil are corrected to ac­
count for radioactive decay during the chronic exposure period. The PABU~ 

computer program can be used to calculate integrated doses to 23 possible 
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body organs or tissues for any one radionuclide or combination of 
radionuclides. A maximum of five organs and a mixture of up to 100 
radionuclides may be selected for any single computer run. 

Internal doses are calculated as a function of the radionuclide 
concentration in food products, ingestion rates, and radionuclide-specific 
dose factors. The ingestion rate of food products is assumed to be 
constant over the chronic exposure period {set here at 50 years). Dose 
factors for each organ are calculated using the methods of ICRP Publication 

2 (1959). 

The fundamental equation for calculation of integrated radiation dose 
from radionuclides in environmental pathways is as follows (Napier, 
Kennedy and Soldat 1980, Appendix A): 

No. of Yr 

( 4. 1) 

T = 1 

where: 

D;pr =the dose commitment to organ r from radionuclide i via 
pathway p in rem, 

the concentration of radionuclide i in the medium of 
pathway pat timeT in pCi/kg, pCi/i, or pCi/m3, 

Up= the usage, i.e. exposure or intake rate associated with 
pathway p in kg/yr, Uyr, or h/yr, 

F. (T) = 1pr a specific dose factor for radioruclide i, pathway p. 
and organ r for exposure to a given radionuclide 

concentration or intake during the chronic exposure 

period. 
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The concentrations of radionuclides in food products are calculated as 
intermediate steps in PABLM for each year of continuous exposure. For 
vegetation, the concentration of radionuclides at the time of harvest from 
root uptake is: 

( 4. 2) 

where: 

Cir = the vegetation concentration from root uptake in pCi/kg, 

Biv = the concentration ratio for plant uptake of radionuclide 
i in pCi/kg (wet weight) per pCi/kg (dry weight) soil, 

P = the soil 11 Surface density 11 in kg (dry soil )1m2 taken to be 
224 kg/m2 (Soldat and Harr, 1971). 

The usage parameter in Equation 4.1, (Up)' depends on the exposure 
pathway considered. For this study, five food product pathways are 
assumed. These food products are intended to represent the types of foods 
that could be grown in a backyard garden. They include leafy vegetables, 
other above-ground vegetables, potatoes, other root vegetables, and orchard 
fruit. Estimates of the potential growing period, crop yields, and 
consumption (or usage), shown for the total annual diet of the average 
individual for these food products, are given in Table 4.1. 

The form of the dose commitment factor, Fipr(T) from Equation 4.1, de­
pends upon the exposure pathway considered. For ingestion pathways, radio­
nuclides may accumulate in the body so that one year of ingestion may re­
sult in a dose received over a several-year period. The PABLM computer 

program uses ICRP Publication 2 (1959) models and effective decay energies. 

This model is based on the assumption that the entire quantity of a given 
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TABLE 4.1 Food Product Data 

Growing Yield Consumption 
Food Type Period (days) (kg/m3 ) ( kg/yr) 

Leafy vegetables 90 1.5 15 

• 
Other above-

ground vegetables 60 o. 7 15 

Potatoes 90 4.0 80 

Other root 
vegetables 90 5.0 30 

Orchard fruit 90 1.7 60 
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radionuclide is located at the center of a spherical organ with an appro­
priate effective radius {Soldat et al. 1974). Metabolic parameters from 
ICRP Publication 23 {1975) for standard man are used in the calculations. 
The committed radiation dose equivalent per picocurie per year ingested, 

Fipr for organ r, for a period T; following ingestion is as follows (Napier, 
Kennedy and Soldat 1980): 

( 4. 3) 

where: 

Fipr(T2) = the dose commitment for r2 years following ingestion of a 
radionuclide at the rate of one picocurie/yr over T1 years 

in rem/pCi over T2 years, 

0.0187 = a unit conversion factor = 

g rad)(o.037 dis)(3.15 x 10
7 

MeV sec pC1 \ yr 

f = the fraction of radionuclide i ingested reaching organ r wir 

E; r = the effective decay energy of radionucl ide in organ r, in 

MeV per disintegration, 

mr = the effective mass of organ r in grams. 
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T 1 = the intake time, taken to be 1 yr in PABLM, 

T2 = the time over which the dose is integrated, taken to be 50 years, 

Ae = the effective removal half-time, related to the biological 

half-time, TBi' and the radiological half-time, TRi' as 

-1 ;,e = -------- yr -

Using Equation 4.3, the total accumulated dose over T2 years to an 
organ of reference, r, from ingestion of food products is as follows 

(Napier, Kennedy and Soldat 1980): 

No. of food No. of 

T2 pathways radionuclides 
0 = L 1: L Cip(T)UpFipr(T2-T) (4.4) r 

T = 1 p = 1 i = 1 

The results of an example calculation using the PABLM computer program 
for uranium tailings are shown in Table 4.2. This table contains 50-year 
integrated doses to the organs of an individual who ingests his entire fruit 
and vegetable diet (Table 4.1) from a backyard garden. The organs for which 
doses are calculated are: total body, kidneys, liver, bone, and lower large 

intestine (GI-LLI). The soil concentration assumed for this example calcula­
tion is 100 pCi of 226Ra and daughters per gram of soil, plus 10 pCi per 
gram of 23 4U, 23Bu, and their daughters per gram of soil. To obtain inte­
grated doses for a site containing a similar radionuclide mixture, the dose 

values shown must be corrected for the actual soil corcentration (pCi/g) and 
the fraction of the total diet grown on-site. For example, if the soil 
concentration were 200 pCi/g, and only 10% of the fruit and vegetable 
segment of the diet were grown at a site, the 50-yPar integrated total-body 
dose would be about 52 rem, and the bone dose would be about 240 rem. 

Health-effects risk factors of 100 cancers/106 man-rem for total body, and 
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10 cancers/106 man-rem for bone are assumed for internal doses for the 
models used in this study. 

TABLE 4.2. Fifty-Year Integrated Doses to an Individual Ingesting 
Fruits and 
Mixture(•) 

Vegetables Grown in a Uranium Tailings/Soil 

Inte9rated Orsan Doses (rem) 
Radionuclide Total-Body Kidneys Liver Bone GI-LL! 

134u 1.5 X 10-2 5.5 X 10-2 (b) 2.3 X 10-l 1.9 X 10-2 

230Th 1.4x 10-1 1.5 X !0° 2.8 X 10-J 4.7 X 101 3.2 X 10-1 

226Ra 102 0 10-1 2.2 X 1.8 X 10- 5.9 X 

1!0Pb 3.8 X 101 8.7 X 102 2.8 X 102 9.5 X 101 4.7 X !0° 

110Bi 1.8 X 10-2 1.6 X !0° 2.1 X !0-1 3.2 X 10-1 3.7 X !0° 

2!0Po 8.3 X 10-1 2.4 X 101 7 .J X 10° 3.5 X !0° 7 .! X 10-1 

13Bu 10-1 10-2 10-1 0 

1.3 X 4.7 X 1.1 X 1. 7 X 10-L 

134Th !0-7 10-6 !0-6 10-5 0 

9.! X 9.9 X 1. 7 X 3.1 X 4.7 X 10-'--

TOTALS 2.6 X 102 9.1 X 102 2.9 X 102 1.2 X 103 9.9 X !0° 

(a) Based on dose factors using ICRP 2 (1959) models at a soil concentration of 
100 pCi/g • 

(b) A dash (--)indicates a transfer factor (fwir) of zero. 

51 



Thus, the resulting cancer risks from ingestion for an individual in 
the example case are 0.0052 for total body and 0.0024 for bone. 

To correct the calculations for natural uranium and daughters in soil, 
the average crustal abundance of 238 U in soils is determined to be 0.6 pCi/g 
(NCRP 1975). Since 226 Ra is at equilibrium with the uranium, it is elsa 

present with an average concentration of 0.6 pCi/g. This concentration is 
far less than the 226 Ra concentration associated with uranium mill tailings 
and is used as a correction factor in the dose calculations where site­
specific background data are lacking. 
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CHAPTER 5 

A REVIHI OF RADIOLOGICAL RISK ASSESSMENT METHODOLOGIES 

FOR URANIUM MILL TAILINGS PILES AND VICINITY PROPERTIES 

INTRODUCTION 

Assessments of the radiological hazards associated with uranium tailings 
piles have been performed by various engineering firms, research laborato­

ries, and national as well as international organizations. These assessments 
generally address five pathways by which man is exposed to radioactivity from 
the tailings piles: (1) radon diffusion from the pile; (2) airborne particu­

late radioactivity due to wind; (3) radioactivity ingested through the intake 

of food grown on land contaminated by airborne tailings ; (4) radioactivity 

that enters the body through aquatic pathways; and (5) exposure to direct 
gamma radiation. Of these five pathways, the major potential health risk to 
the public comes from the inhalation of radon progeny derived from tailings­

radon "trapped" for a period of time in structures downwind from the piles 
and, secondarily, from external gamma radiation. tn general, pathways 2, 3, 
and 4 can be neglected (EPA, lg£2) because it appears that their contribution 
to potential health effects is less than the error associated with the 
estimates of the radon concentrations. While our interest lies primarily in 
the risk assessment methodologies for intentionally displaced tailings 
material, such as that used for landfill, there is a common ground of 
interest in the risk coefficients used for calculating health effects, 
regardless of whether the exposures are derived from the piles themselves or 

from tailings transported to vicinity structures or properties. Examples of 
health effects calculations for displaced tailings are not as plentiful as 
those pertaining to the tailings piles themselves. The former appear to be 
limited to calculations by ORNL and PNL. The following reviews pertinent 

details of the assessment methodologies described in their documents by DOE 
remedial action contractors other than PNL. The PNL risk assessment methods 
were discussed in Chapter 2. 
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RADIOLOGICAL ASSESSMENT 1·1ETHODOLOGY OF ORNL 

The radi ol ogi ca 1 assessment methode 1 ogy of ORNL for tailings pll e 

radionuclides and for formerly utilized MED/AEC sites with uranium-chain 
radionuclides are detailed in the following two documents: 

ORNL 1977. Assessment of Radiological Impact of the Inactive 
Uranium-Mill Tailings Pile at Salt Lake City, Utah, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee, November, 1977, 

ORNL/TM-5251. 

Cotter, S. J., J. P. Witherspoon and G. S. Hill. 1981. Ranking of 
Formerly Utilized MED/AEC Sites According to Radiation Dose, Oak 
Ridge National Laboratory report prepared for the U.S. DOE, Oak 
Ridge National Laboratory, Oak Ridge, Tennessee, December, 1981. 

The items of interest in ORNL 1977 are the radon daughter and gamma risk 

coefficients. Potential health effects from continuous exposure to radon 
progeny and external whole-body gamma radiation were estimated using data 
provided in the 1972 BEIR report (NAS 1972). It was assumed that lung cancer 
accounted for 26% of the total (absolute) cancer risk for all age groups. 
Their derived lung cancer death risk was 18 deaths/yr in a population of 106 

persons exposed to 1 rem/yr postpartum. Further, assuming that an exposure 
to radon progeny of l WLM/yr produced a carcinogenic lung dose of 10 rem/yr 
to members of the general public, continuous exposure to 1 WLM/yr ultimately 
produced 180 deaths/yr/106 persons, which is equivalent to a lifetime lung 

-4 cancer risk of 1.8 x 10 /WU~ exposure. Indoor radon daughter equilibrium 
was assumed to average 50%. 

In assessing whole-body exposures to gamma radiation, it was assumed 
that 1 roentgen (R} in air is equivalent to l rem in tissue (a reasonable 

assumption). The absolute risk coefficient for cancer, including leukemia, 
was taken from the BEIR report to be about 100 deaths/yr for a continuous 

radiation dose equivalent rate of 1 rem/yr to a population of 106 persons. 

This is equivalent to a lifetime total cancer risk of 10-4/rem whole-body 
gamma dose. 
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The items of interest in the document by Cotter and colleagues are also 
the radon daughter and gamma risk coefficients; however, other exposure 
pathways are treated. Fifty-year dose commitments resulting from inhalation 

of resuspended radionucl ides from contaminated soil, with some modification 

for 226 Ra and from ingestion of vegetable crops contaminated by r1ay of root 

uptake, were taken from Hill ( 1979). Exposure-to-dose conversion factors for 

radon daughters were assumed to average 1 mrem/yr/pCijm3, a reasonable 
assumption for occupational exposure. For unrestricted site use, individuals 

were assumed to live in a wooden frame house constructed on the property. 
Exposures to gamma radiation were apportioned at 130 hr/yr outdoors (1.5%} 
and 6062 hr/yr indoors (69.2%). The wooden structure afforded a shielding 

factor of 0.4 for gamma radiation from contaminated soil; radioactivity was 
assumed to be uniformly distributed in the top 15 em of soil. The ingestion 
exposure pathway assumed an individual living on the site produced and 
consumed 0.08 kg of vegetables per day in a home garden. 

Total-body dose commitments were converted to lifetime cancer risk using 
the coefficient 10-4/rem. This value and other organ-specific cancer and 
genetic risk coefficients (excluding lung) were taken from ICRP publication 
26 (ICRP 1977). The risk factor for radiation-induced lung cancer, 7 x 

-6 10 /rem, r1as supposedly taken from BEIR-111. An upper annualized value of 7 
x 10-6/yr/rem dose is listed in BEIR-111, but no lifetime risk per rem dose 
to lung could be found. The comparable ICRP-26 value far lifetime lung­

cancer risk is 2 x 10-5/rem. No attempt was made to exclude background 
concentrations from the radon-daughter risk calculations. 

An update of the radiological assessment methodology and supporting data 
of ORNL for indoor radon exposures appears in the following two documents: 

ORNL 1983a. Radon Dosimetry: A Review of Radon and Radon Daughter 
Exposure Conditions in Dwellings and Other Structures. ORNL/ 
Tf·l-5286, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

ORNL l983b. Assessing the Risk from Exposure to Radon in Dwell­

inns. ORNL/TM-8824, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 
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ORNL 1983a is valuable for its review of the available data on normal 
radon and radon daughter concentrations in dwellings and other structures. 
This type of data is necessary for calculating the attributable risk rather 
than the total risk at a particular site. Pooled data from the United States 
and Canada showed a lognormal distribution for radon on the first floor of 
residential structures with a mean of 2.5 pCi/l and a geometric standard 

deviation (GSD) of 4.8. In basements, the mean value is 7.1 pCi/l with a GSD 
of 3.5. Corresponding values for pooled data on radon daughters are 0.007 Wl 
with a GSD of 3.3 on the first floor of residential structures and 0.014 \'Jl 

with a GSD of 3.5 for basements. These radon and radon daughter concentra~ 
tions are approximately double the values of the National Academy of Sciences 
(NAS 1980), reflecting a large component of data from unusually high back­
ground areas in Canada. The usual, approximate doubling of basement con­

centrations over first-floor concentrations, however, remains intact. 

Pooled radon daughter data in structures and dwellings constructed on 
11 reclaimed or altered land" in uranium or phosphate mining areas showed a 
mean first-floor concentration of 0.011 Wl, with a GSD of 2.8. 

Other factors that affect the dosimetry (and thus the risk assessment) 
of radon daughter exposures are the variation in radon gas concentrations and 
the degree of unattachment and disequilibrium of the radon daughters. Daily 
variations in radon concentration were from one-third to three times the 
average, with considerable room-to-room variations within a given structure. 
Weekly and seasonal variations ranged from one-half to twice the average 
daily concentrations. It was considered appropriate to assume that true 

average radon concentrations lie between one-third to three times a partic­
ular grab sample measurement. 

The free ion or unattachment fraction of the first daughter of radon 

ranged from 0.05 to 0.07 at the 95% confidence interval. The degree of 
disequilibrium was related to the ventilation rate of the structure and was 

0.7, 0.5, and 0.4, respectively, at air exchange rates of 0.5, 1.0, and 1.5 
-1 h . This document clearly portrays the need for a sufficient number of 

measurements of radon and radon daughters to adequately define the true 
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annual average and distribution of exposures within a structure. In sutm1ary, 

the document (with some exceptions) provides a reasonable data base for 
subtracting background exposures for calculation of the risk attributable to 

radon from tailings. 

ORNL 1983b reviews the dosimetry bases and methods of riSk assessment 

for indoor radon daughter exposures. Assuming a background value of 0.007 WL 

for first-floor radon daughter concentrations, a 70-yr exposure period, and 

assuming that 80% to 90% of a day is spent indoors, lifetime exposures were 
calculated to range from 20 to 23 ~ILM. Further, assuming a relative risk, 

based on uranium miner experience. to be 0.4% to 1%/WLM, a lifetime exposure 
is calculated to represent an 8% to 23% increase in lung cancer [(20 to 23 

WLM)(0.4% to 1%/WLM)]. These calculations are a departure from the 

conventional use of the absolute risk model generally employed in 

radon-daughter risk assessments. 

Apart from the data and approaches enumerated above, a series of reports 

were also issued by ORNL detailing survey data and including health risk 
calculations for specific vicinity properties related to the Vitro pile in 

Salt Lake City. Although mention was made of potential exposures of indivi­
duals via aquatic and food pathways, as well as from inhalation of resus­

pended particulate radioactivity, actual calculations of risk were confined 

to direct gamma-ray exposures and to the inhalation of radon and radon daugh­

ters. These calculations utilized lifetime (absolute) risk coefficients for 
total-body gamma and radon daughter exposures (generally for 50-yr, but 
sometimes for 70-yr, exposure periods) of 10-4/rem and 10-4/WLM, respec­

tively. Approximate background values were subtracted from these exposures, 
thereby yielding risks attributable to the displaced tailings material 

contaminating the properties, or, for closely situated properties, to the 

radionuclides associated with the pile. These risk factors are reasonable 

choices for simple, preliminary estimates of risk to occupants of tailings­
contaminated properties. They do not account for differences in the ages of 

the persons exposed, but rather pertain to populations of mixed ages. 

Considering the paucity of exposure measurements at these vicinity proper­

ties, especially for radon daughters, it could be argued that a more sophis­

ticated approach is unnecessary. Neglecting food-chain pathways, however, 

59 



especially for Salt Lake City residents who grow a higher than average amount 
of their food supply, potentially underestimates the risk to residents of 

private properties. These risk calculations also do not attempt a more 

sophisticated approach to deriving mean annual exposures of occupants of the 

vicinity properties but rather use simple averages of (for the most part) 
grab-sample data. 

In summary, we have examined a number of approaches by ORNL to risk 

estimation as well as a range of risk coefficients. To some extent this 

variety represents the fast changing data base and risk approaches by 

national and international scientific organizations. It undoubtedly also 

represents the varied opinions of the many different investigators who have 

modeled risk at ORNL. 

RADIOLOGICAL ASSESSMENT METHODOLOGY OF FORO, BACON AND DAVIS UTAH, INC. 

The radiological assessment methodology for tailings-pile radionuclides 

of Ford, Bacon and Davis Utah, Inc. appears in the following bw documents: 

FBOU 1978. Radiation Pathways and Potential Health Impacts from 

Inactive Urani urn Mill Tail i nos, GJT -22, FBOUl30-41. Ford, Bacon 

and Davis Utah, Inc., Salt Lake City, Utah. 

FBOU 1981. Engineering Assessment of Inactive Uranium Mill 
Tailings, Vitro Site, Salt Lake City, Utah, DOE/UMT-0102, 

FBDU360-00. Ford, Bacon and Davis Utah, Inc., Salt Lake City, 

Utah. 

These documents assess the health impacts of the Vitro pile itself. The 

first document does not assess the external gamma ray exposures, nor the 

inhalation of windblown tailings, but considers the health impact to popu­

lations of these pathways to be insignificant. A modeling of the ground- and 
-4 surface-water pathway predicted a potential exposure of less than 10 

mrem/yr, a negligible dose compared with that from the radon daughters. 

Exposures from the ingestion of food were also ignored; like the external 

gamma and windblown tailings, this pathway was considered to be insignifi­

cant. In assessing the impact of radon daughter exposures, modeled indoor 
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radon concentrations were converted to WL concentrations, assuming a 50% 
equilibrium factor (a generally conservative assumption, which, in some 

cases, could well overestimate the radon daughter risk) and continuous 
exposure (100% of the time spent indoors). The radon daughter (absolute) 

risk estimator (1.8 x 10-4;\~LM) was derived from BEIR (NAS 1972); the 

relative risk estimates of BEIR were considered less useful. 

The second document updates the data and assessments in the first 

document and other predecessor FBDU reports. It a 1 so ignores the 
radiological impact of all exposures other than those due to radon daughters 

and whole-body gamma radiation. The radon-daughter (absolute) risk estimator 
(1.5 x 10-4/WLM) is derived from underground miner data in BEIR-III (NAS 

1980) by assuming a lifetime plateau for risk to age 75, adjusting for the 
reduced breathing rates of populations compared with the rates of miners, and 

adjusting for the population age distribution. These adjustments could be 

criticized, but the derived risk factor is not unreasonable and is in the 

range of factors used by others. As in FBDU 1978, indoor radon daughter 

concentrations are derived from indoor radon concentrations, assuming an 

equilibrium factor of 50%. The gamma risk estimator is confusing, being a 

combination of a linear and quadratic term and expressed in annualized units. 

Example calculations of gamma risk are not given. 

RADIOLOGICAL ASSESSMENT METHODOLOGY OF SANDIA NATIONAL LABORATORIES 

Sandia's radiological assessment methodology for tailings-pile radon 
appears in the following document: 

Sandi a 1981. Urani urn Mill Tailings and Radon. SANDB0-?.1 42 

(Revision). Sandia National Laboratories, Albuquerque, New 
t~exico . 

Sandia, like several others, conservatively assumes 50% equilibrium for radon 

daughters in indoor air as well as continuous exposure; thus 1 pCi/L radon = 

0.25 \JLM/yr. Their exposure-to-dose conversion factor is 5 rem/~·JU·1, a factor 

of about two 1ess than that of most others. Sandia adopted the annualized 
risk estimate of the 1976 ad hoc committee of BEIR (NAS 1976), 2 lung cancer 
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cases/rem/106 person-yr, which they convert to 10 lung cancer deaths/WLM/ 

106 person-yr. Rather than developing their own cancer-prediction model 

around this risk coefficient, Sandia adopted the methodology of EPA as it 
appears in the DEIS for remedial action standards for inactive uranium 

processing sites (EPA 1980). EPA 1 s approach in their final environmental 

impact statement (40 CFR 192) (EPA 1982) for radon and gamma exposures is 

similar and is as follows: 

• Radon dispersion from tailings sites is conservatively modeled, not 

measured; indoor radon concentrations are set equal to outdoor levels; 

indoor radon daughter concentrations are calculated, assuming an equi­
librium factor of 70%. 

• l WL for l yr is equivalent to 27 fiUVyr, rather than to 51 WLM/yr. 

This exposure reduction presumably accounts for the different equilib­
rium factor and the reduced breathing rate of members of the population, 
compared to worker exposures. (a) 

• The occupancy time for structures is 75%; therefore, 1 ~JL for 1 yr 
equals 20 WLM. 

• The annualized absolute risk coefficient is 10 lung cancer deaths/WLM/ 

106 person-yr at risk, a value reported by the NAS (1976). Assuming a 
constant risk following exposure, and accounting for other causes of 
death, a person exposed to 0.01 l~L over a lifetime is stated to incur a 

0.7% (1 in 140) additional chance of contracting a fatal lung cancer. 

Assuming 71 yr of exposure and 0.01 WL = 0.20 WLM/yr, the lifetime 

(absolute) risk coefficient of EPA converts to 5 x 10-4;wu1 [(7 x 10-3;, ' 

(0.20 x 71)]. This value is considerably higher than the lifetime risk 

coefficient used by other modelers; however, the artificial lowering of 

population exposures keeps the EPA risk estimates reasonably near 

(a)A reduction for breathing rate is a mistaken notion, however, as the dose 

to bronchial tissue (the presumed site for cancer induction) is roughly 

invariant with respect to breathing rate. 
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(although higher than) the values calculated by other health effects 

modelers. 

• EPA also employs relative risk model, which predicts approximately twice 

as many lung cancer deaths as their absolute risk model. 

• A gamma-ray exposure of 100 mrem/yr produces a lifetime (absolute) risk 

of fatal cancer of 8 x 10-4. This equates to an absolute lifetime risk 

of about 10-4/rem, a value commonly used for assessing the risk of 
gamma-ray exposures. The EPA 1 s relative risk model provides a risk 

coefficient for fatal cancers from whole-body gamma-ray exposures six 

times greater than their absolute risk model. 

SUMMARY 

The majority of risk assessments associated with radionuclides from 

uranium mill tailings have been addressed to the piles themselves. Two 

laboratories, ORNL and PNL, addressed the risks associated with 

tailings-contaminated vicinity properties. The major risks are due to radon 

daughter and external gamma radiation exposures. Other pathways of exposure 

are mentioned but, except for the food pathway, are not considered important 
enough to include in risk calculations. 

Lifetime absolute risk coefficients for radon daughter exposures range 
from 1 to 5 x 10-4/WLM in the documents surveyed. Lifetime relative risk 
coefficients range even higher. Despite the wide range in absolute risk 
coefficients, the range of predicted lung cancers was narrower due to compen­

satory assumptions in the calculations. Although the agreement is fortui­
tous, many assumptions contributing to the agreement cannot be justified 

scientifically. The lifetime whole-body absolute risk coefficient for 

• external gamma radiation exposure was commonly chosen to be 10-4/rem 
whole-body dose. 

The ORNL risk assessment methodology for vicinity properties is the 
simplest and is arguably adequate when the exposure data are very limited. 
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The uncertainties in the risk estimates, however, could easily exceed a 
factor of five when calculated with inadequate exposure data. 

PNL 1 S approach, discussed in Chapter 2, is more sophisticated. The risk 
coefficients, which are based on a recent NCRP report (NCRP 1984), are 

adjusted to exposure conditions at individual properties. An-attempt is made 

to calculate realistic annual-equivalent exposures for occupants of vicinity 

properties. The types of risks and estimated health effects calculated by t 

PNL also provide an improved basis for setting priorities for remedial action 

and for the determination of cost-benefit ratios. 
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CHAPTER 6 

REVWI OF RADIOLOGICAL SURVEY TECHNIQUES USEO IN DOE REMEOIAL ACTION 

PROGRAMS FROM THE STANDPOINT OF RISK ASSESSI•in!T 

INTRODUCTION AND SCOPE 

This chapter provides a review of the radiological survey protocols 
used within the DOE Remedial Action Programs with respect to the type of 
data available for performing risk analyses. The review includes 

radiological survey protocols identified in generic DOE Remedial Action 
program documents, as well as those given in site- or property-specific 
survey reports. Some protocol documents outside DOE's Remedial Action 
programs were also reviewed for comparison and completeness. 

This review includes the past and current radiological survey 
techniques employed for DOE's Remedial Action Programs and the protocols 

developed by the Technical f,1easurements Center (TMC) in Grand Junction, 

Colorado. The TMC provides standardization, calibration, testing of 
comparability, verification of data, quality assurance, and evaluation 

of cost-effectiveness for the environmental measurements required for 
DOE 1 S Remedial Action Programs. A list of documents reviewed in 
developing this chapter is included in the Supplemental Bibliography. 
These include those for the Formerly Utilized Sites Remedial Action 
Program (FUSRAP), i.e., DOE/EV-0005-XX(l-50); the Uranium Mill Tailings 

Remedial Action Program (UMTRAP), e.g., ORNL-XXXX(5447-5465); and the 

generic documents provided by TMC, e.g., GJ/TMC-XX(OZ-16), and by 

others, e.g., DOE/EP-01100, NUREG/CR-2082 and -2241. The types of 

surveys included in these respective reports are summarized in tables, 

following the discussion of the types of surveys most useful for 
performing risk estimates. Examples are also provided, showing how the 

available data from the Salt Lake CHy vicinity property surveys were 
used to perform property-specific risk estimates. Finally, recommen-
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dations are provided for reviewing and reevaluating the need for and 
subsequent use of radiological surveys for comparison with standards and 
guidelines as well as performing risk estimates for occupants of the 

facilities or parcels of land. 

DOE REMEDIAL ACTION PROGRMI SURVEY PROTOCOLS 

The DOE Remedial Action Program's radiological characterization 

surveys of site and vicinity properties typically include gamma scan and 
exposure rate measurements at indoor and outdoor locations, and instan­
taneous indoor air sampling for radon or radon daughters. Other meas­

urements at selected sites and for specific programs also include 
sampling of surface (0 to 15 em) and subsurface soil, and alpha and 
beta-gamma contamination measurements inside buildings. The specific 

survey protocols for each of the DOE programs, grouped by program and 
potential contaminants, are described in more detail in the sections 

that follow. 

Bases for Radiological Surveys 

Each DOE Remedial Action Program uses different terminology to 
describe the radiological surveys they conduct. Generally the surveys 

can be categorized as: (1) initial, (2) characterization/engineering, 
and (3) verification. The initial surveys identify contaminated 
properties for possible incorporation into one of the DOE Remedial 

Action programs. The characterization/engineering surveys are really 
extensions of the initial surveys to further delineate the contaminated 
areas and to identify which portions of specific properties would 
require subsequent remedial actions. The verification sur·veys are 
performed subsequent to remedial action to verify that applicable 

guidelines have been met, and no further remedial action is required. 
\~e emphasize the characterization surveys because they include the most 

detail and, hence, are the most useful for performing risk analyses. 

The types of measurements most often collected by the survey teams 

are those taken to show that a particular property is not contaminat~d 
above a given guideline. Hence, there is a strong emphasis on making 
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so-called 11 biased 11 measurements to show that contaminant levels for a 

given property are below the standard. In fact, the latest trend in 
making radiological surveys at UMTRAP-vicinity properties is to perform 
11 biased 11 surveys only; that is, to look only for 11 hot spots 11 and to 

compare those levels with the guidelines, rather than to make 
measurements at fixed intervals in space or time that woUld allow the 

calculation of concentration or radiation level averages and trends . 

In general, the radionuclides of interest are determined from a 

history of the operations conducted at a given site or from the con­
taminants, such as tailings material, which were deliberately displaced 
for fill or construction or indirectly through wind or water erosion. 
For those sites affected by uranium mill tailings, the most important 
nuclides are 238u, 226 Ra, and the daughters of 222Rn. Hence, the most 
important measurements for risk estimation include external gamma 

radiation (from the decay of 226Ra and its daughter products), radon 

daughters in air, 226 Ra in soil (and, ultimately, in foodstuffs) and 

Nater (when relevant and available). For the FUSRAP, the same 

radionuclides and measurements may also be important, but additional 

radionuclides may include fission (e.g., 90sr and 137cs) and activation 

(e.g., 60co) products as well as transuranics (e.g., 239Pu and 241Am). 

It is essential, however, that a thorough search of the site or facility 
records of operational history be included and some analyses performed 
to assure the absence of specific contaminants. 

GJRAP and UMTRAP Survey Methods 

The Grand Junction survey program was started in 1963. At that 
time, an indoor radon study of Mesa County (Colorado) was initiated by 
the U.S. Public Health Service (PHS) and the Colorado Department of 

Health (CDH). Those initial screening surveys indicated the need for 

further study, which prompted a joint effort begun in April !970 by the 

AEC, the EPA and Colorado State University (CSU). These early efforts 

attempted to characterize the radiological condition of residences and 
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commercial structures with respect to the need for remedial action based 

on the then-applicable Surgeon General Guidelines (i.e., whether or not 
occupied or habitable structures showed radon daughter concentrations of 

greater than 0.01, between 0.01 and 0.05, or greater than 0.05 \~L). 

Presently, the radiological survey responsibilities-for GJRAP are 

split between the CDH and an architect/engineering firm, ARIX Corpora­
tion (ARIX). The state is charged with making annual average radon 
daughter air-concentration measurements in occupied or habitCI.ble struc­
tures ¥1hile ARIX performs the balance of the surveys as part of their 
radiological monitoring support (RMS) contract. ARIX technicians also 

obtain grab air samples during the construction phase as a preliminary 
indication of the remedial action effectiveness. ARIX also analyzes 
airborne radioactivity in the work area and provides for dust controls 
when needed. The objectives of the RMS program are "to document radio­

logical conditions prior to, during and after construction, and to 
provide radiological assistance in altering the original design if 

necessary" (ARIX 1983, p. 8-4). The general guidelines and specific 

details of the GJRAP radiological surveys are provided in Section 8 
(Radiological Monitoring Support) and Appendices A (Dose Rate Cali­

bl·ation and Gamma Surveying), G (State of Colorado/ARIX Contract), H 

(Contract for Engineering Assessment), K (Engineering Assessment Forms 

and Reports), and L (Priority Determination Procedures) of the Proce­
dures Manual for the Grand Junction Remedial Action Program {ARIX 1983). 

The objectives of GJRAP gamma-screening surveys are to determine if 
radioactive materials, especially uranium mill tailings deposits, are 
present on individual properties; to acquire sufficient data to evaluate 

the gamma radiation levels; and to document the location of tailings or 
other radioactive material when detected. ARIX performs all gamma 

surveys. 

t·1ethods used to search for elevated gamma radiation fields and to 

characterize them are grouped into two types. The first is single-point 
measurements made at the intersection of grid lines that represent a 
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sample of the gamma field surrounding the grid line intersections. This 
method is usually employed for screening surveys outside a structure 
where large areas are to be mapped. The second type is a scan of 
individual areas bordered by the grid lines. The average value is noted 

for the grid block. This second method has the advantage of locating 
less obvious sources that might be away from the grid line intersections 

and is used in smaller areas, such as inside structures . 

For the typical outdoor survey, 6- to 10-foot grid intervals are 
used. When surveying inside, 5-foot scan intervals are used, including 

around and over furniture. These scan (slow-walk) readings are taken 
with the meter held just off the surface of the ground or floor where 
possible. Waist-level readings are also made to detect point sources on 
shelves and in storage areas and to help delineate an area of elevated 
readings by checking for "shine11 fields. If higher waist-level readings 
are observed, the surveyor is directed to investigate the surrounding 

area in an attempt to locate the source of the ''shine." 

\~hen anomalies are encountered, either indoors or outside, a 
differential gamma reading is also obtained, using a portable lead 
shield. In these cases, a reading is taken with the field survey 
instrument (gamma scintillator) in both a shielded and an unshielded 
mode at the same location (and height above the surface), and the 
differential reading is recorded (typically in R/hr). 

Explorations, a combination of concrete/asphalt coring and soil 
flight augering, are performed in interior and exterior areas at 
locations of gamma anomalies. Core samples are obtained where tailings 
use is suspected, and holes augered and radiation levels logged until 
essentially background levels are detected at the bottom of the hole to 
assure that the bottom of the tailings deposit has been reached. 

Explorations are also required adjacent to and to depths below the 
footings of the structure(s) on the site to verify if tailings were used 
as backfil~. In addition, all exterior Masonry is surveyed for 

anomalies, with readings being obtained nnd recorded on both the brick 
and the mortar surfaces. 
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In the case of radon daughter measurements, the COH performs these 
measurements at GJRAP vicinity properties. The radon daughter concentra­
tion (ROC) data, measured in terms of working levels, are accumulated 
over a one-year period in accordance with 10 CFR 712. The radon 
daughter samples are normally collected from one interior location 
representing the greatest possibility for elevated concentrations. 

These measurements, using radon-progeny-integrated sampling units 
(RPISU), consist of six nominally 100-hour samples per year separated by 
a minimum of four weeks at each property. The state ROC data are 

usually considered adequate to determine WL exposure rates unless 
remodeling and source material removal have been accomplished by the 

owner subsequent to the sampling effort. In such cases, simultaneous 
grab radon and radon-daughter samples are collected from various 
interior locations by ARIX and analyzed to identify any possible changes 
in air concentrations that could affect structure eligibility or 
priority. Such information is reported to the state for their 

evaluation. 

In the case of structures other than residences, additional 
sampling is often accomplished at the discretion of ARIX. Since these 
structures are normally relatively large (e.g., warehouses) with highly 
variable use, and the state normally samples only one location within a 
structure, ARIX performs simultaneous radon/radon daughter sampling 
throughout the structure to identify gradients. 

The UMTRAP radiological surveys are more detailed than those in 
GJRAP and include alpha and beta/gamma surface contamination 

. 238 226 measurements as well as soil sampling and analys1s for U and Ra. 
The UMTRAP vicinity property "characterization" surveys are made by the 

inclusion survey contractor, ORNL, to determine if remedial action 
criteria {i.e., those promulgated by the EPA as a result of the Uranium 

Mill Tailings Radiation Control Act of 1978, Public Law 95-604) are 
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exceeded. These include systematic outdoor surface gamma scans over the 
entire property with data averaged over 100-m2 areas. At this point, if 
the criteria are exceeded, no additional measurements are made. If not, 

then systematic indoor surface gamma scans are performed and data are 
averaged by room to compare against the 20 R/h (above background) 

criteria. If neither of these sets of preliminary measurements 
indicates that the criteria are exceeded, then more extensive surveys 

(e.g., 226Ra in surface and subsurface soils, indoor alpha surface 
contamination and/or radon daughter concentrations) are conducted to 
determine whether criteria values for these parameters are exceeded. 

Comprehensive radiological surveys are conducted during the engin­
eering/construction phase. These are defined as radiological assess­
ments in the Vicinity Property ~~anagement and Implementation Manual 
(VPM!~I), UMTRA-DOE/ AL-050601 (DOE 1984a). These radiological (and 
engineering) assessments are performed to: 

• outline the areal and volumetric extent of contamination on 
UfHRAP vicinity properties 

• 

• 

determine if radon daughter concentration or gamma radiation exceed 

EPA standards 
document justification for applying EPA Supplemental(a) Standards . 

Specific radiological assessment measurements, made by the 
Inclusion Survey Contractor {ORNL) and the Technical Assistance Con­
tractor (Jacobs-Weston) to define the extent of contamination on 
vicinity properties, include the following: 

(a)Supplemental Standards can be applied when tailings exist in one or 

more of the following locations: under public thoroughfares, as a 

constituent in concrete or asphalt, as a foundation for public statues 
or monuments, or as a base for hard-surface public roads or railroad 
berms. 



• gamma surveys, indoors and out 

• surface and subsurface soil sampling 
• borehole logging 

• grab-air sampling to determine radon and radon daughter 
concentrations in occupied or habitable buildings 

• alpha and beta-gamma surveys to determine fixed and-removable 
contamination in structures. 

The gamma surveys are performed on a grid system (maximum spacing 
of 100 ft outdoors and 25 ft indoors) at the surface and at 1 m above 
the surface; outdoor and indoor scans o~ the entire property are also 

conducted. Soil samples are collected at so-called 11 biased 11 locations 
(with high gamma readings) on the surface (0 to 15 em) and in 15-cm 
thick subsurface layers. The radon and radon daughter samples are 
typically five-minute grab air-samples within the most used portions of 
structures, the lowest structural levels (e.g., basements), or where 

there were high gamma readings or some other indication that the 
potential exists for elevated radon levels. In some special cases, 

longer-term radon daughter measurements are performed by ORNL or another 
remedial action support contractor, Mound Laboratory. 

One additional item covered in the September, 1983, Summary 
Protocol U~1TRAP Vicinity Properties, Identification - Characterization -
Inclusion Report (later included as part of Appendix A of VPMIM) is the 
definition of adequate background measurements. A minimum of 30 meas­
urements are required in a selected nearby area where the coefficient of 
variation is less than or equal to 30%. This is particularly important 
for UMTRAP surveys because the EPA external gamma radiation criteria are 
based on indoor radiation levels above background. 

FUSRAP Survey Protocols 

The FUSRAP survey programs were initiated to determine the radio­
logical status of properties no longer being used by DOE or its prede­

cessor organizations, Energy Research and Development Administration 
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(ERDA), AEC, or Manhattan Engineering District (MED). Most of these 
properties were decontaminated in preparation for retirement from active 
use and are now being reevaluated, either for potential public sale or 
for possible reuse in a nonnuclear or other nuclear (e.g., use of 
different radionuclides) mode. In general. the FUSRAP sites are no 

longer the property of DOE . 

A comprehensive radiological assessment of individual sites was 
initiated in 1974 by the AEC to determine if contamination remaining as 
a result of former MED/AEC work involving radioactive materials might 
require remedial action. The surveys were conducted primarily by 
Argonne National Laboratory, Los Alamos National Laboratory, and ORNL. 
The surveys were conducted with direct instrument measurements, as well 
as smears and air samples taken within the structures. Outdoor 
instrument surveys and soil and water sampling (as applicable) were also 
conducted. The FUSRAP surveys, like the GJRAP and UMTRAP surveys, were 

conducted primarily to determine the presence or absence of contamina­
tion. However, there are differences in the methods employed to collect 
the data; for example, differences in grid size (spacing bet\~een meas­

urements) or the absence of any use of a grid system, the minimum 
sensitivity of the instruments used, and the types of data recorded by 

the survey teams. It is also common to compare the results obtained 
from these surveys with standards and guidelines in the same manner as 
GJRAP and ur~TRAP survey data. 

Specific property surveys for FUSRAP sites have included meas­
urements of direct alpha and beta-gamma instrument readings of ac­
cessible floors and walls to a height of 2m, as well as a representa­
tive selection of accessible overhead structures such as ceilings, 
pipes, vents, and light fixtures; smear samples of the accessible 
surfaces monitored during the direct radiation surveys; external gamma 
radiation levels within structures; indoor air samples for determining 
radon and radon daughters and the presence of any long-lived radioactive 

atmospheric particles; external gamma radiation on and near the site; 
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beta-gamma radiation at the surface in the most contaminated areas; 
radium and uranium concentrations in the soil; concentrations of radium, 

uranium, and thorium in water samples collected from drainage areas; and 
radium concentrations in mud samples taken from the drainage areas. 

Operation of the FUSRAP survey program is based on the Formerly 
Utilized Sites Remedial Action Program Summary Protocol, Identification 

- Characterization - Designation - Remedial Action - Certification 
(DOE 1984b) document and the FUSRAP appraisal overvie" briefing package 

provided to the ODS Apprais.l Team (August 1984) by Bechtel National 

(the FUSRAP Project Management Contractor). Other survey documents 

reviewed included the older set of FUSRAP survey reports entitled 
11 Radiological Survey of the ... (name of site, city, state) 11 issued by 
DOE from 1977 to the present, numbered DOE/EV-0005/XX (1-50); the 

unnumbered 11 Comprehensive Radiological Survey ... (property name, city, 
state)" by ORAU for DOE; and the more recent 11 Survey Plan for the 
Radiological Characterization of ... (site name)" by Bechtel. 

These comprehensive characterization surveys are to develop an 
adequate data base for engineering the design of the remedial action. 
The surveys include structures (surface contamination, exposure rate of 
the surface and at 1m, radon and thoron); ambient radiation (near 

surface gamma, surface beta-gamma, gamma exposure rate at 1 m); soil 
(surface and subsurface samples, borehole gamma logging, radon emanation 
rates, and sediment samples); and water (surface and subsurface) 
samples. 

A summary of the outdoor and indoor survey protocols at vicinity 

properties in DOE's Remedial Action Programs is presented in Tables 6.1 
and 6.2. These tables provide a capsule summary of the various 

instrument surveys and sampling programs. Although differences in 
measurements and samples can be noted, those differences do not 
necessarily reflect on the adequacy of the different measurement 

protocols but may be the result of differing program objectives. 
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TABLE 6.1 Surrmary 
Remedial 

Surve,l Mode 

FIELD t1EASUREMENT 

Gamma 
surface 
1 m 
differential 

Beta 
in situ 
fixed 

In situ soil 

Borehole logging 

SAMPLE ANALYSIS 

Soil 
surface 
subsurface 

Water 
surface, grab 
ground, grab 

Sediment 

(a} ARIX 1983. 
(b) DOE 1984a. 
(c) DOE 1984b. 

of Outdoor Radiological 
Action Programs. 

GJRAP(a} 

X(d} 
X 
X(e} 

(d) X indicates use of the survey mode. 

Survey Protocols in DOE 1 s 

UMTRAP(b} FUSRAP ( c} 

X X 
X X 

X 
X 

X 

X X 

X X 
X X 

X 
X 

X 

(e) Place a lead shield beneath detector, observe the meter reading, 
remove the lead shield, observe a second meter reading, and 
record the difference. 
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Table 6.2 Summary of Indoor Radiological Survey Protocols in DOE's 
Remedial Action Programs 

Survey Mode 

FIELD f1EASUREMENT 

Gamma 
surface 
1 meter 

Beta 
in situ 
fixed 
removable 

Alpha 
fixed 
removable 

SAr1PLE ANALYSIS 

Radon, grab 
Radon daughters, 

Air particulates 

(a) ARIX 1983. 
(b) DOE 1984a. 
(c) DOE 1984b. 

GJRAP(a) 

X 
X 

grab X(e) 

UMTRAP(b) 

X 
X 

X 
X 
X 

X 
X 

X (d) 
X(f) 

{d) Integrated radon measurements are also made at some 
locations. 

(e) Single location considered to result in highest WL. 

FUSRAP(c) 

X 
X 

X 
X 

X 
X 

X 
X 

X 

(f) Radon measurements are made at all vicinity properties, but radon 
daughters only at selected properties, r.ot necessarily concurrent 
with or at same locations as grab radon samples. 
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SURVEY DATA AND RISK ASSESSMENTS 

The radiological measurements most useful for estimating health 

effects at sites contaminated with uranium mill tailings (i.e., U~1TRAP 

and GJRAP} include: (1) interior and exterior measurements of gamma 

exposure rates due to the presence of tailings in the soil; (2) meas­

urements of indoor radon daughter air concentrations; and (3) measure­

ments of 226 Ra concentrations in soil and/or foodstuffs. Additional 
radiological measurements of value for FUSRAP include: (I) particulate 
radionuclide concentrations in air; and (2) other radionuclide concen­

tration measurements in soil, water, and/or foodstuffs, as applicable on 

a site-specific basis. 

Gamma radiation measurements at a distance of 1 m above the ground 

(or floor surfaces) provide data for estimating whole-body doses due to 

external radiation. Measurements made at grid points, both outdoors and 

within structures, on contaminated properties provide excellent data for 

averaging the ambient gamma levels for the estimation of health effects 

due to gamma-ray exposure. 

Radon daughter concentrations in air are often the most important 

factor in estimating health risks from uranium ~ill tailings. However, 

in contrast to the relative ease of measuring gamma radiation levels, 

radon daughters pose great problems in obtaining representative measure­

ment values. The considerable variability of radon gas and radon 

daughter concentrations in air becomes apparent when examining measure­

ments obtained with recording instruments over a period of a few days. 
It is not uncommon to find more than an order of magnitude difference 

between the maximum and minimum for a 24-hour period. At a given indoor 

measurement location, the radon daughter concentration may be affected 

by seasonal and diurnal variation in the radon exhalation rate from the 

underlying soil; outdoor weather conditions, principally high wind 

speeds; and changing ventilation rates due to the operation of heating 

or air conditioning units or the opening and closing of doors and 

windows. These factors make the use of integrated or continuous 

measurement equipment imperative. 
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The other important factor in long-term radon daughter measurements 
is the possible range of differences from the annual mean, for a worker 

in a commercial or industrial facility or for a resident in a house. 
Usual daytime workers, for example, may be spared the buildup of radon 
daughters during the night so that the mean of the integrated measure­
ment may be high for them, whereas occupants of a residence may have the 

bulk of their exposure during the evening and nighttime hours when radon 
daughter levels are at their peak. Keeping windows open or closed 

during the night may also make a substantial difference in the indivi­
dual 1 S radon daughter exposure. Because of these several factors that 
determine variability in radon and radon daughter concentrations in air, 
grab samples are not the most useful for health effects estimation. 

Radon gas concentration measurements can be substituted for daugh­
ter measurements if the latter are not available. In order to convert 
radon gas to daughter concentration, it is necessary to provide values 

for the equilibrium factor. This introduces an additional element of 
uncertainty, which is best avoided by measuring the daughter concentra­

tions directly. Beyond this, the most accurate assessment of the risk 
from radon daughters would additionally include information on the 
percentage of unattachment of RaA, the first daughter. In the absence of 
these data, reasonable values for the unattached activity can be assumed 

for most environmental and occupational exposure situations. 

In addition to the relatively direct exposures due to gamma and 
radon daughters, other environmental exposure pathways must also be 
considered. Calculation of the order of magnitude of such exposures may 
be required in order to judge whether their contribution to health 

effects is sufficient to warrant in-depth investigation. Potential 

exposure pathways relevant to this discussion include inhalation of 

radioactive particles resulting from soil resuspension, ingestion of 
radionuclides that may take place through either agricultural use of 

land or the growing of edible plants in home gardens, or ingestion of 
contaminated ground water as a result of transport of radionuclides in 
the soil into aquifers that may either be tapped by wells on the 

property or, if open, may drain into surface streams that serve as a 
drinking water source. 
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Soil concentrations of 239 Pu, 238u, 226Ra, 60co, and, if present, 
other radionuclides are obtained primarily to map out the residual 
contaminants in a given location Hith respect to lateral extension and 
depth. This information is essential to the calculation of the location 
and volume of soil to be removed in the event that such removal is 

included in a remedial action plan. These measurements also provide 
data relevant to the estimation of the impacts of environmental exposure 
pathways to man, which can be useful in estimating health effects. 
Elevated radionuclide concentrations in soil at specific locations may 
also indicate the need for additional survey data, such as radon 

daughter measurements in structures and additional sam~ling and analyses 
for suspected contaminants in water. 

RECOMMENDATIONS AND CONCLUSIONS 

The close scrutiny of radiological survey data from DOE 1 s Remedial 

Action Programs has provided an opportunity to evaluate the effective­
ness of the measurement schemes that are in current use. Insofar as one 

purpose of the radiological surveys conducted by DOE contractors is the 
identification of actual or potential health hazards, the adequacy of 
their data for health effects estimation becomes an essential concern. 
For the purpose of this study, inadequacies have been identified and 
changes recommended in the measurement protocols utilized by the radio­
logical survey contractors. Improvement in the design of measurement 

sampling schemes will increase the accuracy of the health-risk esti­
mates and can mitigate the need for any measurements in addition to 
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those that were made originally at any site. Thus, if generic inade­
quacies are identified and corrected, the cost of the program will be 
reduced and the quality of estimates improved. 

The most significant weakness in existing sampling techniques from a 
risk assessment standpoint is the lack of long-term radon/radon daughter 
concentration measurements. Although this was recognized and imple­
mented early in the GJRAP, all other DOE remedial action survey programs 
have not followed suit. 

The following suggestions for the revision of current radiological 
survey procedures and for the acquisition of more detailed property 
occupancy data are offered to improve the quality of health-effects 
estimates for vicinity properties in the DOE Remedial Action Programs. 
In offering these suggestions, we recognize that the acquisition of new 

data may be limited by budgetary considerations. However, in some cases 
the desired objectives may be achieved by substituting new for present 

procedures or the simple recording of accessory information. 

The need for improved occupancy data has been mentioned already. 
Our intent is not to fix precisely the present occupancy pattern, but 
rather to identify the typical annual-equivalent occupancy pattern of an 
11 as is 11 property rlith respect to the number of occupants and their 
locations. This might require modification of the existing pattern. 
For example, if a single person lives in a three-bedroom house, a 
preferred occupancy might be four or five persons. If a business in a 
commercial property grossly under- or overutilizes space, appropriate 
adjustments could be made in the occupancy number. An estimate of 
present occupancy is frequently sufficiently representative to obviate 

the need for any adjustment. The i~portant need is for a reliable total 
occupancy number with a representative distribution of the occupants 
within a building. This is especially true for areas in a structure 

having differing radiation exposure levels. 

Our suggestions for improved radon gas and/or daughter measurements 
concern the timing and the type of measurements. ~~hen grab radon gas 
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and daughter measurements are the only ones available, they should be 

done simultaneously and in areas of probable differing daughter concen­

trations to allow calculation of the respective equilibrium factors. 

This is especially true for all properties where radon daughter levels 

are likely to be elevated with respect to background. It is also 

desirable to do the measurements under conditions that are representa­

tive of the typical use of a room or area within a structure. For 

example, a room that is closed most of the time should not be sampled 

when the door is open. Conversely, it would be inappropriate to obtain 

measurements after a lengthy closed period in an area such as a garage 

or warehouse if the customary use calls for open doors. 

Where working levels are above background, at least one long-term 

measurement should be made in a building to compensate for the inherent 

instability of grab sample measurements. For example, placing inex­
pensive track-etch or passive environmental radon monitor (PERt,1) devices 

in several areas in a building for simultaneous gas measurements might 

be considered as an alternative to more expensive survey methods. The 

purpose would be to define the relative levels of radon gas concen­

trations in different areas in a building. The combination of a reli­

able continuous or integrated radon gas or, if available, daughter 

measurement, and track-etch gas measurements at the same and other 

locations in a building would permit adjustment of the (presumably 

reliable) integrated measurement value for other areas within the 

structure. Then, radon daughter values can be estimated for those areas 

by using appropriate estimates of the local equilibrium factor. 

Background values for radon and radon daughters should be based on 

measurements representative of the area being characterized. Supple­
mental background measurements could be obtained by placing instruments 

in nearby uncontaMinated homes or commercial properties . 

The above suggestions are offered to provide a basis for discus­

sion. We believe that the occupancy data should be both reliable and 

more detailed. If possible, the radon gas and daughter measurements 

should be performed such that they yield representative equilibrium 
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factors, a reliable long-term radon gas or daughter measurement some­
where in a structure, and a basis for deriving radon daughter concentra­

tions at other areas in the structure. These objectives may be accom­
plished by the use of distributed, relatively inexpensive measurement 
devices. Such a program will allow the calculation of projected health 

effects for persons occupying different areas in a building on the basis 

of direct or derived values for radon daughter exposures for those 
particular areas. 
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