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Chapter 1: INTRODUCTION 

This Background Information Document supports the Agencyss 
final rule on radon-222 emissions from licensed uranium milling 
activities. It is an integrated risk assessment that provides 
the scientific basis for this action. Although the U.S. 
Environmental Protection Agency (EPA) has considered radon-222 in 
several regulatory actions, no specific emission standard for 
this radionuclide has yet been promulgated for operating licensed 
uranium mills. 

1.1 History of Standard Development 

On January 13, 1977 (42 FR 2858), EPA issued Environmental 
Radiation Protection Standards for Nuclear Power Operations. 
These standards, promulgated in Title 40, Code of Federal 
Regulations Part 190 (40 CFR 190), limit the total individual 
radiation dose due to emissions from uranium fuel-cycle 
facilities, including licensed uranium mills. At the time 40 CFR 
190 was promulgated, considerable uncertainty existed regarding 
the public health impact of levels of radon-222 in the air and 
the best method for managing new man-made sources of this 
radionuclide. Therefore, the Agency exempted radon-222 from 
control under 40 CFR 190. 

On September 30, 1983, the Agency issued standards under the 
Uranium Mill Tailings Radiation control Act (uMTRCA) (40 CFR 192, 
Subparts D and E) for the management of tailings at locations 
licensed by the Nuclear Regulatory Commission (NRC) or the States 
under Title I1 of the UMTRCA, These standards do not 
specifically limit radon-222 emissions until after closure of a 
facility; however, they require as low as reasonably achievable 
(ALARn) procedures for radon-222 control, and the NRC does 
consider ALARA procedures in licensing a mill. When the UMTRCA 
standards were promulgated, the Agency stated that it would issue 
an Advance Notice of Proposed Rulemaking with respect to control 
of radon-222 emissions from uranium tailings piles during the 
operational period of a uranium mill. 

On April 6, 1983, standards for NRC licensees were proposed 
under the Clean Air Act (48 FR 15076, April 6, 1983); however, 
uranium fuel-cycle facilities, which included operating uranium 
mills, were excluded because these sources are subject to EPA1s 
40 CFR Part 190 standard. 



During the comment period for the Clean Air Act standard-s, it was 
noted that radon-222 emitted from operating uranium mills and 
their actively used tailings piles were no't subject to any 
current or proposed EPA standards, and that such emissions could 
pose significant risks. 

On October 31, 1984, EPA published an Advance Notice of 
Proposed Rulemaking in the Federal Resister, 49 FR 43916, for 
radon-222 emissions from licensed uranium mills. The notice 
stated that the Agency is considering emissions standards for 
licensed uranium mills and solicited information in the following 
areas: 

o Radon-222 emission rates from uranium mills and 
associated tailings piles 

o Local and regional impacts due to emissions of 
radon-222 from uranium mills and associated tailings 
piles prior to permanent disposal 

o Applicable radon-222 control options and strategies, 
including work practices 

o Feasibility and cost of radon-222 control options and 
strategies 

o Methods of determining compliance with a work practice 
type of standard to control radon-222 emissions 

o Impact of radon-222 controls on the uranium industry 

Pursuant to the citizens'suit provision of the Act, the 
U.S. District Court for the Northern District of California 
directed EPA to promulgate standards for other sources of 
radionuclide emissions, which could include radon-222 emissions 
from licensed uranium.mills. Thus, discussions between EPA and 
the Sierra Club regarding a schedule for developing a standard 
led to an agreement to submit a schedule for the promulgation of 
a standard in one year rather than having the Court establish a 
schedule. This motion was submitted to the Court on August 5, 
1985, and the Court ordered the EPA to issue final standards for 
radon-222 emissions from licensed uranium mills and mill tailings 
impoundments by May 1, 1986. This date was later moved to August 
15, 1986 to allow additional time for public comment. 

The EPA then issued the proposed rulemaking for "National 
Emission Standards for Hazardous Air Pollutants; Standards for 
Radon-222 Emissions from Licensed Uranium Mill Tailings," on 
February 21, 1986 (51 FR 6382-6387). Subsequent to the 
announcement of the proposed rule, a public hearing was held on 
March 25, 1986 in Denver, Colorado (51 FR 8205) and a second 
comment period was held open until April 28, 1986. 



1.2 Content 

The health effects of radon-222 and the risk assessment 
procedure are summarized in Chapter 2. The incidence of lung 
cancer and resulting deaths among miners exposed to radon-222 are 
described, and the range of risk factors is presented. 

The sources of radon-222 in uranium milling and the factors 
affecting the rate of radon-222 emissions are described in 
Chapter 3. This chapter also includes a general description of 
EPA's risk-estimating procedure, along with the methods of 
measuring radon-222. 

A description of each licensed mill, its associated tailings 
impoundments, and its estimated milling production rates are 
contained in Chapter 4. Estimates of radon-222 emissions from 
the existing tailings impoundments are presented in Chapter 5. 

The baseline industry risk assessment for individuals and 
regional and national populations and the control techniques and 
work practices that can be used to reduce radon-222 emissions are 
described in Chapters 6 and 7 respectively. The resulting 
emissions after application of these control methods are 
estimated. A comparison of work practices, costs, and 
effectiveness is presented in Chapter 8. 

Information for this study was compiled from the technical 
literature, previous studies by EPA and the Nuclear Regulatory 
Commission, comments resulting from rulemaking notices, and 
discussions with industry representatives. Comments received 
during the public comment period were incorporated into this 
final document as appropriate. No significant change in the 
technical information was made except for the Agency's revision 
of the risk factors associated with radon-222 exposure. These 
risk factors were increased from a range of 250-1000 deaths per 
million person working level months to a range of 380-1520 deaths 
per million person working level month. In addition, mill 
site-specific information was corrected and the discussion of 
interim cover was revised. 

1.3 Other EPA Standards Affecting Uranium Mills 

On December 3, 1982, EPA issued guidelines under the Clean 
Water Act for effluent limitations for New Source Performance 
Standards for wastewater discharges from the mining and dressing 
of uranium, radium, and vanadium ores (40 CFR Part 440, 47 FR 
54598). These effluent guidelines cover discharges of both 
radioactive and nonradioactive materials to surface waters from 
uranium byproduct materials. 



The EPA promulgated 40 CFR Part 261, Subpart F 
--Groundwater Protection--on July 26, 1932 (47 FR 32274) 
under the Solid Waste Disposal Act (SWDA) as amended by the 
Resource Recovery and Conservation Act. This Act requires 
that standards for nonradioactive hazards frcm uranium 
byproduct materials be consistent with standards promulgated 
under SWDA for such hazards. The Act also requires that the 
NRC establish general requirements that are, insofar as 
possible, at least comparable to requirements applying to 
the possession, transfer, and disposal of similar hazardous 
material regulated by EPA under the SWDA. 

The EPA issued standards for cleanup of contaminated 
open lands and buildings and for disposal of tailings at 
inactive uranium processing sites on January 5, 1983 (48 FR 
590) under UMTRCA. For inactive mills, the standard 
specified in 40 CFR 192.02 requires that controls: 

( a )  Be effective for up to one thousand years, to the 
extent reasonably achievable, and, in any case, 
for at least 200 years, and, 

(b) Provide reasonable assurance that releases of 
radon-222 frcm residual radioactive material to 
the atmosphere will not: 

(1) Exceed an average release rate of 20 
picocuries per square meter per second, or 

(2) Increase the annual average concentration of 
radon-222 in air at or above any location 
outside the disposal site by more than 
one-half picocurie per iiter. " 

This standard was later amended under Section 84 of the 
Atomic Energy Act of 1954 to include standards for 
radionuclides during and after processing of uranium ore 
sites (48 FR 45946, October 7, 1983). These regulations in 
40 CFR 192.30 specify concentration limits and construction 
standards for surface impoundments to ensure ground-water 
protection. In addition, Part 192.32 addresses radon-222 at 
active mills in a generic manner by requiring the mill owner 
to "make every effort to maintain radiation doses from 
radon-222 emissions from surface impoundments of uranium 
byproduct materials as far below the Federal Radiation 
Protection Guides as is practicable at each licensed site." 



This standard also specifies that radon-222 missions 
are limited to 20 picocuries per square meter per second 
(pCi/m sj after mill closure. This limitation does not 
apply to sites that contain a radium-226 concentration from 
mill tailings that does not exceed the background level by 
Inore than 5 pCi per gram over the top 15 cm of soil and 
15 pCi per gram over each successive 15-cm layer of soil 
below the top 15 cm. 

1.4 Other ~equlations Affecting Uranium Mills 

All uranium mills are licensed by the NRC or by States 
that enforce the NRC regulations, and are subject to the 
regulations contained in 10 CFR 20, Specific standards 
pertaining to radon-222 limit atmospheric radon-222 
concentrations to 3 x 10- pCi/ml (30 pCi/liter) in 
restric ed areas (i.e., areas within the mill property) and -6 
3 x LO pCi/ml (3 pCi/liter) in unrestricted areas. 
These concentrations are approximately equivalent to 

-third and one-thirtieth of a working level, 
?" respectively. The NRC has also recently issued 
amendments to its regulations governing uranium mill 
tailings disposal (LOO CFR Part 40) as published on October 
16, 1985 (50 FR 41852). These amendments conform to the EPA 
regulations for tailings disposal. 

The NRC has entered into agreement with a number of 
States to provide enforcement of tlie NRC regulations. These 
States are referred to as "Agreement States," The Agreement 
States that have uran fgy. mills are Colorado, New Mexico, 
Texas, and Washington 

State regulations pertain to the construction of 
tailings impoundments to mkni.mize ground-water 
contamination. In addition, States inspect tailing 
impoundment dams to ensure that they are built and 
maintained to minimi.ze safety problems. 

(a) A working level is defined in Chapter 2. The 
relationship between radon-222 and working levels 
depends on the degree of equilibrium between radon-222 
and its decay products. 

(b) Utah also is an Agreement State in nucl-ear licensing 
areas other than uranium milling. New Mexico returned 
licensing authority to the NRC on May 1, 1986. 





Chapter 2: ESTIMnTING THE RISK DUE TO EXPOSURE 
TO RADON-222 DECAY PRODUCTS 

2.1 Introduction 

The methodology the EPA uses to estimate the exposure and 
the health detriment (i.e., lung cancer) due to radon-222 in the 
general environment is described in this chapter. Radon-222 
exposure pathways are explained, the EPA risk model is described, 
estimates of risks due to radon-222 progeny (radon-222 decay 
products) made by various scientific groups are compared, and the 
risk coefficients to be used in this risk assessment are 
selected. Earlier studies have shown that a degree of 
uncertainty exists in all risk estimates (EPA84); therefore, EPA 
uses more than a single coefficient to indicate the range of this 
uncertainty. 

The occurrence of radiation-induced cancer is infrequent 
compared with the current incidence of all cancers. Even among 
heavily irradiated populations (e.q., some of the uranium mine 
workers in epidemiologic studies), the precision and accuracy of 
the estimate of the number of lung cancers resulting from 
radiation is uncertain because of the small sampling segment and 
because the data vary greatly. Also, the small sampling of 
exposed populations has not been followed for their full 
Lifetime; therefore, information on the ultimate effects of their 
exposure is limited. 

Only human epidemiological data are used to derive risk 
estimates for effects of exposure to radon-222 progeny, but 
animal studies support the risk estimates. In a series of 
studies performed with rats, French investigators have shown a 
dose-effect relationship similar to that obtained in surveys of 
uranium miners (Ch84, 85). In these studies, the risk per 
working level month at 20 cumulative working level months (CWLM) 
is about four times greater than at 3000 or more CWLM (Ch84, 
85). The lowest exposure studied to date, 20 CWLM, which is 
about 10 times the background exposure, doubled the incidence of 
lung cancer in the rats (Ch84, 85). 

When considered in light of experiments with animals and 
various theories of carcinogenesis and mutagenesis, the 
observational data on cancers related to human exposure to 
radiation are subject to a number of interpretations. These 
various interpretations lead to differing estimates of radiation 
risks by both individual radiation scientists and expert advisory 
groups. Readers should bear in mind that estima.ting radiation 
risks is not a mature science and that the evaluation of the risk 
due to radon-222 decay products (progeny) will change as 
additional information becomes available. 



Nevertheless, a substantial data base is available for use in 
developing risk estimates, and the Agency believes these 
estimates can be used in the development of regulatory 
requirements. 

2.2.1 Phvsical Considerations 

Radon-222 from uranium mill-ing operations enters the general 
environment from stockpiled ore and mill exhaust systems and 
through waste materials from milling operations. The half-life 
of radon-222 is 3.8 days; therefore, when it is released into the 
atmosphere, some atoms of gaseous radon-222 can travel thousands 
of miles through the atmosphere before they decay. As shown in 
Figure 2-1, the radon-222 decay process involves seven principal 
decay products before the radon-222 becomes nonradioactive lead. 
The first four short-half-life radioactive decay products of 
radon-222 are the most important sources of cancer risk. Members 
of the decay chain with relatively long half-lives (beginning 
with lead-210, which has a 22-year half-life) are more likely to 
be ingested than inhaled and generally present much smaller 
risks. 

The principal short-half-life products of radon-222 are 
polonium- 218, lead-214, bismuth-214, and polonium-214. 
Polonium-218, the first decay product, has a half-life of just 
over 3 minutes. This is long enough for most of the electrically 
charged polonium atoms to attach themselves to microscopic 
airborne dust particles that are typically less than a millionth 
of a meter in diameter. When inhaled, these small particles have 
a good chance of sticking to the moist epithelial lining of the 
bronchi. Most inhaled particles are eventually cleared (removed) 
from the bronchi by mucus, but not quickly enough to keep the 
bronchial epithelium from being exposed to alpha particles from 
the decay of polonium-218 and polonium-214. This hi.ghLy ionizing 
radiation passes through and delivers radiation doses to several 
types of lung cells. 

Adequate characterization cannot be made of the exact doses 
delivered to cells that eventually become cancerous. Knowledge 
of the deposition pattern of the radioactive particles in the 
lung is hased on theoretical models, and the distances from the 
radioactive particles to cells that are susceptible can only he 
assumed. Further, some disagreement exists about the types of 
bronchial cells in which cancer originates. Therefore, EPA 
estimates of lung cancer risk are based on the amount of inhaled 
radon-222 decay products to which people are exposed rather than 
on the dose absorbed by the lung. 



Figure 2-1. Radon-222 decay series. 
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inqrowth of Radon-222 Decay Products 

At the point where radon-222 diffuses out of the tailings 
pile surface, the concentration of associated radon-222 decay 
products is zero because those decay products generated prior to 
diffusion from the surface have been captured in the tailings or 
cover. As soon as radon-222 is airborne, ingrowth of decay 
products commences and secular equilibrium between the radon-222 
and the short half-life decay products is eventually obtained. 
At secular equilibrium, the activities of radon-222 and of all 
its short-half-life decay products are equal, and the alpha 
activity per unit of radon-222 concentration is at its maximum. 
As a means of accounting for the incomplete equilibrium before 
this state is reached, the "equilibrium fraction" is defined as 
the ratio of the potential alpha energy from those decay products 
actually present to the potential alpha energy that would be 
present at complete equilibrium. As radon-222 and its decay 
products are transported by the wind, the equilibrium fraction 
increases with distance from the tailings pile, and at great 
distances, approaches the theoretical maximum value of one; 
however, depletion processes, such as dry deposition and 
precipitation scavenging, selectively remove decay products (but 
not radon), so complete equilibrium of the short-lived decay 
products with the radon-222 is seldom, if ever, reached. 

When radon-222 and its decay products enter a structure, the 
building ventilation rate is the principal factor affecting the 
indoor equilibrium fraction. The equilibrium fraction can also 
be affected by other considerations, however, such as the indoor 
surface-to-volume ratio and the dust loading in indoor air 
(P078). 

In estimating the exposures oE nearby individuals to 
radon-222 decay products (in Chapter 6 ) ,  the model uses the 
calculated effective equilibrium fraction at selected distances. 
from a tailings pile (see Table 2-4 presented later in this 
chapter). For estimating population exposures, a 
population-distance weighted effective equilibrium fraction would 
be appropriate, but it is impractical to calculate this 
fraction. Indoor exposure is the dominant form of exposure due 
to radon-222 [Americans spend about 75 percent of their time 
indoors (M076, Oa72)], and the indoor effective equilibrium 
fraction does not depend greatly on the distance from the 
tailings pile. In this assessment, an effective equilibrium 
fraction of 70 percent is assumed'for calculating the exposure of 
populations because most of the affected individuals are at some 
distance from the tailings pile (see Section 2.4.1). 



2 - 2 . 2  Characgeri-zinq Exposures to .the General Pooulation 
Vis-a-vis Undcrqround Miners 

Although considerable progress has been made in modeling the 
deposition of particulate material in the lung (Ha82, Ja80, 
JaBL), adequate characterization of the bronchial 'ose delivered 
by alpha particles from inhaled radon-222 progeny attached to 
dust particles is not yet possible. Knowledge is still lacking 
concerning the kinds of cells in which bronchial cancer is 
initiated (Mc78, Mc83) and the depth of these cells in the 
bronchial epithelium. Current estimates of the exposure dose of 
inhaled radon-222 progeny actually causing radiogenic cancer are 
based on average doses, which may or may not be relevant (E185). 
Until more reliable estimates of the bronchial dose become 
available, following the precedents set in the 1972 and 1980 
National Academy of Sciences reports appears to be a prudent 
approach (NAS72, NASBO). Therefore, the EPA estimates the risk 
due to radon-222 progeny on the basis of exposure rather than 
dose per se. This is called the epidemiological approach; i.e., 
risk is estimated on the basis of observed cancers after 
occupational exposure to radon-222 progeny. 

Exposures to radon-222 decay products under working 
conditions are commonly reported in a special unit called the 
working level (WL). One working level is any concentration of 
short half-life radon-222 progeny having 1.3 x 105 MeV per liter 
of potential alpha energy (FRC67). (A WL is also equivalent to 
approximately 100 pCi/liter of radon-222 in secular equilibrium 
with its short-lived decay products.) This unit was developed 
because the concentration of specific radon-222 progeny depends 
on ventilation rates and other factors. A working level month 
(WLM) is the unit used to characterize a mine worker's exposure 
to one working Level of radon-222 progeny for a working month of 
170 hours. Inasmuch as the results of epidemiological studies 
are expressed in units of WL and W L M ,  comparable estimates of 
'exposure were developed for members of the general population 
exposed to radon-222 progeny, as explained in the following 
paragraphs. 

For a given concentration of radon-222 progeny, the amount 
of potential alpha energy a member of the general population 
inhales in a month is more than the amount a mine worker receives 
in a working month. Although members of the general population 
are exposed longer (up to 24 hours per day, 7 days a week), the 
average amount of air inhaled per minute (minute volume) is less 
in this group than that for a mine worker when periods of 



sj.eepi.ny and res'c:i.nii are talcen into account (EPA79, 'Th82) , The 
radcn-.222 progeny exposure o f  a mine worker can be compared with 
that of a member of the gerieral population by considering the 
amount of potential. alpha energy each inhales per year (Ev69)- 
That radon daughter deposition (and dose) in the conducting 
airways of the lung is proportional to ventilation rate (quantity 
inhaled) has also been recommended by other investigators (Ra85, 
~1082) . 

The EPA assumes that a mine worker inhales 30 liters per 
minute (averaged over a work day). This average corresponds to 
about 4 hours of light activity and 4 hours of moderately heavy 
work per day (XCR875)- The new ICRP radon-222 model, however, 
assumes an inhalation rate of 20 iiters per minute for mine 
workers, which corresponds to 8 hours of light activity per day 
(ICRP81j.  his may be appropriate for nuclear workers: however, 
studies of the metabolic rate of mine workers clearly show that 
they are not engaged in light activity only (Sp56, ICRP75, 
NASA73j. Therefore, 30 liters appears to be a more realistic 
estimate of the average minute volume for this groyp. Based on 
this minute volume, a mine worker inhales 3,6 x 10 cubic 
meters in a working year of 2000 hours LgCRP79). One working 
level of radon-322 progeny is 2.08 x 10 joules per cubic 
meter (1-3 x 10 MeV per liter); therefore, in a working year, 
the potential alpha energy inh9led by a mine worker exposed to 
one working level is 7.5 x 20- joules. 

According to the ICRP Task Group repor$ on reference man 
(ICRP75), an i.nhaled air volume of 2.3 x 10 liters per day is4 
assumed for adult males in the general population and 2.1 x4i0 
liters per day for adult females, or an average of 2.2 x 10 
liters per day for members of the adult gopulation. This average 
volume resuits,in - an intake of 8-04 x 10 cubic meters of air 
and 1-67 x 1.0 " joules per year of inhaled potential alpha 
energy from a continuous exposure of an adult member of the 
population .to one working 3.evel. of ra-don-222 progeny for 
365.25 days. 

Al'khoilgh it may be technically inappropriate to quantify the 
amount of potential alpha particle energy inhaled by a member of 
the general population in working level months, continuous 
exposure to 1 ML corresponds to about the same inhaled potential 
alpha energy as 27 647U would to a miner, Eience, for an adult 
member of the general population, a one working level 
concentration of radon proqeny results in a 27 W L F l  annual 
exposure equivalent (see Table 2-1). As stated earlier, an 
occupancy factor of 0.75 is assumed for indoor exposure: thus, an 
indoor exposure to one WL results in an annual exposure 
equivalent of 2 0  WLM (EPA79) in terms of the amount of potential 
alpha energy actually inhaled. 



The smaller bronchial area of children as compared with that 
of adults more than offsets their lower per-minute volume; 
therefore, for a given concentration of radon-222 progeny, the 
dose to children" bronchi is greater. This problem has been 
addressed in a paper by Wofmann and Steinhausler (Ho77), in which 
they estimate that doses received during childhood are about 50 
percent greater than adult doses. This information was used to 
prepare Table 2-1, which lists the age-dependent potential 
exposure eguival n used in the risk assessment described in the 
next subsection.iai The larger effective exposure to children 
relative to that to adults increases the estimated mortality due 
to lifetime exposure from birth by about 20 percent. 

Table 2-1. Annual exposure equivalent (WLM) as a 
function of age for members of the general public 

continuously exposed tg radon progeny at one working 
level (2.08 x 10- joules per cubic meter) 

Age of 
general population 

(Years) 

0-2 
3-5 
6-11 
12-15 
16-19 
20-22 
23 or more 

Exposure 
Equivalent 

(WLM) 

Lifetime Average 3 1 

2.3 Health Risk From ExDosure to Radon-222 Decav Products 

2.3.1 Risk Models 

A wealth of data indicates that radon-222 exposure of the 
bronchial epithelium of underground mine workers causes an 
increase in bronchial lung cancer among both smokers and 
nonsmokers. Among recent reviews (ICRP81, NA580, NCRP84, 
N105H85, Th82), two are of particular interest. 

(a) The assumptions on minute volume, etc., for mine workers 
and the' general population just described are the same as those 
used in the preparation of the EPA report entitled "Indoor 
Radiation Exposure Due to Radium-226 in Florida Phosphate Landsw 
(EPA79) and Final Environmental Impact Statements (EPA82, 83a). 



The 1980 NAS BEIR-3 Report (NAS80) contains a review of 
epidemiological studies on mine workers and develops an age 
specific absolute risk model. A lengthy report entitled "Risk 
Estimates for the Health Effects of Alpha Radiation," which was 
prepared by D. C. Thomas and X. C. McNeil for the Atomic Energy 
Control Board (AECB) of Canada, reanalyzes many of these 
epidemiological studies in a consistent fashion so that the 
modeling assumptions are the same for all of the data sets and 
develops a relative risk coefficient which fits most studies 
(Th82) . 

The manner in which radiogenic lung cancers are distributed 
in time, after a minimum induction period, is a crucial factor in 
numerical risk estimates. For radiation-induced leukemia and 
bone cancer, the period of risk expression is relatively brief; 
most occur within 25 years of exposure. For other 
radiation-induced cancers (including lung cancer), however, it 
appears that people are at risk for the remainder of their lives 
(NAS80). None of the epideniological studies of underground mine 
workers provides information on lifetime expression; indeed, most 
of the study populations are still alive and still at risk, 
Lifetime risks cannot be estimated only on the basis of 
observations to date; therefore, a model is needed to project the 
risk beyond the period of direct observation. As discussed in 
the 1980 NAS BEIR report, there are two basic models of risk 
projection: (1) the absolute risk projection model, in which it 
is assumed that the observed annual numerical excess cancer risk 
per unit exposure (or dose) continues throughout life; and (2) 
the relative risk projection model, in which it is assumed that 
the observed percent age increase of the baseline cancer risk per 
unit exposure (or dose) is constant with time (NAS8O). 

In the case of lung cancer and most other solid cancers, a 
relative risk model leads to larger estimated risks than the 
absolute risk model because of the generally increasing incidence 
of such cancers with increasing age. The number of lung cancer 
deaths that occurred in the U.S. population as a function of age 
in 1970 and in 1980 is shown in Figure 2-2. The decrease in the 
number oE deaths for ages greater than 65 years is due in part to 
depletion of the population by competing risks, and in part to a 
decrease in the age-specific incidence of lung cancer mortality, 
which peaks in males at about age 75 but is relatively constant 
in females until age 95 (NCHS73, NCHS83) (see Figure 2 - 3 ) .  The 
age-specific mortality of underground mine workers dying of 
radiogenic lung cancer shows the same pattern of death as a 
function of age as the general male population (Ra84, E185). In 
a recent review (E185), it was shown that a relative risk model 
can adequately account for the temporal pattern of cancer deaths 
observed in underground mine workers, whereas absolute risk 
projection models fail to do so. 



AGE in YEARS 

Figure 2-2. U.S. lung cancer mortality by age--1970 and 1980. 





2 - 3  - 2  The EPA Relative Risk b!odel 

Since 1978, the Agency has based risk estimates dae to 
inhaled radon-222 progeny on a linear dose-respor~se function, a 
relative risk projection mocJ.el, and a .ni.n-L.mum induction period 
of 10 years. Lifetime risks are projected on "the assumption 
that exposure to 1 W L M  increases the age-specific risk, of l.ung 
cancer by 3 percent over the age-specific rate in the U . S .  
population as a whole (EPA79). The life table anaLysis 
described in Bu8l and EPA84 is used "to project this risk over a 
full life span. 

The EPA model has been described in detail (EPA79, El79). 
A review of this model in light of the more recent information 
described herein revealed that the major assumptions, linear 
response, and relative risk projection have been affirmed. The 
A-bomb survivor data clearly indicate that the absolute risk of 
radiogenic lung cancer has continued to increase among these 
survivors, whereas their relative risk has remained reasonably 
constant (Ka82). The UNSCEAR, the ICRP, and the 1980 NAS 
Committee have continued to use a linear dose response to 
estimate the risk of lung cancer d.ue to inhaled radon-222 
progeny. Thomas and McNeillls ana1ys.i~ (Th8?) indicates that 
the use of linearity is not unduly conservative and actus.iiy may 
underestimate the risk at law doses. The i.980 NAS BEZR 
Committee reached a similar conclusion (NASBO). 

A major limitation of earlier EPA risk estimates is the 
uncertainty in the relative risk coefficient used, 3 percent 
increase in the age-specific lung cancer mo:rtality rate per 
WLM. This value is based an the exce.ss iiiortality caused by l u n ~  
cancer among exposed mine workers of varl-ous Eges, many of whom 
smoked. Therefore, it represents an avezage value for a mixed 
population of smokers, former smokers, arnd nnr ; snolcers  'i'l?is 
assumption may tend to inflate the risk estimate (as discussed 
herein) because smoking was more prevalent anicing some groups of 
mine workers studied than it is amcnq the U,S, general 
population today. 

En a recent paper, Radforci and Renard (Ra84j r.cpcir..ted on 
the results of a long-term study of Swedisi~ irsn rcii.i-ars i.r!?o were 
exposed to radon-222 progeny, This study is unique in that most 
of the miners were exposed to less than 100 WL1.I and tlhe risks to 
smokers and nonsmokers were considered separately, The nbgoiute 
risks of the two groups were similar, 20 fatalities per I0 
person-year WLM for smokers compared with 16 fatalities for 
nonsmokers. The total number of lung cancer fatalities for 
nonsmokers is small; therefore, the estimate of 16 fatalities is 
not too reliable. Although absolute risks were comparable for 



the smoking and nonsmoking miners, relative risks were not. 
Nonsmokers have a much Lower baseline incidence of lung cancer 
mortality than smokers, This resulted in a relative risk 
coefficient for nonsmoking exposed miners relative to unexposed 
nonsmokers that was about four times larger than the relative 
risk coefficient for exposed smokers. This larger relative risk 
does not, however, fully compensate for the lower baseline 
incidence of lung cancer mortality among nonsmokers, Therefore, 
this study indicates that a relative risk coefficient derived 
from data on miners maybe biased high when applied to the 
population as a whole. Further follow-up of this and other 
groups of mine workers may provide more reliable data on the 
risk to nonsmokers, and EPA expects to incorporate separate 
consideration of smokers and nonsmokers into its analyses as 
more data become available. 

Although occupational exposures to pollutants other than 
radon-222 progeny are probably not important factors in the 
observed lung cancer risk for underground mine workers ( E 1 7 9 ,  
Th82, Mu83, Raga), the use of occupational risk data to estimate 
the risk of a general population is far from optimal, as it 
provides no information on the effect of radon-222 progeny 
exposures to children and women. Although the assumption has 
continued that the risk per unit exposure during childhood is no 
more effective than that occurring to adults, this assumption 
may not be correct. The A-bomb survivor data indicate that, in 
general, the risk resulting from childhood exposure to low 
linear energy transfer (LET) radiation is greater than that 
resulting from adult exposure, and this greater risk continues 
for at least 33 years (Ka92). As yet, however, no specific data 
pertaining to the effect of age at irradiation on lung cancer 
have been published (Ka82). Another limitation of the data for 
underground mine workers is the absence of women in the studied 
populations, The A-bomb survivor data indicate that women are 
about as sensitive as men to radiogenic lung cancer, even though 
they tend to smoke less as a group (Pr83). These data are not 
conclusive, however. 



2 , 3 . 3  Comparison of Risk Estimates 

National Academv of Sciences BEIR-3 

Several estimates of the risk due to radon-222 progeny have 
been published since the EPA model was developed. One of 
particular interest was developed by the National Academy of 
Sciences BEIR Committee (NASBO). The BEIR-3 Committee formulated 
an age-dependent absolute risk model with increasing risk for 
older age groups. Estimates of the risk per W L M  for various ages 
and the estimated minimum induction period for lung cancer after 
exposure (NAS80, pp. 325 and 327, respectively) are summarized in 
Table 2-2. These have been used to calculate the lifetime risk 
of lung cancer mortality due to lifetime exposure of persons in 

the general population. 

Table 2-2. Age-dependent risk coefficients and minimum induction 
period for lung cancer due to inhaling radon-222 progeny (NAS80) 

Age at 
diagnosis 
(years) 

0-15 
16-36 
36-50 
51-64 
65 or more 

Excess lung cangers Minimum 
(cases per 10 induction period 

person-year WLM) (years) 

This was done by means of the same life table analysis that was 
used to calculate other EPA risk estimates (Bu81). 



The zero risk shown in Table 2-2 for those under 35 years of 
age at diagnosis does not mean that no harm occurs; rather, it 
means that the risk is not expressed until the person is more 
than 35 years old, i.e., only after the minimum induction 
period. The sequence of increasing risk with age shown in this 
table is not unlike the increase in lung cancer with age observed 
in unexposed populations; therefore, the pattern of excess risk 
over time is similar to that found by the use of a relative risk 
projection model. 

Atomic Enerqy Control Board of Canada 

In their recently conducted thorough analysis of the 
incidence of lung cancer among uranium mine workers for the 
Atomic Energy Control Board (AECB) of Canada, Thomas and McNeill 
tested a number of risk models on all of the epidemiological 
studies that contained enough data to define a dose-response 
function (Th82). They concluded that lung cancer per WLM among 
males increased 2.3 percent and that a relative risk projection 
model was more consistent with the incidence of excess lung 
cancer observed in groups of underground mine workers than any of 
the other models they tested. This is the only analysis that 
treated each data set in consistent fashion and used, to the 
extent possible, modern epidemiological techniques such as 
controlling for age at exposure and duration of foilowup. 

The estimate for lifetime exposure to ~anadian males is 830 
fatalities per million person W ~ ; M  (Th82). For presentation in 
Table 2-3, this estimate has been adjusted to 600 fatalities per 
million person WLM (which would be the appropriate estimate for 
the U.S .  1970 general population) by determining the "best 
estimate" risk (see p. 114 in Th82). This estimate was then 
multiplied by the ratio of lung cancers caused by radon-222 in 
the U . S .  1970 general popuLation to lung cancers in the U.S .  1970 
male population as calculated in the EPA model. The 1978 
reference life tables for Canadian males and U.S. males are quite 
similar; therefore, the simple proportional relationship of 
general populatior deaths to male deaths should give  a reasonable 
estimate. 



International Commission o n _ f i a d i o l o c i i ~ ~ ~ P r o " c c & b  

The International Commission on Radiological Protection 
(SCRP) has made risk estimates for occupational exposure of 
working adults (ZCRPBL). The larger ICRP estimate (shown in 
Table 2-3) is based on an epidemiological approach; i.e., the 
exposure to mine workers in WLM and the risk per WLM observed in 
epidemiological studies of underground mine workers. The ICRP 
epidemiological approach assumes an average expression period of 
30 years for lung cancer. Children, who have a much longer 
average expression period, are excluded from this estimate. The 
ICRP has not explicitly projected the risk to mine workers beyond 
the years of observation, even though most of the mine workers on 
whom these estimates are based are still alive and continue to 
die of lung cancer. 

The smaller of the two ICRP estimates listed in Table 2-3 is 
based on their dosimetric approach. These estimates are in the 
lower part of the range shown for the ICRP estimate in Table 
2-3. In the dosimetric approach, the ICRP assumes that the risk 
per rad for lung tissue is 0.12 of the risk of cancer and genetic 
damage after whole-body exposure (ICRP77). For exposure to 
radon-222 progeny, the ICRP divides this factor of 0.12 into two 
equal parts. A weighting factor of 0.06 is used to assess the 
risk from a high dose to bronchial tissue, where radiogenic lung 
cancer is observed in exposed underground mine workers. The 
other half of the lung cancer weighting factor, another 0.06 of 
the total body risk, is used to assess the risk to the pulmonary 
region, which receives a comparatively small dose from radon-222 
progeny and where human lung cancer is seldom, if ever, observed. 

The United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) estimate shown in Table 2-3 is for a 
general population and assumes an expression time of 40 years 
(UNSCEAR77). Like the ICRP, UNSCEAR did not make use of an 
explicit projection of risk of fatal lung cancer over a full 
lifetime. 



Table 2 - 3 .  Estimated risk from exposures to radon-222 progeny 

Organization Fagalities per Exposure Expression Reference 
10 person WLM period period 

EPA (a) 760 (460) (b) Lifetime Lifetime EPA84 
NAS B B J ~ - 3  (a) 730 (440) (') Lifetime Lifetime NAS8O 
AECB 600 (300) (b) Lifetime Lifetime Th8 2 
1CRP 150-450 Working 30 years ICRP8l 

lifetime 

uNscT&y 200-450 Lifetime 40 years UNSCEAR77 
NCRP 130 Lifetime Lifetime NCRP84 

(a) The number of fatalities per million-person W L M  listed for 
EPA and NAS BEZR-3 differs fr&m those previously published 
by6EPA [860 fatalities per LO PWLm and 850 fatalities per 
LO PWLSII, respectively (EPA83a) because the increased 
exposure equivalent applicable to childhood has now been 
included. Risk estimates for various sources of radon-222 
in the environment have not changed because all were 
calculated in a life table analysis yielding deaths per 
100,000 exposed rather than deaths per 10 PWLN. 

(b) The EPA and AECB estimates of risk for the general 
population are based on an exposure equivalent, corrected 
for breathing rate (and other factors). For comparison 
purposes, the values in parentheses express the risk in more 
customary form, in which a continuous exposure to 1 WL for a 
year corresponds to 51-6 W1X. 

- j  Adjusted for the 1970 U,S. general population; see text. 

(d) Assumes risk diminishes exponentially with a 20-year 
halftime. 



National Council on Radiation Protection and Measurements 

The National Council on Radiation Protection and 
Neasurements (NCRP) risk estimate in Table 2-3 is based on an 
analysis by Harley and Pasternack (Ha82). This estimate is of 
particular interest because, like the EPA and AECB estimates, it 
is based on a life table analysis of the lifetime risk from 
lifetime exposure (NCRP84). This estimate uses an absolute risk 
projection model with a relatively low risk coefficient, 10 cases 
per 10 person WLM per year at risk, which is the smallest of 
those listed by the NAS BEIR-3 Committee (cf. Table 2-2). 
Moreover, they have assumed that the risk of lung cancer after 
irradiation decreases exponentially with a 20-year half-life and, 
therefore, exposures occurring early in life present very little 
risk. 

The NCRP assumption of a 20-year half-life for radiation 
injury reduces the estimated lifetime risk by about a factor of 
2.5. Without this assumption, the NCRP risk estimate would be 
the same as the midpoint of the UNSCEAR estimate (325 fatalities 
per million person WLM). The assumed decrease in risk used by 
NCRP is questionable. If lung cancer risk decreased over time 
with a 20-year half-life, the excess lung cancer observed in 
Japanese A-bomb survivors (following the minimum latent period) 
would have decreased during the period this group has been 
followed (1950-1982); but to the contrary, their absolute lung 
cancer risk has increased markedly (Ka82). 

Comparison of Estimates 

Good agreement exists among the EPA, NAS (BEIR-3), and the 
AECB estimates listed in Table 2-3. Each of these estimates is 
based on lifetime exposure and lifetime expression of the 
incurred risk.. Conversely, the three lower risk estimates shown 
in Table 2-3 either do not explicitly include these conditions or 
they include other modifying factors. Nevertheless, Table 2-3 
indicates a divergence, by a factor of about 6, in risk estimates 
for exposure to radon-222 progeny. Thus, the use of a single 
risk coefficient may not be appropriate, as it could give the 
impression that the risk is well known when obviously it is not. 
The EPA, BEIR-3, and AECB estimates may be slightly high because 
they represent relative risks based on adult males, many of whom 
smoked. The actual risk may be smaller for a population that 
includes adult females, children, and nonsmokers. The UNSCEAR 
and ICRP estimates are probably low because they represent 
absolute risk estimates that do not completely take into account 
the duration of the exposure and/or the duration of the risk 
during a lifetime. The NCRP estimate is likely to be very low, 
as a low risk coefficient was used in an absolute risk model, and 
it was assumed that the risk decreases exponentially after the 
exposure. 



To estimate the range of reasonable risks from exposure to 
radon-222 progeny for use in the Background Information Document 
for Underground iiraniux Mines (EPA85), EPA averaged the estimates 
of BEIR-3, the EPA model, and. the AECB to est.ablish an upper 
bound of the range. The lower bound of the range was established, 
by averaging the UNSCEAR and ICRP estimates, The Agency chose 
not to include the NCRP estimate in its determination of the 
lower bound because this estimate used an absolute risk 
projection model with a relatively low-risk coefficient. 
Therefore, the ETA chose relative risk coefficients of 1.2 
percent per WLM and 2.8 percent per CaLM (300 to 700 fatalities 
per million-person W Z M )  as reasonable estimates for the possible 
range of effects from inhaling radon-222 progeny for a full life 
time. Although these two risk estimates do not encompass the 
full range of uncertainty, they appeared to ill.ustrate the 
breadth of much of current scientifi-c opinion. 

The lower limit of the range of relative risk coefficients, 
1.2 percent per WLM, is similar to that derived by the Ad Hoc 
Working Group to Develop Radioepidemiological Tables, which also 
used 1.2 percent per WUM (NIK85). Some other estimates based 
only on U.S. and Czech miner data average 1 percent per WLpa 
(Ja35) or 1.1 percent per WLM (S.tS5) . 

A possible 0.5 percent per WLM 1.ower bound of risk mentioned 
by the Environmental Prot.ecticn Agency Radiation Advisory 
Committee (SAB85) appears too low. Estimates of this magnitude 
of risk are usually based on data from the entire cohort of U.S. 
white uranium miners (Tb82, Wh83, Ja85, St85). The risk of 
exposure of 600 cumulative WTd or less, however, is usually 2.4 
times or more higher than the risk for the entire cohort (Lu71., 
Ar79, ThRZj, For " c i s  reason, the 0.5 percent per WLM relative 
risk coefficient was not used, 

The upper limit is lower than what might be justified by 
some current reports. Although the Swedi.sl-i iron miners study 
(Ka84) suggested a rather high relative risk coefficient, this is 
a comparatively small study, In 1985, the National Institute of 
Occupational Safety and Xealth esti-mated the relati-ve risk 
coefficient in these Swedish miners was 3 - 6  percent per WLX 
(NIOSK85). In the same year, a report on 8500 Sa-skatchewan 
uranium miners (Ho85) estimated a relative risk of 3.3 percent 
per WLM, in addition, a small study was made of persons exposed 
to different levels of radon--222 daughters and smoking in 



dwellings on the Swedish island of Oeland (Ed.83, 8 4 ) .  Data from 
this study could justify a relative risk coefficient of about 3.6 
percent per WLM. 

These three studies indicate a relative risk coefficient 
greater than 3 percent per WLM; therefore, the EPA is increasing 
the upper limit of its estimated range of relative risk 
coefficients. To estimate the risk due to exposure to radon-222 
progeny, the EPA will use the range of relative risk coefficients 
of 1 to 4 percent per WLM. These risk coefficients were obtained 
by rounding off the coefficients listed above to the nearest 
whole number. 

These changes are in agreement with the recommendations of 
the Radiation Advisory Committee of the Science Advisory Board of 
EPA (SAB85) which recommended that EPA use a risk coefficient 
range of 1 to 4 percent per WLM, as they believed that both 
overestimations of exposure and the effect of random error could 
have biased the risk coefficients downward, and a risk 
coefficient of 4% was recommended as an upper bound. The 
Committee also recommended use of single-digit risk coefficients 
to avoid the suggestion of a precision that does not exist. In 
response to these recommendations, EPA used risk coefficients of 
1 to 4 percent per WLM. These risk coefficients were obtained by 
rounding off the coefficients discussed above. The basis for 
these relative risk coefficients was reviewed for this final 
report, but no changes were made and the risk estimates are based 
on 1 and 4 percent per W W I I ,  

It may be noted here that using a 1% to 4% relative risk per 
WLM with the WLM Exposure Equivalent defi-ned earlier is 
numerically the same as using a 0.6% to 2.4% relative risk per 
WLM with the conventional W M ,  (see table 2-3). 

2.4 gtimatinq the Risks 

2.4.1 Exposure 

The exposure to radon-222 progeny at a site of interest is 
based on the calculated radon-222 concentration and the 
calculated radon-222 progeny equilibrium fraction: 

Radon progeny Radon Radon progeny 
- 

9.84 x 
concentration -. conc. x equil. &ction x (WL per pCi/liter) 

(WL) ~ C i / l )  (fe ) 

For individuals and regional populations, emission data and 
meteorological data are used with the AIRDOS-EPA model (74079) tc 
calculate air concentrations of radon-222; for national 
populations, emission data and meteorologica1 data are used with 
the NOAA Trajectory Dispersion Model (NRC79). 



Calculations of radon-222 progeny equilibrium fractions are 
based on distance from a source and the time required to reach 
the exposure site. By using the ingrowth mod-el of Evans (Ev69) 
and the potential alpha energy data of UNSCEAR (UNSCEAR77), the 
outdoor equilibrium fraction can be calculated by the expression: 

where t is the travel time in minutes (distance/transport 
velocity). 

The indoor equilibrium fraction presumes that those decay 
products associated with the radon-222 reletife also enter the 
building and that a ventilation rate of 1 h (one air change 
per hour) in combination with indoor removal processes (e.g., 
deposition onto room surfaces) produces an indoor equilibrium 
fraction of 0.35 when there are no decay products in the 
ventilation air and 0.70 when the decay products are in 
equilibrium with the radon-222 in the ventilation air (EPA83b). 
A simple linear interpolation is used to obtain the indoor 
equilibrium fraction: 

in = 0.35 (1 + fe out) *e 

If one further assumes that a person spends 75 percent of 
his or her time indoors and the remaining 25 percent outdoors at 
the same location, the effective equilibrium fraction is given 
by: 

eff = 0.75 fe in + 0.25 fe Out = 0.2625 + 0.5125 fe out e 

An example of the case for a 3.5 m/s windspeed and various 
distances from the source is given in Table 2-4. Removal 
processes outdoors were assumed to limit the equilibrium 
fraction to 0.85, which corresponds to an indoor equilibrium 
fraction of 0.65 and an effective fraction of 0.70. Table 
2-4 shows that this limit is reached at a distance of 
19,550 meters. 

2.4.2 Risk Estimation 

After the exposure equivalent has been calculated, the risk 
can be estimated for an individual or a population. 

Individual 

Individual risks are calculated by using the life table 
methodology described by Bunger et al. (Bu81). Relative risk 



Table 2-4. Radon-222 decay product equilibrium fraction at 
selected di$gmces from the center of a 80 ha. tailings 
impoundment 

Distance out in eff 

(m) 
fe e fe 

0 
100 
150 
200 
250 
300 
400 
500 
600 
800 

1,000 
1,500 
2,000 
2,500 
3,000 
4, GOO 
5,000 
6,000 
8,000 
10,000 
15,000 
19,550 

(a) Calculations (tabulated to 3 decimal places to facilitate 
comparisons) presume: a 3.5 m/s windspeed for the outdoor 
equilibrium fraction; an indoor equilibrium fraction of 0.35 
for no radon-222 decay products in the ventilation air and 
0.70 for ventilation air with 100 percent equilibrium between 
radon-222 and its decay products; and an effective 
equilibrium fraction based on 75 percent of time indoors and 
25 percent of time outdoors. 



projections for lifetime exposure based on coefficients of 1.0 
percent and 4.0 percent per WLM for the radiation-induced 
increase &n iung cancer yield rounded-ofg estimates of 380 
deaths/lO person WLM and 1520 deatlzs/lO person WLM, 
respectively when using updated age specific mortality and the 
1980 iife table data. These risk grojections compare to the 
estimate of 250 and 1000 deaths/10 person WLM used in the 
Draft Background Information Document which were based on the 
1970 life tables. The updated estimates used in this final 
document are based on the same risk coefficients but yield higher 
death rates since there are more people in each age category and 
there is a higher total incidence of lung cancer. 

These risk coefficients can be used in the CAIRD Code (Co78) 
to calculate the risk from any exposure to radon-222 progeny 
across any time period. Usually, the lifetime risk from lifetime 
exposure at a constant level is calculated. The age-specific 
differences in exposure equivalent listed in Table 2-1 are 
included in calculations of the lifetime risk. 

One of the characteristics of the life table based 
calculations is that the same risk coefficients will yield 
different estimates of life time risk when different life tables 
are used. This is particularly true of relative risk projections 
when both the life table and the age-specific mortality data in 
the calculation may be changed. Prior ORP relative risk 
estimates were based on the 1970 life table (NCHS75) and the 1970 
mortality data (NCXS73). For this document the basis for 
calculation has been changed to the recently available 1980 life 
table (NCHS85) and 1980 mortality data (NCHS83). 

Although this change provides risk estimates more 
appropriate for the l980s, the increase in the life span 
reflected in the iife table and, more significantly, the increase 
in lung cancer mortality (Figures 2-2 and 2-3) have caused an 
appreciable upward change in the risk estimate. Lifetime risk 
estimates made using the relative risk projection with 1980 vital 
statistics are about 50% greater than those made earlier using 
the 1970 vital statistics. Thus, the updated estimates used in 
this final document are based on the same risk coefficients (1% 
and 4% increase per WLM), but yield highter numerical risks since 
there are more people in each age catagory and there is a higher 
rate of lund cancer mortality for each age. 

Results of representative calculations of lifetime risk 
using 1980 data are given in Table 2-5. 



Table 2-5. Lifetime risk for Lifetime exposure to a given 
level of radcn-222 progeny 

(1980 Life Table, 1980 Mortality Data) 

Lifetime risk of lung cancer 

Radon-222 progeny 4 percent increase l percent increase 
concentration (WL) per WLM per WLM 

The lifetime risk estimates shown in Table 2-5 are for lifetime 
exposure at a constant level of radon-222 progeny. These risk 
estimates were used with WL exposures th$ifwere calculated by 
using radon-222 concentrations and an f determined as 
shown in Table 2-4 to estimate the riskg of fatal lung cancer 
due to maximum exposure of individuals living nearest the 
tailings impoundments (Table 6-1). 

Lifetime risk factors for selected concentrations of 
radon-222 in air with relative risk coefficients of l percent 
and 4 percent per WLM are shown in Table 2-6 in a manner similar 
to Table 2-5. 

Table 2-6. Lifetime risk for lifetime exposure to a given 
level of radon-222 in air 

Lifetime risk of lunq cancer 

concentratio s 
=?a, 

4 percent increase 1 percent increase 
(pCi/l) (WL) per WJiM per wLM 

(a) At equilibrium fraction of 0.7. 



C o l l e c t i v e  ( p o p u l a t i o n )  r i s k s  f o r  t h e  r e g i o n  a r e  c a l c u l a t e d  
from t h e  a n n u a l  c o l l e c t i v e  e x p o s u r e  ( p e r s o n  WtM) f o r  t h e  
p o p u l a t i o n  i n  t h e  a s s e s s m e n t  a r e a  by a  compu te r i zed  methodology 
known a s  AIRDOS-EPR (Mo79). An e f f e c t i v e  e q u i l i b r i u m  f r a c t i o n  
of 0 . 7  is presumed because  l i t t l e  c o l l e c t i v e  e x p o s u r e  t a k e s  
p l a c e  near  t h e  s o u r c e .  

Fo rma l ly ,  t h e  a n n u a l  c o l l e c t i v e  e x p o s u r e ,  S E ,  c a n  be 
d e f i n e d  a s :  

where SE is t h e  c o l l e c t i v e  e x p o s u r e  ( p e r s o n  W L M ) .  E  is  t h e  
e x p o s u r e  l e v e l  (WLM), and n ( E )  is t h e  p o p u l a t i o n  d e n s i t y  a t  
e x p o s u r e  l e v e l  E ( p e r s o n /  W L M ) .  

P r a c t i c a l l y ,  however,  t h e  c o l l e c t i v e  e x p o s u r e  i s  
c a l c u l a t e d  by d i v i d i n g  t h e  a s s e s s m e n t  a r e a  i n t o  c e l l s  and t h e n  
c a l c u l a t i n g  t h e  p o p u l a t i o n ,  N i  ( p e r s o n s ) .  and  t h e  arulual 
e x p o s u r e ,  E i  ( W L M ) .  f o r  e a c h  one .  The c o l l e c t i v e  e x p o s u r e  i s  
t h e n  c a l c u l a t e d  by t h e  f o l l o w i n g  e x p r e s s i o n :  

where t h e  summation is c a r r i e d  o u t  over  a l l  t h e  c e l l s .  
C u s t o m a r i l y .  t h e  r e g i o n a l  p o p u l a t i o n  e x p o s u r e  i s  l i m i t e d  t o  
p e r s o n s  w i t h i n  80  km of t h e  s o u r c e .  

The same r i s k  f a c t o r s  used  f o r  t h e  i n d i v i d u a l  r i s k  
c a l c u l a t i o n s  ( 4  p e r c e n t  i n c r e a s e  per  WLM o r  1 p e r c e n t  i n c r e a s e  
per  WLM) a r e  a l s o  used t o  c a l c u l a t e  t h e  p o p u l a t i o n  r i s k .  

N a t i o n a l  

Radon-222 r e l e a s e d  f rom a  s o u r c e  can  be t r a n s p o r t e d  beyond 
t h e  80-km r e g i o n a l  c u t o f f .  A t r a j e c t o ~ y  d i s p e r s i o n  model 
deve loped  by NOAA (NRC79) h a s  been  used  t o  e s t i m a t e  t h e  
n a t i o n a l  impact  of radon-222  r e l e a s e s  f rom a  s o u r c e .  T h i s  
model c a l c u l a t e s  t h e  a v e r a g e  radon-222 e x p o s u r e  t o  t h e  U . S .  
p o p u l a t i o n  f rom u n i t  r e l e a s e s  a t  f o u r  t y p i c a l  uranium mining  
and m i l l i n g  s i t es .  The model y i e l d s  radon-222  c o n c e n t r a t i o n s  
( i n  p i c o c u r i e s  p e r  l i t e r )  i n  a i r ,  which a r e  t h e n  c o n v e r t e d  t o  
d e c a y  p roduc t  e x p o s u r e s  by assuming  a n  e f f e c t i v e  e q u i l i b r i u m  
f r a c t i o n  of 0 . 7 .  N a t i o n a l  a n ~ l u a l  c o l l e c t i v e  e x p o s u r e s  
(person-WLM) a r e  c a l c u l a t e d  f o r  d i s t a n c e s  beyond t h e  80-km 
r e g i o n a l  l i m i t .  The e x p o s u r e s  and r i s k s  a r e  c a l c u l a t e d  f o r  a  
t o t a l  p o p u l a t i o n  of 200 m i l l i o n  p e r s o n s .  
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Chapter 3: RADON-222 SOURCES, ENVIRONMENTAL TRANSPORT, AND 
RISK ESTIMATES 

3.1 Introduction 

This chapter presents the physical and chemical properties 
of radon-222, where and how it is emitted from the uranium 
milling process, and how it is transported through the 
environment. Also presented are the methods used to model the 
dispersion of the radon-222 and a description of how the health 
risks associated with these emissions are estimated. 

3.2 Oriqin and Properties of Radon-222 

Uranium ore contains both uranium and its decay products, 
including significant concentrations of radium-226. Radon-222 is 
a naturally occurring radioactive gaseous element that is formed 
by the radioactive decay of radium-226. Radium-226 is a 
long-lived (1620-year half-life) decay product of the uranium-238 
series. In nature, uranium is about 99.3 percent uranium-238; 
thus, it is the decay products of uranium-238 (shown in Figure 
3-1) that govern the radioactive content of the ore (NRC81). 
Other isotopes of radon (radon-219 and radon-220) occur from the 
decay of uranium-235 and thorium-232, but these isotopes have 
short half-lives of 3.96 and 55.6 seconds, respectively, and have 
little environmental impact due to the short half-lives of the 
decay products, Important properties of radon-222 are presented 
in Table 3-1 for information purposes only. 

Mined uranium ore is milled to extract the uranium-238, 
Milling removes about 90 percent of the uranium-238 from the 
ore. The remaining uranium-238 and essentially all other 
radioactive elements (including thorium-230) present in the ore 
are left behind and disposed of with the mill waste (tailings). 
These tailings will remain radioactive for hundreds of thousands 
of years. 

Radon-222 is the only member of 'the decay chain that is a 
gas, It is a noble gas and therefore does not usually combine 
with other elements to form nongaseous compounds. As a gas, 
radon-222 is released to the atmosphere if it escapes (emanates 
from) the mineral matrix that contains its parent, radium-226. 
The subsequent radioactive decay of radon-222 produces a series 
of solid radioactive products called "radon progeny.!! If 
radon-222 is airborne at the time of its decay, these radon 
progeny become attached to dust particles in the air and can be 
inhaled and deposited in the lungs (NRC8l). 



y - years 
d - days 
m - minutes 
s - seconds 

Figure 3-1. Uranium-238 decay chain and half-lives or 
principal radionuclides. 



Table 3-1. Properties of radon-222 (a) 

Property Value 

Atomic number 86 

Atomic weight 222 

Boiling point -62°C 

Melting point -71°C 

Density 9.73 grams/liter 

Solubility in water 51 cms in 100 grams at 0°C 

8.5 cm3 in 100 grams at 60°C 

Half -1if e 3.824 days 

Decay modes and energy 

ci 5.4897 MeV 

Y 0.512 MeV 

(a) Source: Chemical Engineer's Handbook, Perry, J. H. (editor), 
McGraw-Hill Book Co., New York, New York, 1983, and Chart of the 
Nuclides, Knolls Atomic Power Laboratory, Operated by General 
Electric Co. for U.S. Dept. of Energy, 12th Edition, April 1977. 



Radon-222 that enters the atmosphere can be transported over 
great distances, At distances beyond about a mile, however, the 
contribution of radon-222 concentrations from the mills and 
tailings piles is indistinguishable from natural background 
(NRCBl). Some uranium-238, 1-2 ppm, is present in most soils; 
therefore, radon-222 is emitted constantly from the Earth's 
surface (NRC81). It is estimated that 120 million Ci/y of 
radon-222 is emitted from undisturbed soil and an additional 3 
million Ci/y is emitted from tilled soil (NRC81). In comparison, 
uranium tailings disposal at licensed mills currently contributes 
about 140,000 Ci/y ( P E I 8 5 ) .  

3.3 Sources of Radon-222 Emissions in the Millinq Process 

Uranium ore is processed in mills to recover and concentrate 
uranium to an intermediate, semirefined product often called 
"yellowcake." This yellowcake is sent to separate refining 
facilities that produce uranium metal, UO , or UF6. 
Conventional uranium milling involves a sgries of unit 
operations, including ore handling and preparation, extraction, 
concentration and precipitation, product preparation, and 
tailings disposal. 

Ore stockpiles, crushing and grinding operations, the 
extraction circuit, and tailings piles are sources of radon-222 
at operational uranium mills, as illustrated in Figure 3-2. 
Other sources, such as contaminated former ore storage areas, 
also release radon-222, These sources, however, are 
comparatively small in comparison with tailings and of such 
uncertainty in size, source strength, and frequency of occurrence 
that they are omitted from the present analyses. 

Radon-222 releases can be characterized as total-release 
events or continual, diffusion-limited releases. Thick or deep 
sources, such as ore storage piles and mill tailings 
impoundments, that remain undisturbed for extended periods of 
time release radon-222 by diffusive and advective mechanisms. 
Accordingly, the radon-222 emission is often characterized by a 
mathematical diffusion expression of the radon-222 flux. 
Conversely, sources that rapidly release radon-222 during a 
mechanical disturbance, such as the crushing and grinding 
operation, are best characterized by a radon-222 release per unit 
mass; e.g., picocuries of radon-222 per picocuries radium-226 
present. This release can then be expressed in terms of the 
amount of U 0 produced by the mill. 

3 8 

The domestic uranium ores currently mined contain an average 
of about 0.1 percent uranium. When uranium ore lies underground, 
only a very small fraction (if any) of the radon-222 it produces 





escapes to the atmosphere. Radon-222 has a half-life of only 
3.8 days; therefore, most of the radon-222 that is generated more 
than a few meters below the surface decays into nongaseous 
radionuclides before it can migrate through the soil pore space 
(the air space between soil particles) and escape into the 
atmosphere. When uranium ore is mined and milled, however, the 
handling and grinding operations liberate radon-222 contained in 
the pores in the ore. Milling of the ore to sand-sized particles 
also allows a greater portion of the radon-222 that forms in the 
tailings to be released into the atmosphere by diffusive and 
advective mechanisms. Both the increased surface area of the 
particles and increased porosity resulting from the milling 
process cause an increase in the portion of radon-222 that 
escapes to the atmosphere. 

Ore Handlinq and Preparation 

Ore handling and preparation include ore blending, storage, 
crushing, fine ore storage, and grinding. Ore blending ensures 
that the mill feed is of uniform grade, which is necessary to 
achieve maximum efficiency in the mill circuit. Blending may be 
performed at either the mine or the mill. Ore is stored in 
stockpiles on ore pads at the mill site. The stockpiles provide 
sufficient feed for a continuous supply to the mill. Ore 
received from the mine often has a high moisture content; 
however, the dry climate typical of the major uranium districts 
causes rapid drying. For this reason, some ore storage piles are 
sprayed with water to maintain their moisture content and to 
reduce dusting. 

Storage pads typically cover several acres and provide 
enough ore storage to feed the mill for one or two months of 
operation, Ore usually is not kept on the storage pad when the 
mills are on standby status. Similarly, when operations are 
reduced because of a depressed economy, as they currently are, a 
lesser quantity of ore is stockpiled at the mill site than would 
be if the mill were operating at full capacity. The ore 
residence time in storage piles varied from 4 to 180 days, with a 
mean and standard deviation of 87 72 days, at seven mills 
surveyed in Wyoming (Th82). 

The number of piles can be estimated by the product of the 
mill feed rate (weight/day) and the stockpile residence time 
(days) divided by the mass of a pile. The piles vary in shape 
among different mills, but they are frequently conical, oblong, 
or wedge-shaped. A maximum height of 10 m (30 ft) and 45-degree 
sloping sides are common. The volume and surface area of a 
typical pile have been estimated to be 8000 m and 2500 m , 
respectively (Th82).  missions of radon-222 from stockpiles are 



considered to emanate from an infinitely deep or thick source 
from all surfaces, even though some parts may be shallow or 
thin. The resulting high radon-222 emission estimate for some of 
the pile areas is justified by the variable sizes, shapes, and 
other characteristics of ore stockpiles. 

Stockpiles initially emit no radon-222 because all of the 
emanated radon-222 stored in the pores of the ore was released as 
the ore was mined and transported to the stockpiles. As new 
radon-222 emanates into the pore space of the ore, the 
interstitial radon-222 levels and the escaping radon-222 flux 
increase. After several weeks, a nearly constant radon-222 flux 
(emission rate) is attained. 

Crushing is the first stage of size reduction and involves 
the use of impact and/or gyratory crushers. Crushing typically 
reduces mine run ore to between minus 3/4 inch and minus 1-1/2 
inch size (Me71). Fine ores (undersized material) bypass the 
crushing circuit and are conveyed directly to fine-ore storage 
bins. Air exhaust hoods with dust collectors are located on 
crushers and screens and at transfer points to minimize 
particulate emissions, and air is exhausted to the atmosphere via 
vents. The dust collectors do not capture radon-222 emanating 
from the ore during these processes, and it is vented to the 
atmosphere. Crushing plant capacities range from 70 to 320 tons 
per hour (NRC80) . 

Crushed and undersized ore is stored in cylindrical fine-ore 
bins about 7 to 10 m (25 to 35 feet) in diameter. These bins 
provide a fine-ore storage capacity up to double the rated daily 
milling capacity (NRC80). Radon-222 that emanates from the fine 
ore in storage is vented to the atmosphere. 

Belt-type feeders convey the ore from the crushing circuit 
and fine-ore bins to the grinding circuit, where rod and ball 
mills or semiautogenous mills are used to reduce the ore size 
further. Occasionally, the ore is roasted before it is sent to 
the grinding circuit to reduce moisture before grinding, to 
increase the solubility of other valuable constituents (e.g., 
vanadium), or to improve the physical characteristics of the 
ore. The ores are ground dry and then slurried with water or 
wet-ground to yield a pulp density of 50 to 65 percent solids 
(NRC80). Classifiers, thickeners, cyclones, or screens are used 
to size the ore, and coarser particles are returned for further 
grinding. One mill uses an alkaline leaching process, which 
requires the ore be ground much finer (200-mesh) than for acid 
leaching (28-mesh) . 



Wet, semiautogenous grinding is being used increes- 
ingly in place of dry crushing or ball and rod mill grinding 
operations, which may be run wet or dry. The semiautogenous 
grinder performs the ore sizing function of these operations and 
reduces or eliminates dry ore handling. 

The total release of radon-222 from the dumping, crushing, 
and extraction processes occurs mostly during the process of 
transferring and dumping the ore into the mill feed area, The 
ore is typically reduced to sizes of less than 40 cm, which is 
the relaxation diameter for rad0n-~22~diffusion from ore pieces 
with diffusion coefficients of 10- cm /s; therefore, 
radon-222 escapes readily from the pores of the ore when it is 
handled and results in the total release of accumulated 
radon-222. During the remainder of the short milling process, 
little additional radon-222 escapes from the pre for release. 
Hard-rock uranium ores are an exception, in tQat they have very 
10br~di~fusion coefficients for radon-222 (10- to 
LO cm /s). The 4 to 14cm particles of these ores can 
significantly reduce radon-222 releases; hence, the sharp 
one-time release is less and is delayed until the ore is ground 
to smaller particle sizes during milling. 

Extraction 

Hydrometallurgical leaching techniques are used to recover 
uranium from the ground ore slurry. Little radon-222 is released 
from the extraction process because the radon-222 contained in 
the ore is released during initial ore handling and size 
reduction steps and the relatively short milling time (less than 
24 hours) does not permit significant formation of new 
radon-222. The extraction process uses sulfuric acid or an 
alkaline carbonate solution for lixivation. Acid leaching is 
preferred for ores with low lime content (12 percent or Less) 
(NRCBO) and is the predominant Leach process in the United 
States. A flow diagram of the acid leach/solvent extraction 
process is shown in Figure 3-3, 

The leaching circuit consists of a series of mechanically 
agitated tanks having a total ore residence time of approximately 
7 hours. The pH in the tanks is maintained between 0.5 and 2.0 
by adding.sulfuric acid. The free acid concentration is from 1 
to 90 grams of acid per liter during the contact period (NRC80). 
Acid leaching is carried out at atmospheric pressure and slightly 
above room temperature. 

After leaching, the pregnant leach solution is separated 
from the tailing solids in a countercurrent decantation (CCD) 
circuit. The sands and slimes are pumped to a tailings pond for 
disposal. 



Alkaline Leaching, which is best suited to ores with high 
lime content, may be used in combination with ion exchange or 
caustic precipitation to concentrate and purify uranium, A flow 
diagram of the alkaline leach/caustic precipitation process is 
shown in Figure 3-4. 

The are slurry is leached in a two-stage system (pressure 
leaching followed by atmospheric leaching). The leach solution 
contains sodium carbonate (40 to 50 grams per liter) and sodium 
bicarbonate (10 to 20 grams per liter). Circular tanks are used 
and air is added to oxidize the uranium to the hexavalent state. 
Residence time varies from 21 to 33 hours. The pregnant leach 
solution is separated from the tailings in a series of CCD 
filtrations. 

Concentration and Precipitation 

Three techniques are used to concentrate uranium from the 
pregnant leach solution: ion exchange, solvent extraction, and 
the Eluex process, which is a combination of ion exchange and 
solvent extraction. Uranium that has been concentrated by one of 
these methods is precipitated from the solution by the addition 
of gaseous ammonia (NH ) ,  sodium hydroxide (NaOH), hydrogen 
peroxide (H 02), or ma3nesia (MgO) in several stages under 
controlled $H. Most mills use gaseous ammonia. The precipitated 
uranium is dewatered in thickeners and then filtered and washed 
in drum, plate, or frame filters. At this point, the resulting 
filter cake still oontains considerable moisture. 

Product Preparation 

The uranium filter cake (yellowcake) is dried in a 
continuous steam-heated dryer or in a multiple-hearth dryer. The 
dried yellowcake is crushed and screened to the required size and 
packaged in 55-gallon drums for shipment. Some radon-222 
emanates from this operation and is vented to the atmosphere. 

With the exception of the uranium extracted during milling, 
the dry weight of the tailings represents the total dry weight of 
the processed ore. Ore contains only about 0.1 percent uranium; 
therefore, the tailings consist of 99.9 percent of the ore, 
including all the radioactive decay products. The tailings 
discharge is composed of three fractions: (1) the sands, which 
consist of solids greater than 200 mesh (74 mm); (2) the slimes, 
which consist of solids less than 200-mesh; and (3) the liquid 
solution containing milling reagents and dissolved ore solids. 
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Figure 3-3. Simplified flow diagram of the acid leach process. 
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Figure 3-4. Simplified flow diagram of the alkaline 
leach-caustic precipitation process. 



Dry tailings from an acid leach mill are typically composed of 20 
to 37 percent slimes by weight (NRCBO). Tailings are discharged 
from the mill as a slurry at an average ratio, by weight, of 
about l:l (solids to liquids) and are sent to an impoundment, 
where the tailings settle. 

About TO percent of the uranium-238 and virtually all of the 
other radionuclides in the ore are contained in the tailings. 
Tailings represent the largest and longest lasting source of 
radon-222 emissions from licensed conventional uranium mills 
because of the large exposed area and the significant 
concentrations of radium-226 present. The fine slimes fraction 
contains the majority of radium-226 in the tailings (up to 80 
percent) (NRC80). The sands fraction contains radium-226 in 
concentrations ranging from 26 to 100 pCi/gram (NRC80), and the 
tailings liquid (raffinate) contains 1.7 to 35,000 pCi/liter of 
radium-226 and 50 to 250,000 pCi/liter of thor.ium-230 (EPA83). 

The methods used to construct and fill tailings impoundments 
causes segregation of the slimes and sands. During spigoting, 
the sands are deposited on the perimeter of the impoundment and 
the slimes are carried to the central portions of the impoundment 
with the raffinate. The more porous sands are deposited away 
from the center of the pile and are therefore typically drier 
than the slimes, which are usually saturated with moisture of 
actually covered with standing process fluids. 

Except for a small percentage used for backfill in 
underground mines, virtually all tailings are disposed of in 
impoundments. Disposal is below grade in mined-out or excavated 
pits and above grade behind dams. The majority of the tailing 
impoundments at licensed mills are above grade. Currently, new 
dams are constructed of earthen material, whereas in the past 
they were constructed of tailings sands. Impoundment sizes vary 
from 10 to about 121 ha (25 to 300 acres) (EPA85). 

Site topography dictates the general shape of above-grade 
surface impoundments. One-sided, two-sided. and three-sided dams 
are constructed across valleys and along hillsides. Dams 
constructed on relatively flat terrain, where the tailings cannot 
be contained by the natural topography, are four-sided. 
Embankments are generally constructed of earthen material, but 
some (at six mills) are constructed of the snad fraction of the 
tailings. 

The water level in a tailings impoundment is controlled 
through the use of decant towers, pumps, or siphons to recycle 
the water or to transfer it to evaporation ponds for proper 
maintenance of freeboard. Most mills operate with zero liquid 
discharge (40 CFR Part 440) and rely on evaporation. 



Constrrrcting impoundments with earthen embankments or below 
grade is the preferred method at new milling operations or for 
new impoundments at existing mills because they inherently have 
greater short-term and long-term stability. In addition, 
tailings disposed of below grade are typically covered with 
raffinate, which effectively controls dusting and reduces 
radon-222 emissions during the mill" active Life. 

Radon-222 is emitted from all exposed tailings in 
impoundments. Emission rates vary in different areas and over 
time. A qualitative illustration of the variation in radon-222 
emissions over the Life of a milling operation is shown in Figure 
3-5. These emissions occur during the licensed phase of mill 
operations and continue for hundreds of thousands of years after 
closure of the mill. Radon-222 and radium-226 both have much 
shorter half-lives than their precursor thorium-230; therefore, 
their radioactivity remains the same as that for thorium-230 
(EPA83). The radon-222 emissions decrease only as the 
thorium-230, which has a half life of 77,000 years, decreases 
(EPA83). It would require about 265,000 years for the radon-222 
emissions to be reduced to 10 percent of its initial value 
(EPA83). If control techniques are not imposed, the radon-222 
emissions will remain relatively constant, on a year-to-year 
basis for many tens of thousands of years. 

3.4 Characterization of Emissions 

The amount of radon-222 emitted from ore storage piles, 
milling circuits, evaporation ponds, and tailings impoundments 
depends on a number of highly variable factors, such as ore 
grade, emanation fraction, porosity, moisture, temperature, and 
barometric pressure. These factors, in turn, vary between 
milling sites, between locations on the same site, and with time 
(PEI85). These variations make it difficult to assess the 
radon-222 emission rate. For these reasons, mathematical models 
typically have been used to estimate average radon-222 emissions 
on a theoretical basis. A few systematic measurements have been 
made of radon-222 emissions from licensed uranium mills and 
tailings piles, and studies have demonstrated good agreement 
between actual measurements and estimates based on mathematical 
models (EPA83) . 

Considerable research has been conducted to develop and 
refine ways of calculating average radon-222 flux from infinitely 
thiclc or deep sources (i.e., at least l meter deep). This work 
has largely been carried out in support of the Uranium Mill 
Tailings Remedial Action Program (UMTRAP). Although these 
calculations were developed for inactive mill tailings piles, 
they are directly applicable to ore storage piles and tailings 
impoundments at Licensed mills. 



TIME,  years 

Figure 3-5. Qualitative illustration of radon-222 emissions 
f r ~ m  licensed uranium milling process. 


































































































































































































































































































































