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INDOOR RADIATION EXPOSURES FROM RADON AND ITS DAUGHTERS: 
A VIEW OF THE ISSUE 

Anthony V. Nero, Jr. 

ABSTRACT 

Exposure to radon daughters indoors can result in significant risk 
to the general public, particularly those living in homes with much 
higher than average concentrations. This paper reviews what is known 
about indoor concentrations, associated risks, and the effect of meas
ures to save energy by reducing ventilation rates. It concludes that, 
by employing appropriate control measures in homes having unacceptably 
high concentrations, the average exposure (and therefore risk) of the 
general public can remain at its present level, or even decrease, 
despite programs to save energy by tightening homes. 

KEYWORDS: health risk, indoor air qualiy, monitoring programs, indoor radon, 
radon daughter exposures, indoor air quality standards 

INTRODUCTION 

Radon ard the radioactive elements to which it decays are univer
sally present in outdoor air, and typically reach higher levels in 
indoor air. Very high airrorne concentrations of these elements in 
uranium and other mine? have been shown to increase the incidence of 
lung cancer among mine workers. If the increase in cancer incidence is 
proportional to exposure (roughly speaking, the airborne concentration 
times the durat:-n of exposure), then the concentrations in the present 
U.S. housing stock — although much lower than in mines — could be 
causing thousands, perhaps more than ten thousand, cases of lung cancer 
annually among the U.S. population. A substantial number of cancsr 
cases could be concentrated in a relatively small segment of the popula
tion, i.e., those exposed to levels much higher than average. Unless 
care is taken, the estimated rcdon-related cancer incidence could be 
increased by measures that reduce the ventilation rate, measures which 
are planned for national energy conservation programs for l~ildings. 
Through a careful program of screening and the use of specially-designed 
control programs concentrating on houses with high radon levels, such 
increases could be avoided; in fact current exposures and associated 
health risks could even be reduced. Associated with such a program 
would be a new kind of standard, one for indoor air quality. Such a 
standard could have a considerably different ph^osophical basis, struc
ture, and implementation strategy than other air quality standards. 

This paper summarizes available information on indoor radon concen
trations and associated health implicat ions, examines the effect of pro
grams to reduce ventilat ion rates in buildings, and suggests how moni
toring strategies and standards migh'j be formulated to control, and even 
reduce, indoor concentrations of radon and its daughters. 
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CHARACTERISTICS OF RADON AND ITS DAUGHTERS 

Radon is a gas that arises from the radioactive decay of radium, a 
naturally-occuring trace constituent of the earth's crust. Radium is 
found in small concentrations in rock and soil, as well as in building 
materials derived from crustal components. Because radon is a noble gas 
and therefore does not react chemically with the solid material in which 
it is formed, it can move through this material more readily than most 
elements and theixby reach water or air to which humans have access. 
The radon isotope of most concern, radon-222, arises from radium-226 and 
has a half-life of 3.8 days. (The "half-life" of a radionuclide is a 
period during which any given atom has a 502 probability of decaying to 
the next member of the decay sequence.) The first decay product, or 
"daughter", of radon-222 is polonium-218, which also decays radioac-
tively. This sequence of decays continues until lead-206, a stable iso
tope is reached (Figure 1). 

Polonium-218 and the members of the decay sequence, immediately fol
lowing (lead-214, bismuth-214, and polonium-214) have greater radiologi
cal significance than radon-222, because — unlike the latter — they 
are chemically active and may attach themselves to dust particles in the 
air. Should either these particles or the unattached daughters be 
inhaled, the} can lodge in the lung. Because the daughters from 
polonium-218 through polonium-214 have short half-lives (no greater than 
30 minutes), cnce they are collected in the lung, they are likely to 
decay to lead-210 and irradiate the surrounding tissue betore the body's 
lung-clearance mechanisms remove them. In biological terms, the most 
significant radiation dose arises from the alpha particles emitted by 
polonium-214 and -218. 

CONCENTRATIONS AND EXPOSURES IN U.S. HOMES 

The radon in hoases arises primarily from radon that migrates, by 
various mechanisms, from materials underlying the house or, in some 
cases, those making up the house. The house acts as a container for 
this radon, which leaks out as indoor air is exchanged for outdoor air. 
The rate at which air is exchanged is usually expressed in "air changes 
per hour" i.e., the number of house volumes exchanged per hour. Typical 
air-exchange rates for U.S. homes, averaged during seasons when windows 
and doors are ordinarily closed, are in the range of 0.5 to 1.5 air 
changes per hour, with a fairly small percentage of houses above and 
below this range. 

For a specific radon source magnitude, expressed as the rate at 
which radon enters a builuing, the indoor concentration is roughly 
inversely proportional to the air-exchange rate- that is, for a given 
house and indoor radon emanatIon rate, halving the air-exchange rate 
will approximately double the indoor radon concentration (assuming, as 
is usually the case, that the outdoor radon concentrat ion is consider
ably lower than the indoor concentration). 
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Typical radon concentrations in U.S. houses, averaged over the 
year,1* an in the range of 0.2 to 4 picocuries per liter of air 
(pCi/1), (A pi.cocurie is an amount of radioactive material that yields 
0.037 decays per second,) In a portion of U.S. homes, radon concentra
tions are higher, sometimes considerably higher, than this range. In 
some cases, these higher radon levels have been traced to building 
materials, either in the house rr in its foundation, that incorporate 
industrial by-product material containing unusually high concentrations 
of radium. In other cases, however, the radon appears to arise from 
natural concentrations of radium in soil or rock under or near the 
house. 

Because it is the radon daughters that pose the greatest radiologi
cal risk, a special unit has been devised to express the amount of expo
sure to the daughters: the "working level month" (WLM), so called 
because it was devised for measuring the monthly exposure of mine work
ers.^ Ventilation and other mechanisms, such as filtration and piateout, 
tend to remove a portion of the radon daughters, so that in any given 
house or group of houses, there is some variability in the ratio of 
daughters to radon. Living continuously in daughter concentrations typ
ically associated with a radon-222 concentration of 1 pCi/1 would result 
in an annual exposure of about 0.3 WLM.^ Assuming that individuals spend 
two-thirds of their time indoors, the indoor exposure would be approxi
mately 0.2 WLM per year, and for the range of radon concentrations cited 
above for the national housing stock (0.2 to 4 pCi/1) exposures would be 
approximately 0.04 to 0.8 WLM per year. Those whose homes have higher 
radon concentrations would be subject to larger exposures, and a signi
ficant number of homes appear to have concentrations of 4 pCi/1 or 
more.* 

THE RISK FROM EXPOSURE TO RADON DAUGHTERS 

The incidence of lung cancer among uranium (and certain other) 
miners is considerably higher than that among the general population, a 
difference that has been attributed tc large exposures to radon 
daughters accumulated by these miners from working for prolonged periods 
in high daughter concentrations. Before adequate control measures were 
introduced, concentrations in mines were high enough that exposures of 
miners often considerably exceeded the current occupational limit of 4 
WLM per year. The elevated incidence of lung cancer among such miners 
is the principal basis for determining a numerical relationship between 
radon daughter exposure and lung cancer. The results of studies of 
uranium and other miners may be summarized by stating that each WLM of 
exposure experienced by a miner apparently induced an added chance of 
lung cancer of 200 to 450 in a million,-* Thus a miner who received about 
10 WLM per year for 30 years (experiencing a total of 300 WLM) stood 
about one chance in ten of getting lung cancer from radon Jaughter expo
sures . 

The numbers 1-7 in the text refer to technical notes at the end of 
the paper. 
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Extending this information to the the general population, whose 
exposure is much lower than miners', is difficult and uncertain: the 
typical mine worker of the epidemiological studies of radon and lung 
cancer was a male smoker who worked under conditions of high concentra
tions of airborne particles and who experienced very high radon daughter 
exposures. Exposures in homes are typically much lower. Ignoring the 
possible synergism of radon-daughcer exposures with smoking or dust 
inhalation, and assuming the added chance of lung cancer to be propor
tional to exposure and equal to 200 to 450 per million per WLM, then an 
exposure of 0.2 WLM from living for one year in a U.S. home would induce 
40 to 90 chances in a million of getting lung cancer. Hence subjecting 
a Large male population to this exposure annually would eventually cause 
an incidence of 40 to 90 cases per million population per year. If the 
lung cancer incidence among miners were due primarily to a synergism 
between smoking and daughter exposure, the increased incidence might 
apply only to smokers. In this case, assuming 402 of the male popula-
tion to be smokers, 15 to 35 males per mil 1 ion per year would be 
expected to contract the disease from the assumed exposure. Given these 
various uncertainties, the lung cancer incidence projected for the male 
population as a consequence of radon exposures of 0.2 WLM per year would 
range from 15 to 90 per million per year. 

The experience of miners provides little direct information on the 
effect of radon daughters on the female half of the population. The 
existing lung cancer rate among women is a fraction of that among men, 
less than 50 per million per year as recently as 1960, giving an upper 
limit for radon-induced lung cancers among women that lies in the middle 
of t'.ie range cited above for men. (Recent increases in the lung cancer 
rate among women appear to be caused by smoking.) Based on this con
sideration alone, the estimated lung cancer incidence among women from 
radon exposures could be anywhere from 0 to 50 per mil lion per year. 
This range must be viewed with some caution, however, since the histori
cal exposure rate may have been less than 0.2 WLM per year and, in any 
case, there is no fundamental reason to expect a substantially different 
rate for men and women experiencing the same exposures. 

Nevertheless, averaging these rates for men and women yields a nomi
nal range for lunf. cancer incidence among the general population, assum
ing annual exposure^ of 0.2 WLM per year, of 7 to 70 per million per 
year. Corrections for age-distribution differences between miners and 
the general population may alter this risk estimate somewhat, probably 
to the higher side. It appears reasonable to «;dopt about 10 to 100 lung 
cancers per million per year as a rough estimate, corresponding to 
approximately 2000 to 20,000 cases annually among the U.S. population. 

It is possible, on the other hand, that the cancer rate resulting 
from radon daughter exposures has little dependence on smoking, sex, or 
factors such as particle size distribution. Recent evidence, for exam
ple, indicates that the synergism thoughr to exist between radon expo
sure and tobacco smoking may have been based merely on earlier appear
ance of radon-daughter induced lung cancer among smokers than among 
nonsmokers. If such synergism does not exist, then the ant'c ipated 
incidence of radon-related lung cancer at an exposure of 0.2 WLM per 
year, assuming linearity with no threshold, would be approximately 50 to 
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100 per million cases per year. This projection does exceed the 
observed lung cancer rate among the non-smoking population, however, 
particularly that portion of the population living outside cities. This 
discrepancy suggests that either the average radon daughter exposure is 
less than 0.2 WLM per year or that some of the factors noted do, in 
fact, affect the incidence. Because such factors Tiry be important and 
because of uncertainties inherent in the data itself, it appears prudent 
to retain an estimate of 10 to 100 per million per year for the radon-
related risk for the general population, if the average exposure is 0.2 
WLM per year. This estimate is consistent with the present range of 
expert opinion on the risl. from radon-daughter exposures.' 

As indicated, such estimates are highly uncertain because we cannot 
yet accurately account .or the possible synergisms involved and because 
uranium miners as a group do not represent a cross section of the gen
eral population. It is, furthermore, difficult to assess the reliabil
ity of radon risk estimates because of the fundamental uncertainty asso
ciated with the assumption that risk is proportional to exposure, even 
for low exposures. Nevertheless, indoor radon-daughter exposures in the 
typical range of 0.04 to 0.8 WLM per year may cause thousands, perhaps 
more than 10,000, lung cancers per year among the IKS. population—an 
incidence sufficiently high to require careful examination of any meas
ure that could increase these exposures significantly. Of more immedi
ate concern is the fact that some members of the p.eneral public may 
already be receiving radon daughter exposures high enough to add several 
percent to their probability of contracting lung cancer, an unusually 
large environmental risk. This portion of the population deserves our 
serious attention. 

IMPACT ON HEALTH OF REDUCING VENTILATION 

About a third of the energy used to heat (or cool) buildings is 
required because of losses due to the exchange of air between building 
interiors and outdoors. This energy requirement may be lowered by 
reducing infiltration (typically by weatherstrippine or caulking) or, in 
commercial buildings, by reducing mechanical vencilation rates. While 
such measures save energy, they can also be expected to increase average 
indoor radon concentrations, average radon-daughter exposures, and the 
estimated radon-related incidence of lung cancer, unless steps are taken 
to avoid these increases. Residential buildings are of most concern in 
this respect, since current radon levels are typically higher in homes 
than in other types of buildings. 

Comprehensive data on ventilation rates, whether from infiltration, 
open windows, or mechanical ventilat ion, do not exist for the present 
U.S. housing stock. Based on limited data, however, it appears *hat the 
infiltration rate in most U.S. houses lies in the range of 0.? to 1.0 
air changes per hour,^ averaged over the heating and cooling seasons. 
During these seasons windows and doors are normally kept closed, so that 
nattiral ventilation contributes only a small portion (say 20 percent) of 
the total air exchange rate. 
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Nor do we have a precise view of the effect of energy-conserving 
retrofit programs (or of performance standards for new buildings) on the 
air exchange rate. If the average infiltration rate were as high as 1.0 
air change per hour, as is often supposed, it would appear possible that 
an extremely vigorous energy-conservation program — one that reached 
virtually every housing unit and was very effective for the vast major
ity — could reduce the average infiltration rate by a factor of 2, 
i.e., to about 0.5 air changes per hour. (As indicated in note 4, the 
average infiltration rate actually appears to be lo^cr than 1.0 air 
change per hour, so that a halving of the rate is not likely*) This 
fifty percent reduction could be expected to roughly double the radon 
level during periods when the building windows are closed (which is when 
most of the annual exposure would be expected to occur). Daughter lev
els would also roughly double (although in some cases the ratio of 
daughters to radon could increase, because a smaller portion of them may 
be removed by ventilation).5 Unless attention is given to control meas
ures, such a vigorous energy-conservation program could therefore 
approximately double the indoor r<>don-related lung cancer inciJ«mce ot 
10 to 100 cases per million per year that we have estimated for indoor 
radon levels of 1 pCi/l. 

Less vigorous programs, such as the U.S. Department of Energy's 
Residential Conservation Service (RCS), can be expected to have a pro
portionately smaller effect on the estimated risk. This program, which 
is soun to provide energy audits recommending retrofit measures for 
reducing residential energy use, is expected to reach 10 to 30% of the 
nation's housing stock over the next five years and is expected to 
reduce their average infiltration rates by up to 252. Thus the RCS pro
gram would reduce the infiltration rate for the entire housing stock by 
10% or less, causing a corresponding increase in -adon daughter expo
sures. The radon-related incidence of lung cancer would presumably be 
increased by a similar amount. On the assumption that current exposures 
are 0.2 WLM per year and no attention is given to avoiding increases, we 
could expect from 200 to 2000 additional lung cancer cases across the 
nation annually as a result of the 5-year program. This estimated 
increase could be avoided if, in the course of the program, areas where 
unusually high concentrations occur were Co be identified and remedial 
action taken. 

At the other extreme, very strong conservation measures could incor
porate special features, particularly in new houses, to reduce infiltra
tion rates to the vicinity of 0.2 air changes per hour, a fraction of 
the infiltration rate typical of a conventional house. This reduction 
would result in substantially higher radon concentrations, as well as 
radon daughter exposures, unless the house has features that pievent 
radvn from entering or that remove radon or its daughters from indoor 
air. Energy performance standards presently proposed by Federal agen
cies for new buildings do not encourage suv h reductions in infiltration. 
Shoijl d they be modi f ied to reduce inf lit rat ion substantially, as is 
being cons idered, such performance standards could also recommend meas
ures to control radon daughter concentrations, as well as to avoid other 
indoor air quality difficulties. 
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One possible radon control strategy is to reduce the radon entry 
rate by sealing cracks, holes, or building materials from which radon 
emanates. In new building, construction techniques could be chosen to 
reduce transport of radon into the house. An active control technique 
is to clean the air with systems that use filtration, electrostatic pre
cipitation, or absorption to remove airborne particles or gases. An 
alternative possibility, and one that would also control the levels of 
other indoor pollutants than radon, is to install a mechanical ventila
tion system that incorporates a heat exchanger, which recuperates most 
Oi the heat that would normally be transferred with the ventilating air 
stream.5 

Some combination of these measures seems clearly warranted in two 
classes of energy-efficient houses: newly built super-tight houses where 
infiltration rates are a fraction of one air change rate per hour, and 
exist ing houses that are subjected to "super" retrofits that reduce 
infiltration rates to well below 0.5 air changes per hour. Another 
class of houses in which control measures should be introduced consists 
of those now having unusually high radon concentrations. It appears, 
for example, that a substantial fraction of the general public's total 
exposure to radon daughters may be occurring in the small portion of 
houses that have very high concentrations. Many such houses appear to 
cluster geographically, making it possible to rely on regional surveys 
to identify areas where remedial measures may be needed, use of con
trols in unusually tight houses and proper attention to areas needing 
remedial measures would avoid, and even reverse, the trend to higher 
radon daughter exposures that could be associated with decreasing infil
tration rates (see Figure 2). 

Even before all such areas with higher-than-average radon concentra
tions are identified, efforts such as the Residential Conservation Ser
vice program can include ordinary infiltration-reduction measures, 
bringing infiltration rates to the vicinity of 0.5 air changes per hour. 
In the vast majority of houses, with relatively low radon levels, 
radon-re1 ated risks wil1 remain very low, not warrant ing control meas
ures. Those found to have such high concentrations as to constitute a 
significant risk for the occupants can be improved by incorporation of 
measures to reduce concentrat ions, thereby decreas ing radon-re!ated 
risks. 

HEALTH COSTS AND BENEFITS OF REDUCED INFILTRATION" 

Reducing residential vent ilation rates offers the clear benefit of 
reducing energy use. In order to make a purely economic decision on 
whether or not to incorporate infiltration-reducing measures in new or 
existing residences, the cost of reducing ventilation, say by weather-
stripping or caulking, would have to be compared with the monetary value 
of the energy saved. However, altering the infiltrat ion rate can have 
health ef fects, including those d iscussed above, which must be con
sidered in weighing costs and benefits. Moreover, in addition to 
effects directly associated with energy use or production, reducing 
energy use also entails broader societal effects, including changes in 
the ""mployment structure, reduced dependence on foreign oil, and even 
changes in the probability of war. Such societal effects must be 
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considered in themselves and also have a different range of health 
effects than those arising directly froo changes in the energy system 
itself. 

The health effects that may be specifically associated with reduced 
infiltration include Chose occurring as a result of direct effects on 
indoor air quality and effects owing to changes in the quality of out
door air. Increased radon concentrations are only one potential effect 
on indoor air quality. Indoor concentrations of other pollutants that 
arise from indoor sources may increase. Indcor pollutants whose signi
ficance may be as great as radon daughters are combustion products 
(including carbon monoxide, nitrogen oxides, and particulates) and 
organics (including formaldehyde). In contrast to these, indoor conce.-
trations of pollutants generated outdoors can be decreased H>- infiltra
tion reductions. However, reduction of indoor pollutants from external 
sources is probably not as important as the increased levels of indoor-
gener&led pollutants. 

On the other hand, reduced eneigy use of itself would avoid health 
effects associated with the development and use of energy resources. For 
example, a national reduction in energy use due to reductions in infil
tration due to the RCS program could be reflected in a reduced demand 
for electrical generation. Based on the level of infiltration reduction 
the RCS program could achieve, United States need for electricity gen
eration could be reduced by several gigawatts. The health impact asso
ciated with several gigawatts and avoided by t*v? RCS program i? in the 
range of several to hundreds of deaths per year; for fossil-fueled gen
erators, many thousands of cases of respiratory disease would also be 
associated every year. The annual death raze avoided is at the very 
bottom cf the range of lung cancer incidence (200 to 2000 per year) 
estimated above for the RCS program, assuming current exposures of 0,2 
WLM per year and no attention at all to controlling radon concentra
tions. A more important consideration may be the prospect of avoiding 
the much larger incidence of non-fatal diseases,** 

A more realisric possibility, in any case, is that infiltration 
reduction, rather than avoiding electricity generation, would result in 
reduced combustion of gas or oil for heat ing ind iv idual houses. 
Although little is known about the health impact of locally-generated 
combustion products in outdoor air, dispersed cwibustion is likely to 
result in a greater health impact per unit energy than cenrrai station 
electric generation. The difference is likely to be widened by the 
existence in the housing stock of a significant number of faulty and 
inefficient systems. On the other "-and, cracks in furnaces and flues 
could cause some fraction of combustion products to be injected directly 
into the home, in which case infiltration reduction could exacerbate 
associated indoor concentrations, perhaps to a decree that is more sig
nificant than the estimated health effect? of increased radon daughter 
exposures. It is therefore not known whether reducing infiltration, of 
itself, increases or reduces net health risk. 

There are, of course, other considerations, including other benefits 
of infiltrat ion reduct ion and of reduced oil use in itself. The non
monetary, non-"health" benefit of reduced dependence on ext ranat ional 
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sources of oil supply has been a principal incentive for reduced oil 
jse. Increased personal independence from supply (or price) fluctua
tions due to supplier (or government) action is not insignificant. An 
ordinarily perceived benefit of infiltration reduction is the higher 
degree of comfort due to reduction in drafts and temperature variations. 
These reductions, in turn, make it more feasible to operate a house at a 
lower temperature. They may also improve health and well-being to a 
degree that is ~ot now quantifiable. 

Such consideration of various health effects, including those due to 
indoor air pollutants other than radon, indicate that it is simply not 
now known whether, on the average, infiltration reduction and associated 
changes in the energy system will have deleterious or beneficial effects 
on health. Regardless of the average effect, it appears that, for 
houses or communities found to have radon levels significantly greater 
than the typical range of 0.2 to 4 pCi/1, measures that could control 
radon daughter levels should be considered. In houses with very high 
Levels of radon, remedial action should be taken whether or not 
infiltration-reducing measures have been taken, thereby providing a 
clear health benefit for the affected portion of the population. 

An intriguing possibility is to associate with energy retrofit pro
grams a screening element whoso purpose would be to identify areas where 
indoor radon levels are unusually high.' This may be accomplished by 
sampling radon in a percentage of houses planned fot retrofit. Alterna
tively, it may be sufficient simply to identify areas whose soil and and 
related building materials have significantly higher than average radium 
content. Screening of this kind would be practical if houses with high 
indoor radon concentrations indeed tend to cluster by geographic area. 
The objective of such a screening element would be to find a large pro
portion of homes with high indoor radon concentrations, thereby permit
ting control and remedial efforts to be directed to the population at 
significant net risk. 

Including a screening element would permit the program of savir.g 
energy to proceed apace, a program that has clearly perceived and sub
stantia 1 non-"health" benefits. Conversely, th^ retrofit program would 
serve as a vehicle for more fully characterizing the indoor radon prob
lem. And the effort devoted to identifying houses or communities with 
high radon levels could result in a net decrease in average djughter 
exposures (and associated lung cancel incidence) and could identify for 
remedial action those houses that pose unacceptably high individual 
risks for occupants. 

STANDARDS FOR INDOOR RADON DAUGHTER EXPOSURES? 

The quality of indoor air can be assured using two distinct 
approaches, which are complementary in principle. The first is to regu
late actual concentrations of indoor pollutants, an approach chat 
requires formulation of indoor air quality standards. A more indirect 
approach is to control the major factors that affect indoor concentra
tions, primarily pollutant source magnitudes and ventilation rates. 
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In the absence of actual indoor air quality standards, attention 
commonly turns to the possibility of selecting a minimum ventilation 
rate. This approach suffers from two difficulties, in addition to the 
lack of information on current ventilation rates.* The first is that 
variations in source magnitudes, e.g., for radrn, formaldehyde, or 
nitrogen dioxide, appear to be more responsible for variation in air
borne concentrations than is the ventilation rate. Regulatory efforts 
to assure indoor air quality by prescribing housing characteristics 
ought therefore to devote adequate attention to controlling pollutant 
sources, perhaps even more than to the ventilation rate, &t least for 
convent ional res idences % 

The second consideration, often overlooked, is that any ventilation 
standard should be utilized as a design goal and not as a minimum. The 
ventilation rate selected as a design goal would be chosen considering 
many of the factors discussed above and would be achieved by careful 
formulation of building standards, taking air quality, energy effi
ciency, and other factors into consideration. Choosing a goal rather 
than a minimum would avoid the danger of overdesign, leading to exces
sive vent ilat ion rates that unnecessarily waste energy, and would 
correspond well «*ith indoor air quality standards that, as one com
ponent) seek to achieve accepcable average indoor concentrations. Tak
ing this approach appears particularly importart for controlling expo
sures to radon daughters, where both average concentrations and their 
frequency distribution are <>f interejt. 

Although a daughter exposure limit of 4 WLM per year applies to 
individuals who are occupationally exposed, no standard has been esta
blished for members of the general public. For exposure to man-made 
radioactivity (as well as a number of non-radioactive airborne contam
inants), limits for the general public are gener?!ly one-tenth of the 
values established for workers. For radon daughters, which are, of 
course, not man-made, such a limit would be difficult to implement since 
surveys have shown that a significant number of houses have concentra
tions yielding more than 0.4 WLM per year, and variability also exists 
from area to area, house to house, and time to time. 

In fact, it is because of this variability that we need to determine 
a philosophical basis for indoor air qua!ity standards prior to design
ing a standard for indoor exposures to radon daughters. Present 
"ambient" air quality standards applying to the general public are 
designed for outdoor air pollutants. These standards are implemented on 
the basis of a few measurements that characterize the exposure of a 
population in an air basin. Assuming that measured concentrations of 
pollutants characterize air quality throughout the air basin, such stan
dards also protect each individual in the basin. Such compatibility of 
Iimits applicable to populat ions and to individuals does not exist for 
indoor air quality, not only because internal pollutant sources vary 
from one building to another, but also because pollut ant 1 eve Is depend 
on how the building is operated. While indoor Limits could be formu
lated for application to "worst-case" situat ions, e.g. , with windows 
closed, little wind, or high source strength, such an approach would not 
provide a basis for realistic evaluation of actual risks and control 
possibilities. 
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A practical solution to the problem of developing a standard for 
indoor radon daughter exposures may be to construct a two-part 
standard—one part limiting the exposure for individuals and the other 
part setting an acceptable average value for population exposures. A 
precedent for such an approach can he found in standards related to 
individual and population exposure to radiation from nuclear power 
plants and other facilities during routine operation. In the case of 
radon daughters* a comparable approach could be designed to protect vir
tually every individual from excessively high exposures and also to 
maintain the average exposure of the population at a much lower level. 
The Lower exposure, corresponding to an acceptable average risk for the 
population, vnuid be chosen considering the average behavior of build
ings (perhaps with some variability by geographical area), and would be 
implemented through ordinary building standards, possibly even including 
quality control on materials that emit radon or ot*»er pollutants. The 
individual would be protected against excessive r.sk by enforcement of 
the higher ind ividual limit, which would be met by virtually every 
building. For buildings suspected of exceeding the individual limit, 
indoor air quality could be monitored to determine whether remedial 
action is needed. (As a practical matter, a "trigger" level f*>r such 
action c o u H be set somewhat lower than the innividual limit, therefore 
taking some account of measurement uncertainties, variability in the way 
each building ij operated, and so on.) 

tn devising .standards for radon daughter exposure, one way of 
apply; lg this approach is apparent: an individual limi: could be esta
blished in ihe range of 0.4 to 4 '-ttH per year, i.e., 10 to 100 percent 
of the occupational limit, and the gener-1-popuiation average value 
could be based on an acceptable level of risk, considering the costs and 
benefits of various options. Individuals would be protected by a limit 
that is at least as strict as chat applied to workers. Assuring a 
smaller risk to the average member of the population could be accom-
r\ished by carefully formulated building standards that—among other 
things—take into account both the building type an-J local radon source 
strengths. 

Such a two-part indoor radon standard would accommodate the existing 
sit lation. Or. the one hand, it would require remedial action to reduce 
the risk to that portion of the population now exposed to high levels of 
radon and, on the other hand, it would not require that individual 
houses meet standards devised Co protect populations. For the present, 
the population risk from radon daughter exposure would be held essen
tially constant or even reduced, in spite of programs to reduce infil
tration rates in buildings, because remedial measures to meet the indi-* 
vidua I standard would reduce the risk ot those who are highly exposed 
and presently at greatest risk. 

CONCLUSIONS 

The present exposure of the general public to radon daughters may 
account for a substantial number of lung cancers in the United States. 
Moreover, a significant number of individuals may suffer exposures large 
enough to increase the risk of lung cancer during their lifetime by a 
few percent or greater. Enrugh is therefore known about exposure of the 

-U-



public TO radon daughters to warrant a vigorous program to understand 
more fully the size and variability of exposures and to identify that 
portion cf the population exposed to excessive concentrations of radon 
daughters. In addition, programs that would reduce building ventilation 
rates significantly below the range now typical of U.S. housing should 
incorporate measures to safeguard, if not improve, indoor air quality. 
Less vigorous conservation programs—'those that would have only modest 
effects on ventilation rates (and thus indoor air quality) and very sig
nificant effects on individual and national energy requirements** could 
be used as vehicles for monitoring radon concentrations in the housing 
stock and, especially, for identifying houses with high levels. Ulti
mately, indoor air quality standards should be developed to protect 
every individual from excessive exposures and, through building stan
dards, to control average exposures to an even lower level. 

This work was supported by the Assistant Secretary for Conservation 
#nd Renewable Energy, Office of Building Energy Research and Develop
ment y Building Systems Division, and by the Director, Oft tee of Energy 
Pesearch, Office of Health and Environmental Research, Human Hea!th and 
Assessments Division and Pollutant Characterization and Safety Research 
Division of the U.S. Department of Erergy under Contract No. W-7&05-
ENG-48. 
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TECHNICAL NOTES 

JL* Measured Indoor Concentrations of Radon and Its Daughters 

The tabic (adapted from Ne81) summarizes indoor Measurements of 
radon and daughter concentrations in U.S. residences. (See note 2 for 
discussion of PAEC.) As indicated in the table, a variety of sampling 
approaches were used in these measurements, including single grab sam
ples and integrated year-round sampling. Although it is clear that lev
els greater than 4 pCi/1 occur, it is not known how frequently they 
occur or in how many cases annual average concentrations exceed this 
level. Because health effects are thought to be associated with cumula
tive exposure (rather than with peak concentrations), average concentra
tions (e.g., averaged over a year) are of greatest interest for health 
risk assessment purposes (see note 3). 
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So l o t t e d radon acid radon daughter 
<rus(denci-'M an> s i n g K ' f a m i l y i 

n-n i - in U.S . 
n-ri- n o t e d ) 
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(window* c l o s e d } 

L n e r B y - * ' f f U l e n t h o u s e s ; a i r change 
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(which has 1m ludvd houses in r a n g e 
0 .02*1 Ml) 

C o n t r o l * on u n a l n u r a l l t e d a o l l a 
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Int.->>r^t«d y«ar 
rM.n„l 

l-.tt-Kt'it. J year 

IRIV»»1V? mining are* 

Intensive Mining jro« 

Individual vnlu. 
UK spar.- ; folu.-i •t'OH-nln rtre t y p U . i l l y h l g h r r . 

l i m i t e d HJRipliiiK i n d i e • imiw. i l v lv UK of Willi 
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^ * Units for Measuring Radon Daughter Concentrations and Exposures 

Airborne concentrations of radon daughters, like radon itself, can 
be specified in picocuries per liter (pCi/1) or equivalent units. For 
radiation protection purposes, it has been useful to characterize radon 
daughter concentrations in terms of the total alpha energy emitted as a 
result of decay of the short-lived daughters (pclonium 216 to polonium 
214) to lead 210, a long-lived radionuclide. This "potential alpha 
energy concentration" (PAEC) is an indicator of potential dose to the 
lung which, in turn, may be associated with increased lung cancer 
incidence on the basis of epidemiological studies and other evidence 
(see note 3). 

The conventional unit for PAEC is the working level (WL), which has 
a value of 1.3 x 1(P MeV/1, the potential alpha energy per unit volume 
that would be associated with air containing approximately 100 pCi/1 of 
each of the short-lived daughters. For an arbitrary mixture with 
polonium 218 concentration. I A, lead 214 concentration IB» and bismuth 
214 concentration I C J the PAEC is approximately equal to (0.10 I A + 0.51 
Ifi + 0.37 1(0 WL/O00 pCi/1). The associated exposure unit, working 
level month (WLM), is the exposure that an individual would experience 
remaining in 1 WL of daughters for 173 hours (an average working month). 

Were a volume to have a constant source of radon and no mechanisms 
(other than radioactive decay) for removal of radon or its daughters 
from the enclosed air, the activity concentrations of each radionuclide 
(given in pCi/1) would eventually reach a state where all were numeri
cally equal. Such a condition (referred to as "equilibrium") is never 
achieved in practice because of removal mechanisms such as ventilation 
and daughter "plateout". Ventilation both reduces the radon concentra
tion and decreases the ratio of daughters to their parents below one. 
Plateout, the attachment of daughters to walls and other surfaces, also 
decreases this ratio. 
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The equilibrium condition of radon and its daughters is convention
ally indicated by an "equilibrium factor" (F) that is the ratio of 
actual daughter PAEC to the PAEC were each daughter to have the same 
activity concentration as that of the radon actually present. Thus F * 
PAEC/(radon concentration/100), where the PAEC is given in WL and the 
radon concentration in pCi/1. In spaces with low daughter-removal 
rates, F is close to one. In houses, equilibrium factors have usually 
been found tj H e in the range 0.2 to 0.8, although factors above and 
below this range have sometimes been found. (See references for note 
1.) 

Taking 0.5 as a typical equilibrium factor, the annual exposure 
associated with a constant radon concentration of 1 pCi/1 may be calcu
lated as follows: 

exposure rate for 1 pCi/1 = 

(n * i ^-/i . 1WL 1 r I WLM 1 r8760_hrs1 [0.5 x 1 pCi/1 x - 1 0 0 p C i / l l x [ l w L i t ] 7 3 h r s J x [ y e a r J 

= 0.25 WLM/year. 

The WLM is not a direct indication of dose for a variety of reasons, 
such as: the degree to which daughters are collected depends on particle 
size; lung mass and lining area depend or age; breathing rates differ 
between workers and the general population. In some cases, it is suit
able to define a "working level month equivalent" (WLME). For example, 
the average breathing rate of the general population is thought to be 
50% less than that for uranium miners. If uranium miners are taken to 
be the standard for defining the WLME, then the public wot Id have to be 
exposed to 1 WL for about 350 hours to accumulate an exposure of I WLME. 

This discussion has not expressed radiation doses in the more ordi
nary units of rad, rem, or Sievert. It is possible to convert WLM to 
these units using detailed models of breathing rate, particle sizes, and 
lung deposition patterns, but in any case, it would be necessary to con
vert these results back to WLM to utilize the epidemological data from 
miners. Little is gained, therefore, for purposes of risk assessment or 
radon dcuphter control, by utilizing the more ordinary units, since 
dependence of risk on doses to specific tissue is not adequately under
stood . 

3. Models for Health Effects from Exposure to Airborne Radon Daughterj 

The dose-response factor used in this paper is taken from the 1977 
report of the United Nations Scientific Committee on the Effects of 
Atomic Radiation (Un77), which reviewed a variety of epidemiological 
data from uranium and other miners. This dose-response factor is given 
as an "absolute" risk factor, i.e., a risk (from radon daughter expo
sure) that occurs independently of and in addition to risks from other 
causes. The data can alao be interpreted in terms of "relative" models, 
which assign an added risk that is proportional to the risk that would 
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otherwise occur. Either approach permits age-related factors (age at 
exposure or age at onset of disease) to be accounted for explicitly. 

The difference in the lung cancer risk from radon daughter exposure 
as estimated from an absolute and a relative risk model can be signifi
cant, although it is not necessarily a large factor. To some extent, 
the differences depend on how the possible synergism with smoking is 
treated. For example, estimates by the U.S. Environmental Protection 
Agency (Gu79) use a relative risk model that treats smokers and nonsmok-
ers together and, because it assigns the same multiplicative risk per 
WLM to either group, it effectively assumes synergism between smrking 
and exposure to radon daughters. Nonetheless, the EPA risk estimates 
are at the high end of the range indicated in the text of this paper 
(probably because the percentage of smokers among the public is assumed 
to be the same as among miners). This contrasts with the estimate in a 
recent comment of the National Council on Radiation Protection and Meas
urements, which suggested that only "atout 20Z of the spontaneous 
(nonsmoking) lung cancer incidence of the U.S. population could be 
attributed to natural radon daughter exposure" (Ra80). The Council used 
a recently formulated model (HaSl) and obtained an estimate of about 15 
lung cancers per million per year among the general population from 0.2 
WLH per year exposures. Thus, their estimate, although based on a sub
stantially different approach from fiat of the EPA and regarded by the 
authors to be "conservative" (i.e., more likely to be an overestimated 
than underestimated), is toward tne bottom of the 10 to 100 pei- million 
per year estimate employed in this paper. Hence, expert reviews of the 
available data result in a wide range of estimates, though all assume 
the increased probability of lung cancer to be proportional to the expo
sure, and even this assumption is a hypothesis. (A recent review (Na81) 
notes that the maximum effect per WLM appears to occur for cumulative 
exposures of hundreds of WLM, less than the occupational exposures some
times encountered in the past, but much larger than typical exposures of 
the general population.) 
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4. Ventilation and Infiltration Rates in U.S. Homes 

There are few data available on ventilation or infiltration rates in 
residential buildings. The few measurements that have been performed, 
however, suggest that most existing residences have infiltration rates 
(averaged during the heating season) in the range of 0.5 to 1.0 air 
changes per hour (ach). But the distribution extends above and below 
this range: a long tail extends substantially higher, with a few percent 
of houses greater than 2.0 ach, and a significant number of residences 
are in the 0.3 to 0.5 ach range. Because of occupant behavior—opening 
doors, windows, and fireplace dampers— total ventilation rates average 
somewhat more than the infiltration rates (e.g., 20 percent greater in a 
typical case). 

Infiltration rates depend strongly on the type of house, the cli
mate, and, indeed, the microclimate. One ̂ ight expect, for example, 
newer housing to be "tighter" than older, and this appears to be the 
case. Grimsrud et al (Gr81) present estimates of heating-season infil
tration rates based on measurements in over 200 houses distributed 
throughout the United States and Canada. For the entire sample, the 
average estimated infiltration rate was 0.67 ach but for the half of the 
houses built within the two years prior to measurement, the average 
estimate was 0.48 ach. Even among 200 low-income, often older, 
residences in U.S. cities, measured heating season infiltration rates-
-before weatherization—averaged 1.1 ach, with most below 1.0 ach: \8% 
less than 0.5 ach, 39% between 0.5 ach and 1.0 ach, 192 1.0 - 1.5 ach, 
10% 1.5 - 2.0 ach, and 10% > 2.0 ach (Gr79). 

It thus appears that average infiltration rates in U.S. housing are 
less than 1.0 ach, probably in the vicinity of 0.7 - 0.8 ach, and that-
-eonsidering occupant behavior—net ventilation rates may average in the 
vicinity of 1.0 ach in heating/cooling seasons. Houses with signifi
cantly higher-than-average infiltration rates can be tightened substan
tially by fixing broken window panes, caulking, weatherstripping, and 
plugging holes. To postulate that even an extremely vigorous program 
could reduce average infiltration rates in the entire housing stock by 
half, as has been suggested, appears optimistic and must be considered a 
rather far-fetched upper limit for the effectiveness of infiltration-
redaction programs; to achieve this goal, virtually every house in the 
U.S. would have to better the energy performance of well-constructed 
new housing that uses weatherstripping and caulking, but not unusual 
construction features. 
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5. Control Techniques for Radon and Its Daughters 

The ultimate purpose of any radon control technique is to reduce 
human exposure to radon daughters. This goal may be accomplished by 
controlling the radon source strength. It may also be accomplished by 
"leaning or refreshing the air to remove the daughters directly or to 
reduce the concentration of radon, from which the daughters arise. 

Radon can enter a house from various sources and by various tran
sport mechanisms, so that control of source strength can take several 
forms. The two basic possibilities are to remove the source material or 
to obstruct transport mechanisms. As remedial actions for existing 
housing, the first possibility is very costly, but it does have limited 
potential for application in new housing. Transport mechanisms include 
diffusion through solid material and convective movement of air through 
the building shell or through source material that is within the shell. 
Sealants and barriers can reduce diffusion and close convective routes. 
Assuming no change in the effectiveness of radon daughter removal, the 
daughter concentration is reduced by the same proportion as the radon 
source strength. 

Active control techniques have a more complex effect on daughter 
concentrat ions. Increasing vent ilat ion of the building reduces the 
radon concentration in a relatively simple way. This of itself causes a 
corresponding decrease in daughters. In addition, increased ventilation 
can reduce the ratio of daughters to radon, thereby causing an addi
tional decrease in daughter concentrations. The effectiveness of 
reduced ventil*ition in reducing this ratio, however, depends on the 
importance of other mechanisms for removing daughters, which attach to 
part icles, as well as walIs, fan blades, and other surfaces. As a 
result there is no simple way to characterize the daughter concentration 
associated with a given radon concentration and ventilation rate (see 
also note 2). For example, removaI of airborne part icles by filtration 
removes daughters, but also may affect the fraction of daughters that 
are unattached, which may affect the radiation dose from a given 
daughter concentration. To complicate matters even more, the unattached 
daughters may deposit more readily on walls, thus decreasing their air
borne concentrations. Circulacing air within the house (without venti
lation) also can increase daughter deposition significantly, thereby 
decreasing airborne concentrat ions. Depend ing on the circumstances, 
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such deposition may be a more effective removal mechanism than ventila
tion; thus ventilation rate alone is not a good indicator of the ratio 
of daughters to radon. Some of the lowest equilibrium factors (note 2) 
have been found in relatively tight houses. For these reasons, the 
evaluation of active control techniques is a complex undertaking. 

Only modest efforts have, to this date, been devoted to testing the 
effectiveness of the two basic approaches to controlling radon daughter 
exposures. Experience with radon source control techniques has been 
primarily the result of efforts to reduce indoor exposures to radon 
daughters in U.S. and Canadian communities associated with uranium min
ing operations. In some cases, structures have been built on or with 
uranium tailings, which have high radium concentrations and, when used 
in building materials or as landfill under structures, can contribute 
unusually large amounts of radon indoors. In some of the communities, 
high indoor concentrations appear to arise merely because the structures 
are built in areas with naturally high uranium concentrations. Several 
commun it ies have faced this problem, and intensive remedial programs 
have been initiated during the last decade or so. The princ ipal meas
ures used have been to remove the tailings, often a difficult and expen
sive process, and to seal cracks and openings by which radon enters the 
house, an approach that has met with success in some rases. Ha:iy of the 
results ach ieved in such programs undertaken in Canada are reported in 
recent annual workshops on this subject (At78-80). The effectiveness of 
sealants as a radon barrier have also been measured in laboratory stu
dies <Au74, Cu78). 

Active measures to clean the air, or refresh it, have begun to be 
investigated. Windham et al. CWi78), Holub et al (Ho79), Cliff (C180), 
Nazaroff et al (Na80), and Jonas sen (J08O) have begur. to study the 
effect of air mixing, fur ace fan operation, ventilation, and filtration 
on radon daughter concentrat ions. More intensive studies are required 
because of the complex effect these measures can have on daughter remo
val processes. The effectiveness of mechanical ventilators with air-
to-air heat exchangers in control 1ing radon concent rat ions has been 
demonstrated in one energy research house (Na81). During the winter of 
1980-81, a series of studies of the effectiveness of air-to-air heat 
exchangers as an air quality control measure in conventional houses with 
relatively low infiltrat ion rates was conducted in thp e?stern United 
States; results are now becoming available (0f81). 
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*̂ Health Risk Assessment for Energy Technologies. 

It is not possible to make precise estimates of health risks from 
fossil-fuel use, energy conservation, or any other energy technology. 
Large uncertainties arise from variability in the mode of use, and in 
the type and level of emissions or concentrations, <*s well as from com
plexities in the nature of the exposures, and lack of knowledge of the 
health effects of specified exposures. Perhaps even more important, the 
effects of different technologies often are not directly comparable. 
For example, one cannot compare the added risk from increased indoor 
exposures with the risk from continued dependence on foreign oil, or the 
risk of lung cancer from radon exposures with the diverse respiratory 
illnesses associated with breathing emissions from homes that burn oil 
Cor from electricity generating plants that burn coal). At the same 
time, there is an unfortunate, and often misleading, tendency to compare 
what can be compared and ignore the rest, a practice that often ignores 
the most important risks. 

Note 3 discusses the quant iftable risks from exposure to radon 
daughters. The risk estimate ind icated in the text for fossil fuels 
arises from studies in the U.S. population correlating "premature death" 
and respiratory illness with airborne concentrations of particles, sul
fates, and other substances that arise from combustion of fossil fuels, 
especially coal. The effects depend, inevitably, on the measures taken 
tn contiol emissions at the plant, the manner in which emissions are 
transported and undergo conversion! and the populations exposed. Actual 
estimates of the effects are highly uncertain, even controversial, and 
sonetimes staggering. For example, it has been estimated that U.S. mor
tality from coal burning may be up to 50,000 deaths per year (Of79). On 
the other hand, estimates based on reasonably well-controlled coal-fired 
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plants yield annual fatalities en the order of ten per gigawatt of elec 
tricity (which includes deaths due to accidents or breathing coal dust J 
and a much larger number of associated illnesses (Sc79). 
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7. Monitoring Radcn and Its Daughters 

A large variety of techniques is available for monitoring radon and 
its daughters. All of the techniques that are practical for measuring 
airborne concentrations that occur in the general ^ivironaent, including 
indoors, use devices that detect the radiation emitted when radon or its 
daughters decay. Many such devices are sensitive to the alpha particles 
emitted (the same ones responsible for most of the dose to TUe lungs), 
but a few detect beta or gamma radiation. 

No single monitoring instrument satisfies the requirements associ
ated with all applications. Instruments vary widely in cost and type oi 
measurement. Possible applications of monitoring instruments range trom 
detailed research studies of the behavior of radon daughters, requiring 
complex instruments costing tens of thousands of dollars, to large-scale 
surveys, which may deploy fifteen-dollar devices that are used for only 
one measurement. Complex instruments can often measure the variations 
of r-don or daughter concentrations with time, whereas simpler, less-
expensive devices often yield average concentrations over a long period 
of time or the concentration at a single time. The least expensive d e -
ices also rend to be relatively inaccurate at low concentrations, but 
this may be acceptable in a large-scale survey whose purpose is to 
determine the average concentration in the noises selected. In contrast 
co this, greater accuracy may be required of .. n instrument used in sur
veys to determine compliance of individual houses with some ctar.dard. A 
particular difficulty is that often the device that is mos*- iatisfactory 
in terms of cost or accui-icy is unsatisfactory in that it measure! the 
wrong parameter, e.g., the concent r a", ion of radrn, rather than its 
daughters. 

For any survey, whether to determine concentration averages (or fre
quency distribution) or to check that concentrations in ind:vidual 
houses do not exceed some limit, formulation of the program and selec
tion of instrumentat ion strongly affect one another. Instruments, meas
urement procedures, support laboratories, and data analysis techniques 
all influence the degree to which specified monitoring objectives can be 
achieved, and program objectives must be chosen with a realistic view of 
the costs, capabilities, and limitations of various measurements tech
niques. 
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A 1974 paper by Budnitz (Bu74) reviewed instrumentation for monitor-
ing radon and its daughters. This review has recently been revised and 
updated (Ne81b). George (GeSO) surveyed Monitoring instruments, giving 
particular attention to calibration techniques. 
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