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RADON AND ITS DECAY PRODUCTS IN INDOOR AIR - AN OVERVIEW

Anthony V. Nero, Jr.

Indoor Environment Program
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720 USA

ABSTRACT

This paper 1is an introduction to the question of radon 222 and its
decay products in 1indoor air and a review of certain aspects of the
question - for example, of results from surveys of radon concentrations in
homes or of the potential importance of radon 220 and its decay products.
Full scientific reviews of the major topics summarized here are to be
found in the individual chapters of the book for which this serves as an
introduction.*
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I. INTRODUCTION

The radiation dose from inhaled decay products of radon 222 is the
dominant component of natural radiation exposures of the general
gogu]at1on Monitoring in various countries y1e1ds average residential

concentrations ranging from 10 to 100 Bg/m3 (0.3-3 pCi/1: see ap-
pendix on quantities and units). FOr a country such as the United
States, with an average of about 40 Bq/m3 (1 pCi/1), the average lifetime
risk of 1lung cancer caused by exposure to radon decay products is es-
timated to be about 0.3% (causing, then, on the order of 10,000 cases of
lung cancer annually among the U.S. population of 235 million). As il1-
lTustrated in Figure 1 - showing data from the United States - this average
risk is more significant than that received on the average from all other
natural radiation sources or from medical exposures. And the radon dose
exceeds by a factor of ten to one hundred the average doses .from nuclear
power or weapons testing.

Moreover, in any country indoor levels a factor of 10 or more higher
than the average sometimes occur. _In fact, it is the common experience of
the radon regearch community that 222Rn concentrations in the range of 200
to 2000 Bq/m® (5 - 54 pCi/1) are found with startling frequency. And, al-
though it might be thought that the estimated lung cgncer risk associated
even with an ordinary concentration such as 40 Bq/m® is very large com-
pared with many environmental insults of_concern, living for prolonged
periods at concentrations above 200 Bq/m3 leads to estimated individual
lifetime risks exceeding 1%. The highest values found - more than 2000
Bq/m3 - have risks even larger than those from cigarette smoking.
However, unlike smokers, those living in unusually high radon concentra-
tions are rarely aware of the large risks they may thereby be suffering.

The principal basis for present concern about exposures to radon’s
decay products is the experience with lung cancer incidence among under-
ground miners. High fatality rates observed among miners as early as the
sixteenth century were only later ascribed to lung cancer. And it was
only after recognition in the 1950s that excessive lung cancer rates were
occurring among uranium miners in the United States and elsewhere that ex-
amination of exposure history versus incidence indicated a relationship
between added risk of lung cancer and exposures to 222Rn decay products.
Broadly speaking, results from a number of studies conducted among various
miner groups, uranium and otherwise, have shown roughly consistent
results. In the mean time, substantial efforts have been devoted to
lowering exposure rates. Nonetheless, even current occupational limits -
while keeping exposures much lower than before controls were implemented -

2
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Figure 1. Probability Distribution of 222Rn in U.S. Homes

These data result from direct aggregation of 19 sets of data, totall-
ing 552 homes, from the United States._ The smooth curve is a lognormal
function with the indicated parameters.l0 The upper scale indicates ap-
proximately the relative effective doses from radon and other sources of
radiation exposure.
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still entail a significant risk and, indeed, one that is larger than the
risk associated with most occupational standards.

The experience gained in the uranium mines provided, not only in-
formation on health risks, but also the initial tools for understanding
the  occurrence, behavior, and control of radon and its decay products in
the more general environment. The various isotopes of radon - 222Rn the
most important - are present to a greater or lesser degree in all environ-
mental media - air, water, and soil - arising naturally from the radioac-
tive decay of radium, whose isotopes are members of the decay series
originating with uranium and thorium, primoridal constituents of the
earth’s crust.

The initial focus of environmental studies, however, was still ex-
posures resulting from industrial processes, primarily the mining and
milling of uranium, that increased the accessibility of radon to the out-
door _atmosphere or to indoor environments. A principal example has been
high 222Rn concentrations inside homes and other buildings in the vicinity
of Grand Junction, Colorado that were built on or with radium-rich tail-
ings from uranium milling. Another case, in Canada, is that of the mining
communities of Port Hope, Uranium City, Elliot Lake, and Bancroft, where
remedial action programs were undertaken because of the possibility that
indoor concentrations were unusually high because of local mining or mill-
ing activities. A comparable example is observation of higher-than-average
indoor concentrations 1in homes built on lands in Florida that have been
disturbed as the result of mining phosphate ores. These ores typically
have elevated concentrations of the uranium series, and resulting waste
products have high concentrations of radium. ‘Although exposure Tlimits
~were set by the United States and Canada for each of these cases, it is
now clear that the concentrations found in these communities - while
higher than average - are no higher than those occurring in other areas
due merely to radon from the ground or, in some cases, from building com-
ponents including unprocessed natural materials.

Indication of the potential significance of radon in the general
building stock came with the realization in the 1970s of the health im-
plications of very high concentrations in Swedish homes built using
light-weight concretes incorporating alum shale as aggregate. This shale
had extremely high radium content, causing high radon emanation rates from
the finished concrete. This, together with low ventilation rates prompted
by the interest in reducing energy use, resulted in high airborne con-
centrations in this segment of the housing stock. Ironically, it has sub-
sequently been found in Sweden that the bulk of radon in the housing stock
comes from the ground. Furthermore, monitoring in various countries has
indicated that even average indoor concentrations are significant from the
point of view of environmental risks. And, indeed, while changes in the
ventilation rate can affect the indoor concentration significantly, the
primary determinant of whether or not a particular indoor environment has
high levels is, for many classes of buildings, the rate of radon entry.

Because of the apparent health implications, the early work on indoor

% ncentrations has given rise to a broad range of research characterizing

Rn and its decay products indoors. This work has included significant

monitoring programs in homes, investigation of the sources of indoor
radon, study of the behavior of the decay products, and development of

3



Table 1
MAJOR COLLECTIONS CONTAINING INDOOR RADON ARTICLES®:°?

Natural Radiation Environment III, proceedings of Symposium, Houston, Texas, April 1978 (Edited by T.
Ggegs(c)all and W. M. Lowder) - Technical Information Center (CONF 780422), Sprmgfleld Virginia,
i

Radon and Radon Daughters in Urban Communities Associated with Uranium Mining and Processing,
proceedings of three AECB Workshops in Ontario, Canada, 1978-1980 - Atomic Energy Control
Board, Ottawa, Canada, 1578-1980.

Assessment of Radon and Daughter Exposure and Related Biological Effects, proceedmgs of Specialist
Meeting, Rome, Italy, March 1980. (Edited by G.F. Clemente, A.V. Nero . Steinhausler, M.E.
Wrenn) - RD Press Salt Lake City, Utah, 1982.

Natural Radiation Environment, proceedings of Second Special Symposium on Natural Radiation
Environment, Bombay, India, January 1981 (Edited by K.G. Vohra, U.C. Mishra, K.C. Pillai, and S.
Sadasivan) - leey Eastern Lxmlted New Delhi, 1982.

Indoor Air Pollution, proceedings of the International Symposium on Indoor Air Pollution, Health and
Energy Conservatxon Ambherst, Massachusetts, October 1981. (Edited by J. Spengler, C. Hollowell D.
Moschandreas, O. Fanger) - Special Issue of Environment International, 8, (Nos 1-6), 1982.

Indoor Radon (Edited by A.V. Nero and W.M. Lowder) - Special Issue of Health Physics, 45 (No 2),
August 1983.

Radon - Radon Progeny Measurements, proceedings of International Meeting, Montgomery, Alabama,
August 1981 - U.S. Environmental Protection Agency (EPA 520/5-83/021), Washington, 1983.

Indoor Exposure to Natural Radiation and Associated Risk Assessment, proceedings of International
Seminar, Anacapri, Italy, October 1983, (Edited by G.F. Clemente, H. Eriskat, M.C. O’Riordan, J.
Sinnaeve) - Radiation Protection Dosimetry, 7, (Nos 1-4), 1984,

Exposure to Enhanced Natural Radiation and Its Regulatory Implications, proceedings of Seminar,
Maastricht, Netherlands, March 1985.(Edited by B. Bosnjakovic, P.H. van Dijkum, M.C. O’Riordan,
and J. Sinnaeve)-Special Issue of Science of the Total Environment, 45, October 1985.

Indoor Radon, proceedings of APCA International Specialty Conference, Philadelphia, Pennsylvania,
February 1986 - Air Pollution Control Association, Pittsburgh (SP-54), 1986.

Indoor Air Quality, based on the Third International Conference on Indoor Air Quality and Climate,
Stockholm, August 1984. (Edited by B. Berglund, U. Bergland, T. Lindvall, J. Spengler, and J.
Sundell) - Spec:al Issue of Environment International, 12, (Nos. 1-4), 1986; more of the radon papers
are in Radon, Passive Smoking, Particulates and Housing Epidemiology, Vol. 2 of Indoor Air (Edited
by B. Berglund, T. Lindvall, and J. Sundell), Swedish Council for Building Research, Stockholm, 1984,

Radon and its Decay Products: Occurrence, Properties and Health Effects, proceedings of ACS
Symposium, New York City, New York, April 1986 - American Chemical Society, Washington, to be
published.

MAJOR REVIEWS

The Effects on Populations of Eaposure to Low Levels of Tonizing Radiation {Committee on the Biological
Effects of lonizing Radiation National Academy of Sciences, Washington, 1980.

Indoor Pollutants (Committee on Indoor Pollutants) - National Academy Press, Washington, 1981.

lonizing Radiation: Sources and Biological Effects (United Nations Scientific Committee on the Effects
ol Atomic Radiation) - United Nations, New York, 1982.

Evaluation of Occupational and Environmental Exposures to Radon and Radon Daughters in the United
States - Report No. 78, National Council on Radiation Protection and Measurements, Bethesda, MD.,
1984.

a  For references on suggested radon standards, see A.V. Nero, "Elements of a Strategy for Control of
Indoor Radon".

b Two major international meetings during 1987 will result in significant collections of indoor radon
articles:  The Fourth International Conference on Indoor Air Quality and Climate (Berlin, August 17-
21, 1987) and the Natural Radiation Environment 1V (tentatively planned for Lisbon in October).
Both of these international conferences can be expected to continue on a periodic basis.

¢ The Committee is presently developing a report on alpha radiation.
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techniques for controlling indoor concentrations. In.  addition,
radiobiologists and epidemiologists have begun to apply dosimetric and
dose-response data explicitly to the problem of environmental exposures.
These international efforts have resulted in an extensive literature, in-
cluding the major collections indicated in Table 1 and very many other
papers scattered among a wide variety of Jjournals and conference
proceedings. The work for which this serves as an introduction is in-
tended to be a substantive review of our growing understanding of radon
and its decay products in indoor air.

Another result of the apparently large health implications of indoor
radon has been substantial attention to the development of policies and
strategies for preventing or eliminating excessive concentrations.
Underlying this question is some specification, regulatory or advisory, of
what constitutes "acceptable" versus "unacceptable" concentrations. Many
who are newly initiated to the radon question are wont to refer to some
particular agency’s (or country’s) "standard" for indoor radon. Most of-
ten the standard indicated is not a standard at all, but rather a
guideline developed for some specific circumstance. (In rare cases, it
actually is a regulatory standard, but narrowly drawn and not generally
applicable to "indoor radon".) Simi]ar]y, a naive strategy for identify-
ing and controlling excessive concentrations tends to rely on costly or
inefficient survey or remedial techniques, as well as having no
well-defined allocation of responsibility. Questions of standards and
strategies are treated elsewhere. *

II. FUNDAMENTALS
A. Characteristics of Radon and Its Decay Products

A principal characteristic of radon that gives it more radiological
significance than earlier members of the uranium (and thorium) decay
chains is the fact that it is a noble gas. As such, once it is formed in
radium-bearing material, a radon atom is relatively free to move, provided
it first reaches the material’s pore space (typically by recoil from the
parent radium atom’s emission of an alpha particle). Once in the pore
space, macroscopic transport of radon is possible, either by molecular
diffusion or by flow of the fluid in the pore space. Radon can therefore
reach air or water to which humans have access, provided that transport is
sufficiently rapid to be completed before the radon decays.

Radon 222 - formed in the 238U decay chain (Figure 2) from decay of
226Ra - is the most important radon isotope because it has the longest
half 1life, 3.8 days. This is long enough that much of the 222Rn formed
either in building materials or in the ground within approximately a meter
of building understructures can reach the indoor environment. Similarly,
much of the 222Rn formed within about a meter of the earth’s surface
reaches the outdoor atmosphere, although this has less radiological sig-
nificance than that reaching indoor environments, which have relatively
small volumes compared with the contributing source material. In some

* A, V. Nero, "Elements of a Strategy for Control of Indoor
Radon," Chapter 12 in Nazaroff and Nero.
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Figure 2. Uranium 238 Decay Chain, including 222Rn and its Decay Products

Radon 222, its parent 226Ra, and its decay products are members of
the 238y decay series. Airborne concentrations of 218pg, 214ph, and 2148
are of prime radiological interest due to their potential for retention in
the lung, leading to subsequent irradiation by the alpha decays of 218pg
and 214po. See appendix for comparable 232Th decay chain (given in Figure
9). (Figure courtesy of Lawrence Berkeley Laboratory.)
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cases, whether for the indoor or outdoor environment, radon from much lar-
ger distances than a meter can be important if high-permeability transport
routes (such as gravelly soil or fissures in the ground) are available.

In contrast, although about as much 220Rn (sometimes called thoron)
activity is formed (in this case from decay of 224Ra, a member of the
thorium 232 decay chain - see appendix D on 220Rn), substantially 1less
reaches air because its short half life (56 s) limits the distance it can
travel before decay* Finally, verg little of another radon isotope,

9Rn, 1is present in air because the U decay chain, of which it is a
member, has a natural abundance that is a factor of 100 lower and because
of 219Rn’s short half Tife (4 s).

The second important characteristic of radon is that it decays to
radionuclides that are both chemically active and relatively short-1lived.
As indicated in Figure 2, the four radionuclides following decay of 222pp
have half 1lives of less than 30 minutes, so that - if collected in the
lung on being inhaled - they are likely to decay to 210ph pefore removal
by 1lung clearance mechanisms. (Similarly, 220gp begins a series of rela-
tively short-lived isotopes; the most significant dose arises from the in-
halation of 212pb, which has a half life of 10.6 h.)

The radiation released on decay of the short-lived decay products im-
parts the lung dose to which increased risk of lung cancer is attributed.
The alpha radiation from the polonium isotopes contributes the radiologi-
cally significant dose, primarily because alpha particles deposit their
energy within such a small thickness of tissue. As a result, the alpha
energy is deposited in the relatively sensitive lung lining and also has a
dense deposition pattern, which has much greater biological impact.

The concentration of (short-lived) decay products in air is or-

dinarily not given in terms of individual decay-product concentrations,
but rather by a collective concentration that is normalized to the amount

of alpha decay energy that will ultimately result from the mixture
decay products that is present. This quant1tg is
"equilibrium-equivalent" decay-product concentration (EEDC)?, the

* ATthough indoor concentrations of the 220Rn gas itself are
ordinarily much Tess than those of 222Rn, scattered data (cf. ap-
pendix on 220Rn) suggest that, at least in buildings with average
or below-average Rn concentrations, the potential alpha energy
concentration (PAEC) _of 220Rn" decay products - while ordinarily
less than that from 222Rn decay products - can be a significant
fraction of the total PAEC. Unfortunately, too little information
is available to assess reliably the overall prevalence or impor-
tance of 220Rn and its decay products, except to say that the PAEC
has rarely, _if ever, been found to approach the higher Jlevels
found for 222Rn. As discussed later, however, results from
measurements _of indoor concentrations are consistent with a pic-
ture__where 222pp transport is dominated by pressure driven flow,
and 220Rn transport by diffusion.

® This quantity is often called the equilibrium-equivalent
radon concentration, a practice that is avoided here because it is
actually a measure of the decay-product concentration.
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of each decay product necessary to collectively have the same potential
alpha energy concentration (PAEC) that 1is actually present. (The
decay-product concentration can also be given in terms of the PAEC itself.
See appendix on quantities and units.) The ratio of EEDC to radon con-
“centration is the equilibrium factor, equal to 1 if radon and all its
decay products are in equilibrium (and therefore have the same radioac-
tivity concentration), but in the range of 0.2-0.6 for most indoor atmos-
pheres and somewhat higher outdoors.

For a given indoor radon concentration, the concentrations of the
decay products can vary over a substantial range, since they are removed
from the air, not only by radioactive decay, but also by ventilation and
by reactions with the structure and its furnishings. An additional and
important manifestation of their chemical activity is that the decay
products can form small airborne agglomerates and can attach to previously
existing particles. Such characteristics of the airborne decay products
affect the rate at which they depos1t on the walls and furnishings, the
pattern and degree of deposition in the lung, and - ultimately - the mag-
nitude and distribution of the associated radiation dose.

B. Factors Affecting Indoor Concentrations

The 1indoor concentration of radon and its decay products, or of any
other airborne pollutant, depends on three factors: the entry or produc-
tion rate from various sources, the ventilation rate, and the rates of
chemical or physical transformation or removal. Because of its relatively
Tong half life and lack of chemical. activity, 222Rn itself acts much Tike
a stable pollutant whose indoor concentration is determined by only .two’
factors, the entry rate and the ventilation rate. In contrast, the be-
havior of the decay products is much more complex, depending on the radon
that is present, the ventilation rate, and the interplay among radioactive
decay, chemical reactivity, particle concentrations, and the nature of the
boundary layer between the indoor atmosphere and the surfaces that
enclose it. Nonetheless, as a practical matter, the decay-product con-
centration is indicated approximately by the radon concentration, which is
determined by source and ventilation characteristics. The influence of
these factors on indoor concentrations is discussed here briefly. In addi-
tion, appendix B treats the question of ventilation rates per se.

Both excessive entry rates and decreased ventilation rates appear to
be important causes of the high concentrations found in Swedish homes,
which constituted a signal that scientists in other countries should in-
vestigate radon concentrations in their own buildings stocks. It is im-
portant to realize that extensive research on other aspects of indoor air
quality was also beginning about the same time (see citations in Table 1),
because of the discovery that several classes of pollution could occur in-
doors at higher levels than outdoors. For example, the byproducts of com-
bustion - such as carbon monoxide, nitrogen oxides, and particulates - are
the primary pollutants from the point of view of outdoor air quality. But
concentrations are often much higher indoors, due to the presence of gas
stoves, kerosene space heaters, and other appliances that are not vented
effectively to the outdoors.l 1,2 Similarly, although organic chemicals of
various kinds are regulated in outdoor air and around toxic waste dumps,
concentrations can be much higher indoors, again because of the presence

6



of indoor sources.3:4 In the United States, much of the research on in-
door air quality began because of the fear that energy conservation

- measures might raise levels of such pollutants.

The basis of this concern may be seen by considering the steady-state
concentration of a nonreactive gas entering an interior space from effec-
tively internal sources (including the ground) at a fixed rate per unit
volume, Sy. The concentration in this case is easily shown to be

I = (Sy+ IgAy)/(Ay + d), | (1)

where Ay is the ventilation rate, I, is the concentration in outdoor air,
and d is the decay rate of the_gas (if applicable)._ For typical ventila-
tion rates, greater than 0.1 h-l, the decay rate of 222Rn (0.0076 h“1) can
be ignored in this equation, so that I - Iy = Sy/Ay. This simplifies even
further, to I = Sy/Ay, when - as is often the case - the outdoor con-
centration is much smaller than the indoor.

This expression does not encompass recently understood and important
aspects of radon behavior, including time dependent and interactive
phenomena, as discussed in later sections. Moreover, as is obvious, it
cannot be wused to describe the behavior of radon decay products, whose
concentrations are determined by a number of interdependent reaction
rates, as described qualitatively below and in more detail in succeeding
chapters. Nonetheless, it is useful for specific purposes. An obvious ex-
ample implication is that, for a fixed source strength, a decrease in the
ventilation rate - e.g., to save energy - will result in a corresponding
increase in the indoor concentration.

However, the relative importance of source strengths in determining
indoor radon concentrations became clear in initial studies of concentra-
tions and ventilation rates in U.S. homes. Earlier work had already indi-
cated _significant concentrations of 222Rn and its decay products in U.S.
homes;® and subsequent work had confirmed that, with supply of differing
amounts of mechanical ventilation in a given house, the radon concentra-
tion varied as_ the inverse of the ventilation rate.® But results from
simultaneous 222Rn and ventilation-rate measurements in several groups of
homes showed no apparent correlation between these two parameters.’/ As
shown in Figure 3, the radon concentrations and ventilations rates for
each sample group showed an approximately order-of-magnitude range; for
the combined sample of about 100 homes, the concentration showed a sig-
nificantly larger variability than the ventilation rate. If the ventila-
tion rate Ay and source strength Sy were independent in this sample of
houses, and if the range of concentrations observed were caused primarily
by differences in ventilation rate, then - because I = Sy/Ay takes a
lTinear form, In I =1n S - 1In Ay, on a logarithmic plot - the data points
of Figure 3 would cluster around a straight line with slope -1. No such
correlation is apparent. The relative range and independence of these two
quantities suggested that the source strength was the dominant determinant
of the wide range of concentrations observed in U.S. housing.

Such indications have prompted substantial work in understanding the
size and variability of radon entry rates, as discussed below. However,
it is 1important to emphasize that other factors still play an important
role: ventilation rates vary substantially within the housing stock,
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Figure 3. Radon 222 Concentrations and Air Change Rates Measured in 98
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The results shown are from three survey groups: "energy-efficient"
houses 1in the United States and (one) in Canada; conventional houses in
the San Francisco area; and conventional houses in a community in rural
Maryland (data from Ref. 7).
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which is of course one of the major incentives for past and current ef-
forts to increase the efficiency of energy use in buildings. (In the
United -States, an added incentive is that even the average ventilation
rate - see Appendix B - is relatively high compared with rates in .many
countries.) And, even for a given radon concentration, the concentrations
and physical state of the decay products - which account for the health
effects of principal concern - can vary significantly. We turn now to a
brief review of indoor 222Rn concentrations, after which we will examine
more closely the factors affecting indoor levels. Concentrations of 220Rn
and its decay products are treated in Appendix D.

ITI. INDOOR CONCENTRATIONS

Since identification of 222Rn and its decay products as potentially
important indoor pollutants, a large number of efforts have been under-
taken actually measuring concentrations in homes. In a few countries,
mostly European, these efforts have even included surveys in
statistically-designed samples of the housing stock. Taken together,
monitoring efforts to date provide a useful appreciation of residential
radon concentrations in - not only Europe - but even the United States,
where a wide variety of small or local survey efforts have been completed.
Data are 1less complete for commercial and public buildings, although a
variety of information can be brought to bear to suggest the approximate
scale of radon concentrations in such environments.

This section briefly reviews the results of indoor radon surveys,
primarily those performed in residences. No attempt is made to mention the
many specific studies that have been performed. In particular, for
residences - the focus of large numbers of efforts - only the few surveys
or analyses that are representative of a large segment of the housing
stock are discussed explicitly. Results from a significant number of in-
dividual surveys may be found in the major references given in Table 1 and
in numerous individual journal articles and reports. Most of the results
discussed here are summarized in Table 2.

It is also worth noting the tendency of the research community to
measure radon concentrations in survey efforts, rather than decay-product
concentrations. This tendency arises largely from the availability of
reasonably reliable and very simple integrating etched-track radon
monitors (see, for example, Ref. 8), a significant contrast to the state
of decay-product monitoring. (An alternative technique being used in many
shorter-term studies is based on collection of radon for a few days in
charcoal cannisters; see, for example, Ref. 9.) Fortunately, given a
reasonable understanding of the relationship between radon and its decay
products and an awareness of the fact that the decay-product-to-radon
ratio (typically in the range of 0.2 to 0.8) does not vary as widely as
radon concentrations, measurement of the radon is a reasonable indicator
of decay-product concentrations and is a very effective tool in survey
efforts. This 1is analogous to the situation for many other pollutants:
for example, although health effects associated with NO2 exposures may
have a substantial dependence on peak (rather than average) concentra-
tions, an integrating sampler can be a very effective survey instrument,
provided that associated studies examine relationships between average and
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Country

U.S.A

Canada

Sweden

Denmark

Fintand

Federal Republic
of Germany

Netherlands

Belgium

france

United Kingdom

Iretand

No. of Homes
Monitored
817

453

9999

500

22

2000

6000

1000

79

765

2000

250

Distribution of 2

Type
single-family

detached

apartments

single-family

flats

small houses

Table 2

Rn Concentrations in Various Countries

Concentration (Bq/m3) GSD or
GM AM % of tail
33 55 2.8
38 54 2.36
13 2.7
3
69 122 2% > 800 Bq/m
53 85 0.5% > 800 Ba/m>
70
82
3
64 2% > 800 Bg/m
40 49 1.8
24 1.6
41 1.7
. . .3
44 76 2% > 200 Bg/m
15 25 ' 2.6
o 3
43 10% > 100 Bg/m

Notes

aggregated 22 data sets,
adjusting to annual-avg.

physics professors

median values from 14 city
surveys; mostly basement
values; PAEC converted

assuming equil. factor = 0.5.

built before 1975

preliminary surveys;
average of winter
and summer means

high levels show excess
above lognormal

pretiminary national
survey

incomplete natl. survey

living areas; bedgooms
had GM of 11 Bg/m

preliminary survey

Ref.

10

1

14

15

18

17

20

22

79

80

21

81



peak concentrations under well-characterized conditions. As seen below,
another incentive for emphasizing the radon concentrations per se 'is that
this parameter appears to be a relatively direct indicator for use in
strategies for identifying and controlling excessive concentrations and,
as discussed elsewhere,* it may actually be a more consistent indicator of
dose than the decay-product concentration.

A. Concentrations in North American Homes

Despite a broad range of U.S. efforts to characterize indoor radon,
including a substantial number of studies that have included measurements
in existing U.S. homes, there has been no direct broad-scale determination
of the concentrations to which the U.S. population 1is exposed. The
numerous U.S. studies have varied significantly in incentives, scientific
objectives, selection of homes, and measurement procedures. The nature of
the results from these studies therefore vary significantly, as do the
conclusions that may be drawn from them. An obvious solution to this dif-
ficulty would be to carry out measurements in a valid statistical sampling
of U.S. homes. From even an approximate evaluation of the data already in
hand, it 1is clear that measurements in on the order of 1000 homes would
determine the mean concentration very accurately and ascertain the frac-
tion of homes at high concentrations (say, 10 times the mean) to a
reasonable accuracy.

However, regardless of the potential importance of such an effort,
the data already available are quite substantial, including tens of data
sets from a wide variety of studies, with the precise number depending on
the criteria for inclusion. It has been clear for some time that a sys-
tematic analysis of available data would have considerable value, and such
an analysis has been performed on data available as of 1984-1985.10 This
analysis explicitly considered important differences between the studies
and aggregated the various data sets, using both nonparametric and lognor-
mal  representations to yield a nominal radon . distribution for
single-family houses (the dominant type of residence) in the United
States. Figure 1 shows the probability distribution obtained from direct
aggregation of 19 of the data sets for which individual data were
available. This particular aggregation, while not suitable for drawing
conclusions about annual-average concentrations, indicates the substantial
conformance of indoor radon concentrations to a lognormal representation,
a result that has been observed in many individual studies.

The analysis examined a total of 38 data sets, corresponding to dif-
ferent areas (usually a state or urban area) of the United States. A sig-
nificant number of these sets arose from monitoring efforts that were
prompted by some prior knowledge of a potential for elevated
concentrations. However, the main conclusions of the analysis were based
on 22 data sets apparently lacking such prior indication. In either case
(i.e., the 38 sets or the 22-set grouping), the geometric mean (GM) con-
centrations from the sets ranged from 11 to 210 Bq/m3 (actually, 0.3 - 5.7
pCi/1, since all of these studies used the traditional units). Geometric
standard deviations (GSDs) ranged from 1.3 to 4 among all 38 sets.

* A. C. James, "Lung Dosimetry," Chapter 7 in Nazaroff and
Nero.



The results of aggregating these sets in different manners are quite
robust, with the main distinction being simply that aggregations utilizing
the full 38 sets yielded a somewhat higher aggregate mean than those in-
cluding only the 22 "unbiased" sets. The overall result, relying on the
22-set aggregations (and including a normalization of data taken only
during heating seasons to obtain an estimate of year-long averages) is a
distribution of annual-average 222pn concentrations that averages 55 Bq/m
(1. 5 pCi/1) and that has a long tail with 1-3% of homes exceeding 300
Ba/m3 (8 pCi/1). The analysis indicates that 7% (or about 4 million) of
the U S. single-family housing stock have concentrations greater than 150
Bg/m3 (4 pCi/1). Alternatively, the distribution can be expressed as a
lognormal function with a GM of 33 Bq/m3 (0.9 pCi/1) and a GSD of 2.8.
This result can only be associated with the portion of the housing stock
consisting of single-family houses, since 99% of the data are drawn from
such houses. These are, however, the dominant element of the U.S. housing
stock, and the results indicate that gn the order of a million homes_ in
the United States have annual-average 22ZRn concentrations of 300 Bg/m3 or
more. (Another interesting observation from this analysis is that the
geometric means of the "unbiased" 22 sets are themselves lognormally dis-
tributed, with a GSD of 2.0. This index demonstrates the substantial
variability of mean indoor radon concentrations from one area to another.)

Currently, results from studies involving larger numbers of homes,
often selected on a statistical basis or covering a larger portion of the
United States, are beginning to become available. A notable example is a
study that performed an integrated year-long measurement in the homes of
approximately 450 physics_faculty at about 100 colleges and universities
across the United States.ll The 222Rn concentrations obtained average 54
Ba/m3 (1.47 pCi/1) and fit a lognormal distribution admirably well, with a
GM and GSD of 38 Bq/m and 2.36, respectively. This implies that 0.8% of
homes have concentrations greater than 300 Bq/m3, at the low end of the
range estimated from the gna]ys1s discussed above. On the other hand, the
fraction above 150 Bq/m®, 6%, is very close to the earlier result.
Although a study of homes of physics faculty cannot be construed to be a
representative sampling of U.S. homes (a problem suffered also by the ag-
gregate analysis Jjust discussed), this study has the advantage that the
homes are widely distributed across the United States and that the
measurement protocol determined directly a year-long average
concentration. The averages from the 100 or so institutions are themselves
lognormally-distributed, with a GM of 46 Bq/m3 and a GSD of 1.75.
Interestingly, 'the highest average from both this study and the aggregate
analysis above occurred in the state of North Dakota.

This suggests the need to recognize that the broad distributions dis-
cussed here do not of themselves reveal the much higher distributions that
may occur in specific areas. For example, both studies just referred to
indicate that areas of North Dakota have average concentrations much
higher than the U.S. mean, and a correspondingly higher portion of houses
exceeding any particular concentration. More recently, two other such
areas have been identified. One 1is in the Spokane River Valley of
Washington and Idaho, where the average winter concentration in 46 homes
was found to be 500 Bq/m (13.3 pCi/1), with 20 of the houses exceeding
300 Bq/m3.12 At about the same time, astounding concentrations were found
in eastern Pennsylvania (a state that was already known to have very high

10



high concentrations.16

Preliminary results from measurements in more than 2000 houses in
Finland yields a GM of 64 Bq/m with about_2% exceeding 800 Bq/m3,
similar to the Swedish single- fam11y results;17 a strong geographical de-
pendence was observed. Results from a small sampling in Denmark show
somewhat lower concentrations in that country, e.g., average (not GM) con-
centrations__in single-family dwellings of 88 Bq/m3 in winter and 24 Bq/m3
in  summer;i® however, some of the apparent difference may arise from dif-
ferences in measurement period.

Results from a survey of about 6000 homes in the Federal Republic of
Germany using etched-track 222Rn detectors have_recently become avail-
able, yielding a GM of 40 Bq/m and GSD of 1.8.19 In spite of the fact
that a Tlarger number appeared at high concentrations than indicated by
these Tlognormal parameters, only 10 (0.2%) of the homes sampled had con-
centrations exceeding 500 Bq/m3. Other results from the FRG indicate an
equilibrium factor of 0.3 indoors and 0.4 outdoors.

A survey mounted in the United K1ngdom has measured 222pn concentra-
tions in about 2000_homes, yielding a GM of 15 Bg/m3 and GSD of 2.6 for
living areas (11 Bgq/m3 and 2.5 for bedrooms). The ratio of summer to win-
ter concentrations was found to be 0.51 in living areas and 0.53 in
bedrooms. Concentrations substantially higher than_these overall values
have been found in specific areas, such as Cornwall.

Measurement of 222Rn concentrations in about 1000 dwellings in the
Netherlands gave a distribution well represented (except for an excess of
highzzconcentrat1ons) by a lognormal function with GM 24 Bg/m3 and GSD
1.6.

In Europe, it is also important to realize that many of the countries
mentioned have identified areas or portions of the housing stock with ex-
ceptionally high concentrations. As noted earlier, it was housing with
concretes using alum-shale as aggregate that drew initial attention to in-
door radon as a problem, but more recently radon from the ground has been
identified as the primary source in Swedish housing, and this varies sub-
stantially from one area to another. In Finland, a study on the south
coast found averages in the 31 locales surveyed to range from 95 to 1200
Bq/m with the total sample averaging 370 Bq/m3 and 12% of houses exceed-
ing 800 Bg/m3.23 As a final example, the average from Cornwall was 390
Bg/m3, fifteen t1mes the national average for the United Kingdom.

More limited information 1is available from a number of other
countries. Except for special local areas, none of the results exceed the
distribution found for the Scandinavian countries. And some approach the
considerably lower levels characteristic of the outdoors, with average
concentrations in the vicinity of 10 Bq/m3.

C. Other Buildings
Very few data are available on radon concentrations in buildings
other than residences. However, the same range of radon sources con-

tributing to residential radon also contribute - to a greater or lesser
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levels 1in some 1oca1es).13 Although no dependable frequency distribution
can be extracted from the results from monitoring about 4000 homes in this
area, the average appears to be similar to the Spokane results, but with a
much larger number of houses involved and with indoor radon concentrations
as high as 100,000 Bq/m3. An exceptional concentration of high levels has
also been found in the town of Clinton, New Jersey, where about half of
the 100 or so houses monjtored in one neighborhood had winter concentra-
tions exceeding 7500 Bq/m3

A significant number of the earlier studies analyzed in Ref. 10
measured the concentration of decay products instead of radon. One of
these in particu]ar5 measured both concentrations averaged over week-long
periods, thereby determining directly an effective equilibrium ratio,
which was found to range from 0.31 to 0.82 among the houses examined. As
will be evident from the measurements from other countries, discussed
below, there is significant evidence that equilibrium ratios tend to
average about 0.4 among samples of housing, with significant variability
from one time to another, from one house to another, and perhaps some dif-
ferences from one region or country to another.

One of the earliest large studies was conducted in Canada, where an
approximate idea of indoor concentrations has been obtained by ?erforming
grab-sample measurements in a large number of homes (9,999) Rather
than being a representative sampling, homes were selected from 14 of
Canada’s 1largest cities, therefore directly representing a large port1on
of the housing stock. The geometric mean EEDC varied from 3 to 13 Bg/m3
among these cities, the median being 7 Bq/m3. The median GSD was about
2.7. These results cannot, however, be thought of as representing the
living space of these homes since the preferred sampling site was chosen
to be the basement. (The 2 2Rn concentrations were also measured, but are
suspect in view of the very large GSD obtained, a median of 4.0 among the
14 cities, and the fact that measurements were performed in basements.)

B. Residential Concentrations in Europe

Significant efforts to determine indoor radon concentrations have
been conducted in numerous European countries. However, in only a few
have these efforts been designed to provide representative information on
concentrations in the housing stock as a whole. The results from studies
designed more or less to meet this objective differ to a significant, but
understandable, degree from one country to another.

Sweden, a principal in inciting the wide interest in radon, has _more
recently comp]eted a country-wide survey, uti]izin? two-week passive 222gp
measurements in some 500 homes built before 1975. The resu]ts averaged
122 Bq/m (GM 69 Bq/m ) for 315 detached houses and 85 Bq/m (GM 53 Bg/m3)
for 191 apartments. The d1str1but1ons are approximately 1ognorma1 with
10% of the results over 266 Bq/m (detached) or 187 Bq/m (apartments).
Overall, concentrations are higher than for countries outside Scandinavia,
with about 2% of detached homes and O. 5% of apartments estimated to have

2Rn  concentrations exceedlng 800 Bq/m - comparable to their remedial
action level of 400 Bq/m3 EEDC, assuming a typical equ111br1um factor of
0.5. A supplementary study of detached houses built since 1975 yielded a
GM similar to that for the larger study but with a smaller fraction at
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degree - to levels in other bu11d1ngs Hence, it is to be expected that
the minimum concentrat1on observed in such bu11d1ngs is the outdoor level
- averaging about 10 Bq/m of 222Rn, as indicated in appendix C - but that
higher Tlevels, even into the range of those in residences, should be the
norm. To the extent that structures such as hospitals or office buildings
have a larger number of stories and higher ventilation rates than
residences, we would expect lower concentrations.

Only a small number of measurements in other buildings - whether of-
fices, stores, hospitals, or schools - have actually been performed, and
virtually no statistically meaningful data have been developed. It is,
nonetheless, worth mentioning two substantial studies from the United
States as examples. One of these was conducted in the Pittsburgh,
Pennsylvania area, using grab-sample measurements taken during occupancy
(an important issue if ventilation systems are turned off during unoc-
cupied hours) in schools, stores, and other public and commercial
buildings. 24 Average concentrations for various groups of buildings, many
including on the order of a hundred measurements, were in the vicinity of
15-20 Bq/m s1lght1y higher than the outdoor concentrations measured
(about 10 Bq/m ), and much less than the annual-average concentration
found in a local survey of residential levels, about 96 Bg/m3. A survey
of 38 office buildings in the Pacific Northwestern United States found
concentrations to average 11, 26, and 44 Bq/m for the three cities
included.?5 These results, obtalned with integrated samplers, are some-
what lower than comparable residential concentrations in the respective
areas.

D. Time Dependence of Indoor Concentrations

Numerous measurements of radon in dwellings have indicated the sub-
stantial variation with time of 222Rn and its decay products. This
variability occurs with time of day, weather conditions, or season.
Without ascribing any cause to this variability - which is certainly re-
lated to environmental or operational parameters affecting radon entry or
removal (or behavior of the decay products) - it is useful at this point

“to give one or two examples.

One of the earlier examples was obtained using continuous 222pn
monitors in a New Jersey house, measuring basement and upper floor con-
centrations over a period of weeks.20 A significant diurnal dependence
was observed, consistent with later measurements, which however sometimes
showed a stronger difference between maxima and minima.

More recent work has examined the dependence of concentrations on
various factors, directly measuring not only the concentration, but also
source parameters_and environmental factors affecting radon entry and ven-
tilation rates.2’ An example of such real-time measurements is shown in
Figure 4. ‘

Detailed examination of such correlations is important for under-
standing radon entry and removal, as discussed later in this paper and
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Figure 4. Variability of 222Rn Concentration, Ventilation Rate, and
Environmental Parameters in a House with a Basement

These data were accumulated over a two-week period during a

several-month experiment examining the dependence of radon entry on en-
vironmental factors.2/
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elsewhere.* An appreciation of variability is also a key element in proper
interpretation of monitoring results and effective selection of control

" measures.9

IV. SOURCES AND TRANSPORT

Radon arises from trace concentrations of radium in the earth’s
crust, and indoor concentrations depend on access of this radon to build-
ing interiors. Radon can enter directly from soil or rock, via utilities
such as water (and, in principle, natural gas) that carry radon, or from
crustal materials that are incorporated into the building structure in the
form of concrete, rock, and brick. The relative importance of these path-
ways depends on the circumstances, but it has become clear that the first
- direct ingress from the soil - ordinarily dominates the higher indoor
concentrations that have been observed in homes.

Indications of this arose in early investigations of radon in U.S.
houses, when it was found that measurements of radon emanating from struc-
tural materials could not account for observed indoor concentrations,
based on estimates of the air exchange rate.® Moreover, practical ex-
perience in reducing concentrations in the Canadian mining communities
made it clear that the major entry route was through the house understruc-
ture, at least in the houses in which remedial measuers were attempted.

A clearer picture emerged from the distribution of entry rates in-
ferred from direct measurements of radon concentration and ventilation
rate (such as the data shown in Figure 3). Figure 5 shows such entry-rate
distributions from various countries, as well as indicating the potential
contribution of various sources. Although building materials were first
suspected as the major source in the U.S., based on the experience in
Europe (e.g., Ref. 28), the initial U.S. results strongly suggested that
the soil must be the major source.” Understanding how the rate of radon
entry could be approximately equal to the unimpeded flux from the ground
(i.e., 1in the absence of the house) has been a major focus of research on
radon entry, in both North America and Europe.

This section discusses briefly the current state of knowledge of
radon sources and transport. Far more comprehensive treatments are given
in Chapters 2, 3, and 4 of Nazaroff and Nero.

A. Soil and Building Materials

Understanding the radon mass balance for a building requires specific
consideration of the various sources. As indicated in Figure 5, a median
(or GM) entry rate for U.S. sing]e-fami]¥ houses appears to be in the
vicinity of 20 Bq m-3h-1 (0.5 BCi 1-1h-1). Based on emanation rate
measurements from U.S. concretes,29 one might expect emissions from this
source to account for a median of about 2 to 3 Bq m-3h-1, far below the

*

W. W. Nazaroff, B. A. Moed, and R. G. Sextro, "Soil," Chapter

é in Nazaroff and Nero.

A. V. Nero, "Elements of a Strategy for Control of Indoor

Radon," Chapter 12 in Nazaroff and Nero.
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Figure 5. Cumulative Frequency Distributions of Radon Entry Rates in
Dwellings

The entry rate is determined from the product of simultantously
measured radon concentration and ventilation rate. The number of
residences in each sample is indicated in parentheses. The references from
which these results are taken are: (a) 28 (b) 71 (c) 6, 27, 35, 72-74 (d)
7 (e) 75 and (f) 76. The bars at the left indicate the range of contribu-
tions expected from a variety of sources, with assumptions indicated in
brackets. For each source, we have assumed a single-story house of
wood-frame construction with a 0.2-m-thick concrete-slab floor. The floor
area and ceiling height are assumed to be 100 m¢ and 2.4 m, respectively;
water wusage is assumed to be 1.2 m3 per day, with a use-weighted transfer
efficiency for radon to air of 0.55; and the ventilation rate is assumed
to be in the range 0.2-0.8 h-1. References for estimates of source con-
tributions are: outdoor air (62), U.S. concrete (29), alum-shale concrete
(66); water (31); and soil flux (30). (Figure taken from Ref. 77).
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rate observed. On the other hand, the potential contribution from unat-
tenuated soil flux, a median of about 25 Bq m-3h-1 (based on Ref. 30),
corresponds much more closely with the indoor observations. However,
houses have understructures that might be expected to impede substantially
the ingress of radon, at least by diffusion, the main mechanism for caus-
ing the observed fluxes from uncovered soil. As discussed in detail in
Nazaroff et al.* and in Ref. 31, although transport via diffusion accounts
well for observed fluxes from building materials and exposed soil, and
could account for small fluxes from the soil through some understructure
materials (such as concrete), diffusion cannot account for the total entry
rates observed in single-family houses. Another mechanism must account
for the efficiency with which radon from soil enters such homes. It ap-
pears that this mechanism is bulk flow of soil gas driven by small  pres-
sure differences between the lower part of the house interior and the
outdoors. ‘ . :

As discussed in Appendix B on ventilation rates, pressure differences
of only a few pascal - i.e., on the order of only a ten thousandth of an
atmosphere - arise from winds and indoor-outdoor temperature differences
and are the cause of ventilation in homes during seasons when the windows
are closed. These same pressure differences can, in principle, drive the
small flows of soil gas needed to account for the observed rate of radon
entry into homes: soil gas contains enough radon that, on the average,
only 0.1% of infiltrating air would have_to be drawn from the soil to ac-
count for observed indoor concentrations.

Recent work has begun to characterize directly and systematically the
potential for pressure differences to cause entry of radon via soil gas,
probably through imperfections and penetrations in the house understruc-
ture that permit passage of the relatively small amount of soil gas
required. A study of radon entry in a single family house with a
basement(see Figure 4) analyzed the entry rate versus the ventilation
rate, measured over a period of months, and concluded that entry could
usefully be represented by a sum of two components: one - the smaller -
independent of ventilation rate, much as diffusion would be, and a larger
term proportional to ventilation rate, as pressure-driven flow might be.27
Moreover, the observed pressure and soil parameters appeared consistent
with the soil-gas flow rate that was implied by the measured concentra-
tions and ventilation rates. In addition, theoretical simulations of
transport (e.g., Ref. 32) are helping to form a fundamental picture.
Finally, recent experiments have directly observed, in houses with base-
ments, the underground depressurization implied by this picture, and have
monitored_ underground soil-gas movement by. injecting and monitoring
tracers.33 A different kind of experiment - practical_ experience with
remedial measures in such areas as Eastern Pennsylvania34 and the Spokane
River Valleyl? using techniques of the kind discussed in Scott® is con-
firming and providing new information on the flow of radon-bearing air
through house understructures. It is interesting to note that these
results may also have significant implications for entry of other pol-

*

W. W. Nazaroff, B. A. Moed, and R. G. Sextro, "Soil," Chapter

2 in Nazaroff and Nero.

6

A. G. Scott, "Preventing Radon Entry," Chapter 10 in Nazaroff

and Nero.
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Tutants from the soil.

The studies of houses with basements have given results that may also
apply in large part to slab-on-grade structures, where the pressure dif-
ference. generated can still draw soil gas through any penetrations in or
around the slab. However, few direct measurements in such structures have
been performed. The other understructure type of substantial importance
is the crawl space, which to some extent isolates the interior from the
soil - at Tleast in respect to pressure-driven flow between the two.
Limited measurements of the transport efficiency of radon through crawl
spaces yield the result that a substantial portion of the radon Tleaving
uncovered soil manages to enter the interior, even if vents are open to
permit natural ventilation of the space.

In retrospect, this is not entirely surprising, since the stack ef-
fect will tend to draw infiltrating air into the home from the crawl
space, which can retain radon from the soil in conditions where winds are
not sufficient to flush it to the outdoors via the vents. Furthermore,
for structures where the vents are sealed shut, e.g., to save energy, it
is conceivable that the crawl space still provides sufficient connection
between the house interior and the soil that pressure-driven flow can en-
hance the flux from the soil above levels associated merely with diffu-
sion; the work reported in Ref. 35 may have observed this effect. Another
observation from this study in that energy conservation efforts that focus
on tightening the floor above a crawl space can significantly reduce in-
filtration rates, while reducing radon entry a corresponding amount, as a
result of which indoor concentrations are little affected.

Thus sufficient mechanisms exist to account for the substantial
amount of radon that appears to enter single-family homes from the soil,
apparently without great regard to substructure type. However, this does
not imply that other sources of radon are unimportant. As discussed
elsewhere, * it is clear that materials utilized in a building structure
can contribute substantial indoor concentrations, although this 1is not
usually the case (even for natural stone that has higher-than-average
radium content). Moreover, in buildings that are relatively isolated from
the ground, such as multi-story apartment buildings, indoor concentrations
are expected to be lower than average - as if often the case in central
European dwellings - and to arise primarily from the building materials
and from radon in outdoor air.

B. Water

Probab]y more important than buildings materials, as a source of
radon in certain parts of the housing stock, is domestic water drawn from
underground sources. Surface waters have radon concentrations too  small
to affect indoor levels when used domestically, but ground water is in a

. good position to accumulate radon generated within the earth’s crust. As
a result, very high radon concentrations can somet1mes be found in as-
sociated water supplies. For example, a surve¥ 22pn concentrat1ons in

well-water in Maine found a range of 7 x 10¢ to 7 x 106 Bq/m3 (20 to

* E. Stranden, "Building Materials," Chapter 3 in Nazaroff and
Nero.
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180 000 5C1/1 while wells in granitic areas were found to average 8 «x
105 Bq/m;°° and the average concentration in_water from drilled wells in
Finland has been found to be 6.3 x 105 Bq/m3.362 With normal water use,
the radon entering indoor air from water with such high concentrations can
be expected to be significant.

Examinations of the overall potential contribution of water-borne
radon to indoor concentrations have tended to be no more sophisticated
than to consider typical water use rates, house volumes, and ventilation
rates, $1d1 a ratio of radon in air to radon in the water supply of
about However, it is possible to make a more realistic estimate of
the d1str1but1on of the air-to-water ratio, using more detailed distribu-
tional information (rather than just averages) on water use rates, ef-
ficiency of radon release from domestic water used in various ways, house
volumes, and ventilation rates. Such an analysis of U.S. data for
single-family houses yields a ratio with a lognormal d1str1but1on having a
GM of 0.65 x 10-4 and a GSD of 2.88, as_ discussed elsewhereX . Taken
together with recently developed data on 222pn in public water supp]ies,37
such a distribution permits quantitative assessment of the contribution of
public water supplies to indoor radon concentrations. The result of such
an assessment is that such supplies contribute an average of approximately
1 Bq/m3 (0.03 pCi/1) in the 30% of U.S. homes served by ground water, only
about 3% of the average indoor concentration in U.S. single-family homes.

However, the very high water-borne concentrations that are sometimes
found - particularly from private wells - must be expected to contribute
much Tlarger airborne concentrations in the homes affected. Using the few
data that are available for the approximately 18% of the U.S. population
using private wells, the indoor contribution from water for this_ segment
of the housing stock can be estimated to average about 20 Bg/m3. About
10% of the houses served by these wells (totaling about 2% of the U.S.
housing _stock) are estimated to have indoor concentrations from water of
40 Bg/m° or more. Although these estimates for radon from private wells
cannot be regarded to be reliable, they suggest that the portion of the
population using private wells may be experiencing significantly higher
radon exposures than average, particularly in areas with high radon ac-
tivity in water. '

C. Summary of Source Contributions

We can thus point to the major sources of radon present in indoor
environments. For single-family houses and other structures of one or two
stories, the ground constitutes the principal source, but with a notice-
able portion entering with outdoor air, i.e., on the order of 10 Bq/m>.
However, there are circumstances in which the building materials or domes-
tic water supplies are important. In contrast, in high-rise buildings,
including apartments, the ground is of lesser importance, and the amount
of radium-bearing building materials per unit volume is larger, so that
outdoor air and the building materials are typically the dominant con-
tributors, although the ground and water supplies can be important in some

*

W. W. Nazaroff et al., "Water," Chapter 4 in Nazaroff and

Nero.
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cases. Other potential sources, such as natural gas ordinarily contribute
negligible amounts by comparison.>©»

For a specific set of assumptions, characteristic of U.S. buildings,
Table 3 indicates the approximate average contribution of various sources
to the indoor concentration for single-family buildings and (to the extent
‘data are available) for apartments. For comparison, the observed con-
centrations are also given. Note that, considering the uncertainties in-
volved, the presumed contributions_ are consistent with the observed
levels, i.e., an average of 55 Bq/m3 in single-family houses and a sub-
stantially smaller concentration in high-rise apartments.

V. BEHAVIOR OF THE DECAY PRODUCTS

Even for a given amount of 222pn, the concentrations of its decay
products and their physical state can vary considerably. What par-
ticularly distinguishes the decay products from 222Rn itself is their
chemical activity: the decay products can attach to airborne particles,
to indoor (macroscopic) surfaces, and to the human tracheobronchial tract,
where: they can deposit either directly or after attachment to airborne
particles. In addition, the detailed behavior and health significance of
the decay products is greatly influenced by their half lives and decay
modes, indicated in Figure 2. The alpha decays imparting the radiation
dose of greatest significance are those of 218Po and 214pg, for the 222Rn
series. (The comparable isotope for the 220Rn series is 212po, as indi-
cated in appendix D.) The overall concentration of decay products, given
by the potential alpha energy concentration (PAEC) or the
equilibrium-equivalent decay-product concentration éEEDC% depends gn the
concentrations of the first three decay products (21 Po, 14Pb, and 214gj)
for the 222 series (and on 212pb and - to a minor extent 212Bj - for the
220 series) and on the amount of polonium alpha energy that each will
yield (see appendix A on quantities and units).

Understanding the behavior of the decay products is needed, not just
to satisfy a general scientific interest in the relationship between in-
door radon concentrations and decay-product concentrations, but specifi-
cally to provide a quantitative basis for characterizing the radiological
implications of decay-product exposures and for indicating the potential
utility of control measures aimed at modifying concentrations of the decay
products. Although the discussion of this section focuses primarily on
behavior of 222Rn decay products, the same considerations apply in the
main to the Rn series - at a few points in the discussion, critical
differences are indicated

A. General Considerations

In an atmosphere where the concentration of radon is stable and where
each decay product, once formed, is removed only by radioactive decay,
radon and 1its decay products would be in a state of equilibrium, all
having the same (radioactivity) concentration. In an indoor atmosphere
where air is exchanged at some fixed ventilation rate, not only is the
radon concentration Tless than it would otherwise be, but the concentra-
tions of the decay products are reduced relative to that of radon because
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Table 3. Approximate Contributions_of Various Sources to Observed
Average Radon Concentrations?

Single-Family High Rise
Houses Apartments

Ba/m3 (pCi/1)  Bq/m® (pCi/1)

Soil potential (based on flux 55 (1.5) >0 (>0)
measurements)

Water (public supplies)P 0.4 (0.01) 0.4 (0.01)

Building materials® 2 (0.05) 4 (0.1)

Outdoor air 10 (0.25) 10 (0.25)

Observed indoor concentrations 55 (1.5) 12?2 (0.3?)

d In each case, the arithmetic mean is shown, based on entry rates

(or, in the case of outdoor air, concen}rations) discussed in the
text and on an air exchange rate of 0.5 h™%.

b Indicated water contribution applies to 80% of U.S. population
served by public supplies. Contribution may average 20 Bq/m” in
homes using private wells, with even high contribution in high-
activity areas.

o

The contribution of building materials in single-family houses
corresponds to a slightly smaller geometric mean entry rate than
that estimated in the text because not all houses are slab-on-grade
or one-story. A higher contribution to apartment air is suggested
on the presumption that, on the average, high-rise apartments have a
larger amount of radium-bearing material per unit volume than do
single-family homes.
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of removal by ventilation.

However, the behavior of the decay products, as suggested above, is
further complicated by their chemical activity: the fact that the - decay
products can attach to particles or surfaces, and that these attachment
rates can vary with conditions, makes general characterization of the
state of the decay products - and of its dependence on ventilation rate,
particle concentrations, and other factors - exceedingly complex.
However, since .we are dealing with only a few species, whose rate of
production from early members of the decay chain is determined solely by
known half 1lives, it is still possible to specify a relatively
straightforward framework for considering the behavior of the decay
products.

Figure 6 illustrates, for an unspecified decay product (or
"progeny"), various mechanisms for changing the state or presence of the
decay product, other than radioactive decay itself. Because the deposi-
tion rates for the decay products depend strongly on whether or not they
are attached to particles - and even on the particle characteristics -
airborne particles play a crucial role in determining the concentrations
that are present in air, and potentially on the radiation dose that
results from a given concentration. Given the parameters that are indi-
cated in Figure 6, one can write down a system of conservation-of-mass
equations, following Ref. 40, that determine the concentrations based on
given rate constants or - conversely - that can determine the rate con-
stants from experiments that measure individual decay-product
concentrations. Practical application of such a theoretical framework
usually requires assumptions that simplify the picture. One of the usual
simplifications is consideration only of a single well-mixed space.
Another 1is lack of differentiation of rate constants on the basis of
aerosol size or chemical composition.

These simplifications aside, key issues of interest are the rates of
attachment of the decay products to particles, as well as the rate as
which free and attached decay products deposit on walls. (In many cases,
deposition 1is parameterized in terms of the "deposition velocity," which
is defined to be the ratio of the flux toward the surface to the con-
centration in the volume, which - in turn - equals the deposition rate
times the volume-to-surface ratio for the space under consideration.)

By way of ?erspective, whereas typical ventilation rates are on the
order of 0.5 h-! and decay-product radioactive decay constants range from
1.6 h-l for 2148i to 14 h-1 for 218po, rates of attachment to particles,
for typical particle concentrations, appear to be on the order of 50 h-1,
with slightly lower rates - perhaps 15 h-l - for plateout of unattached
- decay products onto interior surfaces. In contrast, rates for deposition
onto walls of airborne particles and_therefore of attached decay products
are very low, on the order of 0.1 h-1. Lowering the particle concentra-
tion tends to result in a higher overall rate of deposition onto the walls
(because a higher proportion of the decay products are unattached) and a
lower equilibrium factor. This condition can, of course, be attained by
use of particle-cleaning devices, which also directly remove decay
products from the air. However, the advantage indicated by the Tlower
equilibrium factors and Tlower EEDC may be balanced by the fact that a
higher fraction of the EEDC is associated with unattached decay products
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Figure 6. Decay-Product Removal Mechanisms (Other than Radioactive Decay)
and Associated Rate Constants

Once created by decay of its parent, a decay product (or "progeny")
may attach to airborne particles, a process that is usually considered to
be reversible for 218po because of the substantial recoil energy as-
sociated with alpha decay. Whether attached or not, a decay-product can
be removed from the indoor air by plateout/deposition on indoor surfaces,
by ventilation, by an air cleaning device, or by radioactive decay.
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which appear to cause a more significant dose to the lung epithelium than
the same amount of attached decay products.

(By way of comparison, the decay rate for 212pb, the most important
220pn decay product, is about 0.07 h-l, so small that ventilation and
other removal processes almost always lead to small equilibrium factors.)

B. Recent Results

The complexity and importance of radon decay-product behavior, as
well as the potential interest in air-cleaning as a control techniques,
has given rise to a substantial amount of work - both experimental and
theoretical - on characterization of the decay products. Such work is
reviewed in Knutson* and Phillips et al.,® as well as in Refs. 41-43.
In this section, it is worth mentioning a few examples of important
progress over the last several years.

Experiments in small and room-sized chambers, and related analysis in
terms of a room-average model, have suggested the values for deposition
rates indicated above.4#:45 This and earlier work - in particular, diffu-
sion tube measurements4® - has demonstrated that the rate at which
"unattached" decay products plate out, while very high compared with par-
ticle deposition rates, is smaller than would occur if the decay products
were present in the form of single unattached atoms (which would have a
very high diffusion constant). The resulting conclusion that an unat-
tached decay product is actually a cluster of atoms idincluding a
decay-product atom appears to be confirmed in experiments that measure the
size distribution of decay products: they appear to divide into two
regimes, one mode having a median diameter of about 100 nm, as might be
expected based on the size distribution of particles typically present in
a room, and a smaller fraction with median diameter in the vicinity of 10
nm, perhaps an order of magnitude greater than the size of a single 218pg
atom.

Considering what is known about the behavior of radon decay products,
estimates have also been made of the effect of air-cleaning devices on the
radiation dose to the lung. Such estimates suggest that the radical
reduction in decay-product concentration (given as EEDC or PAEC) that is
possible by air cleaning may not cause a corresponding decrease in effec-
tive dose and in health effects; it is even possible that there 1is no
decrease at al1.48 On the other hand, a detailed review of dosimetric
models yields the result that, although the EEDC (or, equivalently, the
PAEC) is an imperfect measure of dose and - ultimately - of potential
health effects, it is still a reasgonably good indicator, assuming that
parameters are in the normal range.4? These results would seem to suggest
that - to the extent that air-cleaning devices result in particle con-
centrations outside the normal range - there is the potential that the
EEDC (or PAEC) is no longer a good indicator of dose. Furthermore, more

* E. 0. Knutson, "Modeling Indoor Concentrations of Radon and
éts Decay Products," Chapter 5 in Nazaroff and Nero.

C. R. Phillips, A. Khan, and H. M. Y. Leung, "The Nature and
Determination of the Unattached Fraction of Radon and Thoron
Progeny," Chapter 6 in Nazaroff and Nero.
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recent dosimetric studies suggest that, even for variability 1in decay
groduct state caused by normal differences in particle concentration, the

22Rn concentration may be a better indicator of effective dose equivalent
than the EEDC (see James* ).

Finally, Figure 6 does not explicitly indicate one of the potentially
substantial influences on decay-product behavior, i.e., the fact that air
within a room moves and that the pattern and rate of air movement can
strongly affect deposition rates. Recent advances in modeling of air
movement have made it possible to begin removing the simplifying assump-
tion ordinarily used for simulation of decay-product behavior, that of a
well-mixed room. The more detailed formulation permits treatment of the
boundary layer more realistically, thereby providing a basis for determin-
ing the manner in which plateout rate (or deposition velocity) depends on
conditions in the room, especially near the wall.

The importance, not only of ventilation rate, but also of other
aspects of air movement, indicates the need to consider in detail the man-
ner in which buildings operate as a basis for understanding the behavior
of radon decay products. A comparable conclusion arises in trying to un-
derstand how radon enters buildings, i.e., it has become clear that the
building is not a passive object into which radon diffuses, but actively
contributes to the entry of radon. And, indeed, both of these issues -
radon entry and decay-product behavior - are linked to the question of
ventilation and air movement in a more subtle way than was initially
envisioned. The ventilation rate might be thought to influence indoor
concentrations primarily by removing radon from the building interior and,
to a Jlesser extent, by some reduction in the equilibrium factor. But we
have found that the same factors that account for infiltration affect
radon entry decisively and that comparable factors driving indoor air
movement substantially affect decay-product behavior. Considering also
the chemistry of the decay products, we see that properly understanding
the behavior of radon and its decay products (as well as other pollutants)
in buildings requires treatment of the problem as one of indoor atmos-
pheric science, where airborne concentrations have a temporal and spatial
dependence determined by sources and sinks, specific chemical and physical
reactions, and complex indoor and outdoor wind fields.

VI. HEALTH EFFECTS

The ultimate reason for all the research on radon is the potential
for exposures to radon decay products to cause i1l effects among humans.
A primary basis for this concern has been the increased incidence of lung
cancer among mine workers exposed to higher-than-average levels of 222Rn
decay products, but several kinds of studies provide information on the
effects of decay-product exposures. Together, these lead to some estima-
tion (quantitative or otherwise) of the risk of lung cancer from indoor
exposures and of the importance of this risk relative to other environmen-
tal insults. )

* A. C. James, "Lung Dosimetry," Chapter 7 in Nazaroff and
Nero. .
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A. Types and Results of Health Studies

Studies of the effects of radiation generally fall into two
categories. The first consists of epidemiological studies of humans ex-
posed to radiation in the workplace, in the course of medical procedures,
or 1in the environment, either natural or modified (the last including the
extreme case of the Japanese nuclear bomb victims). The second class in-
cludes a variety of laboratory studies, including animal tests and cel-
lTular or physiological human studies. The principal classes of studies of
the effects of radon decay products are epidemiological studies of miners
and 1aborator% studies of animals, both subjected to relatively high ex-
posures of 2Rn decay products. In addition, a much broader range of
studies, 1involving other types of radiation exposures and other types of
biomedical investigations, contribute to a broader base of knowledge in
the context of which the information specific to decay-product exposures
is interpreted. A principal example is the recent effort to understand in
detail the nature and site of the radiation doses resulting from inhala-
tion of airborne decay products. The dosimetry of 222Rn decay products,
the evidence from human epidemiology, and the results from animal studies
are discussed in detail in articles by James, Steinhausler, and Cross.*
It is useful to note here the relationship among these research areas.

The miner studies offer a direct, albeit flawed, indication of the
relationship between decay-product exposures and increased incidence of
lung cancer. The principal study groups have been underground uranium
miners in the United States, Czechoslovakia, and Canada, and iron, zinc,
and lead miners in Sweden. The results of these studies, given in terms
of increased risk per unit exposure or its equivalent, differ sig-
nificantly among themselves, as indicated in Figure 7, where the incidence
(following exposure) per unit exposure from various studies is plotted
against the estimated cumulative exposure of the groups of workers ex-
amined 1in each study. The factors potentially contributing to differing
values for dose-response factors are numerous, including differences in
methods of analysis, inconsistency or error in the estimation of ex-
posures, and differences in the presence of cofactors (such as diesel ex-
haust and ore dust), as well as the potential for a genuine dependence of
the dose-response factor on cumulative exposure or on exposure rate.

Given the number of such factors, the apparent range in values is not
surprising. Note that paying most attention to the data between about
100 WLM and 500 WLM (thereby neglecting the low-exposure data, which be-
come less significant statistically as the exposure decreases, and the
high-exposure end, where the risk per unit exposure appears to decrease),
we are left with a range of roughly 5 to 35 lung cancers per year per WLM
per million people. Taking an approximate median of 12, this means that
for each WLM of total exposure an individual would suffer an attributable
risk of 12 x 10-6 per year thereafter (or perhaps only after the 1latency
period for appearance of lung cancer, this being one of the ambiguities of
the studies). Given in terms of SI units, not often used in this context,

*

A. C. James, "Lung Dosimetry," Chapter 7, F. Steinhausler,

"The Epidemiological Evidence for Health R1sks," Chapter 8, and F.
T.
and Nero.

Cross, "Evidence from Animal Studies," Chapter 9 in Nazaroff
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Figure 7. Attributable Lung Cancer Incidence per Unit Exposure versus
Cumulative Exposure as Determined from Miner Studies

For most human data available, the figure shows the excess chance of

cancer (in each year of followup) per unit exposure (in WLM) versus the
cumulative exposure (in WLM) for each miner group. Adapted from Ref. 78.
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the 12 x 10-6 y-luLm- 1’ individual annual risk per un1t exposure _becomes
(see appendix on quantities and un1ts) 0.9 x 106y (J m- 3s)'1 (For
convenience, the combination J m 3s is maintained as a unit of exposure.)
Assuming, as is typically done,®l that this attributable risk applies to a
30-year period of expression, this 1mp11es an 1nd1v1dua1 11fet1me risk Eer
unit exposure of about 2.8 x 10-3 (J m 3s)-1 (or 3.6 x 10-4 _wLM-
Various groups have considered the results from these studies, and - g1ven
the fact that they all utilize basically the same results - it is not
surprising that they should arrive at similar values for the risk per unit
exposure. The reader is referred, not only to Steinhausler, but also to a
series of gapers presented at the 1983 international conference at
Anacapri.49,92,53 Nonetheless, the "modest" differences in risk estimates
- say a factor of 2 to 4 - can have substantial implications when con-
sidering the importance of radon exposures and strategies for controlling
them.

Aside from the statistical uncertainties associated with the risk
factor cited above, there are lingering underlying problems that have not
been fully.resolved. A major example is whether there is a synergism be-
tween decay-product exposures and smoking, or - put another way - whether
the decay-product risk factor depends on smoking or smoking history. A
related issue is whether a risk factor cited in "absolute" terms as above
is better or worse than a "relative" risk factor, giving the attributable
risk as a fraction of the "background" risk of lung cancer. In such
terms, the rate of appearance of lung_cancer appears to increase by about
1% per WLM exposure or 0.08% per J m-3s.93

A major tool for examining such issues, and in general for permitting
controlled experiments on factors affecting risk, is the use of animal
studies wherein disease incidence or physiological change in groups of
animals inhaling radon decay products is compared with rates in control
groups. Cross treats these studies in detail, including major efforts
using (Beagle) dogs, rats, and hamsters as subjects. Ref. 51 contains an
earlier and useful summary of the animal studies.

The animal studies not only provide information on disease incidence
as a function of exposure, but also provide a convenient means for inves-
tigating the detailed dosimetry of decay-product exposure, i.e., the man-
ner in which the decay products deposit in the airways and the nature of
the resulting radiation dose. Investigations of these matters are also
carried out in humans. In fact, in recent years sufficient information
has been accumulated about the structure and behavior of the human Tung,
as well as about the characteristics of airborne 222Rn decay products,
that it has become feasible to calculate the detailed pattern of deposi-
tion and exposure as a function of pulmonary characteristics and
decay-product/particle mixture. James, as well as other references cited
above, treat this question in detail.

A principal result of these detailed dosimetric studies is the
ability to construct a rational framework within which to consider differ-
ing types of studies and to extend the results to conditions other than
those actually present in the studies. For the present purpose, this of-
fers two advantages: 1) it permits intercomparison of the results of
studies of different types or undertaken under different conditions; and
2) it permits application of these results to exposures in the site of
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present interest, the indoor environment.

B. Risk from Indoor Exposures

Numerous investigators have recently examined the applicability of
dose-response data from the miners studies to environmental, and in par-
ticular, indoor exposures. This requires consideration of a number of
factors, including a population that is much broader in its constitution
than the miner population, which tends to be healthy males in the prime of
l1ife. In addition, the miners were engaged in a higher level of physical
activity during exposure, therefore with higher breathing rates, than the
average level of the general population. Finally, the mine atmosphere
contains a different mix of substances than an ordinary indoor environ-
ment, with the amount and size distribution of airborne particulates being
of special interest.

A number of papers have examined such issues, as does James.*  Most
conclude that the dose-response factor derived from the miner studies can
be applied relatively directly to environmental exposures. A relatively
straightforward calculation indicates the size of those exposures: an
average indoor 222Rn concentration of, say, 50 Bq/m3 implies, for an equ1-
1ibrium factor of 0.4, an average decay product concentration of 20 Bq/m3.
If two thirds of a 70 -year lifetime is spent in this concentration, the
lifetime exposure is 933 Bgm -3y or (see appendix A on quantities and
units) 164 J_m-3s (12.6 WLM). (If the other third of a 1life is spent at
about 5 Bq/m3 EEDC, a quarter of_the indoor value, the total exposure is
in the vicinity of 1000 Bq m-3y, 180 J m*3s, or 14 WLM.) Using_ the
nominal Tlifetime risk per unit exposure given above, 2.8 x 1072 (J

-35)-1, this exposure implies an associated Tlifetime risk of 0.5%
(neglecting detailed consideration of the population’s age distribution,
smoking habits, and other characteristics.) In point of fact, this risk
(and risk factor) are slightly higher than that suggested by reviews under
the auspices  of national and international radiation . protection
organizations,49»51 but somewhat lower than that used by the U.S.
Environmental Protection Agency. 54 This risk, if applied uncritically to
the U.S. population of 230 million, 1mg11es that 1 million of them might
contract lung cancer as a result of 222Rn decay-product exposures or that
about 10-15% of the current annual incidence of 120,000 is due to this ex-
posure (as compared with 14% implied by the relative risk factor cited
above).

These estimates are quite uncertain, because of uncertainty in both
the primary studies of the miners and the applicability of those results
to environmental exposures of the general population. One aspect of this
applicability issue is that the average exposure just cited, 1000 Bq m-3y
or 14 WLM, is well below the range where the ep1dem1o1og1ca1 data ‘have
much statistical significance. On the other hand, this is not true of the
higher 1levels found 1ndoors Lifetime exposure to an EEDC of 120 Bg/m3
(associated with 300 Bq/m 2Rn) implies a total exposure of 5600 Bqm -3y
or 9.8 x 102 Jm-3s (76 WLM). This exceeds exposures typical of

* A. C. James, "Lung Dosimetry," Chapter 7 in Nazaroff and
Nero.
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present-day underground uranium miners and is in an exposure range where
the associated lifetime risk, estimated to be 2-3%, assumes much more sig-
nificance because there is no longer a need to extrapolate to low doses.

Regardless of the precise estimates, it is useful to put such risks
in perspective relative to those from other environmental exposures.
First, these exposures exceed those from other types of environmental
radiation. Considering the population at high risk_(e.g., in the million
U.S. homes with Rn concentrations of 300 Bg/m® or more), these ex-
posures far exceed in significance even those accumulated in occupational
settings, e.g., uranium mines, nuclear power plants, or medical
facilities. Secondly, the average risk, whether 0.2 or 0.5%, far exceeds
the levels at which other types of environmental exposures - such as those
from outdoor airborne pollutants or toxic wastes - are considered to be
significant. Regulatory investigation and even action often begins at
lifetime risk levels in the range of 1079 to 10-6, a factor of a thousand
below the estimated average risk from 222pn decay products, and even fur-
ther below the 1+% risk of the heavily exposed portion of the population.
This 1is especially ironic considering that, however uncertain the es-
timates of risk from decay-product exposures might be, they are much less
uncertain than the estimates for other exposures, e.g., to potentially
carcinogenic chemicals. The estimates for such chemicals are typically
based on animal tests at exposures thousands of times higher than human
exposures, with assumptions that are purposely selected to overestimate
the risk in order to be conservative in protecting the public. A further
irony is that concentrations of such chemicals may be much higher in the
indoor environment than outdoors, where the main regulatory attention s
focussed. ’

VII. IDENTIFYING AND CONTROLLING INDOOR CONCENTRATIONS

Given the apparent importance of indoor exposures to 222Rn decay
products, an immediate question is how to assure that the levels to which
the population is exposed are acceptable. The answer to this question en-
tails several related issues, including the narrow ones of measurement and
control techniques and the broader problem of formulating a control
strategy.

A. Measurement Techniques

Measurement of the airborne concentration of radon or its decay
products is based on detection of the radiation associated with radioac-
tive decay. This radiation includes, not only the alpha and beta radia-
tion indicated in Ffigure 1, but X or gamma radiation as the immediate
product of decay from the "excited" state in which it is left to its
"ground" or unexcited state. Any of these forms of radiation is capable
of creating ions in materials through which it passes, and measurement
methods are based on detection of this ionization or its aftermath.

In spite of this uniformity in the basic principle of detection,
practical measurement techniques take widely different forms, substan-
tially affecting their range of application. Specific techniques are
designed for measuring the concentration of radon, the EEDC, or - indeed -
the concentration of individual decay products. Some techniques are
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suitable for short-term measurements, where a "grab" sample of air is
taken, or for continuous real-time measurements, where repeated samples
are taken. Other techniques are designed for intermediate to Tlong-term
sampling, where only the average concentration is sought. Some techniques
may be self-contained, requiring the presence of a moderate to large piece
of equipment at the site of measurement, while other techniques deploy a
small sampler or detector, which must be returned to a central analytical
laboratory for readout. Finally, some techniques are inexpensive or easy
to use, while others are suitable for use only in the context of experi-
ments carried out by experienced scientists.

Measurement techniques are treated in a number of specific in-
strumentation reviews.22:96 As an illustration of techniques, however, it
is worth mentioning three widely used techniques that are suitable for use
in monitoring large numbers of houses:

1. Grab-sample monitoring for either 222Rn or its decay products can
be performed using highly-portable self-contained instruments that use a
scintillation material to measure alpha particles emitted in a small col-
lection cell (for 222Rn) or from a filter (for the decay products). The
entire measurement is completed within some tens of minutes, therefore
only giving the concentration at a specific time. Considering the poten-
tial wvariability of concentration with time, this does not give a direct
measure of the average exposure rate in a home.

2. A charcoal _sampler with dimensions on the order of 10 cm can be
used to collect 222Rn over a period of a day to a week, then sealed and
returned to a laboratory, where the gamma radiation from decay products
contained in the sampler can be measured.? This technique is not_suitable
for more than one week because late in this period much of the 222Rn col-
lected at the beginning will be gone because of its 3.8-day half life.

3. An etched-track detector with dimensions of only about 3-4 cm can
be placed in a home for periods from weeks to a year, then returned to a
laboratory where the plastic detector material is etched tg show tracks
left by the passage of alpha particles from the decay of 222pn  and  its
decay products.8 As ordinarily deployed, such detectors have a filter
permitting entry of 222Rn, but not its decay products (for which it is
difficult to calibrate the device). This techniques has the advantage of
giving a long-term average concentration, which - however - might be con-
sidered a disadvantage if a quick result is desired.

In the context of a program for identifying and reducing excessive
concentrations, the suitability of each of these techniques would depend
on the objective of any particular measurement.

B. Control Techniques

The techniques available for controlling indoor concentrations of
222pn and its decay products correspond quite closely to the basic factors
found to affect concentrations. For several of the major classes of in-
door pollution - whether radon, combustion products, or airborne chemicals
- these factors include the source strengths (or entry rates) for the
pollutants of interest, the ventilation rate (and pattern), and reactions
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of the pollutants with each other and with the building or its contents.
For each pollutant class, concentrations appear to be distributed ap-
proximately lognormally, and the largest contributor to the width of the
distribution is typically the source strength, but - in each case -
variability in ventilation rates and in reaction rates contribute
significantly. For the case of radon, as for the other pollutants, it ap-
pears that control techniques altering the entry rate, discussed in
Scott,* offer greater potential reduction than other techniques.

The strong variability found in radon entry rates suggests the ef-
ficacy of a control program aimed at minimizing entry rates, particularly
where they are large. Considering the importance of pressure-driven flow
of soil gas into houses through their understructures, substantial atten-
tion has been given in recent years to the potential for reducing this
flow. It 1is clear that the use of better barriers, sealants, and con-
struction techniques can have a significant effect on the radon entry
rate, but this potential appears limited in most cases, one reason being
that a substantial pressure-driven entry rate can persist if only a few
passages. for soil gas remain or if new imperfections appear as a result of
slight movement of the house understructure.

An alternative approach that has the potential for reduction of entry
rates by large factors is to apply a technique that reduces (or, some-
times, increases) the air pressure immediately under the house, thereby
disrupting the flow of air that carries radon from underlying soil into
the house. This might be thought of as offering an alternative route for
the radon flux from the ground or, alternatively, as creating a pressure
barrier. And, 1indeed, 1in certain cases, where the main entry route is
highly localized, as through a drain tile and sump system, what one does
is provides local venting to the outdoors. In the more general case of a
basement (or slab-on-grade), one or a few pipes with a- small fan to
depressurize (or pressurize) the material (preferably gravel) immediately
below the concrete floor can greatly reduce the radon entry rate. In the
case of crawl spaces, active ventilation of the space below the house can
easily be accomplished, although - as noted above - careful sealing of the
floor may be quite practical in this case.

For situations where large entry rates are responsible for excessive
indoor concentration, such entry reduction techniques appear ordinarily to
have the greatest potential effect. However, there are also circumstances
where increases in ventilation rate are appropriate: where the ventila-
tion rate in question is unusually low, where source reduction techniques
do not appear effective for the case at hand (e.g., if the source is un-
usual building materials incorporated into the structure), or where - as
in rare cases of extremely high concentrations - an immediate, if only
temporary, solution is required. The primary limitation of increased ven-
tilation rates, especially in homes with very high concentrations, is that
reduction of indoor concentrations by large factors will require increases
in the ventilation rate by large factors. This is often impractical, un-
comfortable, or too expensive, at least for the long term. For homes
where only modest reductions are sought, ventilation rate increases are

* A, G. Scott, "Preventing Radon Entry," Chapter 10 in Nazaroff
and Nero.
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quite practical, including use of mechanical systems that recover energy
that would otherwise be lost - either by incorporation of an air-to-air
heat exchanger between incoming and outgoing air streams or by simple
recovery of heat from exhaust air. (However, an exhaust ventilation sys-
tem has to be wused with some care, since it may result in increased
depressurization of the house and larger radon entry rates.)

An alternative means of control is, of course, use of air cleaning
systems to remove the decay products, discussed in detail elsewhere.®
The most common of these employ particle removal techniques such as
filtration and electrostatic precipitation. However, although the better
devices using such techniques can substantially reduce the decay-product
concentrations as measured by EEDC or PAEC, their effect on the dose to
the Tung is far from clear. As a result, it is generally thought that
source-strength reduction 1is the best control technique, with the next
best option being increased ventilation rates.

C. Strategies

Knowledge of measurement techniques and methods for control does not
constitute a strategy for identifying and controlling excessive
concentrations. Identification and control can be achieved only in a more
general framework that embodies the objectives to be met and the overail
strategy for achieving them. In this context, specific measurement and
control techniques are merely the tactics or tools for a campaign against
the radon problem. The fundamental elements of a control strategy are
discussed in more detail in Nero,® but it is worth emphasizing here that
two of the elements are mainly technical and two are mainly questions of
valuation and responsibility. The technical elements are 1) developing the
actual scheme for identifying areas and individual houses with high con-
centrations, and 2) formulation of a logical structure for choosing what
control technique(s) should be attempted in each type of situation. Just
as important are 3) that some agreement be reached on the objectives of
the strategy, usually embodied in a structure of concentration limits (or
guidelines) or comparable standards, and 4) that responsibility (both
scientific and fiscal) be allocated for locating houses with excessive
levels and for implementing the appropriate control measures.
Improvements 1in scientific understanding and technical capabilities are
prerequisites for coping with the problem of indoor radon. But little can
be done effectively without carefully framing various objectives and
creating an overall strategy suited to achieving them.

VIII. APPENDICES

A. RADIOACTIVE QUANTITIES AND UNITS OF MEASURE

+ N. Jonassen and J. P. Mclaughlin, "Radon Progeny Removal,"
Chapter 11 in Nazaroff and Nero.

®  A. V. Nero, "Elements of a Strategy for Control of Indoor
Radon," Chapter 12 of Nazaroff and Nero.
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Amounts of radioactive material can be specified in principle by either
mass or activity, the latter being more conventional. The activity is the
actual rate at which atoms decay radioactively, and the standard interna-
tional (SI) unit for activity is the Becquerel (Bg), equal to a decay rate
of one per second (s‘l). This unit (or its traditional equivalent, the
Curie) 1is adequate for expressing activity and (activity) concentration,
not only for radon, but also for its decay products and any combination of
them. The present work utilizes SI units primarily, but traditional units
are defined below in terms of the modern units. In the text, the older
units are sometimes given parenthetically or when citing work that is dif-
ficult to translate without modifying sense or quantitative results.

For decay products, the collective quantity of most use is the
equilibrium-equivalent decay-product concentration (EEDC). Based on the
alpha decay energies and half lives of the 222Rn decay series (see Figure
2), the EEDC is given in terms of the individual decay-product concentra-
tions as:

EEDC = 0.104 x 1(218po) + 0.514 x I(214pb) + 0.382 x I(214gi),

with concentrations of each decay product iand of the EEDC) given in Bg/m3
or pCi/1, as indicated in Table 4. (The 214pg concentration does not con-
tribute significantly to this expression because of its very short half
life, causing very few 214po atoms to be present in air_ as compared with
the ~ other short-lived decay products. However, the 214pg alpha energy
is the largest contributor to the coefficients in this expression, since
the presence of each of the previous three decay products implies a 214pg
decay.) The analogous expression for the 220Rn series (cf. data in appen-
dix D, below) is:

EEDC = 0.913 x I(212pb) + 0.087 x I(212B{).

(216pg  and 212pg do not contribute directly to this expression - again,
because of their very short half 11ves - even though 212po contributes the
dominant alpha energy.)

Historically, the potential alpha energy concentration (PAEC) itself
was used as the measure of decay-product concentration, with the standard
unit being working level (WL) The corresponding SI unit s that of
energy per unit volume, J/m3, and: PAEC = EEDC x 5.56 X 10-9 J/Bq (or
1284 MeV/pCi) for the 222 Rn series: (The corresponding factor for the
220pn series is 7.56 x 10-8 J/Bq or 1.75 x 10% MeV/pCi.) In any case, the
PAEC is effectively supplanted by the EEDC (i.e., the decay-product con-
centration itself), except possibly in specifying exposures. (Note that
in one respect the PAEC is a _more effective measure of concentration than
the EEDC, i.e., in comparing 222Rn and 220Rn: per unit radioactivity, the

Orn decay products carry 13.6 times as much PAEC as the 222Rn ~ decay
products.)

The basic measure of exposure is essentially the product of con-
centration (or its equivalent) and time. EEDC x time has units of Bqg
m-3s, although hour, month, or year might also be used as the unit of
time. PAEC x time has SI units of J m~3s, but the traditional units are
working-level hour (WLH) or - more frequently - working-level month (WLM),
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Table 4. SI Units and Equivalents for Traditional Units?

Parameter, SI Unit Conversion for Traditional Unit
Activity, Bq 1Ci = 3.7x1010 éq (1 pCi = 0.037 Bq)
Concentration, Bq m-3 1 pCi/1.= 37 Bq m-3

PAEC, J m™3 1 WL = 1.3X10° MeV/1 = 2.08X10°° J m™3
EEDCyp5, Bg m3 1 WL (PAEC) = 3740 Bg m™3

EEDCppq, Bg m™3 1 WL (PAEC) = 275 Bq m™>

Exposure, J m™3s 1 WLM = 12.95 J m™3s

Exposure, Bq m'3y 1 WLM = 73.9 Bq m'3y

Exposure rate, J m™3 .1 WMy = 4.11x1077 g w3

Exposure rate, Bq m-3 l‘NLM/y-; 73.9 Bq m-3

; _________________________________________________________________

The data on which these conversions and the expressions for EEDC
are based are taken from reference 57.
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equal to 173 WLH. Exposure rate, in the SI units, simply reduces to
average EEDC (or alternatively PAEC), but in the old units is wusually
WLM/y.

B. VENTILATION RATES: DISTRIBUTION AND DEPENDENCE

A key factor affecting indoor pollutant concentrations is the ventilation
rate. Characterizing ventilation rates in building can be difficult,
since many buildings are complex structures, and paths and rates of air
movement can depend substantially on location and time. Even considering
only homes, the question is complicated, both because of the wide variety
of housing structures and because - even for a given (and even simple)
structure type - the pattern of air movement is complex. These com-
plexities have substantial implications for the behavior of any reactive
species, including radon decay products, and for the manner and degree of
radon entry, as described elsewhere in this chapter.

Nonetheless, restricting attention to homes - consisting of rela-
tively self-contained living units - simplifies the picture sufficiently
that the ventilation rate has a less ambiguous meaning (although even this
can be complicated in the case of multi-apartment buildings in which air
is recirculated among different units). Moreover, the rate can actually
be measured relatively directly. For example, the ventilation rate
measurements contributing to Figure 3 were performed by injecting a tracer
gas, sulfur hexafluoride (SFg), into each house, then - after a mixing
time - measuring the concentration as a function of time using an infrared
analyzer: the ventilation rate equals the rate of decay of the tracer
concentration. And in a current passive measurement technique, a tracer is
released from a small source at a constant rate and a collecting monitor,
consisting of a diffusion tube and an absorber (characteristic of a number
of techniques for passive sampling of gaseous pollutants indoors),
measures _the average concentration during the time this system is
deployed:98 this measured value is then proportional, in first order, to
the average of the inverse of the ventilation rate,Ityacer = Sv(1/A

v)aver‘ageo

The results of such measurements confirm the expectation that ven-
tilation rates vary substantially from one country to another, from one
class of buildings to another, and even within the same general structural
class, e.g., single-family houses or multi-unit apartment buildings.
Still, for most homes in the United States (and many industrialized na-
tions), the average ventilation rate during seasons when the windows are
kept mostly closed lies in the range 0.1-1 h-1. This total ventilation
rate is made up of three components: infiltration of air through small
openings or imperfections in the building shell, exchange of air through
windows or doors that are partially or temporarily open, and ventilation
supplied mechanically by exhaust fans or other systems. Each of these
components varies with time, not only from one season to another, but also
from one day to the next, and even over shorter periods. As a result, the
total ventilation rate has a significant time dependence, even within a
single building. Even during the heating season, when - for many homes -
infiltration supplies most of the ventilation, substantial variability oc-
curs, as noted below.
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It is important, in considering the results of ventilation rate
measurements, to pay attention to what component .of the ventilation the
monitoring protocol was designed to measure. For example, the basic
tracer injection technique mentioned above is often employed with windows
closed, therefore measuring only the infiltration rate, often the dominant
winter component. In contrast, the integrating passive technique measures
the average inverse total ventilation rate.

Like the radon concentrations discussed in this chapter, measurements
of infiltration rate in any sample of buildings are often found to be dis-
tributed lognormally, i.e., the distribution of the log of the ventilation
rate is approximately "normal" or Gaussian. An example of this is a set
of measurements taken in 200 single-family houses in several cities qf the
United States, where weatherization programs were taking place.%9 The
average infiltration rate was found to be 1.1 h-l, and "a more recent
determination of the geometric mean and standard deviation yields 0.90 and
2.13, respectively, as discussed elsewhere.* Considering the age and
condition of these houses, their infiltration rates are higher than the
average U.S. value, which in turn is significantly higher than in northern
European countries where substantial energy-saving efforts appear to have
effected significant reduction in infiltration rates.

In recent years, the processes driving infiltration rates in homes
have come to be better understood, and even embodied in relatively simple
quantitative models. Basically, we now know that infiltration occurs be-
cause of air convection into and out of the house, driven by small pres-
sures across the building shell arising from two factors: winds, which
obviously exert small - albeit complex - forces on the building and its
surroundings (specifically, the ground), and temperature differences be-
tween indoors and outdoors. During the heating season, this- temperature
difference causes a "stack" effect (much as in a fireplace and chimney),
such that air is drawn in near the bottom of the structure and forced out
toward the top. The pressure differences caused by winds and temperature
differences are roughly comparable in size, averaging on the order of a
few pascal (with higher values in relatively severe climates). Because
the size and pattern of the associated pressures vary markedly from one
time to another, it is not surprising that infiltration rates also vary
substantially.

A number of groups have formulated models giving the infiltration
rates in terms of the pertinent environmental parameters, and their suc-
cess is_ reviewed in a recent publication of the Air Infiltration
Centre.80 As successful as any model - even complex ones - is a simple
parameterization of the infiltration rate in terms of the wind speed V,
the temperature difference dT, and an effective "leakage area" A,. In
these terms, the infiltration component of the ventilation rate may be ex-
pressed as

Vi = Ag(fyV + fsdT1/2);

here fy, is a parameter accounting for local and terrain shielding effects,

* W. W. Nazaroff et al., "Water," Chapter 4 in Nazaroff and
Nero. '
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the distribution of 1leakage area around the building envelop, and the
height of the building relative to the height at which the wind speed is
measured; fg is a stack parameter accounting for the building height and
the distribution of leakage area.®l Using this model together with ap-
plicable meteorological information, heating-season infiltration rates
have been estimated from measurements performed in 200 houses distributed
throughout the United States and Canada. The average was found to be 0.67
h-1 {with a significantly lTower value, 0.48 h-l, found for houses 1less
than two years old at the time of measurement).

C. Outdoor Concentrations of Radon and Its Decay Products

During the last two or three decades, a significant effort has been
devoted to monitoring of outdoor radon concentrations, either as part of
the overall characterization of environmental radiation exposures or to
determine environmental radon levels as a contrast to those in occupa-
tional or indoor settings. A paper by Gesell reviews and analyzes the"
results from such efforts, examining the variability of outdoor 2 ZRn con-
centrations with time of day, season, altitude, and location.62

The magnitude and behavior of outdoor concentrations is indicated by
Figure 8, where continuous measurements taken at three locations are seen
to yield concentrations (averaged over approximately one month) in the
range of 4 to 15 Bq/m3 (0.1 - 0.4 pCi/1), with a significant seasonal
variation whose behavior differed among the locations. Examining the same
data versus time of day yields average concentrations having a substantial
diurnal variability (roughly a factor-of-two range-in each case), with the
Towest values occurring at noon or soon thereafter and the highest in the
middle of the night or early morning. The observed variation with time
can be attributed to differences in environmental conditions, affecting
not only the movement of radon out of the ground, but also - and probably
more importantly - the rapidity of mixing in the atmosphere. This mixing
determines the height dependence of concentration, which varies only
modestly over distances comparable to the height of buildings (e.g., about
a factor of 2 from 1 to 100 m or from 0.01 to 1 m height above the
ground).

Significantly higher and lower values than found in Figure 8 have
been found at other 1lgcations, e.g., averages of 28 Bg/m3 in Grand
Junction and 0.5-1 Bq/m3 in Alaska; low values also occur in areas sub-
stantially influenced by marine air. Moreover, instantaneous values can
also vary markedly from the averages. Gesell suggests that the mean value
for _the contiguous United States lies between 0.1 and 0.4 pCi/1 (4-15
Ba/m3), probably in the vicinity of 0.25 pCi/1 (10 Bg/m3). Data from
other countries are not dissimilar. :

Some information is also available on the decay products in outdoor
air, where - because of the relative absence of surfaces (compared with
indoors) - one might expect higher equilibrium ratios. For example,
measurements in New York yielded ratios around 0.45 (with uncombined frac-
tion of 218pg of 9%) at_a rural location and 0.40 (uncombined fraction Of
5%) on a city sidewalk.63 Subsequent measurements outside eight houses in
New York and New Jersey gave mean equilibrium ratios averaging 0.79, con-
siderably higher than the indoor ratios measured.? More recent data (cf.
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Figure 8. Year-Long Variability of Atmospheric 222Rn Concentration

Measurements were performed 1 m above the ground in three different
locations (figure adapted from Ref. 62, by permission).
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Figure 9. Thorium 232 Decay Chain, including 220pn  and its Decay
Products _

Radon 220 and its parent, 224Ra are members of the 232Th decay
series. Airborne concentrations of 212 Pb and 212Bi are of prime radiologi-
cal interest due to their potential for retent1on in the lung, leadin to
subsequent irradiation by the alpha decay of ¢12pg, Cf. Figure 2 for
decay chain; half 1lives and energies taken from E. Browne and R.
Firestone, Table of Radioactive Isotopes (V. S. Shirley, Ed.), Wiley, New
York, 1986.
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Table 5) yields an equilibrium factor of 0.56.64

A 222pn concentration of 10 Bq/m3, while completely negligible com-
pared with the higher indoor values observed, is still significant com-
pared with typical indoor concentrations. Therefore the outdoor contribu-
tion__has to be considered in making precise estimates of human exposures
to 222pn decay products. It also has to be considered 1n examining the
sources of radon found indoors: the approximately 10 Bq/m3 coming in with
outdoor air is approximately 20% of the average Rn concentration ob-
served in U.S. single-family homes and an even larger percentage of con-
centrations in other types of buildings.

D. Radon 220 and Its Decay Products

Our present understand1ng of the occurrence and behavior of 220Rn and

its decay products is very limited compared with our know]edae_ of the
2Rn series. Not nearly as much effort has been devoted to 220Rn charac-
terization, because preliminary and modest evidence - both theoretical and
experimental - suggests that airborne concentrations of 220pn  and its
decay products are not as important from a radiological point of view as
their more common relatives. This occurs in spite of the fact that the
Th decay series, shown in Flgure 9, has approximately the same
(act1v1ty% concentration in the earth’s crust as the 238y series, about 25

Bq/kg.®

The differences have to do Bart]y with the short half life of 220Rn,
1 min as compared with 4 d for 222Rn, and partly with the details of radon
and decay product behavior in the indoor or outdoor environment and inside
the 1lung. The first factor sharply 1limits the time available for
transport from the source material, so that only a small _thickness of
building material or soil serves as an effective source for 220Rn entering
the atmospheric environment, indoors or outdoors. The second affects the
concentrations present in the air and the dose delivered by the decay
products that deposit in the lung. The net result of all these factors is
that - at least for indoor 222Rn concentrations in the normal range - the
ORn decay products (in particular 212Pb) appear - on the basis of
limited evidence - to have a potential alpha energy concentration (PAEC)
that 1is less than, but still significant compared with, that from the
Rn series. However, the PAEC itself does not reflect the present un-
derstanding that a given amount of alpha energy from the 222pn series_has
substantially more biological impact than alpha energy from the 220Rp
series (cf. James™ ).

We consider first the concentrations expected if transport from the
source to the air were dominated by diffusion for both of these radon
isotopes, as is likely to be the case outdoors. The depth of soil serving
as a source is then indicated by the diffusion length, which is_ _propor-
tional to the square root of the half 1ife. The ratio of the 220pn to

22pn  half lives is 1/5940 (i.e., 55.6 s/3.82 d), yielding 1/77 as the
diffusion 1length ratio. This indicates the relative depth cleared per

* A. C. James, "Lung Dosimetry," Chapter 7 in Nazaroff and
Nero.
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characteristic time, which is given by the half _lives. Since the activity
concentration in the soil is similar for the 232Th and 238y series, the
relative rate at which 220Rn and 222Rp activity escape from the surface of
the source material is the relative thickness cleared (1/77) divided by
the relative time scale (1/5940), yielding a _factor of 77. Thus much more

Rn activity is expected to escape than 22Rn activity! (However, be-
cause of the difference in half lives, this greater activity is supported
by only 1/77th as many atoms.) In contrast, it is easy to show that - if
the transport mechanism is pressure-driven flow of air through the source
material and 1into the open air - the rate at which activity leaves the
surface is the same for the two isotopes. - (In this case, only 1/5940th as
many 220Rn atoms escape.)

For a typical ventilation rate of 1 h-1, the assumption of pure dif-
fusion (with no barriers between the source and the air) can therefore be
shown, wusing Eg. 1, to imply about twice as much 20Rn activity in indoor
air as Rn. As we will see, the observed ratio is not wusually this
large. However, for outdoor air, the correspondence is reasonably good.
For example, a review by Schery 4 of 220pp and 1ts deca¥ 8roducts indoors
cites typical fluxes from open soil of 2 Bq m~ 1 for Rn and 0.016 Bq
m-2 s-1" for 222pn, a ratio that is only s]ight]y larger than the factor of
77 suggested above. Based on a simple eddy diffusion model to represent
the transport of radon upward into the atmosphere, he concludes that the
concentrations of 220Rn and 222Rn 1 m above the ground ought to be 9 and 6
Bg/m3, respect1ve1y, compared with his (1imited) measurement results of 16
and _6 Bg/m3, respectively. He notes that his tentative result of 4.6
nd/m3 for PAECZIZ (the PAEC from 212pb, the primary 220Rn decay product:
see appendix A on quantities and units), versus 20 nd/m3 for PAECo» (the
PAEC from the 2Rn decay products), compare reasonably with more exten-
sive measurements made in the Federal Republic of Germany.8/ (These
results imply an equilibrium factor for 220Rn decay products that is ex-
tremely small_ - not surprising considering the relative half 1lives of

20pn "and 212pp - and an equilibrium factor fo 222pn  decay products
greater than 0.5.)

The data on indoor concentrations are limited and more difficult to
interpret. A number of workers cite results for the ratio of PAECppq to
PAEC222 centering around 0.5. See, for example, European data ranging
from 0.3 to 0.8, summarized in ref.68 and North American results from
Elliott Lake, Canada, of 0.3%9 and for the United States of 0.6.70 These
results indicate the potential significance of the 220pn series indoors.
However, our understanding of the factors affecting the 220pn  concentra-
tions, both absolutely and relative to 222Rn, is tentative at best.

For example, if entry of both radon isotopes is diffusion dominated,
as has been supposed in some classes of European housing (particularly
apartment structures), and concentrations in the source materials are
similar, then indoor radon concentrations ought to be similar for the two
isotopes (as' noted earlier), the activity concentration of the decay
products ought to be a factor of_ 5 or so less for 220Rn than for 222Rp
(because the 1long half life of 212ph causes most of it to be removed by
ventilation or deposition rather than by decay), and the PAEC2q ought to
be greater than the PAEC272 by a modest factor, e.g., 2 or 3. Even in
European housing the ratio is closer to 0.5, suggesting significant dif-
ferences in the source concentrations or generation parameters for the two
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isotopes, barriers to the présumed diffusion process, other mechanisms for
radon entry, or unaccounted-for differences in the decay-product behavior.

One difficulty is obvious, i.e., at the concentrations typical of
European apartment structures, the 222Rn entering the indoor air from
structural materials can almgst be equaled by that entering from the out-
door air. In contrast, the 220Rn half life is so short compared with ven-
tilation time constants that no comparable contribution arises for this
isotope.

Another factor to be considered is the more interesting one that
pressure-driven flow has been shown to be the dominant contributor to in-
door 222Rn  for many types of structures and may also be significant for

20Rn. For homes such as those that dominate the U.S. housing stock,

1ittle diffusion from the floor and wall material is expected in any case
(because of the use of wood and the painting of other types of materials),
so that some other_ _entry route is 1likely to dominate observed
concentrations of the 220Rn series. As indicated above, comparable con-
centrations in the source materials would imply similar activity entry
rates for a pure flow process. Because of the relative size of decay
rates and typical ventilation rates, this would imply 220pn concentrations
only about 2% of 222Rn concentrations (and, using the same argument as
above) a similar ratio of PAECs. Thus the concentration ratios expected
differ by about two orders of magnitude, depending on whether diffusion or
flow is the presumed mechanism, and the actual observations - in both
European and American housing - lies approximately at the geometric mean.
This suggests the dominance of different entry mechanisms for the two
isotopes or a combination of diffusion and flow applying to both, a Bos-
sibility that was indicated in the early work on pressure-driven flow. /

However, the measurements of Schery in U.S. buildings’0 also afford
the possibility for an interesting comparison, indicated in Table 5.
There are indicated the results of outdoor measurements cited above, as
well as the average indoor PAEC2)12 and PAEC222 from Schery’s 68 measure-
ments in buildings in 21 states. The detailed data show a significant
correlation between these two parameters (in contrast to the work of Ref.
69), suggesting the possibility of common entry mechanisms (or, of course,
common removal mechanisms). Also shown are estimates of the indoor radon
concentrations, based gn the PAECp22 for 222Rn and on one of Schery’s il-
lustrations for _the 220Rn. These concentrations are in good agreement
with his average 220Rn/222Rn ratio of 0.23, which is - consistent with the
comments above - at the (geometric) midpoint between the expectations for
purely diffusion and purely flow entry mechanisms.

However, the 222Rn concentration estimate is considerably less than
the average concentration in U.S. single-family homes suggested on the
basis of  the studies discussed in the body of this chapter, i.e., 55
Bq/m3. This may occur because of the season during which Schery’s
measurements were made, roughly April through September in northern climes
and October through March in southern. In any case, these results do
not appear to adequately represent the higher 222Rn concentrations
observed. Very few of the results even exceed the average concentrations
found in U.S. single-family homes.

Furthermore, it is fnteresting to note the relative sizes of the
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Table 5. Coqparative Concentrations of 220Rn and 222Rn and Their
Decay Products

Outdoor Indoor
(Im height)
N, PAEC, Rn PAEC
(Bq/m?) (nd/m3) (Ba/m3) (nd/m3)
220p, series 16 5b 3-4C 21b
222 series 6 20 15-20d 44

a Based on refs. 64, 70.

b These are only }ﬂf PAEC’s for 212Pb, "the dominant
contributor of the Rn decay products.

c Estimated from Fig. 3 in ref. 703 .

d Estimated from PAEC (44 nJ/m°) assuming an equilibrium
factor of 0.4-0.5.

PAECs cited in the table. The indoor PAECyy, is clearly the Targest, and
the indoor PAEC,y, is comparable to the gutdoor PAECyp0. Since - as
noted in ref. and discussed more thoroughly in Chapter 7 - a given
PAEC from the 2¢0Rn series if %hought to have much less significance than
a comparable PAEC from the 22Rn decay products, it appears that indoor
concentrations of the 220 series are less significant even than outdoor
radon concentrations. Nonetheless, the possible health significance is
not %QObe ignored, and - indeed - understanding better the behavior of
the Rn series presents not only an interesting scientific problem, but
even a tool by which to explore more fully the mechanisms for transport
of the radon isotopes into the indoor environment. ,

36



10.

11.

12.

REFERENCES

Girman, J.R., Apte, M.G., Traynor, G.W., Allen, J.R., and Hollowell,
C.D., Pollutant emission rates from indoor combustion appliances and
sidestream cigarette smoke, Environment International 8, 213, 1982.

Spengler, J.D., and Sexton, K, Indoor air poliution: a public health
perspective, Science, 221, 9, 1983.

“Miksch, R.R., Hollowell, C.D., and Schmidt, H.E., Trace organic

chem1ca1 contam1nants in off1ce spaces, Env1ronment Internat1ona1 8,
129, 1982.

McCann, J., Horn, L., Girman, J.R., and Nero, A.V., Potential risks
from exposure to organic carcinogens in indoor air, Report LBL-22474,
Lawrence. . Berkeley Laboratory, Berkeley, CA (Proc. of EPA Symp. on
Application of Short-Term Bioassays in the Analysis of Complex
Environmental Mixtures, Durham, NC, Oct. 20-23, 1986), 1986.

George, A.C., and Breslin, A.J., The Distribution of ambient radon and
radon daughters in residential buildings in the New York - New Jersey
area, in Natural Radiation Environment III, Gesell, T.F., and Lowder,
W.M., Eds., Tech. Info. Ctr/DOE CONF-780422, Springfield, VA, 1980,
1272.

Nazaroff, W.W., Boegel, M.L., Hollowell, C.D., and Roseme, G.D., The
use of mechanical ventilation with heat recovery for controlling radon
and radon-daughter concentrations in houses. Atmos. Environ. 15, 263,
1981.

Nero, A.V., Berk, J.V., Boegel, M.L., Hollowell, C.D., Ingersoll, J.G.,
and Nazaroff, W.W., Radon concentrations and infiltration rates
measured in conventional and energy-efficient houses, Health Phys., 45,
401, 1983.

Alter, H.W., and Fleischer, R.L., Passive integrating radon monitor for
environmental monitoring, Health Phys., 40, 693, 1981.

Cohen, B.L., and Cohen, E.S. Theory and practice of radon monitoring
with charcoal adsorption, Health Phys., 45, 501, 1983.

Nero, A.V., Schwehr, 222 Nazaroff, W.W. and Revzan, K.L.,
Distribution of A1rborne Radon Concentrat1ons in U.S. Homes,
Science, 234, 992, 1986.

Cohen, B.L., A national survey of radon 222 in U.S. homes and
correlating factors, Health Phys., 51, 175, 1986. '

Turk, B.H., Prill, R.J., Fisk, W.J., Grimsrud, D.T., Moed, B.A., and
Sextro, R.G., Radon and Remedial Action in Spokane River Valley
Residences: An Interim Report, Report LBL-21399, Lawrence Berkeley
Laboratory, Berkeley, CA, 1986.

37



13,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sachs, H.M., Hernandex, T.L., and Ring, J.W., Regional geology énd
radon in buildings, Environ. Int., 8, 97, 1982.

McGregor, R.G., Letourneau, E.G., McCullough, R.S., Prantl, F.A., and
Taniguchi, H., Background concentrations of radon and radon daughters
in Canadian homes, Health Phys., 39, 285, 1980.

Swedjemark, G.A., and Mjones, L., Radon and radon daughter
concentrations in Swedish homes, Rad. Prot. Dos., 7, 341, 1984.

Swedjemark, G.A., and Mjones, L., Exposure of the swedish population to
radon daughters, in Indoor Air: Radon, Passive Smoking, Particulates
and Housing Epidemiology, Vol. 2, Berglund, B., Lindvall, T., and
Sundell, J., Eds., Swedish Council for Building Research, Stockholm,
1984, 37.

Castren, 0., Wingvist, K., Makelainen, I., and Voutilainen, A., Radon
measurements in Finnish houses, Rad. Prot. Dos., 7, 333, 1984.

Sorensen, A., Botter-Jensen, L., Majban, B., and Nielsen, S.P., A pilot
study of natural radiation in Danish homes, Sci. Total Environ., 45,
351, 1985. :

Schmeir, H., and Wicke, A., Results from a survey of indoor radon
exposures in the Federal Republic of Germany, Sci. Total Environ., 45,
307, 1985.

Keller, G., and Folkerts, K.H. A study on indoor radon, in Indoor Air:
Radon, Passive Smoking, Particulates and Housing Epidemiology, Vol. 2,
Berglund, B., Lindvall, T., and Sundell, J., Eds.,. Swedish Council for
Building Research, Stockhoim, 1984, 149.

Green, B.M.R., Brown, L.,Cliff, K.D.,Driscoll, C.M.H., Miles, J.C., and
Wrixon, A.D., Surveys of natural radiation exposure in UK dwellings
with passive and active measurement techniques, Sci. Total Environ.,
45, 459, 1985.

Put, L.W., and de Meijer, R.J., Survey of radon concentrations in Dutch
dwellings, in Indoor Air: Radon, Passive Smoking, Particulates and
Housing Epidemiology, Vol. 2, Berglund, B., Lindvall, T., and Sundell,
J., Eds., Swedish Council for Building Research, Stockholm, 1984, 49.

Castren, 0., Voutilainen, A., Wingvist, K., and Makelainen, I., Studies
of high indoor radon areas in Finland, Sci. Total Environ., 45, 311,
1985. '

Cohen, B.L., Kulwicki, D.R., Warner, K.R., Jr., and Grassi, C.L., Radon
concentrations inside public and commercial buildings in the Pittsburg
area, Health Phys., 47, 399, 1984.

Turk, B.H., Brown, J.T., Geisling-Sobotka, K., Grimsrud, D.T.,
Harrison, J., Koonce, J.F., and Revzan, K.L., Indoor Air Quality and
Ventilation Measurements in 38 Pacific Northwest Commercial Buildings,
Report LBL-21453, Lawrence Berkeley Laboratory, Berkeley, CA, 1986.

38



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

36a.

37.

Spitz, H.B., Wrenn, M.E., and Cohen, N., Diurnal variation of radon
measured indoors and outdoors in Grand Junction, Colorado and Teaneck,
New Jersey and the influence that ventilation has upon the buildup of
radon daughters, in Natural Radiation Environment III, Gesell, T.F.,
and Lowder, W.M., Eds., US Dept. of Energy, CONF-780422, Springfield,
VA, 1980. :

Nazaroff, W.W., Feustel, H., Nero, A.V., Revzan, K.L., Grimsrud, D.T.,
Essling, M.A., and Toohey, R.E., Radon transport into a detached one-

- story house with a basement, Atmos. Env., 19, 31, 1985.

Hildingson, 0. Radon Measurements in 12,000 Swedish Homes, Environ.
Int., 8, 67, 1982.

Ingersoll, J.G., A survey of radionuclide contents and radon emanation
rates in building materials used in the U.S., Health Phys., 45, 363,
1983.

Wilkening, M.H., Clements, W.E., and Stanley, D., in Natural Radiation
Environment II, Adams, J.A.S., Lowder, W.M., and Gesell, T.F., Eds.,
Conf-720805, National Technical Information Service, Springfield, VA,

1972, 717.

Nero, A.V., and Nazaroff, W.W., Characterising the source of radon
indoors, Rad. Prot. Dos., 7, 23, 1984.

DSMA Atcon Ltd., Review of existing instrumentation and evaluation of
possibilities for research and development of instrumentation to
determine future levels of radon at a proposed building site, Atomic
Energy Control Board Report INF0-0096, Ottawa, Canada, 1983.

Nazaroff, W.W., Lewis, S.R., Doyle, S.M., Moed, B.A., and Nero, A.V.,
Experiments on pollutant transport from soil into residential basements
by pressure-driven air flow, Report LBL-18374, Lawrence Berkeley
Laboratory, Berkeley, CA, to be publiished in Environ. Sci. and Tech.,
1986. A

Henschel, D.B., and Scott, A.G., The EPA program to demonstrate
mitigation measures for indoor radon: initial results, in Proc. Indoor
Radon, APCA Int. Specialty Conf., Philadelphia, Air Pollution Control
Association, Pittsburg, PA, 1986.

Nazaroff, W.W., and Doyle, S.M., Radon entry into houses having a craw]
space, Health Phys., 48, 265, 1985.

Hess, C.T., Weiffenbach, C.V., and Norton, S.A., Environmental radon
and cancer correlations in Maine, Health Phys., 45, 339, 1983.

Asikainen, M., and Kahlos, H., Natural radioactivity of drinking water
in Finland, Health Phys., 39, 77, 1980.

Horton, T.R., Nationwide Occurrence of Radon and Other Natural
Radioactivity in Public Water Supplies, Report EPA 520/5-85-008, U.S.
Environmental Protection Agency, Eastern Environmental Radiation
Facility, Montgomery, AL, 1985.

39



38.

39.

40.

41.
42.

43.

44.
45..

46.

47.
48.
49.

50.
51.

52.

Gesell, T.F., Some radiological aspects of radon-222 in liquified
petroleum gas, in Noble Gases, Stanley, R.E., and Moghissi, A.A., Eds.,
U.S. Energy Research & Dev. Admin. CONF-730915, Las Vegas, NV, 1973,
612.

Johnson, R.H., Bernhardt, D.E., Nelson, N.S., and Galley, H.W.,
Radiological Health Significance of Radon in Natural Gas, Noble Gases,
Stanley, R.E., and Moghissi, A.A., Eds., U.S. Energy Research & Dev.
Admin., CONF-730915, Las Vegas, NV, 1973, 532.

Jacobi, W., Activity and potent1a1 alpha energy of radon 222 and radon
220 daughters in different air atmospheres, Health Phys , 22, 441,
1972.

Bruno, R.C., Verifying a model of radon decay product behavior indoors,
Health Phys., 45, 471, 1983.

Porstendorfer, J., Behavior of radon daughter products in indoor air,
Rad. Prot. Dos., 7, 107, 1984.

Offermann, F.J., Sextro, R.G., Fisk, W.J., Nazaroff, W.W., Nero, A.V.,
Revzan, K.L., and Yater, J., Control of Respirable Particles and Radon
Progeny with Portable Air Cleaners, Report LBL-16659, Lawrence Berkeley
Laboratory, Berkeley, CA, 1984,

George, A.C.,Knutson, E.O0., and Tu, K.W. Radon daughter plateout - I.
Measurements, Health Phys., 45, 439, 1983. -

Knutson, E.O., George, A.C., Frey, J.J., and Koh, B.R. Radon daughter
plateout - II. Prediction model, Health Phys., 45, 445, 1983.

Busigin, A., van der Vooren, A.W., Babcock, J.C., and Phillips, C.R.,
The nature of unattached RaA (218 Po) particles, Health Phys., 40, 333,
1981.

Knutson, E.O0., George, A.C., Knuth, R.H., and Koh; B.R., Measurements
of radon daughter particle size, Rad. Prot. Dos., 7, 121, 1984.

Jonassen, N., Removal of radon daughters by filtration and electric
fields, Rad. Prot. Dos., 7, 407, 1984. :

James, A.C., Dosimetric approaches to risk assessment for indoor
exposure to radon daughters, Rad. Prot. Dos., 7, 353, 1984.

Schiller, G.A., Nero, A.V., Revzan, K.L., and Tien, C.L., Raddn decay-
product behavior indoors: Numerical modeling of convection effects,
Report LBL-17609, Lawrence Berkeley Laboratory, Berkeley, CA, 1984.

Evaluation of Occupational and Environmental Exposures to Radon and
Radon Daughters in the United States, Report No. 78, National Council
on Radiation Protection and Measurements, Bethesda, MD, 1984.

Harley, N.H., Comparing radon daughter dose: environmental versus
underground exposure, Rad. Prot. Dos., 7, 371, 1984.

40



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Jacobi, W., Possible lung cancer risk from indoor exposure to radon
daughters, Rad. Prot. Dos., 7, 395, 1984.

Ellett, w.H., Epidemiology and risk assessment: testing models for
radon-induced lung cancer, in Indoor Air and Human Health, Gammage,
R.B., and Kay, S.V., Eds., Lewis Publishers, Chelsea, MI, 1985, 102.

Budnitz, R.J., Radon-222 and its daughters - a vreview of
instrumentation for occupational and environmental monitoring, Health
Phys., 26, 145, 1974.

George, A.C., Radon and radon daughter field measurements. In Proc.
Seminar on Traceability for Ionizing Radiation Measurements, National
Bureau of Standards, Washington, DC, 1980.

A Handbook of Radioactivity Measurement Procedures, 2nd Ed., Report No.
58, National Council on Radiation Protection and Measurements,
Bethesda, MD, 1985.

Dietz, R.N., and Cote, E.A., Air infiltration measurements in a home
using a convenient perfluorocarbon tracer technique, Environ. Int., 8,
419, 1982.

Grot, R.A., and C(Clark, R.E., Air leakage characteristics and
weatherization techniques for Tlow-income housing, in Thermal
Performance of the Exterior Envelopes of Buildings, Report ASHRAE SP28,
American Society of Heating, Refrigerating and Air Conditioning
Engineers, New York, 1981.

Liddament, M., and Allen, C., The Validation and Comparison of
Mathematical ‘Models of Air Infiltration, AIC 11, Technical Note, Air
Infiltration Centre, Bracknell, Great Britain, 1983.

Grimsrud, D.T.,Modefa, M.P., and Sherman, M.H., A predictive air

- infiltration model - Tong-term field test validation, ASHRAE Trans.,

88, 1351, 1982.

Gesell, T.F., Background atmospheric 222pn concentrations outdoors and
indoors: A review, Health Phys., 45, 289, 1983.

George, A.C., Indoor and outdoor measurements of natural radon and
radon decay products in New York City air, in Natural Radiation
Environment, Adams, J.A.S., Lowder, W.M., and Gesell, T.F., Eds., CONF-
720805, National Technical Information Services, Springfield, VA, 1972,
741,

Schery, S.D. Studies of thoron and thoron progeny: indications for
transport of radioactivity from soil to indoor air, in Proc. Indoor
Radon, APCA Int. Specialty Conf., Philadelphia, Air Pollution Control
Association, Pittsburg, PA, 1986.

Nero, A.V., Airborne radionuclides and radiation in buildings: A
review. Health Phys., 45, 303, 1983.

4]



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

United Nations Scientific Committee on the Effects of Atomic Radiation,
Ionizing Radiation: Sources and Biological Effects, United Nations, New
York, 1982. -

55}1er, i%d Folkerts, K.H., and Muth, H., Activity concentrations of

Rn, Rn, and their decay products in German dwellings, dose
calculations and estimate of risk, Radiat. Environ. Biophys., 7, 263,
1982, cited in Ref. 64.

Toth, A., A simple field method for determination of 220pn and 222gy
daughter energy concentrations in room air. Rad. Prot. Dos., 7, 247-
250, 1984.

Gunning, C., and Scott, A.G., Radon and thoron daughters in housing}
Health Phys., 42, 527, 1982.

Schery, S.D., Measurements of airborne 212pp and 220gy concentrations
at varied indoor locations within the United States, Health Phys., 49,
1061, 1985.

Smith, D., Ventilation rates and their influence on equilibrium factor,
in Second Workshop on Radon and Radon Daughters in Urban Communities
Associated with Uranium Mining and Processing, Atomic Energy Control
Board, Ottawa, 1979.

Doyle, S.M., Nazaroff, W.W., and Nero, A.V., Time-averaged indoor fadon
concentrations and infiltration rates sampled in four U.S. cities,
Health Phys., 47, 579, 1984.

Nazaroff, W.W., Boegel, M.L., and Nero, A.V., Measuring radon source
magnitude in residential buildings, in Proc. International Meeting on
Radon-Radon Progeny Measurements, Report 520/5-83/021, U.S.
Environmental Protection Agency, Washington, DC, 1983, 101. :

Nazaroff, W.W., Offermann, F.J., and Robb, A.W., Automated system for
measuring air-exchange rate and radon concentration in houses, Health
Phys., 45, 525, 1983.

Cliff, K.D., Assessment of airborne radon daughter concentrations in
dwellings in Great Britain, Phys. Med. Biol., 23, 696, 1978.

Wicke, A., Untersuchungen zur Frage der Naturlichen Radioktivitat der
Luft in Wohn- and Aufenthaltstraumen, Ph.D. thesis, Justus Liebig
Universitat, Giessen, 1979. _

Nazaroff, W.W., Transport of radon from soil into residences, in Indoor
Air: Radon, Passive Smoking, Particulates and Housing Epidemiology,
Vol. 2, Berglund, B., Lindvall, T., and Sundell, J., Eds., Swedish
Council for Building Research, Stockholm, 1984, 15.

Indoor Pollutants, National Academy of Sciences, Washington, 1981.
Poffijn, A.,Marijns, R.,Vanmarke, H., and Uyttenhuve, J., Results of a
preliminary survey on radon in Belgium, Sci. Total Environ., 45, 335,
1985.

42

[



80.

81.

Rannou, A.,Madelmont, C., and Renouard, H., Survey of natural radiation
in France, Sci. Total Environ., 45, 467, 1985.

McAulay, I.R., and MclLaughlin, J.P., Indoor radiation Tlevels in
Ireland, Sci. Total Environ., 45, 319, 1985.

43



LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





